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Rice stripe virus (RSV) is a viral disease that seriously 
impacts rice production in East Asia, most notably in Ko-
rea, China, and Japan. Highly RSV-resistant transgenic 
japonica rice plants were generated using a dsRNAi con-
struct designed to silence the entire sequence region of 
the RSV-CP gene. Transgenic rice plants were inoculated 
with a population of viruliferous insects, small brown plan-
thoppers (SBPH), and their resistance was evaluated using 
ELISA and an infection rate assay. A correlation between 
the expression of the RSV-CP homologous small RNAs 
and the RSV resistance of the transgenic rice lines was 
discovered. These plants were also analyzed by compar-
ing the expression pattern of invading viral genes, small 
RNA production and the stable transmission of the RSV 
resistance trait to the T3 generation. Furthermore, the ag-
ronomic trait was stably transmitted to the T4 generation 
of transgenic plants. 
 
 
INTRODUCTION 
 
Rice stripe virus (RSV), one of the most economically signifi-
cant pathogens of rice, causes repeated epidemics in China, 
Japan, and in particular, in Korea. RSV is transmitted to rice 
plants in a persistent, circulative-propagative manner via small 
brown planthoppers (SBPH) (Falk et al., 1998; Xiong et al., 
2008a). RSV-infected rice plants exhibit chlorotic yellowish 
white stripes on the leaves and plant stunting. This results in a 
considerable yield loss (Hibino, 1996; Wei et al., 2009). In Ko-
rea, the first outbreak of RSV was recorded in 1965 and af-
fected 40% of the rice hills (Toriyama, 2000). RSV re-emerged 
as a major rice pathogen in 2007, causing significant losses 
and raising serious concerns (Jonson et al., 2009a; 2009b).  

A rice stripe resistance gene from the indica rice (Oryza sa-
tiva) cv. ‘Modan’ was introgressed into several Japonica rice 

cultivars (Hayano-Saito et al., 1998). The gene, Stvb-i, has 
provided stable resistance to rice stripe virus since the first 
introgression into japonica paddy rice cultivars approximately 
30 years ago. However, the resistance breakdown can occur 
because of the emergence of new RSV strains, as well as an 
increase in the wintering and viruliferous rate of SBPH due to 
the global warming (Gu et al., 2005; Jonson et al., 2011). 
Therefore, it is vital that new resources of resistance are gener-
ated to meet future needs. Rice cultivars exhibiting stable resis-
tance against new RSV strains must be developed by targeting 
conserved viral genes through biotechnology.  

RNA interference (RNAi), a viral defense mechanism that is 
used by eukaryotic organisms to combat viruses, is especially 
important in plants. It is activated by double-stranded RNA 
(dsRNA) that is cleaved by cellular RNase III (Dicer) enzymes 
into small interfering RNAs (siRNA) of 21-24 bp (Deleris et al., 
2006; Hamilton and Baulcombe, 1999; Waterhouse et al., 1998). 
One siRNA strand is incorporated into the RNA-induced silenc-
ing complex (RISC), which, in turn, targets and degrades RNA 
sequences complementary to the siRNA (reviewed by Voinnet, 
2005). Therefore, in planta expression of untranslatable virus-
derived sequences, such as double-stranded RNA (dsRNA), 
represents a method to target RNA silencing against the ho-
mologous infecting viruses (Di Nicola-Negri et al., 2005; Fuen-
tes et al., 2006). Many attempts to engineer RNAi-mediated 
resistance to plant viruses have met with varying degrees of 
success, including immunity, delayed symptoms and an ab-
sence of resistance (Mansoor et al., 2006).  

In the case of RSV, Hayakawa et al. (1992) attempted to 
generate RSV resistant rice plants using a RSV CP overex-
pression approach. This resulted in plants that were partially 
resistance to RSV, although no lines were agriculturally rele-
vant. Although the use of CP sequences in single transgene 
constructs has been reported as successful against several 
viruses, there are no reports concerning the field testing of  
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transgenic resistance against RSV (Dasgupa et al., 2003). 
Additionally, the use of the CMV RNA2-derived full sequence 
as a transgene resulted in extreme resistance to CMV, but a 
lower percentage of resistance was observed in transgenic 
lines harboring a construct containing a shorter viral RNA2 
sequence. The resistance level conferred by a partial CP se-
quence approached 50% (Chen et al., 2004). To date, the use 
of full-length CP sequences for RNAi-mediated resistance to 
RSV has not been reported. In addition, Ma et al. (2011) 
demonstrated that transgenic rice containing a CP/SP chimeric 
gene displayed greater resistance than rice transformed with a 
partial CP gene containing the middle portion of the target gene. 
Therefore, a key element to acquiring efficient siRNA is optimal 
construct design, in accordance with the target gene (Chang et 
al., 2009). 

The RSV genome contains four single-stranded RNA seg-
ments designated RNA 1 through 4, according to the molecular 
mass, and encodes seven total proteins (Toriyama and Wata-
nabe, 1989). RNA 1 is negative sense and encodes a putative 
viral RNA-dependent RNA polymerase (RdRp; Toriyama et al., 
1994). The three smaller RNA segments (RNAs 2, 3 and 4) are 
ambisense and contain two open reading frames (ORFs) (Ta-
kahashi et al., 1993; Zhu et al., 1991; 1992). One ORF is lo-
cated in the 5′ end of the viral-sense RNA (vRNA), while the 
other is in the 5′ end of the viral complementary-sense RNA 
(vcRNA). vRNA 2 encodes NS2 of unknown function, and 
vcRNA 2 encodes pC2 glycoprotein. RNA 3 encodes NS3, a 
viral suppressor of RNA-silencing (Xiong et al., 2009), and pC3, 
a viral NCP. RNA 4 encodes SP, a major non-structural protein 
that accumulates in infected plants, and pC4, a viral movement 
protein (MP; Xiong et al., 2008b).  

