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Extensive research of the Potato virus X (PVX) has been
performed in in vitro transcription system using the
bacteriophage T7 promoter. We constructed an efficient
T-DNA based binary vector, pSNU1, and modified
vectors carrying PVX replicons. The suitability of the
construct to transiently express PVX RNA using
Agrobacterium tumefaciens was tested by analysis of
infectivity in plants. The expressed PVX RNA was
infectous and systemically spread in three plant species
including Nicotiana benthamiana, N. tabacum cv.
Xanthi-nc, and Capsicum annuum cv. Chilsungcho. The
PVX full length construct, pSPVXp31, was caused severe
mosaic symptoms on N. benthamiana, severe necrotic
lesions on C. annuum while milder symptoms and
delayed mosaic symptoms were appeared on the
systemic leaves on N. tabaccum. RT-PCR analysis con-
firmed the presence of PVX RNAs on both inoculated
and systemic leaves in all three plant species tested. Our
results indicated that PVX replicons were efficiently
expressed PYX RNA in at least three tested species.
Further investigation will be needed to elucidate the
mechanism of PVX replication, translation, movement
and assembly/disassembly processes.
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Potato virus X (PVX), the type member of the genus
Potexvirus, is a flexuous rod-shaped virus species contain-
ing a 6.4 kb plus-stranded RNA genome (Bercks, 1969;
ICTV et al., 2000; Milne, 1988). PVX genomic RNA is
capped at 5' end and polyadenylated at 3' end and contains
five open reading frames (ORFs). The first ORF encodes
the PVX RNA-dependent RNA polymerase (RdRp) required
for RNA synthesis. Viral RdRp and host factors form
replicase complex during virus infection and synthesizes
minus-strand RNA, subsequent genomic (g) and sub-
genomic (sg) plus-strand RNAs (Buck, 1996; Lai, 1998;
Longstaff et al., 1993; Plante et al., 2000). The ORF2, 3 and
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4 are partially overlapped and encode the triple gene block
(TGB) proteins that are required for virus cell-to-cell
movement (Angell et al., 1996; Lough et al., 2000). The
ORF5 encodes coat protein (CP) which is required for
encapsidation and movement of the virus (Baulcombe et
al., 1995; Chapman et al., 1992).

Replication of the PVX viral genome involves the
synthesis of minus-strand RNA from a positive-strand and
of the genomic and subgenomic plus-stand RNAs. To
replicate viral genome successfully in host, the replication
process requires various RNA-RNA, RNA-protein, and
protein-protein interactions between viral and host factors
(Kushner et al., 2003). To date, the molecular analysis of
replication, host range and virulence of the PVX have been
generally facilitated by infectious transcripts derived from
viral ¢cDNA clones. Recent studies have showed that
insertion of foreign sequences into the T-DNA of Agrobac-
terium tumefaciens has successfully launched a number of
plant DNA and RNA viruses (Annamalai and Rao, 2005;
Gopinath et al., 2005; Grimsley et al., 1986; Leiser et al.,
1992; Liu and Lomonossoff, 2002; Ratcliff et al., 2001;
Rigden et al., 1996; Turpen et al., 1993). To identify the
requirements of viral replication, an efficient infection
system can be essentially established. We describe here
Agrobacterium-mediated expression (hereafter referred to as
agroinfiltration) system for PVX.

