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While pepper (Capsicum annuum) is a highly recalcitrant species for genetic transformation studies, plant virus-based vectors can
provide alternative and powerful tools for transient regulation and functional analysis of genes of interest in pepper. In this
study, we established an effective virus-based vector system applicable for transient gain- and loss-of-function studies in pepper
using Broad bean wilt virus2 (BBWV2). We engineered BBWV2 as a dual gene expression vector for simultaneous expression of
two recombinant proteins in pepper cells. In addition, we established enhanced and stable expression of recombinant proteins
from the BBWV2-based dual vector via coexpression of a heterologous viral suppressor of RNA silencing. We also developed a
BBWV2-based virus-induced gene silencing (VIGS) vector, and we successfully silenced the phytoene desaturase gene (PDS)
using the BBWV2-based VIGS vector in various pepper cultivars. Additionally, we optimized the BBWV2-based VIGS system in
pepper by testing the efficiency of PDS gene silencing under different conditions. This BBWV2-based vector system represents a
convenient approach for rapid and simple analysis of gene functions in pepper.

Pepper (Capsicum annuum), a member of the fam-
ily Solanaceae, is an important crop grown world-
wide. Recently, intensive high-throughput genomic
sequencing studies have provided extensive data on
transcriptomic regulation in pepper and increased the
need for rapid and simple gene function analysis sys-
tems (Liu et al., 2013; Kim et al., 2014; Qin et al., 2014;
Dubey et al., 2019). However, limited progress has
been made in terms of functional studies of pepper

genes owing to the lack of efficient genetic transfor-
mation methods for pepper (Lee et al., 2004; Bulle
et al., 2016). Currently, the recalcitrance of in vitro re-
generation and genetic transformation of pepper is still a
major drawback for functional characterization of can-
didate genes via gain- and loss-of-function studies in
pepper (Lee et al., 2004; Aarrouf et al., 2012). On the
contrary, transient gene expression approaches, includ-
ing Agrobacterium tumefaciens-mediated gene delivery
(agroinfiltration) and protoplast transformation, have
been performed for ectopic expression of genes of in-
terest and examination of their functions at the cellular
level in pepper (Ruffel et al., 2005; Sohn et al., 2006; Jeon
et al., 2007). However, these approaches cannot be used
to systemically explore the function of a gene at the
whole-plant level.
Plant virus-mediated gene delivery systems can be

employed as an alternative approach for transient gain-
and loss-of-function studies, particularly in plant spe-
cies recalcitrant for genetic transformation (Zhang and
Ghabrial, 2006; Seo et al., 2016; Ding et al., 2018). Since
plant virus-based vectors systemically infect their host
plants, genes of interest can be delivered into the plants
at the whole-plant level within a short period by simple
cloning and inoculation (Gleba et al., 2007). Regarding
the expression of genes of interest in plants, virus vec-
tor systems are superior to the transgenic approach
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because viruses can replicate to high titers in the
infected cells (Gleba et al., 2007). For transient loss-of-
function studies, plant viruses can be engineered
as virus-induced gene silencing (VIGS) vectors
(Robertson, 2004). In the last two decades, VIGS
systems have been widely used as fast and efficient
reverse genetic tools for successful characterization
of numerous plant genes involved in plant develop-
ment, metabolic regulation, and disease resistance
in a variety of plant species (Purkayastha and
Dasgupta, 2009; Ramegowda et al., 2014).

In pepper, Tobacco rattle virus (TRV) has been used as
a VIGS vector (Chung et al., 2004). However, the pTRV
empty VIGS vector can induce systemic necrosis in
various plant species, including tomato (Solanum lyco-
persicum) and pepper, as well as Nicotiana benthamiana
(Hartl et al., 2008; Wu et al., 2011; Tran et al., 2016).
Furthermore, TRV VIGS vectors carrying host-derived
sequence inserts can induce systemic necrosis in sola-
naceous plants when silencing of the target genes is
not successfully triggered, making it difficult to char-
acterize the defense and cell death response genes
(Hartl et al., 2008; Wu et al., 2011). A few viruses that
can infect pepper, including Potato virus X (PVX),
Pepper mottle virus, and Tobacco mosaic virus (TMV),
have been developed as viral vectors for systemic gene
expression in plants (Gleba et al., 2007; Song and Ryu,
2017). However, these viral vectors could cause severe
viral symptoms, such as necrosis, yellowing, stunting,
and/or leaf malformation, in pepper; thus, they are
not suitable for systemic gene function analysis in
pepper (Scholthof et al., 1996; Ruffel et al., 2002; Gleba
et al., 2007).

Broad bean wilt virus2 (BBWV2), which belongs to the
genus Fabavirus in the family Secoviridae, has a wide
host range, including many economically important
crops, such as pepper, cucumber (Cucumis sativus),
broad bean (Vicia faba), and sesame (Sesamum indicum;
Lisa and Boccardo, 1996; Kwak et al., 2013; Seo et al.,
2017). The BBWV2 genome is composed of two single-
stranded positive-sense RNA molecules, RNA1 and
RNA2, which are approximately 5,960 and 3,600 nu-
cleotides in length, respectively (Kwak et al., 2016).
Each RNA segment contains a single open reading
frame (ORF) that is translated into a single polyprotein
precursor (Kwak et al., 2016). The polyprotein precur-
sor encoded by RNA1 yields five mature proteins by
proteolytic cleavage: protease cofactor, NTP-binding
motif, VPg, protease, and RNA-dependent RNA poly-
merase. The polyprotein precursor encoded by RNA2
yields three mature proteins: movement protein (MP),
large coat protein (LCP), and small coat protein (SCP).
In our previous studies, we generated infectious cDNA
clones of two distinct strains of BBWV2, pBBWV2-
PAP1 (a severe strain) and pBBWV2-RP1 (a mild
strain), and identified MP as the responsible symptom
severity determinant (Kwak et al., 2016; Seo et al., 2017).

In this study, we engineered pBBWV2-RP1, which
causes systemic infection with no obvious symptoms in
pepper, as an effective virus-based vector system

applicable for transient gain- and loss-of-function
studies. Genetic engineering of a dual gene insertion
cassette between the MP and LCP cistrons in BBWV2
RNA2 was successful in expressing two genes simulta-
neously in the same cells. Stable expression of recombi-
nant proteins was further enhanced via coexpression of
heterologous viral suppressors of RNA silencing (VSRs)
from the BBWV2-based dual vector. We also engineered
pBBWV2-RP1 as a VIGS vector that works successfully
in pepper.We suggest that the developed BBWV2-based
vector system could provide a useful tool to the research
community for functional studies of pepper genes.