In this study, the rice stripe virus coat protein gene (RSV-CP) 
in the Suwon area, was isolated. Two vectors were construc-
ted: an RNAi vector and an antisense vector containing the full-
length cDNA, of high sequence homology to other RSV-CP 
genes (Lee et al., 2004). These vectors were used to generate 
transgenic rice plants displaying RSV resistance. Functional 
characterization of the pRNAi-RSV-CP-full or pAS-RSV-CP-full 
rice plant lines following infection by viruliferous small brown 
planthoppers was conducted. Additionally, invading viral gene 
expression differences were compared between phenotypically 
resistant pRNAi-RSV-CP-full transgenic rice and susceptible 
pAS-RSV-CP-full transgenic rice via semi-quantitative RT-PCR 
analysis. The T4 generation of the pRNAi-RSV-CP-full trans-
genic plants stably inherited the resistance trait and also dis-
played good field performance.  
 
MATERIALS AND METHODS 

 
Cloning of the RSV CP gene and sequence analysis 
Viral RNAs from virus-infected leaves (cv, Ilpum-byeo) were 
extracted using TRIzol reagent (Invitrogen) according to the 
manufacturer’s instructions. First strand cDNA was synthesized 
from 2 μg of total RNA at 42°C for 1 h using M-MLV Reverse 
Transcriptase (Stratagene). For full-length cDNA cloning, RSV 
CP-specific primers were designed based on the RSV CP se-
quence (GenBank Accession Number: X53563) which encodes 
the RSV CP gene (Zhu et al., 1991). The forward primer was 
5′-CTAGTCATCTGCACCTTCTGCCTCATC-3′, and the re-
verse primer was 5′-AATGGGTACCAACAAGCCAGCCACTC 
T-3′. A DNA fragment (969 bp) containing the full coding region 
of the RSV CP gene was amplified using PCR with 0.05 μg of 
viral cDNA as a template. PCR conditions were as follows: 
initial denaturation for 4 min at 94°C; 35 cycles of 15 sec at 
94°C, 30 s at 60°C, and 1 min at 72°C; and a final extension for 

7 min at 72°C. The PCR products were separated by 0.8% 
agarose gel electrophoresis, recovered from the gel, and puri-
fied. The purified DNA fragments were cloned into the pGEM-T 
Easy Vector (Promega). After the DNA clones were sequenced, 
the sequence was compared with previous RSV CP gene se-
quences using the NCBI Blast search program.  
 
RNAi Vector construction and rice transformation 
To produce the RNAi construct for RSV-CP gene suppression, 
the 969-bp RSV-CP gene fragment (Accession no. GU230170.1) 
was cloned into the Gateway pENTR/D-TOPO cloning vector 
(Invitrogen). This vector carries two recombination sites (attL1 
and attL2) for a LR Clonase reaction. Subsequently, the RSV-
CP gene fragment was transferred to a pANDA destination 
vector by recombinase reaction repeats. For these reactions, 
the PCR-derived fragments were inserted into two regions 
flanked by two recombination sites (attB1 and attB2) in oppo-
site directions, and the gus linker sequence was flanked by two 
inverted repeats (Miki and Shimamoto, 2004) (Fig. 1A). Ten 
colonies were randomly selected and used for tri-parental mat-
ing with Agrobacterium tumefaciens LBA4404 (plasmid-free) 
and E. coli HIT-DH5α containing the helper plasmid HB101.  
RNAi and antisense expression vectors containing the fully 
complementary RSV-CP gene transcribed into dsRNA were 
constructed and designated pRNAi-RSV-CP-full and pAS-RSV-
CP-full, respectively. In these vectors, the RSV-CP gene was 
placed under the control of the maize Ubiquitin (Ubi) promoter 
for RNAi (Miki and Shimamoto, 2004) and the rice cytochrome 
C (OsCc1) promoter (Jang et al., 2002) for antisense (Fig. 1A). 
Rice calli [cv. Ilpumbyeo, highly susceptible cultivar (IP); and 
Daesanbyeo, susceptible cultivar (DS)] were transformed with 
RNAi, antisense and empty-vector constructs via Agrobacte-
rium tumefaciens-mediated transformation as described by Kim 
et al. (2009). Twenty-four independent transgenic lines (Sup-
plementary Table 1) were initially selected using 6 mg/L phos-
phinothricin followed by further selection with 0.3% basta herbi-
cide spray.  
 
Viral resistance assays of transgenic plants  
RSV isolate KR was used for the virus resistance assays. Rice 
plants were inoculated with five nymphs (second or third instar) 
each and were kept in a cage containing 20 plants. After incu-
bation at 27°C for 2-3 days under artificial light, the small brown 
planthoppers were killed with insecticide. Plants were trans-
planted to paddy soil in a green house (10 h at 27°C dark/14 h 
at 27°C light). The appearance of symptoms on developing 
leaves was evaluated 4-8 weeks after inoculation (Washio et al., 
1968). Seedlings were evaluated and grouped into six classes 
(A, B, Bt, Cr, C and D) based on the severity of the RSV symp-
toms observed. Plants with poor growth and severe disease 
symptoms (A, B and Bt type) were considered as susceptible. 
Meanwhile, plants with a little poor growth or healthy and mild 
disease symptoms (Cr, C and D type) as resistance. The infec-
tion rate (the percentage of plants with susceptible symptoms) 
of tested lines was used for analyzing the resistance to RSV. 
Lines with infection rate values less than 29, from 30 to 39, 
from 40 to 69, and over 70 were classified as highly resistant, 
resistant, susceptible, and highly susceptible, respectively. 
 
