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We developed a reassortant RNA virus vector derived
from Cucumber mosaic virus (CMV), which has advant-
ages of very wide host range and can efficiently induce
gene silencing in a few model plants. Certain CMV
isolates, however, show limited host ranges presumably
because they naturally co-evolved with their own hosts.
We used a reassortant comprised of two strains of CMV,
Y-CMV and Gn-CMV, to broaden the host range and to
develop a virus vector for virus-induced gene silencing
(VIGS). Gn-CMV could infect chili pepper and tomato
more efficiently than Y-CMV. Gn-CMV RNA1, 3 and
Y-CMV RNA2-A1 vector were newly reconstructed,
and the transcript mixture of RNA1 and 3 genomes of
Gn-CMV and RNA2 genome of Y-CMV RNA2 con-
taining portions of the endogenous phytoene desaturase
(PDS) gene (CMV2A1::PDSs) was inoculated onto chili
pepper (cv. Chung-yang), tomato (cvs. Bloody butcher,
Tigerella, Silvery fir tree, and Czech bush) and Nicotiana
benthamiana. All the tested plants infected by the reas-
sortant CMV vector showed typical photo-bleaching
phenotypes and reduced expression levels of PDS
mRNA. These results suggest that the reassortant CMV
vector would be a useful tool for the rapid induction of
the RNA silencing of endogenous genes in chili pepper
and tomato plants.
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In plants, the RNA silencing mechanism is conserved and

results from sequence-specific degradation of target RNAs,

which has an essential role in most development stages.

RNA silencing depends on small RNAs (21 to 24 nt),

which are the key regulators of RNA silencing pathways in

eukaryotic organisms (Fire et al., 1998; Pickford and Cogoni,

2003; Vance and Voucheret, 2001; Waterhouse et al., 2001).

Recently the transcription of double-stranded RNA (dsRNA)

was shown to effectively down-regulate a gene (Hamilton

et al., 1998; Waterhouse et al., 1998). When viruse was

manipulated to carry a region of the host gene sequences,

the process can also be targeted against the corresponding

mRNA. This is called virus-induced gene silencing (VIGS).

After virus replication, replicative form (dsRNA) inter-

mediates can trigger the RNA-mediated defense mechanism,

and dsRNA intermediates are processed into short inter-

fering RNAs (siRNAs). These small RNAs are produced

from dsRNA by Dicer-like (DCL) enzymes, and act as

guides in RNA-induced silencing complexes (RISCs) to

target RNA or DNA sequences (Bernstein et al., 2001;

Hamilton and Baulcombe, 1999; Hammond et al., 2000;

Zamore et al., 2000). The phenotypic changes in the infect-

ed plant reflect the loss of expression of the encoded protein

(Lu et al., 2003). Over the past 15 years, several RNA virus

vectors have been developed for VIGS. These include

Tobacco mosaic virus (Kumagai et al., 1995), Potato virus

X (Ruiz et al., 1998), Tobacco rattle virus (Liu et al., 2002;

Ratcliff et al., 1999), Barley stripe mosaic virus (Holzverg,

2002), Pea early browning virus (Constantin et al., 2004),

Bean pod mottle virus (Zhang and Ghabrial, 2006),

Cucumber mosaic virus (Nagamatsu, 2007; Otagaki et al.,

2006), and Pepper mottle mosaic virus (Lee et al., 2011).

VIGS has many advantages over other methods, in which it

is rapid and does not require a recalcitrant plant trans-

formation (Burch-smith et al., 2004). VIGS has been

successfully applied to dicotyledonous species including

Arabidopsis (Burch-Smith et al., 2006), potato (Brigneti et

al., 2004), tomato (Liu et al., 2002), pepper (Chung et al.,

2004) and to several monocots including barley (Holzberg

et al., 2002; Hein et al., 2005), wheat (Scofield et al., 2005)

and rice (Ding et al., 2006; Ding et al., 2007). 

Cucumber mosaic virus (CMV) is one of the well-

characterized positive-sense single stranded RNA viruses
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and has the widest host range including more than 1,200

species in over 100 families among the plant viruses

(Edwardson and Christie 1991, Palukaitis et al., 1992). The

CMV genome consists of the tripartite component RNAs

(RNAs 1−3), and encodes five proteins (Palukaitis and

Garcia-Arenal, 2003). RNA1 and RNA2 encode the 1a and

2a proteins, which are attributed viral replication (Hayes

and Buck, 1990). RNA3 encodes the movement protein

(3a) and coat protein (CP). CP is translated from sub-

genomic RNA4 (Palukaitis and Garcia-Arenal, 2003).