RESULTS AND DISCUSSION

Engineering of BBWV2 as a Viral Gene Expression Vector

In our previous study, we constructed infectious
cDNA clones of two BBWV2 strains (Kwak et al.,
2016). pBBWV2-RP1 caused very mild symptoms,
whereas pBBWV2-PAP1 caused severe symptoms,
including stunting and leaf distortion (Kwak et al.,
2016). The symptomatic characteristics of a viral vec-
tor are important for its use in functional studies of
genes of interest because the obtained phenotypes can
be superimposed on, and sometimes complicated by,
viral symptoms. Therefore, pBBWV2-RP1 is advanta-
geous for use in engineering as a viral vector. To de-
velop pBBWV2-RP1 as a viral vector for the expression
of genes of interest in pepper, an additional protease
cleavage site (GKDYRYGQ/GLME) of BBWV2 and
cloning sites (StuI, BglII, and AvrII) were engineered
into the polyprotein ORF between the MP and LCP
cistrons in pBBWV2-RP1-R2 (Fig. 1A). To minimize
the probability of homologous recombination between
duplicated cleavage sites and the subsequent insta-
bility, the nucleotide sequence of the inserted protease
cleavage site was synonymously modified based on
the codon usage frequency for BBWV2. The resultant
plasmid, pBBWV2-R2-OE, was infectious when agro-
infiltrated together with pBBWV2-RP1-R1 and in-
duced very mild symptoms in N. benthamiana and no
obvious symptoms in pepper plants (‘Sinhong’), sim-
ilar to the actions of its parental clone, pBBWV-RP1-R2
(Fig. 1B). To examine infection efficiency of pBBWV2-
OE, 15 plants of each species, including N. ben-
thamiana, pepper, Perilla frutescens, and Arabidopsis
(Arabidopsis thaliana),were inoculated by agroinfiltration.
Reverse transcription (RT)-PCR analysis confirmed
that all inoculated plants were systemically infected
(Supplemental Table S1). In addition, there was no
obvious difference in the accumulation of viral RNA
in N. benthamiana plants infected with pBBWV2-OE
compared with that in plants infected with pBBWV-
RP1 (Supplemental Fig. S1). The results indicated that
engineering the gene expression cassette into the viral
genome did not affect virus replication competence. A
desired gene can be cloned into pBBWV2-R2-OE using
the cloning sites to create an in-frame translational
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fusion. During viral infection, the cloned gene will be
expressed as a part of the viral polyprotein and processed
byprotease in trans to yieldmature proteins containing 10
additional amino acids (GLMEEDVLRP) at the N termi-
nus and 14 amino acids (RPRSPRGKDYRYGQ) at the C
terminuswhen cloned using theBglII cloning site (Fig. 1A).
To verify the expression of recombinant proteins

using the BBWV2 vector in pepper, the GFP gene (gfp)
was initially selected and cloned into pBBWV2-R2-OE
using the BglII and AvrII cloning sites, yielding a con-
struct designated as pBBWV2-R2-OE-GFP (Fig. 2A). N.
benthamiana and pepper (‘Sinhong’) were infiltrated
with a mixture of A. tumefaciens cultures containing
pBBWV2-RP1-R1 and pBBWV2-R2-OE-GFP. At 6 d
postinoculation (dpi), the infiltrated plants were ob-
served under UV light and strong and systemic ex-
pression of GFP was detected in the upper leaves of the
infiltrated plants (Fig. 2B). pBBWV2-OE-GFP was also
infectious in other hosts, including P. frutescens and

Arabidopsis, and competent for replication and sys-
temic GFP expression in these host plants (Fig. 2B;
Supplemental Table S1).

Engineering of BBWV2 as a Dual Gene Expression Vector

For simultaneous delivery of two genes into the same
cells, we modified pBBWV-R2-OE by engineering a
dual gene expression cassette between the MP and LCP
cistrons. The dual gene expression cassette was com-
posed of two additional protease cleavage sites (the
additional protease cleavage sites were synonymously
modified to minimize the probability of homologous
recombination with each other) and two restriction
enzyme sites (BglII and AvrII; Fig. 3A). The resulting
dual gene expression vector was designated as
pBBWV2-OEx2 (Fig. 3A). Two different genes could be
expressed simultaneously in the same cells by the

Figure 1. Engineering of BBWV2 as a viral gene
expression vector. A, Schematic representation
of the construction of the pBBWV2-OE vector.
The binary vector, pCass-Rz, contains a left
border of T-DNA (LB), a double 35S promoter
(35S), multiple cloning sites, a cis-cleaving ri-
bozyme sequence (Rz), a NOS terminator (T),
and a right border of T-DNA (RB) in sequential
order. pBBWV2-R2-OE contains a single gene
expression cassette between the MP and LCP
cistrons. The gene insertion cassette contains
one additional peptide cleavage site and three
unique cloning sites (StuI, BglII, and AvrII) as
indicated. Amino acid sequences of the peptide
cleavage sites recognized by Pro viral protease
are underlined, and arrowheads indicate the
locations of the cleaved peptide bonds. Co-Pro,
Protease cofactor; NTB, NTP-binding motif;
RdRp, RNA-dependent RNA polymerase. B,
Symptoms observed in N. benthamiana and
pepper (‘Sinhong’) infected with pBBWW2-RP1
or pBBWV2-OE. Both BBWV2 constructs in-
duced only mild mosaic symptoms in N. ben-
thamiana and no obvious symptoms in pepper.
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pBBWV2-OEx2 vector upon utilizing two independent
gene insertion cassettes via viral polyprotein process-
ing. The infectivity of pBBWV2-OEx2was confirmed by
agroinfiltration in N. benthamiana and pepper, and
pBBWV2-OEx2 induced symptoms identical to those
induced by pBBWV2-RP1 in the host plants. In addi-
tion, the insertion of the dual gene expression cassette
into the viral genome did not affect virus replication
competence (Supplemental Fig. S1).

To verify the simultaneous expression of two differ-
ent proteins from the pBBWV2-OEx2 vector, we used
two fluorescence reporter genes, gfp and the cyan flu-
orescent protein gene (cfp). To separately detect the
expression of the resulting fluorescent proteins (i.e. GFP
and CFP) in the same cells, CFP was tagged with the
SV40 T antigen nuclear localization signal (NLS). The
gfp and NLS-tagged cfp genes were cloned into
pBBWV2-R2-OEx2 using the restriction enzyme sites
BglII and AvrII, respectively, in the dual gene expression
cassette, resulting in a construct designated as pBBWV2-
R2-OEx2-GFP/nCFP (Fig. 3B). N. benthamiana and
pepper (‘Sinhong’) were agroinfiltrated with pBBWV2-
OEx2-GFP/nCFP. At 6 dpi, systemic leaves of N. ben-
thamiana and pepper plants agroinfiltrated with
pBBWV2-OEx2-GFP/nCFP were subjected to confocal
microscopy to observe fluorescent signals. As expected,
GFP signals were detected throughout the cytoplasm as
well as in the nucleoplasm, whereas CFP signals were
strongly observed in the nucleus (Fig. 3C), showing that
two different genes could be successfully delivered
into the same cells of N. benthamiana and pepper plants
via the pBBWV2-OEx2 vector. As negative controls, no
fluorescent signals were evident in the systemic leaves
of the plants agroinfiltrated with pBBWV2-OEx2
(empty vector; Fig. 3C).