Southern blot analysis 
Genomic DNA was extracted from rice (cv. Ilpumbyeo or Dae-
sanbyeo) according to the cetyltrimethylammonium bromide 
(CTAB) method (Rogers and Bendich, 1985), and RNA was 
removed by the addition of 10 μg RNase A (Sigma-Aldrich 
Chemie GmbH). Approximately 20 μg of genomic DNA was
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Table 1. Primer list for RT-PCR 

Gene Forward primer Reverse primer 

NS2 5′-TCGGATCCATGGCATTACTCCTTTTCAATG-3′ 5′-GCGTCGACTCACATTAGAATAGGACACTCA-3′ 

NS3 5′-TCGGATCCATGAACGTGTTCACATCGTC-3′ 5′-CAGTCGACCTACAGCACAGCTGGAGAG-3′ 

CP 5′-GAGGATCCATGGGTACCAACAAGCCAG-3′ 5′-TCGTCGACCTAGTCATCTGCACCTTCTG-3′ 

SP 5′-TGGGATCCATGCAAGACGTACAAAGGAC-3′ 5′-CTGTCGACCTATGTTTTATGAAGAAGAGGT-3′ 

RdRp 5′-TGAGAATGGGAGAGTTGTAAATCA-3′ 5′-GGCTAAGCTACTCTTGAACACCTC-3′ 

MP 5′-GCGGATCCATGGCTTTGTCTCGACTTTT-3′ 5′-ACGTCGACCTACATGATGACAGAAACTTC-3′ 

18S 5′-AGCAAGCCATCGCTCTGGATACAT-3′ 5′-TATAAGCAACATCCGCCGATCCCT-3′ 

aUnderlining indicates a restriction enzyme sites. 

 
 
digested with BamHI. The digested DNA fragments were frac-
tionated on a 0.8% agarose gel in 0.5X TBE buffer. The super-
coiled DNA ladder (Promega, USA) was included as a size 
marker. After electrophoresis, Southern blot analysis was con-
ducted using a RSV-CP cDNA probe (330 bp) labeled with 
DIG-High Prime DNA Labeling. Signals were detected using 
the Detection Starter Kit II (Roche Diagnostics, Switzerland). 
 
siRNA analysis of transgenic plants 
siRNA analysis was performed according to Goto et al. (2003) 
with some modifications. Small RNA was extracted from 50 mg 
of plant leaves using the mirVana™ miRNA Isolation Kit (Am-
bion, #1560) according to the manufacturer’s instructions. One 
microgram of small RNA per sample was fractionated on a 17% 
polyacrylamide gel in 10X TBE buffer. Twelve nanograms of 
miRNA marker (NEB, #N0364) were included as a size marker. 
Probe labeling, hybridization and detection were performed 
according to the same protocol as the Southern blot analysis.  
 
RT-PCR analysis of transgenic plants 
For semi-quantitative RT-PCR, total RNAs were isolated using 
the RNeasy Plant Mini Kit according to the manufacturer’s in-
structions (QIAGEN, Germany). The first strands of cDNA were 
synthesized using the AffinityScript™ Multiple Temperature 
Reverse Transcriptase Kit (Stratagene, USA). cDNA was am-
plified using 1.5 units of Ex Taq DNA polymerase (Takara, Ja-
pan), 100 μM of each dNTP, and 10 pmol of each gene-specific 
primer in a T1 thermal cycler (Biometra, Germany). Amplifica-
tion was performed with 28 or 40 cycles of: 94°C for 30 s, 54-
67°C for 30 s, and 72°C for 30 s. The primers used in this study 
are shown in Table 1. 
 
Double antibody sandwich (DAS)-ELISA 
ELISA was conducted using the DAS-ELISA PathoScreen kit 
for RSV with an alkaline phosphatase label (Japan Plant Pro-
tection Association, Japan). Four weeks after inoculation, the 
newly developed leaves were harvested. One hundred micro-
grams of leaves were ground in 1.0 ml of extraction buffer [2 g 
bovine serum albumin, 20 g polyvinyl pyrrolidone, and 0.2 g 
sodium azide in 1000 ml of phosphate-buffered saline (PBS)-
Tween20, pH 7.4]. Negative controls consisted of mock-ino-
culated (non-viruliferous insects only) rice plants. The RSV 
positive control was provided by the manufacturer of the ELISA 
kit (Japan Plant Protection Association, Japan). For ELISA, a 
100-μl sample of the sap was incubated overnight in ELISA 
wells pre-coated with RSV polyclonal antibody at 4°C. Next, 
100 μl of RSV polyclonal antibody conjugated to alkaline phos-
phatase enzyme conjugate (1/500 dilution with PBS-Tween20) 
was added to each well, followed by a 4-h incubation period at 
37°C. The substrate solution was prepared by dissolving a p-

nitrophenyl phosphate tablet in buffer (0.1 g magnesium chlo-
ride, 0.2 g sodium azide, and 97 ml diethanolamine in 1,000 ml 
of distilled water, pH 9.8) at a concentration of 1 mg/ml. One 
hundred microliters of the substrate solution were loaded into 
each well. After incubation for 30 min to 1 h at 37°C, the color 
intensity of each well was assessed at 405 nm using a BIO-
RAD 550 Microplate reader (USA). 