To develop efficient PVX replicons, PVX full length
cDNA construct was cloned into the T-DNA region of
a modified T-DNA vector, pSNUI1, derived from
pCAMBIA0390 as described previously (Liu et al., 2002;
Shi et al.,, 1997). pSNU1 binary vector was designed to
initiate the transcription by the duplicated CaMV 35S
promoter and a self-cleaving ribozyme sequence (Turpen et
al., 1993) was included at the 3' end, which generated
authentic 3' end of a inserted sequence by cis-preferential
cleavage after transcription. In previous study, TMV-based
expression vectors containing ribozyme sequence has been
shown to increase the infectivity 3-fold (Turpen et al.,
1993). Plasmid pSNUI contains a multiple cloning region
of twelve restriction enzyme sites between the 35S pro-
moter and the ribozyme sequence as shown in Fig. 1. PVX
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Fig. 1. Schematic representation of PVX ¢cDNA construct for agroinfiltration. PVX cDNA clone in between the duplicated Cauliflower
mosaic virus (CaMV) 35S promoter (2X35S) and the nopaline synthase terminator (NOSt) in a T-DNA vectors (pSNU1, pSNU2,
pSPVXp31, and pSPVXp32). The boxes labeled LB and RB represents the left border and right border of the T-DNA sequence,

respectively. Rz, self-cleaving ribozyme. MCS, multiple cloning sites.

full length cDNA construct, p31, containing Sacl site at +1
of pMONR8453 (Hemenway et al., 1990), was used as the
parent plasmid for the construction of pSPVXp31. The
plasmid p31 contains extra 6-nucleotide (nt) between T7
promoter and PVX genome. pSNU2, a variant of pSNU1,
was constructed by amplifying pSNU1 with a primer
prSNU2F (5-CGAGCTCGTCGACCCCGGGIACTAGT]
GTCTGTACTTATATCAGTACACTGACGA GTCCCTA-
3'; boldface, italics, underlined and rectangle sequence
represent Sacl, Sall, Smal, and Spel sites, respectively) and
a primer prfSNU2R (5-CGAGCTCTTGGGCGIGGTGG-
GITTGGITTITCCCTCTCCAAATGAAATGAACTTCC

TTATATAGAGGAAGGG-3"; Sacl site is underlined) The
PCR product was digested with Sacl and ligated by itself.
The resulting plasmid, pSNU2, contains multi cloning sites
(MCS) consisting of four restriction sites, Sacl, Sall, Smal,
and Spel. Plasmid p31 was digested with Sacl and Spel and
ligated into similarly treated pSNU2 vector to yield
pSPVXp31. The construct, p32, was generated by digestion
pMON453 with BsiWI and AfIIl and the modification
implied deletion of most of the replicase gene. Plasmid p32

was digested with Mfel and Xhol and ligated into similarly
treated pSPVXp31 to yield pSPVXp32. All of the con-
structs were mobilized into A. tumefaciens strain GV2260
by electroporation.

To verify whether PVX mRNA derived from PVX
replicons transiently expressed in vivo and efficiently infect
plants, Nicotiana benthamiana, Nicotinana tabacum cv.
Xanthi-nc¢, and Capsicum annuum cv. Chilsungcho leaves
were agroinfiltrated with Agrobacterium culture transform-
ed with pSNU1, pSNU2, pSPVXp31, and pSPVXp32. The
agroinfiltration procedure was performed as described
previously (Llave et al., 2000). Individual Agrobacterium
colonies containing desired transformants were grown for
20 h in 2-ml cultures in LB medium with the appropriate
antibiotics (50 pg/ml - of kanamycin and 50 ug/ml of
rifampicin) at 30°C. Ten microliter of the culture was used
to inoculate a 10-ml culture LB broth containing the above
antibiotics, which was grown for 16-20 h at 30°C. The
Agrobacterium cultures containing desired transformants
were spun down at 3000 rpm for 10 min and resuspended in
infiltration medium (10 mM MgCl,/10 mM MES, pH 5.7;
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Fig. 2. Symptoms of Nicotiana benthamiana (A), N. tabacum cv. Xanthi nc (B) and Capsicum annuum cv. Chilsungcho (C) plants
infected by agroinfiltration with pSPVXp31. Plants were photographed 14 days after agroinfiltration. Severe mosaic symptoms on N.
benthamiana, mild symptoms in upper leaves on N. fabacum cv. Xanthi nc and severe necrotic symptoms on Capsicum annuuim cv.

Chilsungcho were observed.