Heterologous VSRs Could Enhance Stable Gene
Expression from the BBWV2-Based Vector

A previous study has shown the BBWV2 MP and
LCP function as relatively weak VSRs that can suppress

single-stranded RNA-induced RNA silencing; how-
ever, they cannot suppress double-stranded RNA
(dsRNA)-induced RNA silencing (Kong et al., 2014).
This suggests that dsRNA replication intermediates of
BBWV2 can be targeted by host gene-silencing ma-
chineries, resulting in a decline in virus replication as
the infection progresses and persists at a low level.
Thus, we aimed to examine how long GFP expression
from the BBWV2-based vector could be maintained in
the infected plants. Time-course observation under UV
light showed high GFP expression levels at the early
infection stage that gradually decreased as viral infec-
tion progressed systemically (Fig. 4C).

To overcome this phenomenon, we aimed to examine
whether coexpression of heterologous VSRs could im-
prove foreign gene expression efficiency of the BBWV2-
based vector system. Therefore, the pBBWV2-OEx2
vector was used to simultaneously express heterolo-
gous VSRs together with GFP in the same cells. First,
the gfp gene was cloned into pBBWV2-R2-OEx2 using
the BglII site to generate pBBWV2-R2-OEx2-GFP. Then,
three heterologous VSRs, including the Cucumber mo-
saic virus (CMV) 2b, Tomato bushy stunt virus (TBSV)
p19, and Flock house virus (FHV) B2 (an insect viral
RNA-silencing suppressor but active in plants; Seo
et al., 2012), were cloned into pBBWV2-R2-OEX2-GFP
using the AvrII site. The resulting clones were desig-
nated as pBBWV2-R2-OEx2-GFP/2b, -GFP/P19, and
-GFP/B2, respectively (Fig. 4A).

The expression of heterologous VSRs using a virus-
based vector could increase symptom severity (Zhang
and Ghabrial, 2006; Seo et al., 2009b). N. benthamiana
plants were agroinfiltrated with pBBWV2-OEx2-GFP/
2b, -GFP/B2, or -GFP/P19, and symptom development
was monitored for 4 weeks postinoculation. Interest-
ingly, FHV B2 minimally increased symptom severity,
whereas CMV 2b and TBSV P19 caused significant
symptom enhancement (Fig. 4B). For example, plants
infected with pBBWV2-OEx2-GFP/P19 showed severe
stunting and curling in the systemic leaves, and
pBBWV2-OEx2-GFP/2b caused leaf size reduction and

Figure 2. GFP expression using the BBWV2-based
gene expression vector in various plant species. A,
Schematic representation of pBBWV2-R2-OE-GFP.
The gfp gene was cloned into pBBWV2-R2-OE
using the BglII and AvrII sites. B, Detection of
fluorescence signals in the leavesofN.benthamiana,
pepper (‘Sinhong’), P. frutescens, and Arabidopsis
after infection with pBBWV2-OE-GFP. Whole-leaf
fluorescence signals were observed using an
in vivo fluorescence imaging system.
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mosaic symptoms in the systemic leaves. However,
only mild mosaic symptoms were observed in the
plants infected with pBBWV2-OEx2-GFP/B2 (Fig. 4B).
Next, to investigate the effects of heterologous VSRs

on enhancing gene expression from the BBWV2-based
vector, N. benthamiana plants infected with pBBWV2-
OEx2-GFP/2b, -GFP/B2, or -GFP/P19 were observed
under UV light for different durations (Fig. 4C). The
results showed that GFP expression from the BBWV2-
based vector was dramatically enhanced by B2,

whereas 2b exhibited only marginal effects on en-
hancing GFP expression. P19 also increased GFP ex-
pression; however, the associated increase in symptom
severity made it unfavorable for use in the BBWV2-
based vector system. Reverse transcription quanti-
tative PCR (RT-qPCR) analysis revealed that
heterologous VSRs increased the accumulation levels
of viral RNA in association with the degree of
GFP expression (Supplemental Fig. S2). To exam-
ine whether plant growth temperature affects gene

Figure 3. Simultaneous expression of two recombi-
nant proteins using the BBWV2-based dual gene ex-
pression vector. A, Schematic representation of the
construction of pBBWV2-R2-OEx2. pBBWV2-R2-
OEx2 contains a dual gene expression cassette
between the MP and LCP cistrons. The dual gene in-
sertion cassette contains two additional peptide
cleavage sites and two unique cloning sites (BglII and
AvrII) as indicated. Amino acid sequences of the
peptide cleavage sites recognized by Pro viral prote-
ase are underlined, and arrowheads indicate the lo-
cations of the cleaved peptide bonds. B, Schematic
representation of pBBWV2-R2-OEx2-GFP/nCFP. The
gfp and NLS-tagged cfp genes were cloned into
pBBWV2-R2-OEx2 using the BglII and AvrII sites, re-
spectively. C, Confocal images showing subcellular
distribution of GFP and NLS-tagged CFP expressed by
the BBWV2-based dual gene expression vector in N.
benthamiana and pepper cells. No fluorescence was
detected in the cells infected with pBBWV2-OEx2.
Bars 5 50 mm.
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Figure 4. Effects of heterologous VSRs on gene expression by the BBWV2-based vector. A, Schematic representation of the
BBWV2-based dual gene expression constructs simultaneously harboring the gfp gene and either CMV 2b (333 bp), FHV B2
(321 bp), or TBSV P19 (519 bp). B, Symptoms inN. benthamiana infected with pBBWW2-OEx2 (empty vector), pBBWV2-OEx2-
GFP, -GFP/2b, -GFP/B2, or -GFP/P19. C, Time-course observation of the effects of heterologous VSRs on GFP expression by the
BBWV2-based vector. After infection with the indicated recombinant BBWV2 constructs, whole-leaf fluorescence signals were
observed using an in vivo fluorescence imaging system in a time-course manner.
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expression level from the BBWV2-based vector, N.
benthamiana plants were infected with pBBWV2-
OEx2-GFP/B2 and grown in plant growth chambers
at different temperatures (20°C, 25°C, and 30°C).
Time-course observation of GFP signals showed re-
duced and delayed GFP expression in the plants
grown at 20°C (Supplemental Fig. S3).