 
Field cultivation and trait evaluation 
To evaluate the yield components of the transgenic plants un-
der field conditions, five lines of RNAi-RSV-CP-full and one line 
of RSV-CP-AS transgenic T3 and T4 lines (Supplementary 
Table 1), together with the original cultivars Ilpumbyeo and 
Daesanbyeo, were planted in a field at the GMO Experimental 
Field of National Institute of Crop Science, Suwon, Korea. Hills 
containing one plant each were placed at a distance of 30 × 15 
cm using conventional transplanting methods during the sum-
mer of 2009 and 2010. Ten plants in the center of each plot 
were chosen for the evaluation of six traits: culm length (CL) 
was measured in centimeters from the soil surface to the neck 
of the tallest tiller; panicle length (PL) was measured in 
centimeters from the panicle neck to the panicle tip; number of 
panicles (NP) was calculated as the number of panicles per 
plant; number of spikelets per panicle (NSP) was counted as 
the number of spikelets of the biggest panicle of the plant; filling 
rate (FR) was calculated as the number of fertile spikelets per 
panicle divided by the total number of spikelets per panicle and 
expressed as a percentage; and thousand-grain weight (1,000 
GW) was measured in grams as the weight of 1,000 fully rip-
ened (14% moisture) grains per line. 
 
RESULTS AND DISCUSSION 

 
Molecular analysis of transgenic plants of the highly  
susceptible cultivar, Ilpumbyeo 
To determine the integration and copy number of the integrated 
T-DNA in transgenic lines harboring the pRNAi-RSV-CP-full, 
Southern blot analysis was conducted using genomic DNA 
isolated from the leaves of a wild-type plant and three selected 
transgenic lines (2-2-5, 2-2-8, and 4-1-3). Genomic DNA was 
digested with BamHI and hybridized with the DIG-labeled bar 

probe. Southern blot analysis revealed the presence of the 
target band in all of the transgenic plants, while no hybridized 
band was detected in the wild-type. This result implies that the 
T-DNA is successfully integrated into the genome of the trans-
genic lines, as well as stably transmitted to the next generation 
of transgenic plants (Fig. 1B). To investigate whether the trans-
gene mRNA-derived siRNA was successfully produced in the 
leaves of the transgenic lines, small RNA northern blot analysis 
(Fig. 1C) was performed using a wild-type plant and three se-
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hybridized with the DIG-labeled bar probe. Numbers indicate wild-type and transgenic lines. (C) Accumulation of transgene mRNA-derived 

siRNA in the leaves of the T2 transgenic rice plants transformed with an RNAi-RSV-CP-full construct exposed to viruliferous insects. (D) Rep-

resentative phenotypes of RSV-inoculated T1 transgenic rice plants 8 weeks post inoculation (wpi). Plants in pots from left to right are trans-

genic rice plants harboring RNAi-, Antisense, and empty-vector control, respectively, exposed to viruliferous insects and non-transgenic wild-

type (WT) inoculated with viruliferous insects. 

 
 
lected transgenic rice lines (2-2-5, 2-2-8, 4-1-3). A RSV-CP 
gene-specific DIG-labelled PCR product was used as a probe. 
Small RNA accumulated to a high level in all of the transgenic 
plants, but not in the wild-type plant. This result confirms the 
accumulation of siRNA in the transgenic rice plants (Fig. 1C).  
 
RSV resistance analysis of the T1 transgenic plants  
All T1 generation plants were sprayed with Basta for the selec-
tion of plants containing RNAi- or antisense vectors. For each 
transgenic line, 20 positive plants were selected and inoculated 
with RSV isolates via viruliferous vector insects. Wild-types (cv. 
IP, highly susceptible cultivar) were included as controls and 
monitored for the appearance of symptoms. After 4 weeks of 
inoculation, all of the pRNAi-RSV-CP-full transgenic plant lines 
originating from IP exhibited a resistant phenotype. The 
susceptible plants, harboring pAS-RSV-CP-full or the empty 
vector, exhibited the same symptoms as the wild-type 
susceptible plants under the experimental conditions (Fig. 1D).  

Six independent transgenic lines (Supplementary Table 1), 
originating from IP and containing the pRNAi-RSV-CP-full and 
pAS-RSV-CP-full constructs, were used for ELISA. The RSV 
infection rate of the pRNAi-RSV-CP-full and pAS-RSV-CP-full 

transgenic plants ranged from 0-38% and 37-100%, respec-
tively (Fig. 2). Wild-type control plants had a 100% infection rate. 
At 4 weeks post inoculation (wpi), leaf extracts from individual 
plants were examined for the presence of RSV using a double-
antibody sandwich (DAS) enzyme-linked immunosorbent assay 
(ELISA) with polyclonal antibodies. Although the pAS-RSV-CP-

full transgenic plants showed high level of CP gene expression 
(data not shown), most of them, with the exception of three 
lines (pAS-RSV-CP-full 3-2, 7-2, 7-3), exhibited viral levels 

comparable to wild-type rice plants (Fig. 2). By contrast, RSV 
was not detected in the pRNAi-RSV-CP-full transgenic plants, 
with the exception of one line (pRNAi-RSV-CP-full 1-3). This 
result confirms the enhanced RSV resistance of the pRNAi-
RSV-CP-full transgenic plants (Fig. 2). Thus, the extent of RSV 
resistance observed in the transgenic plants generated with 
pRNAi-RSV-CP-full was greater than the resistance of the pAS-
RSV-CP-full transgenic plants.  
 