Many studies have described that CMV host-range is

determined by RNA3 of CMV (Carrere et al., 1999; Hong

et al., 2007; Palukaitis and Garcia-Arenal, 2003). In addi-

tion, RNA2 encodes 2b protein, which is known as a

suppressor of RNA silencing and expressed from a second

subgenomic RNA (RNA4a) (Ding et al., 1994; Guo and

Ding, 2002). Recently, Otagaki et al. (2006) developed a

novel CMV vector including Y-CMV RNA2-A1, which

lacks the C-terminal one-third of the intact 2b protein as a

consequence of introducing restriction sites for cloning a

foreign fragment. They proposed that the modification of

2b of Y-CMV RNA2 was more suitable for VIGS by

minimizing suppression of RNA silencing. The phytoene

desaturase (PDS) gene encodes an enzyme involved in

carotenoid biosynthesis, and silencing of this gene results in

photo-bleaching of plant leaves (Liu et al., 2002). The

leaves turn white due to lack of carotenoids and destruction

of chlorophyll by photo-oxidation (Kumigai et al., 1995).

Here, we deliberately chose a newly isolated Gn-CMV

(Rhee et al., 2011), which was shown to infect diverse crops

including Solanaceae, Cucurbitaceae and Brassicaceae. We

used the Gn-CMV strain to construct a reassortant CMV

vector with Y-CMV RNA2-A1 and described the CMV

vector system to induce silencing of endogenous PDS in

Solanaceous plants including chili pepper and tomato as

well as Nicotiana benthamiana. 

For this study, N. benthamiana, tomato (Solanum

lycopersicum cv. Jo-myoung) and chili pepper (Capsicum

annuum cv. Geum-top) were used as test plants. Seeds were

sown and germinated in plug-trays supplemented with

Woncho-mix potting mixture (Nong Kyeong Co., Jincheon,

Korea). Two to 3-week old seedlings were transplanted to 9

cm diameter round pots, containing Woncho-mix, with one

plant per pot. Growth room conditions were kept at

23 ± 3 oC and under 16 h extended day with 100 µE sec−1

m−2 light intensity with cool-fluorescent lamps. 

We had already obtained full-length cDNA clones of the

genomic RNAs 1-3 of Gn-CMV from our previous work

(Rhee et al., 2011). The modified plasmid of CMV RNA2

(CMV2-A1) was developed as a viral vector by replacing

the one-third of 2b gene with a multiple cloning site

containing restriction sites (Matsuo et al., 2007; Otagaki et

al., 2006). Fragments of three orthologs of PDS including

NbPDS, CaPDS, and SlPDS genes were amplified by RT-

PCR from N. benthamiana, C. annuum cv. Geum-top, and

S. lycopersicum cv. Jo-myeong, respectively. The amplified

fragments were treated with StuI and MluI and then inserted

into pGEM-T vector, which was sequenced using the

universal primers based on T7 and SP6 promoters in the

vector. Analyzed sequences were searched from GenBank,

and PDS were compared with available data in NCBI

database. Sequences of amplified NbPDS, CaPDS, and

SlPDS fragment were exactly matched with previously

registered accessions in GenBank (Accession No. DQ469932,

X68058, and NM_001247166, respectively). Amplified

length of each PDS gene was 369bp (NbPDS), 505bp

(CaPDS), and 408bp (SlPDS). Each of the amplified cDNA

fragments of NbPDS, CaPDS, and SlPDS was cloned into

StuI/MluI-cut CMV2-A1 clone, respectively (Fig. 1). Each

of the ligated constructs was confirmed by digestion with

restriction enzyme such as StuI and MluI (data not shown).

Sequences of all the pCMV2-A1 derivatives were confirm-

ed by sequencing at the SolGent Co. (Yusung, Korea). The

reassortant CMV RNAs were in vitro transcribed from

plasmids, the Gn-CMV RNA1 (Gn-CMV R1), CMV2-

A1::PDS and Gn-CMV RNA3 (Gn-CMV R3). Each clone

of CMV2-A1 vector, Gn-CMV R1, and Gn-CMV R3

genome was linearized by NotI, SacI, and SacI, repectively,

Fig. 1. Genome structure and construction of the reassortant CMV vector. RNAs 1−3 are the genomic RNAs of CMV. Each of the PDS
genes were cloned between the Stu I and Mlu I sites of CMV2-A1 vector, followed by including Gn-CMV RNA1 and RNA3.
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prior to in vitro transcription using mMessage mMachine