Application of the BBWV2-Based Gene Expression Vector
for Transient Gain-of-Function Studies in Pepper

Next, we investigated whether the gene products
expressed by the BBWV2-based vectors could retain
their own biological activities. We selected and cloned
the herbicide resistance bar gene (coding for phosphi-
nothricin acetyltransferase) and CaLEA6 gene (coding
for a late embryogenesis abundant-like protein that
belongs to the hydrophobic LEA group 6; Kim et al.,
2005) into pBBWV2-R2-OEx2-B2 using the BglII site to
generate pBBWV2-R2-OEx2-BAR/B2 and pBBWV2-
R2-OEx2-CaLEA6/B2, respectively (Fig. 5A).
The bar gene has been widely used as an effective

selectable marker since it provides tolerance to glufo-
sinate ammonium (Gordon-Kamm et al., 1990; Cao
et al., 1992). To examine if the BBWV2-based vector
systemically delivers the functionally active bar gene in
a plant, 2-week-old pepper seedlings (‘Sinhong’) were
infected with pBBWV2-OEx2-BAR/B2. At 8 dpi,
the infected plants were sprayed with the herbicide
BASTA, containing glufosinate ammonium as an active
ingredient. All plants infected with pBBWV2-OEx2-
BAR/B2 were resistant to BASTA when applied as a
0.15%, 0.3%, or 0.6% (v/v) solution in deionized water
(Fig. 5B). In contrast, the healthy plants and pBBWV2-
OEx2-GFP/B2-infected plants died within 2 weeks af-
ter herbicide treatment (Fig. 5B).
LEA proteins play a protective role under drought

conditions by sequestering ions and maintaining min-
imum cellular water requirements (Hand et al., 2011).
The CaLEA6 gene has been isolated from pepper (Kim
et al., 2005), and transgenic tobacco (Nicotiana tabacum)
plants that overexpress CaLEA6 show tolerance to
drought and salt stresses (Kim et al., 2005). Thus, we
examined if the CaLEA6 gene delivered by the BBWV2-
based vector could confer systemic drought tolerance in
pepper. Two-week-old pepper seedlings (‘Sinhong’)
were agroinfiltrated with pBBWV2-OEx2-CaLEA6/B2.
First, to investigate the expression levels of CaLEA6,
plants were divided into two groups after inoculation;
one group was maintained under normal watering
conditions, and the second group was grown under
drought conditions bywithholding watering. RT-qPCR
showed that CaLEA6 transcript levels were dramati-
cally up-regulated by pBBWV2-OEx2-CaLEA6/B2 in-
fection relative to that by pBBWV2-OEx2-GFP/B2 or in
healthy plants (Supplemental Fig. S4). As shown pre-
viously (Kim et al., 2005), CaLEA6 transcripts accumu-
lated to no detectable level in healthy plants under
normal conditions (Supplemental Fig. S4). After 17 d

under drought conditions, the healthy plants and
pBBWV2-OEx2-GFP/B2-infected plants withered severely,
while plants infected with pBBWV2-OEx2-CaLEA6/B2
maintained their leaf turgidity and exhibited tolerance
to dehydration (Fig. 5C), indicating that systemic over-
expression of CaLEA6 using the BBWV2-based vector
increased drought tolerance in pepper.
While pepper is an important vegetable crop grown

worldwide and a variety of cultivars have been bred, it
is still highly desirable to increase pepper resistance to
various diseases, pests, and environmental stresses. As
exemplified by the systemic delivery of the bar and
CaLEA6 genes, the BBWV2-based gene expression
vector could be easily employed for rapid evaluation of
candidate genes with antimicrobial or insecticidal ac-
tivities as well as other traits that might enhance the
commercial value of pepper.

Stability of the Heterologous Gene Expressed from the
BBWV2-Based Vector

To test the stability and upper size limit of heterolo-
gous gene insertion in the BBWV2-based vector, two
large genes, Hsp90 (2,097 bp) and Staphylococcus aureus
Cas9 tagged with a nuclear export signal sequence
(SaCas9NES; 3,195 bp),were cloned into pBBWV2-R2-OEx2
using the AvrII site to generate pBBWV2-R2-OEx2-HSP90
and pBBWV2-R2-OEx2-SaCas9NES, respectively (Fig. 6A).
N. benthamiana plants were agroinfiltrated with pBBWV2-
OEx2-HSP90 and -SaCas9NES, and symptom appearance
was monitored for 2 weeks postinoculation. While HSP90
had no visible effect on symptom severity, SaCas9NES
caused necrotic malformation on the upper systemic
leaves (Fig. 6B), suggesting that ectopically overex-
pressed SaCas9NES may have off-target effects on plant
cells. To examine stable insertion of the Hsp90 and
SaCas9NES genes in the viral genome, we analyzed total
RNA extracted from the upper symptomatic leaves by
RT-PCR using a primer pair spanning the gene inser-
tion cassettes (Fig. 6, C andD).Hsp90 remained intact in
the viral genome, while some truncated variant prog-
eny were detected in the samples inoculated with
pBBWV2-OEx2-SaCas9NES (Fig. 6, C and D). Next, the
progeny viruses were transferred between plants by
mechanical sap inoculation. Each inoculated plant was
analyzed by RT-PCR to examine the stability of het-
erologous gene insertion in the viral genome. Hsp90
remained stable in the viral genome during virus
replication even after three serial passages (Fig. 6C).
However, only truncated variants were detected from
the second passage of progeny of pBBWV2-OEx2-
SaCas9NES (Fig. 6D), indicating that SaCas9NES is un-
stable in the BBWV2 genome, probably because of the
genome capacity of BBWV2.

Engineering of BBWV2 as a VIGS Vector

VIGS is an attractive tool for fast evaluation of
transient loss-of-function phenotypes in plants
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(Robertson, 2004; Becker and Lange, 2010). BBWV2
seemed to encode relatively weak VSRs; however,
since it persisted systemically with mild symptoms in
the infected plants, we hypothesized that BBWV2
could be developed as a useful VIGS vector in pepper.
To develop BBWV2 as a VIGS vector, we engineered
an additional cloning site (SalI) immediately after the
stop codon of RNA2 ORF in the RNA2 39 untrans-
lated region (UTR) of pBBWV2-R2-OEx2, and the
resulting clone was designated as pBBWV2-R2-O2V
(Fig. 7A). We initially assessed the potential of

BBWV2 as a VIGS vector to inhibit endogenous PDS
in pepper. PDS is essential for carotenoid production in
plants (Norris et al., 1995), and inhibition of endogenous
PDS by VIGS can induce photobleaching (Ratcliff et al.,
2001). A 230-bp partial fragment of pepper PDS (Gen-
Bank accession no. NM_001324813.1) was inserted in
reverse orientation into pBBWV2-R2-O2V using the SalI
site, resulting in a construct designated as pBBWV2-R2-
O2V-pds230 (Fig. 7B).