Genetic stability of the transgenic RSV resistance 
To observe the stable inheritance of the RSV resistance pheno-
type, T3 generation seedlings of pRNAi-RSV-CP-full and pAS-
RSV-CP-full transgenic rice plants of highly susceptible and 
moderately susceptible wild-type rice (cv. IP and DS) were 
exposed to viruliferous insects. The representative phenotypes 
of the RSV-inoculated transgenic T3 plants are shown in Fig. 
3A. Typical symptoms appeared in IP wild-type plants at 3 wpi. 
However, typical symptoms emerged at 6 wpi in pAS-RSV-CP-

full transgenic plants and susceptible DS non-transgenic plants. 
Of the pRNAi-RSV-CP-full transgenic rice plants, all with the 
exception of one transgenic line (pRNAi-DS-4-1-1-1), showed 
immunity to RSV infection. These plants were characterized by 
an absence of symptoms for the duration of the test, regardless 
of whether the background was the highly susceptible cultivar 
IP lines or susceptible cultivar DS lines. This indicates that the 
RNAi-mediated resistance was stably inherited over genera-
tions, with the exception of pRNAi-DS-4-1-1-1, a transgenic line 
harboring multiples copies of the transgene (Fig. 3B).  

To confirm the maintenance of RNAi in the T3 generation, 
the accumulation of transgene-specific siRNAs was analyzed 
using total RNA from pRNAi-RSV-CP-full and pAS-RSV-CP-full 

Fig. 1. Generation and molecular

analysis of transgenic rice plants with

the fully complementary RNAi-RSV-

CP-full construct in the highly sus-

ceptible cultivar, Ilpumbyeo (IP). (A)

Schematic representation of the con-

structs for RSV-CP RNAi and an-

tisense. Fully complementary RSV-

CP gene derived from RNA 3 was

cloned in antisense and sense orien-

tations in pANDA-β to trigger RNAi.

For RNAi vectors, namely pRNAi-

RSV-CP-full, transcripts of the fully

complementary RSV-CP were de-

signed to be expressed constitutively

under the control of the promoter (Ubq

pro.) of the maize gene for ubiquitin.

For antisense vectors, namely pAS-

RSV-CP-full, transcripts of the RNAi-

trigger region were designed to be

expressed constitutively under the

control of the promoter (OsCc1) of

the rice gene for cytochrome C. (B)

Southern blot analysis of T2 trans-

genic rice plants. Genomic DNA (20

μg) from wild-type and transgenic rice

plants was digested with BamHI and
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BamHI and hybridized with the DIG-labeled bar or hpt probe. Numbers indicate wild-type and transgenic lines. Line 1, wild-type IP; line 2, RNAi-

IP 2-2-1-3; line 3, RNAi-IP 2-4-2-1; line 4, RNAi-IP 9-1-4-1; line 5, RNAi-IP 9-2-1-3; line 6, Antisense IP 3-2-1-1; line 7, wild-type DS; line 8, 

RNAi-DS 4-1-1-1; line 9, RNAi-DS 5-2-4-1; line 10, RNAi-DS 9-1-1-2; line 11, RNAi-DS 14-2-1-2. (C) Detection of siRNAs in the leaves of 

RSV-inoculated transgenic T3 rice plants 3 or 6 wpi with an RNAi-RSV-CP-full construct. Numeric designations of transgenic lines are shown 

above the panels. Approximately 1 µg of total RNA was probed with digoxigenin-labeled transgene-specific RNA. The lower panel shows the 

detection of rRNA, included to confirm the loading of equal amounts of RNA in each lane. Numbers indicate wild-type and transgenic lines. 

Line 1, highly susceptible wild-type IP; line 2, RNAi-IP 2-2-1-3; line 3, RNAi-IP 9-1-4-1; line 4, Antisense IP 3-2-1-1; line 5, susceptible wild-type 

DS; line 6, RNAi-DS 4-1-1-1; line 7, RNAi-DS 14-2-1-2. 

 
 
transgenic T3 rice plants. As shown in Fig. 3C, small RNA 
molecules of 21-24 nt accumulated in all RNAi-RSV-CP-full 
transgenic T3 plants. In the pAS-RSV-CP-full transgenic line 
and wild-type rice plants, transgene-specific siRNAs were not 
detected. From these results, the level of siRNA accumulation 
correlates with the levels of RSV resistance. High levels of 
transgene-specific siRNAs, a hallmark of RNA silencing (Hamil-

ton and Baulcombe, 1999), accumulated in the leaves of trans-
genic resistant lines in a manner consistent with the phenotypic 
symptoms. 

dsRNAi-mediated viral resistance is more effective than an-
tisense approaches. Lennefors et al. (2008) demonstrated that 
a dsRNA transcript from a BNYVV replicase gene-based con-
struct could be considered a “strong silencing inducer.” This is

Fig. 2. Detection by ELISA (purple

bar) with RSV polyclonal anti-

body, and the infection rate (navy

diamond) in T1 transgenic and

wild-type (WT) Ilpumbyeo rice

plants 8 weeks post inoculation.

Values refer to absorbance at 405

nm, measured after hydrolysis of

substrate for 1 h. n = 2. NC, nega-

tive control. 