T7 kit (Ambion, Austin, TX, USA). To prepare inoculum,

previously prepared 3 to 4 µg of linearized DNA was

transcribed in total 20 µl reaction volume per each of the

genome segment with the kit, including a 5' capping step of

viral RNA with Cap analogue (m7GpppG) following the

manufacturer’s protocol. The newly developed two true

leaves of 3-week-old plants were dusted with carborundum

and rub-inoculated with 40 ul of the inoculum, of which the

mixed-volume ratio of Gn-CMV R1 : Y-CMV R2-A1 : Gn-

CMV R3 was 2 : 1: 1. The inoculation method with in vitro

transcripts was essentially the same for the three plant

species. To confirm successful infection of virus in the

plants without deletion of the inserted sequences was

analysed by RT-PCR of the viral RNA. Later, tomato and

chili pepper plants were inoculated from the sap of N.

benthamiana leaves shown PDS gene silencing, as VIGS

symptoms were not obtained by direct transcription ino-

culation. 

The leaf-bleaching phenotype of PDS silencing in leaves

by CMV VIGS vectors was observed with different degrees

at N. benthamiana, chili pepper, and tomato plants with the

sequence-homology dependent tendency. CMV including

CMV2-A1 containing the NbPDS, CaPDS, and SlPDS,

respectively, was inoculated to N. benthamiana (Fig. 2).

Prior to the inoculation to the cotyledons of tomato and

chili pepper plants, CMV2-A1::PDSs were inoculated to N.

benthamiana, of which leaves shown white phenotype were

harvested and used as the inoculum for the above two

crops. When direct transcript was inoculated to tomato and

pepper, PDS insert and CP of CMV were detected with low

level in the upper leaves, although sometimes those plants

showed partial photo-bleaching phenotype. We supposed

that the amount of CMV replication could not reach the titer

for VIGS by direct transcript inoculation in tomato and

pepper. Although VIGS symptoms were not directly

obtained from the inoculation of in vitro transcripts of

CMV VIGS vectors, subsequent inoculation of sap obtain-

ed from N. benthamiana was successful to observe the

white photo-bleaching phenotype in all of two crops within

20 dpi (Fig. 2). The silencing photo-bleached white pheno-

type, started to appear in the upper leaves with mild typical

Fig. 2. Virus-induced gene silencing of endogenous PDS gene showed photobleaching phenotype in three host plants by Gn-CMV
containing CMV2-A1::PDS. (A) Infection of CMV2-A1::00 (empty vector, mock) and CMV2-A1::NbPDS in N. benthamiana at 11 dpi.
(B) Infection of CMV2-A1::CaPDS in C. annuum cv. Chung-yang (left) and cv. Geum-top (right) at 12 dpi. (C) S. lycopersicum cv.
Bloody butcher and cv. Tigerella infected with CMV2-A1::SlPDS 19 dpi. 
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mosaic symptom of CMV from 5 day post inoculation

(dpi). This is in agreement with previous reports of CMV

infection of N. tabacum and N. benthamiana and observed

mosaic symptom (Canto et al., 1997) and the typical photo-

bleaching phenotype induced by the silencing of PDS gene

using Tobacco rattle virus (TRV) in N. benthamiana (Liu et

al., 2002; Liu and Page, 2008). PDS can be a good marker

and target for endogenous gene silencing (Ruiz et al., 1998)

in plants, because silenced plants show easily ascertainable

and representative photo-bleached white phenotype, caused

by the interruption of the carotenoid biosynthesis pathway.

Previously developed VIGS system have been success-

fully used for ascertaining the function of endogenous genes

and applied to functional genomics in plants, but those

virus vectors showed limited host ranges like Solanum

species such as tobacco, tomato, and pepper plants. As a

result of various recent research, several groups have

reported successful VIGS in various plants such as cassava

(Fofana et al., 2004), barley (Bruun-Rasmussen et al., 2007;

Naylor et al., 2005), soybean (Nagamatsu et al., 2007),

medicago and lathyrus (Gronlund et al., 2008). Recently,

we have developed a vector for foreign gene cloning by

manipulating RNA2 of Gn-CMV, which has a wide range

of host plants and shows higher infectivity than Y-CMV in

tomato and chili pepper, however, the virus vector com-

posed of only Gn-CMV genomes showed VIGS symptoms

with very low efficiency even in N. benthamiana (data not

shown). One advantage of adapting the CMV vector is its

wide host range. Different strains of CMV can infect

different plants species and those pseudo-recombinants and

recombinants can alter host ranges by changing RNA 3

genome (Carrere et al., 1999). Thus, reassortant CMVs would

be an alternative approach to enhance VIGS in plants.