Two-week-old pepper seedlings (‘Sinhong’) were
infected with pBBWV2-OV2-pds230 and grown in a
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Figure 5. Application of the BBWV2-based
gene expression vector for transient gain-of-
function studies in pepper. A, Schematic rep-
resentation of the BBWV2-based dual gene
expression constructs simultaneously harbor-
ing either the bar gene (552 bp) or the CaLEA6
gene (492 bp) and FHV B2. B, Conferment of
herbicide resistance in pepper by infection
with the BBWV2-based vector expressing the
bar gene. Two-week-old pepper seedlings
(‘Sinhong’) were infected with pBBWV2-
OEx2-GFP/B2 or -BAR/B2. At 8 dpi, herbicide
treatment was applied to the plants as indi-
cated. Photographs were taken 4 weeks after
herbicide treatment. C, Conferment of drought
tolerance in pepper by infection with the
BBWV2-based vector expressing the CaLEA6
gene. Two-week-old pepper seedlings (‘Sin-
hong’) were infected with pBBWV2-OEx2-
GFP/B2 or -CaLEA6/B2. After inoculation,
drought stress was simultaneously applied to
the plants by withholding watering. The plants
were photographed 17 d after drought
treatment.
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growth chamber at 25°C. At 2 weeks after inoculation,
the infected plants developed photobleached leaves,
indicating that PDS was successfully silenced by the
BBWV2-based VIGS vector (Fig. 7C). PDS silencing was
maintained and progressed to the upper leaves as the
plant grew, and photobleaching was also observed in
some pepper fruits (Fig. 7D).

Optimization of the BBWV2-Based VIGS in Pepper

Different pepper cultivars could vary in their sus-
ceptibility to BBWV2 and, thereby, in VIGS efficiency.
When tested using pBBWV2-O2V-pds230, silencing of
PDS was visually evident in other tested pepper culti-
vars, including ‘Quarri’, ‘Titanic’, and ‘Wellbeing’
(Fig. 7, E–G, respectively). To estimate the efficiency of
BBWV2-based VIGS at the molecular level, we ana-
lyzed PDS mRNA levels by RT-qPCR. Although VIGS
efficiency varied among pepper cultivars (approxi-
mately 67%–79% decrease), ‘Sinhong’ exhibited the
most efficient PDS gene silencing (Fig. 8A). It is note-
worthy that a decrease in PDS mRNA level was
detected in the control plants infected with pBBWV2-
O2V (empty vector) with no visible photobleaching,

indicating that BBWV2 infection itself caused down-
regulation of PDS in pepper (Fig. 8A).
Plant growth temperature is a key factor that affects

VIGS efficiency (Robertson, 2004; Hartl et al., 2008). To
assess the effect of plant growth temperature on
BBWV2-based VIGS, 2-week-old pepper seedlings
(‘Sinhong’) were infected with pBBWV2-O2V-pds230
and grown in plant growth chambers at different
temperatures (18°C, 20°C, 22°C, 24°C, 26°C, 28°C, and
30°C). Although little photobleaching was observed
in the plants grown at 28°C and 30°C, the plants grown
at other temperatures showed similar photobleached
phenotypes. Correspondingly, RT-qPCR analysis
revealed that the efficiency of PDS VIGS at various
temperatures was associated with the degree of pho-
tobleaching (Fig. 8B). In addition, the earliest photo-
bleaching was observed in the plants grown at 24°C
and 26°C, whereas photobleaching was delayed for 2
to 7 d in the plants grown at 18°C, 20°C, and 22°C,
since plant growth was inhibited. Therefore, 24°C was
the optimal temperature for BBWV2-based VIGS in
pepper.
The developmental stage of a plant at the time of

inoculation might affect virus replication and spread in
the plant, and thus could influence VIGS efficiency

Figure 6. Analysis of the stability of heterologous
gene insertions in the BBWV2 genome. A, Schematic
representation of pBBWV2-R2-OEx2-HSP90 and
-SaCas9NES. The Hsp90 gene (2,097 bp) or SaCas9NES

(3,195 bp) was cloned into pBBWV2-R2-OEx2 using
the AvrII site. B, Symptoms in N. benthamiana infec-
ted with pBBWW2-OEx2 (empty vector), pBBWV2-
OEx2-HSP90, or -SaCas9NES. Imageswere captured at
8 d after agroinfiltration. C and D, RT-PCR analyses of
the stability of heterologous genes in the BBWV2-
based vector during serial passages. Total RNA was
isolated from pBBWV2-OEx2-infected, pBBWV2-
OEx2-HSP90-infected, or pBBWV2-OEx2-SaCas9NES-
infected leaves of each pepper plant and subjected to
RT-PCR analysis. The progeny viruses were transferred
from plant to plant by mechanical sap inoculation. The
numbered lanes indicate two individual plants tested in
each passage. The arrowheads point at the RT-PCR
products of the expected sizes as shown by schematic
maps of BBWV2 MP/LCP, MP/HSP90/LCP, and MP/
SaCas9NES/LCP regions (arrows indicate the regions
that have been amplified).
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(Hileman et al., 2005; Deng et al., 2012). To test this
possibility in the BBWV2-based VIGS system, pepper
seedlings (‘Sinhong’) at different ages (2, 3, and 4 weeks
old) were infected with pBBWV2-O2V-pds230 and
grown in a plant growth chamber at 24°C. All tested
plants exhibited photobleaching around 2 weeks
postinoculation regardless of age, and there were no
significant differences in reduction of the PDS mRNA
level among plants at different ages (Fig. 8C). We also
examined whether BBWV2-VIGS works efficiently in
pepper plants at a late developmental stage. Twelve-
week-old pepper plants (‘Sinhong’) were infected with
pBBWV2-OV2-pds230 and grown at 24°C. At 4 weeks
after inoculation, photobleaching occurred in upper
systemic leaves and significant reduction of PDS
mRNA levels was evident by RT-qPCR (Fig. 8C;
Supplemental Fig. S5).

Finally, we examined whether the size of the host-
derived sequence insert affects BBWV2-based VIGS
efficiency. To this end, the BBWV2-based VIGS con-
structs carrying partial PDS genes of different sizes
(230, 453, and 700 bp), which were named pBBWV2-
O2V-pds230, -pds453, and -pds700, respectively, were
used to inoculate 2-week-old pepper seedlings (‘Sin-
hong’), and the inoculated plants were grown at 24°C
and monitored for 6 weeks. The plants infected with
pBBWV2-O2V-pds230 or -pds453 showed similar pho-
tobleached phenotypes, whereas little or delayed pho-
tobleaching was observed in plants infected with
pBBWV2-O2V-pds700 (Supplemental Fig. S6). RT-
qPCR analysis confirmed the association of the degree

of photobleaching with the PDS VIGS efficiency by the
size of the partial insert (Fig. 8D).