Fig. 3. RSV resistance of trans-

genic T3 rice plants with the RNAi-

RSV-CP-full construct and of con-

trol plants in two cultivars (highly

susceptible cultivar, Ilpumbyeo; sus-

ceptible cultivar, Daesanbyeo). (A)

Representative phenotypes of

RSV-inoculated transgenic T3 rice

plants 6 weeks post inoculation

(wpi). Plants in paddy greenhouse

are non-transgenic wild-type (IP or

DS) inoculated with viruli-ferous

insects; and transgenic rice plants

harboring the RNAi_RSV-CP fully

complementary sequence or an-

tisense RSV-CP full #AS-IP-3-2-1-

1, respectively, exposed to virulifer-

ous insects. IP(WT): Highly suscep-

tible non-transgenic cultivar. RNAi-

IP-2: Transgenic rice(IP) plants

harboring RNAi_RSV-CP #IP-2-2-

1-3; AS-IP-3: Transgenic rice(IP)

plants harboring antisense RSV-CP

#AS-IP-3-2-1-1; DS(WT): Suscep-

tible non-transgenic cultivar; RNAi-

DS-4 or 14: Transgenic rice(DS)

plants harboring RNAi_RSV-CP

#DS-4-1-1-1 or #DS-14-2-1-2. (B)

Southern blot analysis of trans-

genic rice T3 plants. Genomic DNA

(20 µg) from wild-type and trans-

genic rice plants was digested with 
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a control. Disease responses are represented below bottom panel (R, resistant; S, susceptible; -, not evaluated). Numbers indicate wild-type 

and transgenic lines. Line 1, highly susceptible wild-type IP; line 2, RNAi-IP 2-2-1-3; line 3, RNAi-IP 9-1-4-1; line 4, Antisense IP 3-2-1-1; line 5, 

susceptible wild-type DS; line 6, RNAi-DS 4-1-1-1; line 7, RNAi-DS 14-2-1-2. 
 
 
in contrast to ssRNA produced from a CP transgene, consid-
ered a “weak silencing inducer” (Andika et al., 2005; 2006). The 
mechanism of initial dsRNA recognition via the RNA silencing 
process is not yet known. However, the transgene of pRNAi-
RSV-CP-full readily produces a dsRNA that is recognizable. By 
contrast, production of dsRNA from an antisense RNA tran-
script requires further cellular steps. These may include com-
plementary-strand synthesis by a cellular RNA-dependent RNA 
polymerase and/or interaction with the complementary viral 
RNA strands. Interestingly, in the pRNAi-RSV-CP-full trans-
genic T3 plants originating from the highly susceptible IP culti-
var, RSV-CP specific siRNAs were readily detected at 3 wpi. 
However, small RNA molecules of 21-24nt were detected at 6 
wpi in the pRNAi-RSV-CP-full transgenic T3 plants originating 
from the susceptible DS cultivar. This finding is novel. Trans-
genic rice plants originating from highly susceptible and suscep-
tible cultivars were not compared according to the weeks post 
inoculation by viruliferous insects. The siRNAs detected in this 
study are believed to be small RNA molecules produced by 
degradation of the infecting virus. The small RNA accumulation 
increased according to the period after inoculation, as well as 
the original cultivar’s susceptibility to RSV.  
 

RT-PCR analysis of invading viral gene expression  
RT-PCR was used to analyze the potential correlation between 
the extent of resistance to RSV infection and the expression 
pattern of RSV genes. RSV gene-specific primer sets (see 
Table 1 for primer sequences) were used to analyze expression 
in the two wild-type cultivars, highly susceptible IP and suscep-
tible DS, and for the T3 generation transgenic lines harboring 
pRNAi-RSV-CP-full or pAS-RSV-CP-full construct. The RSV 
genome positions of six target gene-specific primers are shown 
in Fig. 4. Expression differences of six viral genes were notable 
between the highly susceptible wild-type IP, susceptible wild-
type DS, pRNAi-RSV-CP-full (cv. IP, DS) and pAS-RSV-CP-full 

(cv. IP) transgenic lines according to the weeks post inoculation 
(Fig. 5).  

The transcription of RSV genes was influenced by host im-
munity. No viral gene expression, with the exception of the 
transgene CP, was detected in any of the pRNAi-RSV-CP-full 

transgenic lines at 3 wpi. By contrast, all of the viral genes ex-
cept NS2, whose function is unknown, were transcribed in the 
IP wild-type at the same stage. Interestingly, while the transcrip-
tion level of MP and NS2 was increased at 6 wpi in the IP wild-
type plants, the transcription of the RSV genes was dramati-
cally altered between 3 and 6 wpi in the pAS-RSV-CP-full 

Fig. 4. Genetic map of RNAs 1

through 4 of the RSV genome. The

lines represent RNA segments and

the boxes denote genes encoded by

the viral-sense RNAs (vRNAs) and

viral complementary sense RNAs

(vcRNAs). RdRp, RNA-dependent

RNA polymerase; NS3, viral sup-

pressor of RNA-silencing; NCP, nu-

cleocapsid; SP, disease-specific pro-

tein; MP, movement protein. Each of

the six arrows indicates the position

of RSV gene specific primer sets

used for the study of infected viral

gene expression. 