200 puM acetosyringone) to 0.80D at 600 nm and
incubated at 30°C for a minimum of 3 h. These cultures
were infiltrated into abaxial surface of the N. benthamiana,
N. tabaccum cv. Xanthi nc, and C. annuum cv. Chilsungcho
leaves (3 to 4 weeks old) by gently pressing using a 1-ml
syringe without a needle. Infiltrated plants were grown at
25°C with a 16 h light cycle. After two weeks, infiltration
of the clone pSPVXp31 was caused severe mosaic symp-
toms on N. benthamiana, severe necrotic lesion on C,
annuum cv. Chilsungcho, while milder symptoms and
delayed mosaic symptoms were showed on upper leaves of
N. tabaccum cv. Xanthi (Fig. 2). No symptom was observed
on clones pSNUI1, pSNU2, and pSPVXp32 infiltrated
plants (data not shown).

To determine whether RNA transcripts generated from
DNA constructs induced these symptoms, total RNA was
extracted from the infected plants and conducted RT-PCR
analysis at five days post infiltration (dpi). The PVX viral
RNA was detected by amplifying CP region with primers
prtPVX-CPF (5-ATGTCAGCACCAGCTAGCACAACA-
CAGG-3) and prPVX-CPR (5-TTATGGTGGI GGGA-
GAGTGACAACAGCCTCAG-3". Amplified DNAs
corresponding to the PVX CP region were separated on the
1% agarose gel and visualized with ethidium bromide-
staining. As shown in Fig. 3, distinct DNA band was
amplified by RT-PCR using total RNAs extracted from
upper (systemic) leaves of the clone pSPVXp31 infiltrated
plants. In contrast, no DNA was amplified from mock,
pSNU1, pSNU2, and pSPVXp32 treated plants (data not
shown). The construct pSPVXp32 contained large deletion
of replicase gene but contains all known cis-acting elements
required for PVX replication. Therefore, the construct
pSPVXp32 might be used in replication defective control
and in trans-acting studies of replicase and as vectors for
foreign gene expression. An additional restriction enzyme
site (SacI) was introduced between duplicated CaMV
promoter and PVX genome, which had no effects on PVX

Fig. 3. RT:PCR analysis of RNA from upper leaves of
agroinfected plants with pSPVX31 at five days post infiltration
(dpi). Lanes 1-3 indicate RT-PCR amplified DNAs using total
RNAs from pSPVX31 infected N. benthamiana, N. tabacuin cv.
Xanthi nc, and Capsicum annuum cv. Chilsungcho, respectively.
M denotes lamda molecular mass size markers digested with
HindIll.

infection. However, an unfavorable effect of six extra nt at
the 5' end in transiently expressed PVX mRNA is not
excluded. It remains to be determined how the 6 extra nt at
the 5' end of pSPVXp31 affects the relative efficiency of
replication compared to that of parental PVX replicon.

Agroinfiltration has been widely used in plant biology for
identification of disease resistance genes (Bendahmane et
al., 2000) as well as induction and suppression of post
transcriptional gene silencing (Johansen and Carrington,
2001; Voinnet et al., 2003). Recently, Annamalai and Rao
(2005) have reported that an Agrobacterium-mediated T-
DNA gene delivery system can be used to study the cis- and
trans-acting requirements for Brome mosaic virus (BMV)
RNA replication in plants and significant differences can
exist for BMV RNA replication in different hosts. These
results show that different virus systems are used to analyze
the requirements for viral infection.
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In this study, we showed that the PVX agroinfiltration
system allowed PVX replicon efficiently to infect into local
and systemic leaves and to replicate PVX RNA in large
quantities in three different plant species including N.
benthamiana, N. tabaccum cv. Xanthi-nc, and C. annuum
cv. Chilsungcho. The biologically active T-DNA construct
harboring PVX full length cDNA, pSPVXp31, can enable
us to study the requirements for viral infection. Further
studies of PVX replicons derived from pSPVXp31 and
pSPVXp32 will be needed to characterize viral and host
factors required for replication and other steps during PVX
infection.
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