Considering the importance of pepper as a vegetable
crop, it is highly desirable to identify and evaluate
valuable traits to improve the productivity, disease and
environmental resistance, and commercial value of
pepper. The whole genome of pepper has been se-
quenced (Kim et al., 2014; Qin et al., 2014), and high-
throughput transcriptome studies have identified a
large number of genes associated with various biolog-
ical processes (Liu et al., 2013; Dubey et al., 2019).
However, most of the identified pepper genes remain to
be elucidated because of the lack of efficient methods
for gain- and loss-of-function studies in pepper.

Plant virus-based vectors are attractive and powerful
tools for rapid and simple analysis of gene function by
systemically overexpressing or silencing desirable
genes in plants (Robertson, 2004; Gleba et al., 2007).
Various RNA viruses were engineered as viral vectors
for expression of the recombinant proteins based on
two different approaches according to their viral ge-
nome organization. In the first approach, viral vectors
derived from the a-like superfamily of viruses, includ-
ing PVX and TMV, have been engineered to contain
additional subgenomic promoters, and a gene of in-
terest can be inserted downstream of a duplicated
subgenomic promoter (Donson et al., 1991; Chapman
et al., 1992). The second approach is to apply viral
polyprotein processing strategies. Mainly, potyviruses
have been engineered to express a gene of interest by in-
frame insertion into the viral polyprotein ORF (Masuta

Figure 7. Engineering of BBWV2 as a VIGS vector. A,
Schematic representation of pBBWV2-R2-O2V. pBBWV2-
R2-O2V contains an additional cloning site (SalI)
engineered right after the stop codon of RNA2 ORF
aswell as a dual gene expression cassette between the
MP and LCP cistrons. B, Schematic representation
of pBBWV2-R2-O2V-pds230. A 230-bp partial PDS
gene was cloned into pBBWV2-R2-O2V in reverse
orientation using the SalI site. C, Silencing of pepper
PDS using the BBWV2-based VIGS vector. Pheno-
types of pepper (‘Sinhong’) were observed 4 weeks
after inoculation with the BBWV2-based VIGS vector
carrying a fragment of pepper PDS gene (pBBWV-O2V-
pds230) and empty vector control (pBBWV-O2V). D,
Representative photobleaching phenotypes in the
different-aged leaves and fruit induced by silencing of
PDS using the BBWV2-based VIGS. E to G, Photo-
bleaching phenotypes induced by infection with
pBBWV2-O2V-pds230 in different pepper cultivars:
‘Quarri’ (E), ‘Titanic’ (F), and ‘Wellbeing’ (G).
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et al., 2000; Arazi et al., 2001; Seo et al., 2016). Potyvirus-
based vectors appear to have a relatively flexible ca-
pacity to carry and express large heterologous genes
(up to 4 kb; Seo et al., 2016). In contrast, viral vectors
derived from the viruses having segmented genomes,
such as Bean pod mottle virus (BPMV), have some re-
strictions in carrying heterologous genes because the
estimated maximum gene size that can be inserted into
the BPMV genome is approximately 1.8 kb (Zhang
et al., 2006). In this study, we showed the successful

application of a proteolytic polyprotein processing
strategy to engineer BBWV2 as a dual gene expression
vector that could deliver two genes simultaneously in
pepper (Fig. 3). The same approach can be broadly used
in other viruses belonging to the family Secoviridae,
which exhibit similar genetic structures to BBWV2.
RNA viruses have their optimal genome capacity for
efficient replication and virion assembly. Therefore,
virus-based vectors have restrictions in carrying and
expressing heterologous sequences according to their

Figure 8. Optimization of BBWV2-based VIGS in pepper. A, Effects of pepper cultivar on BBWV2-based VIGS efficiency. Two-
week-old pepper plants from cultivars ‘Sinhong,’ ‘Quarri,’ ‘Titanic,’ and ‘Wellbeing’ were infected with pBBWV2-O2V (empty
vector) or pBBWV2-O2V-pds230 and grown in a growth chamber at 25°C. B, Effects of growth temperature on BBWV2-based
VIGS efficiency. Two-week-old pepper seedlings (‘Sinhong’) were infectedwith pBBWV2-O2V (empty vector) or pBBWV2-O2V-
pds230 and grown in plant growth chambers at different temperatures as indicated. C, Effects of plant age on BBWV2-based VIGS
efficiency. Pepper seedlings (‘Sinhong’) at different ages (2-, 3-, 4-, or 12-week-old plants) were infected with pBBWV2-O2V
(empty vector) or pBBWV2-O2V-pds230 and grown in a growth chamber at 24°C. D, Effects of insert size on BBWV2-based VIGS
efficiency. Two-week-old pepper seedlings (‘Sinhong’) were infectedwith the BBWV2-based VIGS vectors carrying different sizes
(230, 453, or 700 bp) of partial PDS gene and grown in a growth chamber at 24°C. In each experiment, total RNAwas extracted
from the photobleached leaves of three individual plants 4 weeks after inoculation, and relative accumulation levels of PDS
transcripts were quantified by RT-qPCR. Means6 SE of three replications are shown, and each column represents one group with
nine plants. Significant difference was analyzed using a paired Student’s t test: *, P , 0.05; **, P , 0.01; ns, not significant.

Plant Physiol. Vol. 181, 2019 877

A BBWV2-Based Vector System in Pepper



genome capacity. We tested two large genes, Hsp90
(2,097 bp) and SaCas9NES (3,195 bp), to examine the
upper size limit of genome capacity of the BBWV2-
based vector for stable expression of a heterologous
gene. Because Hsp90, but not SaCas9NES, was stably
maintained in the viral genome during serial passages
(Fig. 6), the estimated maximum insert size that can be
stably maintained in the BBWV2 genome appears to be
up to 2 kb.