Fig. 5. Reverse-transcription poly-

merase chain reaction (RT-PCR) and

small RNA detection of Rice stripe

virus (RSV) in RSV-inoculated trans-

genic T3 rice plants three and 6 weeks

post inoculation (wpi). RT-PCR or

semi-quantitative RT-PCR detection

of RSV genes (using specific primer

sets shown in Table 1) in the leaves

of RSV-inoculated non-transgenic

plants (IP or DS) and transgenic rice

plants transformed with the RNAi-

RSV-CP-full or Antisense-RSV-CP

construct. SP, disease-specific pro-

tein; MP, movement protein; NS3,

viral suppressor of RNA-silencing (40

cycles); RdRp, RNA-dependent RNA

polymerase; CP, capsid protein (28

cycles), respectively. 18S served as
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Fig. 6. Agronomic traits of RNAi- RSV-CP and Antisense-RSV-CP rice plants grown under field conditions. Spider plots of the agronomic traits 

of three independent homozygous T4 lines of RNAi-RSV-CP-full plants and the corresponding WT were drawn using Microsoft Excel. Highly 

susceptible wild type IP and RNAi IP 2(3)-3-2-1, 9(1)-4-3-1 and antisense IP 3(2)-2-2-1 transgenic lines are shown in (A). Susceptible wild type 

DS and RNAi DS 5(2)-4-1-1, 9(1)-1-2-1 and 14(2)-2-1-1 transgenic lines are represented in (B). Each data point represents the percentage of 

the mean values (n = 20). The mean measurements from the WT controls were assigned a 100% reference value. CL, culm length; PL, pani-

cle length; NP, number of panicles per hill; NSP, number of spikelets per panicle; FR, filling rate; 1,000 GW, 1000 grain weight. 
 
 
transgenic line. At 3 wpi, the transcription of two genes, the 
RNA-dependent RNA polymerase (RdRP) and disease specific 
protein (SP), was observed in the pAS-RSV-CP-full (cv. IP) 
transgenic line. On the other hand, while SP expression was 
relatively lower than that of IP wild-type during the early infec-
tion stage, the transcription of NS3 and MP increased at 6 wpi 
in the antisense transgenic line. In a previous study, the timing 
of SP expression was earlier than CP (Wu et al., 2006). Fur-
thermore, the expression of SP was limited to young leaf tis-
sues early in the infection cycle (Liang et al., 2005). Thus, these 
results indicate that SP, a disease-specific protein which accu-
mulates in infected plants, may be easily suppressed by an-
tisense mediated RNA silencing. This is in contrast to the lim-
ited success obtained by the suppression of NS3 and MP. For 
instance, not all RNAi constructs that target viral RNAs are 
equally effective in preventing RSV infection. Shimizu et al. 
(2010) reported that nearly 90% of the dsRNAi-trigger p4 (SP) 
transgenic plants were susceptible to RSV infection. Upon con-
sidering these results, it is suggested that down-regulation of 
SP expression appears to be insufficient for the suppression of 
viral gene expression related to RSV proliferation. However, it is 
enough to induce the expression of NS3, a gene silencing sup-
pressor.  

On the other hand, the transcription pattern of infected RSV 
in the DS wild-type cultivar and the pRNAi-RSV-CP-full trans-
genic lines (original cultivar, DS) was significantly different to 
that of IP wild-type plants. In the RSV-infected DS wild-type 
plants, low level of RdRP expression was shown at 3 wpi (Fig. 
5). At 6 wpi, the transcription of all six genes was increased. 
These results indicate that the accumulation of RSV transcripts 
in the host plant depends upon the susceptibility to RSV. This 
means that the DS wild-type cultivar may be more tolerant to 

RSV infection than the IP cultivar. In addition, transcription of 
RdRP, NS3, and MP increased in the RSV-infected DS pRNAi-
RSV-CP-full transgenic plants containing multiple copies of the 
transgene and exhibiting a susceptible phenotype. By contrast, 
no RSV genes except for the CP transgene were transcribed in 
the DS pRNAi-RSV-CP-full transgenic plants showing highly 
resistant phenotypes. These results suggest that the suppres-
sion of RdRP, NS3 and MP is essential for the stable inheri-
tance of RNAi-mediated RSV resistance by targeting the fully 
complementary RSV-CP gene. In particular, typical symptoms 
appeared in the highly susceptible IP wild-type at 3 wpi. At 6 
wpi, typical symptoms appeared in pAS-RSV-CP-full transgenic 
IP rice plants and pRNAi-RSV-CP-full transgenic DS rice plants 
harboring three transgene copies and showing the susceptible 
phenotype (Fig. 5). These results imply that the transcription of 
two genes (NS3 and MP) was critical for the appearance of 
typical RSV symptoms. Furthermore, the expression level of 
these two genes varied between the antisense susceptible line 
and the RNAi-susceptible line (Fig. 5, lanes 4 and 6, respec-
tively). While the transcription level of NS3 was greater than 
that of MP in lane 4, the expression level of MP was greater 
than that of NS3 in lane 6. These results suggest that although 
the same phenotypic symptoms are present, the infection 
mechanism of RSV may be diverse as evidenced by the initial 
phase of infection (Atabekov, 1975). It seems that the induced 
expression of NS3 was sufficient as a counter-defense by RSV 
in antisense susceptible lines. Meanwhile, relatively lower NS3 

expression levels appeared in the RNAi-susceptible line, and 
relatively lower amounts of small RNAs accumulated (Fig. 3B). 
This may also suggest that the RNAi-susceptible transgenic line 
is more tolerant than the antisense susceptible line. 

