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Abstract
Plant virus-based expression systems are an alternative expression platform for the production of clinically and industrially useful
recombinant proteins. Nonetheless, due to a lack of viral vector with the commercial potentials, it is urgent to design and develop
new, versatile, and efficient plant virus vectors. The genome of Tomato bushy stunt virus (TBSV) offers an attractive alternative
to being modified as a vector for producing heterologous proteins in plants. Here, we developed a set of novel fusion and non-
fusion TBSV-CP replacement vectors, which provide more flexible and efficient tools for expressing proteins of interest in plants.
An alternative tobacco plant, Nicotiana excelsiana, was used in this study as a host for newly constructed TBSV vectors because
the unwanted necrotic effects were reported on the commonly used Nicotiana benthamiana host associated with expression of
TBSV-encoded P19 protein. The data showed that TBSV vectors caused a symptomless infection and overexpressed reporter
gene in N. excelsiana leaves, demonstrating that N. excelsiana is an ideal host plant for TBSV-mediated heterologous gene
expression. Moreover, a TBSV non-fusion vector, dAUG, shows the similar accumulation level of reporter proteins to that of
TMV- and PVX-based vectors in side-by-side comparison and provides more flexible aspects than the previously developed
TBSV vectors. Collectively, our newly developed TBSV expression system adds a new member to the family of plant viral
expression vectors and meanwhile offers a flexible and highly effective approach for producing proteins of interest in plants.

Key points
• The TBSV-based transient expression system has been significantly improved.
• The necrotic effects caused by viral P19 protein were avoided by the usage of N. excelsiana as a host plant.
• The expression level of the non-fusion vector was similar to the most effective virus vectors reported so far.
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Introduction

Plant virus-based vectors have been regarded as a potential
tool for the production of proteins of interest with a limited

cost (Streatfield 2007). An outstanding advantage of the viral
vector system is that it can express the heterologous proteins at
exceedingly high levels within a short time frame as a result of
viral replication (Hefferon 2017). Plant viruses were used to
produce heterologous proteins in plants in the early 1980s
(Giritch et al. 2017). The first plant viral vector was developed
from Cauliflower mosaic virus (CaMV), in which its genome
is a double-stranded (ds) DNA, to express a bacterial gene in
plants (Brisson et al. 1984). Shortly afterward, the plant RNA
viruses got attention in the field of virus-mediated expression
systems. The relative abundance of available species and the
ease of reverse genetic manipulation make RNA viruses a
promising candidate to deliver the foreign gene into plants.
Brome mosaic virus (BMV) is the first plant RNA virus that
was engineered to be a virus-based gene vector in 1986
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(French et al. 1986). Since then, various plant viruses from
genera of RNA viruses were created into expression vectors,
including the tobamoviruses (Takamatsu et al. 1987),
potexviruses (Chapman et al. 1992), potyviruses (Dolja et al.
1992), comoviruses (Gopinath et al. 2000), bromoviruses
(Ding et al. 2006), tombusviruses (Scholthof 1999),
benyviruses (Schmidlin et al. 2005), and comoviruses (Zhao
et al. 2000). However, the well-established systems based on
viral RNA genomes are still limited. The viral vectors with the
commercial potentials are confined to a few kinds of plant
RNA viruses, such as Tobacco mosaic virus (TMV) (Lindbo
2007; Marillonnet et al. 2004; Marillonnet et al. 2005),
Cowpea mosaic virus (CPMV) (Sainsbury and Lomonossoff
2008), and Potato virus X (PVX) (Komarova et al. 2006;
Mardanova et al. 2017). Moreover, the accumulation levels
of different recombinant proteins are totally different for a
designated viral vector (Lindbo 2007), even when the most
efficient and widely used TMV based-vector was employed.
Furthermore, the expression of structural complex heterolo-
gous proteins, such as antibodies, requires the simultaneous
expression of two or more subunits in the same cells. Using
separate vectors possessing the same virus backbone is unable
to efficiently express different polypeptides within single cells
due to superinfection exclusion (Sainsbury et al. 2008). One
of the approaches to overcome this limitation requires the co-
inoculation of non-competitive plant viral vectors (Giritch
et al. 2006; Mendoza et al. 2017). Hence, it is urgent for
now to develop new and efficient plant virus-based systems.

Tomato bushy stunt virus (TBSV) belongs to the genus
Tombusvirus within the family Tombusviridae (Yamamura
and Scholthof 2005). The genome of TBSV is composed of
a positive-sense single-stranded RNA (+ssRNA) of approxi-
mately 4.8 kb, which encodes five major open reading frames
(ORFs) (Hearne et al. 1990). Translation of those ORFs
adopts a cap- and poly(A) tail-independent strategy, which
involves an RNA-RNA interaction between untranslated re-
gions (UTRs) of the TBSV RNAs (Fabian and White 2004).
The 5′-proximal ORFs (encoded P33 and P92) are translated
by the genomic RNA (gRNA), and the products are crucial for
replication of viral RNA or synthesis of subgenomic messen-
ger RNAs (sg mRNAs) during infections (Oster et al. 1998),
while the 3′-proximally encoded ORFs (P41, P22, and P19)
are expressed via two sg mRNAs (Miller and Koev 2000).
The capsid protein (CP) is translated from the internal p41
ORF on the larger 2.1-kb sg mRNA1 and is required for
encapsidation of virus gRNA (Desvoyes and Scholthof
2002). Two nested ORFs for translation of the P22 and P19
are expressed via the smaller 0.9-kb sg mRNA2 (Hearne et al.
1990). The P22 protein is functional for cell-to-cell movement
of TBSV (Chu et al. 1999), whereas P19 is an RNA-silencing
suppressor (RSS) (Silhavy et al. 2002) and an elicitor of the
hypersensitive response (HR) on particular Nicotiana species
(Scholthof et al. 1995). Transcription of two sg mRNAs also