We showed that coexpression of heterologous VSRs
could enhance the stable expression of recombinant
proteins by the BBWV2-based vector. In particular,
FHV B2 was suitable as a heterologous VSR that could
enhance gene expression by the BBWV2-based vector
because it did not enhance BBWV2-induced symptoms
in pepper (Fig. 4). RNA viruses have evolved VSRs that
use various strategies to overcome RNA silencing-
based host immunity (Ruiz-Ferrer and Voinnet, 2009;
Ding, 2010). While many VSRs encoded by plant and
animal viruses have been identified, each VSR has a
specific mode of action in suppressing RNA silencing
(Ding, 2010; Csorba et al., 2015). TBSV P19 binds to 21-
nucleotide duplex small interfering RNAs with high
affinity and thereby prevents the incorporation of small
interfering RNAs into the RNA-induced silencing
complexes (Vargason et al., 2003; Lakatos et al., 2004).
CMV 2b prevents the spread of silencing signals and
inhibits the slicing activity of AGO1 (Zhang et al., 2006).
On the contrary, FHV B2 has dsRNA-binding activity,
which can protect viral dsRNA intermediates from
Dicer cleavage (Lu et al., 2005; Seo et al., 2012). It has
been suggested that VSRswith dsRNA-binding activity
can suppress RNA silencing in both animals and plants
(Ruiz-Ferrer and Voinnet, 2009; Ding, 2010). As men-
tioned above, the BBWV2-encoded VSRs do not inhibit
dsRNA-induced RNA silencing. Therefore, the dsRNA-
protecting activity of B2 might have synergistic effects
on enhancing BBWV2 replication and foreign gene
expression.

We also reported the ability of the BBWV2-based
gene expression vector to deliver and evaluate desired
genes, including the herbicide resistance bar and
drought tolerance-associated CaLEA6, in pepper
(Fig. 5). As shown in our examples, the BBWV2-based
gene expression vector could be used as a simple and
rapid tool for transient gain-of-function studies at the
whole-plant level in pepper. Using the BBWV2-based
vector, we are currently characterizing the gain-of-
function effects of some genes identified by RNA se-
quencing to be expressed differentially in susceptible
and resistant responses against CMV in pepper.

VIGS is a simple and powerful method used in
transient loss-of-function studies (Robertson, 2004;
Ramegowda et al., 2014). This reverse genetic approach
is greatly useful when desired knockout plants are un-
available. Because of the lack of efficient methods for
genetic transformation in pepper, generating a knockout
plant to examine the loss-of-function effects of a gene is
still a very difficult challenge in pepper. Therefore, VIGS
is an important alternative approach to investigate gene

functions in pepper. Currently, the TRV-based VIGS
system has been used in pepper (Chung et al., 2004).
Although TRV-based VIGS has been widely used in
various plant species, it can induce necrotic responses in
pepper when silencing of the target genes is not suc-
cessfully triggered (Hartl et al., 2008; Wu et al., 2011). In
this study, we engineered a BBWV2 strain that causes no
visible symptoms in pepper as a VIGS vector. BBWV2-
based VIGSworked successfully in pepper at the whole-
plant level with little effects on plant growth (Fig. 7).
BBWV2 has a reported host range of over 177 species in
39 families, including many economically important
crops, such as pepper, cucumber, broad bean, pea (Pisum
sativum), spinach (Spinacia oleracea), and sesame (Lisa
and Boccardo, 1996). Therefore, BBWV2-based VIGS
could be tested in a wide range of important crop plants.

MATERIALS AND METHODS

Construction of the BBWV2-Based Vectors

pBBWV2-R2-OE was constructed by engineering a single gene expression
cassette between the MP and LCP cistrons of pBBWV2-RP1-R2 (Kwak et al.,
2016). A 949-bp DNA fragment consisting of the C terminus of MP (from the
SpeI site), a single gene expression cassette sequence (59-GGATTAATGGAAGA
GGACGTACTCAGGCCTAGATCTCCTAGGGGGAAGGACTACCGTTAC
GGGCAG-39; StuI, BglII, and AvrII sites are shown in boldface, and the nu-
cleotide sequence for the protease cleavage site is underlined), and the
N-terminal half of LCP (to theMfeI site) was synthesized (Bioneer) and inserted
into pBBWV2-RP1-R2, which was opened with SpeI and MfeI (Fig. 1A). The
resulting construct was designated as pBBWV2-R2-OE.

Similarly, pBBWV2-R2-OEx2 was constructed by engineering a dual gene
expression cassette between the MP and LCP cistrons of pBBWV2-RP1-R2. A
991-bp DNA fragment consisting of the C terminus of MP (from the SpeI site), a
dual gene insertion cassette sequence (59-GGGCTCATGGAGGAGGATGTG
CTAAGATCTGGTAAGGATTACAGGTACGGACAGGGATTAATGGAA
GAGGACGTACTCCCTAGGGGGAAGGACTACCGTTACGGGCAG-39;
BglII and AvrII sites are shown in boldface, and the nucleotide sequence for the
protease cleavage site is underlined), and theN-terminal half of LCP (to theMfeI
site) was synthesized (Bioneer) and inserted into pBBWV2-RP1-R2, which was
opened with SpeI andMfeI (Fig. 3A). The resulting construct was designated as
pBBWV2-R2-OEx2.

BBWV2 was engineered as a VIGS vector by introducing an additional
cloning site (SalI) in the RNA2 39 UTR (right after the stop codon of the RNA2
ORF) of pBBWV2-R2-OEx2. A 1,218-bp DNA fragment corresponding to the 39
half of BBWV2 RNA2 with five additional nucleotides (TCGAC) in the 39 UTR
(from the MfeI site in LCP to the KpnI site at the 39 end of RNA2) was synthe-
sized (Bioneer) and inserted into pBBWV2-R2-OEx2, which was opened with
MfeI and KpnI (Fig. 7A). The resulting construct was designated as pBBWV2-
R2-O2V.