The expression level of SP was lower than the levels of the 
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other genes in lane 4 and 6, suggesting that lower SP gene 
expression may induce the host defense mechanism (Jari and 
Valkonen, 2003). This may sequentially activate the expression 
of the viral gene silencing suppressor NS3 and the movement 
protein MP. Shimizu and co-workers (2010) demonstrated that 
high level RSV resistance was shown in pRdRp-, pNCP-, and 
pMP-specific RNAi transgenic rice plants. Low levels of RSV 
resistance were observed in pNS3- and pNS2-specific RNAi 
lines. This may indicate that genes related to viral replication 
are key determinants for the appearance of typical symptoms in 
the host. Meanwhile, viruses evolve more rapidly than resistant 
hosts. This is because the virus overcomes cultivar-specific 
resistance genes by evolving suppressors and thus, countering 
silencing-mediated defense (Choi et al., 2004). 

The RSV-CP gene sequence homology was very high, where- 
as the sequence similarity of the SP gene was lowest among 
RSV isolates (Ma et al., 2011). Among the 100 accessions 
listed in NCBI, the RSV-CP genes were 93-100% identical at 
the nucleotide level and 96-100% identical the amino acid level 
(data not shown). This suggests that RSV-CP may be an effec-
tive target gene for broad spectrum resistance for the preven-
tion of resistance breakdown due to virus mutation. For in-
stance, Kumar et al. (2006) used a sequence conserved 
among a variety of flaviviruses as an effective target fragment. 
This fragment efficiently silenced both Japanese encephalitis 
virus and West Nile virus.  

While previous studies have reported the used of RSV CP 
and SP sequences in single transgene constructs (Ma et al., 
2011; Shimizu et al., 2010), the RNAi effectiveness was quite 
different. For instance, RNAi transgenic rice plants harboring 
pSP-specific sequences did not exhibit enhanced RSV resis-
tance (Shimizu at al., 2010). However, CP/SP double targeting 
RNAi lines showed stronger RSV resistance than CP or SP 
single targeting RNAi lines (Ma et al., 2011). These discrepan-
cies may be due to the size and chromosomal position of 
transgene. Ma et al. (2011) used targeting fragments that 
corresponded to the middle of the full-length CP and SP coding 
regions, respectively. Determining the targets involved in viral 
sequence specificity, configuration, genome position and size of 
the transgene is important for efficient RNA silencing 
(Hutvagner et al., 2000). 

In this study, the production of transgenic rice plants harbo-
ring the full sequence of the RSV-CP single gene and origi-
nating from two cultivars of varying susceptibilities did result in 
dsRNAi-mediated transgenic resistance against RSV. The 
dsRNA length determined the quantity of siRNA molecules that 
were produced after DICER cleavage (Berstein et al., 2001), 
with a greater length providing higher diversification and more 
efficient RNA degradation. Variations in sequence size and 
position may explain the different efficiencies in conferring re-
sistance. Chen et al. (2004) reported that when using the long 
inverted repeat constructs, a remarkable 75% resistance was 
shown in the R0 lines, while transformants harboring the short 
inverted repeats transgene exhibited a considerable yet lower 
percentage of resistance (30%).  
 
Agronomic traits of field-grown pRANi-RSV-CP-full or  
pAS-RSV-CP-full T4 generation transgenic plants 
To investigate whether the pRNAi-RSV-CP-full and pAS-RSV-
CP-full transgenes influenced the agronomic traits of the 
transgenic plants under field conditions, three independent T4 
homozygous lines (Supplementary Table 1) of the pRNAi-RSV-
CP-full and pAS-RSV-CP-full plants, together with their respec-
tive wild-type controls, were transplanted in a paddy field and 
grown to harvest. The yield parameters of these plants re-

vealed that the grain yield component of the pRNAi-RSV-CP-
full plants (cv. DS) was similar, perhaps even better, than that 
of the wild-type control under field conditions (Fig. 6B). How-
ever, trait differences related to grain yield were apparent be-
tween the transgenic lines (cv. IP) and the wild-type (Fig. 6A). 
These appear to be due to somaclonal variation occurring 
during the transformation process, an artifact of the longer IP 
culture period compared to that of DS (Phillips et al., 1994). 
Meanwhile, the initial generation level of difference between the 
transgenic lines and the wild-type cultivars in agronomic traits 
was decreased by generation iteration (data not shown). This 
implies that the genes critical for rice plant growth were unaf-
fected by the transgene.  

To date, comparisons of viral expression patterns between 
wild-type and transgenic rice plants harboring pRNAi- or pAS- 
constructs showing susceptible phenotypes have not been 
reported. This is a result of little attention being placed on 
susceptible transgenic plants. It is thus important to evaluate 
the expression pattern of RSV genes in transgenic plants 
harboring RSV-CP-full to verify the interaction between the virus 
and the plant for effective inheritable RNAi-mediated RNA-
silencing.  

Overall, the results presented here demonstrate that the ap-
plication of an RNAi construct targeting the fully complementary 
RSV-CP gene appears to be a highly efficient method for the 
production of stable RSV resistant rice plants. Furthermore, 
these plants do not exhibit undesirable growth phenotypes at 
T4 generation level. In particular, efficient suppression of viral 
genes corresponding to the silencing suppressor and move-
ment, as well as that of viral replication related genes, is essen-
tial for the stable inheritance of RNAi-mediated transgenic resis-
tance against RSV. Additionally, the RSV-resistant transgenic 
rice plants produced in this study possess an advantage in bio-
safety assessments, as they show good field performance 
without the accumulation of foreign proteins.  
 
Note: Supplementary information is available on the Molecules 
and Cells website (www.molcells.org). 
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