To confirm that the observed phenotypic changes in leaf

photo-bleaching involve VIGS of the PDS genes, up- and

down-regulations of the mRNA levels of PDS genes after

infection of the reassortant CMV vector were analyzed by

semi-quantitative RT-PCR of total RNA extracted from the

leaf of N. benthamiana, pepper and tomato plants. Total

RNA was extracted from 0.4 g of PDS-gene silenced leaves

of test plants using TRIZOL reagent (GIBCO-BRL-Life

technologies, Gaithersburg, MD, USA) for cDNA synthesis.

Actin genes of all test plants were amplified as the internal

control using actin specific primer set (forward, 5'-GAAG-

ATACTCACAGAAAGAGG-3'; reverse, 5'-GGAGCTAA-

TGCAGTAA-TTTCC-3'). In PDS gene silenced plants,

expression levels of PDS mRNA were examined by semi-

quantitative RT-PCR using each of their endogenous PDS-

specific primer set (NbPDS1-F: 5'-CTCACGCCCAAC-

TAAACCAT-3', NbPDS1-R: 5'-ATGTTCCTTCCACTGC-

AACC-3', CaPDS1-F: 5'-AATTTGCTCTTCAGCAGAA-

GCCCAC-3', CaPDS1-R: 5'-CTCTTGCAAAGATCCCC-

TGTAGAGGG-3', SlPDS1-F: 5'-TTGGGGCCTTTAAA-

GGTCGTATGC-3', SlPDS1-R: 5'-AGGAGCGGGTAAA-

GCTTCGGAGAA-3'). The First-strand cDNA was used as

a template for PCR amplification through 18, 21, 24, 27,

and 30 cycles. PCR reaction condition was as follows. Five

minutes of initial denaturation followed by 35 cycles of

95 oC for 30 sec, 60 oC (PDSs) and 58 oC (Actin) for 1min

and 72 oC for 1.5 min, and finished with final elongation at

72 oC for 10 min. The amplified products were separated on

1% agarose gel.

The mRNA levels of the PDS genes in N. benthamiana,

chili pepper, and tomato leaves were significantly decreas-

ed by infection with reassortant CMV2-A1 containing

NbPDS (Fig. 3A), CaPDS (Fig. 3B), and SlPDS (Fig. 3C,

D). Quantification of the signal intensity of semi-quantita-

tive RT-PCR comparing to actin gene as an internal control

indicated that the PDS mRNA levels were reduced com-

pared to the levels in control plants and the empty vector

infected plants at 27 to 30 cycles (Fig. 3). These results

indicate that the photo-bleaching phenotypic changes in

leaf of CMV2-A1::PDSs infected plants were caused by

VIGS of their endogenous PDS genes.

To our knowledge, there has been no report relating to the

application of a CMV vector silencing endogenous genes of

chili pepper, although TRV vector has been successfully

applied to chili pepper (Chung et al., 2004) and tomato

(Burch-Smith et al., 2004) for VIGS. To study multiple

gene function and virus-virus interactions in plants, develop-

ment of more effective virus vectors is required. Comparing

to other virus vectors, CMV vector would be easily broad-

Table 1. List of primers used to amplification of PDS genes for cloning into CMV2-A1 vector

Primer Sequence Enzyme Product size

NbPDS-F 5'-CGGAGGCCTCTGACGAGCTTTCGATGCAG-3' Stu I 369 bp

NbPDS-R 5'-CGGACGCGTATATATGGATTTATCACA-3' Mlu I

CaPDS-F 5'-CGGAGGCCTTGCTGTCAACTTGAGAGTCCA-3' Stu I 505 bp

CaPDS-R 5'-CGGACGCGTGGTTCTGCATATTTGGGTAA-3' Mlu I

SlPDS-F 5'-CGGAGGCCTGGCACTCAACTTTATAAA-3' Stu I 408 bp

SlPDS-R 5'-CGGACGCGTCTTCAGTTTTCTGTCAAACC-3' Mlu I

Underline represent additional sequences to the target mRNA for generating restriction enzyme sites, Stu I and Mlu I.
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ened its host ranges by changing RNA3 genome of other

strains (Hong et al., 2007). In this study, we constructed a

reassortant CMV vector and successfully showed PDS

silencing in N. benthamiana, a chili pepper cv. Chung-yang

and four cultivars of tomato including cvs. Bloody butcher,

Tigerella, Silvery fir tree, and Czech bush. We expect that

this CMV vector would be able to meet the needs to screen

and to ascertain certain gene functions in chili pepper and

tomato plants. 
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