Insertion of Heterologous Genes into the
pBBWV2-Based Vector

The gfp gene was amplified using a primer pair (59-GAAGATCTATGGTG
AGCAAGGGCGAG-39 and 59-GATCCTAGGGAGGATCCCCTTGTACAG
CT-39; BglII and AvrII sites are shown in boldface), then digested with BglII and
AvrII and cloned into pBBWV2-R2-OE to generate pBBWV2-R2-OE-GFP
(Fig. 2A). The gfp gene was amplified using a primer pair harboring BglII sites
(59-GAAGATCTATGGTGAGCAAGGGCGAG-39 and 59-GAAGATCTGAG
GATCCCCTTGTACAGCT-39; BglII sites are shown in boldface). The NLS-
tagged cfp gene was amplified using a primer pair harboring AvrII sites (59-
GATCCTAGGATGGTGAGCAAGGGCGAGG-39 and 59-GATCCTAGGGAC
CTTTCTCTTCTTCTTTGGA-39; AvrII sites are shown in boldface). The result-
ing ampliconswere digestedwith BglII andAvrII and cloned into the first (BglII)
and second (AvrII) gene insertion sites of pBBWV2-R2-OEx2, respectively, for
simultaneous expression of the two genes. The resulting clone was designated
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as pBBWV2-R2-OEx2-GFP/nCFP (Fig. 3B). A similar cloning strategy was used
for cloning of CMV 2b (any strain in subgroup I; Seo et al., 2009a), FHV B2 (Lu
et al., 2005), TBSV P19 (Qu et al., 2003), bar, CaLEA6,Hsp90, and SaCas9NES into
the first or second gene insertion site of pBBWV2-R2-OEx2. The list of primers
used to amplify CMV 2b, FHV B2, TBSV P19, bar, CaLEA6, Hsp90, and
SaCas9NES is available on request. Partial fragments of pepper PDS were am-
plified using primer pairs harboring SalI sites (PDS-Fw, 59-TACGCGTCGACA
TGCCCCAAATTGGACTTGTTT-39, and PDS-230-Rv, 59-TACGCGTCGA
CCAAACAACCTTTAAAGGCCGGA-39, for a 230-bp partial PDS fragment;
PDS-Fw and PDS-453-Rv, 59-TACGCGTCGACTGCAGCTACCTTTCCACC
TAGA-39, for a 453-bp partial PDS fragment; PDS-Fw and PDS-700-Rv, 59-TAC
GCGTCGACGCCATGTAAGCATTTCATTGTTC-39, for a 700-bp partial PDS
fragment; SalI sites are shown in boldface) and cloned into pBBWV2-R2-O2V in
reverse orientation to generate pBBWV2-R2-O2V-pds230, -pds453, and -psd700,
respectively.

Plant Growth and Inoculation

Pepper (Capsicum annuum) plants were grown in a growth chamber at 25°C
under a 16/8-h photoperiod. To optimize VIGS efficiency, plants were grown in
plant growth chambers at different temperatures (18°C, 20°C, 22°C, 24°C, 26°C,
28°C, or 30°C) after inoculation. Pepper seedlings at different ages (2, 3, and
4 weeks old) were selected for inoculation. For Agrobacterium tumefaciens-
mediated inoculation of recombinant BBWV2 clones, plasmid DNA of each
BBWV2 construct was transformed into A. tumefaciens strain EHA105, and
agroinfiltration was performed as described previously (Seo et al., 2009a; Kwak
et al., 2013). To detect virus infection in the inoculated plants, RT-PCR was
performed using a BBWV2-specific primer pair (59-CAGAGAAGTGGTTGG
TCCCGTG-39 and 59-ATGGGAGGCTAGTGACCTACG-39) as described pre-
viously (Kwak et al., 2013).

Fluorescence Observation and Confocal Microscopy

Whole-leaf fluorescence signals were observed using an in vivo fluorescence
imaging system (FOBI; NeoScience) according to the manufacturer’s instruc-
tions. Fluorescence signals emitted by GFP and CFP in plant leaves were ob-
served using a Leica SP8 laser-scanning confocal microscope equipped with a
specific laser/filter combination to detect CFP and GFP (excitation at 458 and
488 nm, respectively).

Herbicide Treatment

Two-week-old pepper seedlings (‘Sinhong’) were infected with pBBWV2-
OEx2-BAR/B2. At 8 dpi, the infected plants were sprayed with the herbicide
BASTA (Bayer CropScience) containing glufosinate ammonium as an active
ingredient as a 0.15%, 0.3%, or 0.6% (v/v) solution in deionized water. Pepper
plants were photographed 4 weeks after herbicide treatment.

Drought Stress Treatment

Two-week-old pepper seedlings (‘Sinhong’) were infected with pBBWV2-
OEx2-CaLEA6/B2. After inoculation, drought stress was applied to the plants
by withholding watering. The plants were photographed 17 d after drought
treatment.

Total RNA Extraction, RT-PCR, and RT-qPCR

Total RNA was extracted using a PureLink RNA Mini kit (Ambion) and
further treated with TURBO DNA-free (Ambion) according to the manufac-
turer’s instructions. RT-PCR was performed using a primer pair spanning the
gene insertion cassette (59-GGAACATTGGCTCTCAGAG-39 and 59-GGAATG
CTTGCATATCCAC-39) to analyze stable insertion of heterologous genes in the
BBWV2-based vector during viral infection. RT-qPCR was performed using 2X
SYBR Green Real-Time PCR Smart mix (Solgent) and the AriaMx Real-Time
PCR system (Agilent). Primers were designed using Primer Express 3.0 soft-
ware (Applied Biosystems) as follows: CaPDS-198-Fw (59-GGCTAAGGATTT
CCGGCCTT-39) and CaPDS-427-Rv (59-CCCTTGCCTCCAGCAGTATT-39) for
pepper PDS mRNA detection, CaLEA6-174-Fw (59-GCAAATCTCTTACGC
CCTC-39) and CaLEA6-346-Rv (59-AGTCAATGTCCCAATCTTTACC-39) for
CaLEA6 transcript detection, CaACT7-1335-Fw (59-GGGATGGAGAAGTTT
GGTGGTGG-39) and CaACT7-1502-Rv (59-GCTGAAACTAGTTCCCTACCA

C-39) for pepper actin mRNA detection, BBWV2-R2-3196-Fw (59-CCAGAGAA
GTGGTTGGTCCC-39) and BBWV2-R2-3385-Rv (59-TCCAACAGGTAATGC
CCACC-39) for BBWV2 RNA2 detection, and Nb-actin-qRT-Fw (59-CGAGGA
GCATCCAGTCCTCT-39) and Nb-actin-qRT-Rv (59-GTGGCTGACACCATC
ACCAG-39) for actin mRNA detection inNicotiana benthamiana. Actin was used
as a housekeeping gene to standardize different samples.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under the following accession numbers: KT380022.1 (BBWV2 isolate
RP1 segment RNA1), KT380023.1 (BBWV2 isolate RP1 segment RNA2),
D00355.1 (CMV 2b), M21958.1 (TBSV p19), X77156.1 (FHV B2), KF780168.1
(bar), AF168168.1 (CaLEA6), and NM_001324813.1 (pepper PDS).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Replication competence of recombinant BBWV2
vectors in N. benthamiana.

Supplemental Figure S2. Accumulation of recombinant BBWV2 carrying
foreign genes in N. benthamiana.

Supplemental Figure S3. Time-course observation of the effects of growth
temperature on GFP expression by the BBWV2-based vector.

Supplemental Figure S4. Overexpression of CaLEA6 transcripts using the
BBWV2-based vector in pepper.

Supplemental Figure S5. Silencing of pepper PDS gene at a late develop-
mental stage using the BBWV2-based VIGS vector.

Supplemental Figure S6. Effects of insert size on BBWV2-based VIGS
efficiency.

Supplemental Table S1. Infection efficiency of pBBWV2-based vector con-
structs in various host plants upon agroinfiltration.
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