relies on long-distance RNA-RNA interactions (Jiwan and
White 2011). The cis-acting RNA elements, such as activator
sequences (AS) and its partner receptor sequences (RS), distal
element (DE) and proximal element (CE), involved in the
long-distance interactions (Nicholson and White 2014). The
partial sequences of DE and CE are located in the coding
region of the CP gene (Lin and White 2004).

TBSV is a good candidate for modification as a viral ex-
pression vector because it possesses several potential advan-
tages over the other plant RNA viruses. The size of about 4.8-
kb genome is relatively smaller among the known plant RNA
viruses that make it much easier for genetic manipulation.
And TBSV is not an economically important pathogen and
is absent of a known biological vector (Yamamura and
Scholthof 2005) that reduced the risk of biological contami-
nation. Another attractive aspect of TBSV is the P19 protein,
which enhances gene expression levels as a powerful suppres-
sor of gene silencing, whatever acting in cis or in trans.
Moreover, numerous advances have been achieved in the mo-
lecular biology of TBSV in the past decade (White and Nagy
2004) that make it possible to generate TBSV to be a vector
for the expression of the heterologous proteins. Indeed, it has
been reported that the TBSV genome can be developed to be a
gene expression vector. The early-developed TBSV vectors
used pUC-derived cloning vector as backbone under control
of T7 or CaMV 35 promoter and were delivered into host cells
by mechanical inoculation with plasmid DNA or with in vitro
transcripted infectious viral RNA (Scholthof 1999; Zhang
et al. 2000). Only a few leaf cells can be inoculated by the
method of directly rubbing nucleic acid onto host plants
(Peyret and Lomonossoff 2015). Whereafter, a next-
generation TBSV vector was developed, which can be inocu-
lated through agroinfiltration on various plant species, such as
Nicotiana benthamiana, cowpea, tomato, and lettuce
(Shamekova et al. 2014; Mendoza et al. 2017; Zhumabek
et al. 2018). However, the expression level from this
agroinfection-compatible TBSV vector was lower than what
is obtained with a TMV vector (Shamekova et al. 2014). And
the infiltrated leaves of N. benthamiana started to be necrotic
after 7 days due to the side effects of P19 (Mendoza et al.
2017). This unwanted side effect associated with the expres-
sion of P19 might interfere with the optimum expression of
TBSV-derived expression vectors. Although this TBSV vec-
tor did not induce necrosis in inoculated leaves of the other
tested plant species, the expression levels in those plants were
much lower than in N. benthamiana (Mendoza et al. 2017).
Therefore, the efficiency of the present TBSV-based vector
should be improved. And alternative host plant, which can
support high efficiently TBSV-mediated expression without
the side effect of P19, should be investigated. In addition, the
foreign proteins produced by present TBSV vectors were
fused in-frame to the N-termini of CP, which needed an addi-
tionally laborious process to remove if required. And the gene
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fusion-expression approach also restricted the scope of the
application of the TBSV vector, such as delivering the target
proteins to the different subcellular organelles. Hence, it is
necessary to generate a flexible and user-convenient TBSV-
based vector to meet multiple purposes.

In this study, we engineered a TBSV-based fusion expres-
sion vector carrying the GFP reporter gene for investigating
the possibility and potentiality of Nicotiana excelsiana as an
alternative host of the TBSV vector. Their capabilities of in-
fecting and expressing GFP in N. excelsiana or the toxigenic
effect of P19 on inoculatedN. excelsiana plants were analyzed
by visual inspections and quantitative immunoblot assay.
Then a flexible and user-friendly TBSV non-fusion vector
was generated and assessed on N. excelsiana leaves. And the
efficiency of TBSV vectors was further compared with the
other two widely used plant viral vectors, TMV (TRBO-G)
and PVX (PVXdt) vectors.

Materials and methods

Plant materials and growth conditions

The seeds of N. excelsiana were planted in 5-inch (in diame-
ter) plastic pots filled with the sterilized soils. After germina-
tion, the young seedlings were maintained under conditions at
22–25 °C with 65% relative humidity and 16 h of light per
day. All plants were well-watered when required and fed with
standard Hoagland’s culture solution once a week.

Construction of TBSV-based vectors

All TBSV viral cDNA constructs were created with in vitro
DNA synthesis and conventional restriction enzyme-mediated
cloning.

A fragment, which successively contained ApaI restriction
enzymes site (GGGCCC), 35S promoter of CaMV with dou-
ble enhancers, the full-length cDNA sequence of TBSV cher-
ry (GenBank accession number NC_001554), a hammerhead
ribozyme cDNA sequence, CaMV transcription terminator,
and PstI restriction enzymes site (CTGCAG), was synthesized
in vitro (GenScript, Nanjing, China) and then was cloned into
the mini binary vector pCB301 (Xiang et al. 1999) between
the ApaI and PstI sites to generate pCB301-TBSV.

For the construction of the pTBSV-WY2.1 vector, an
in vitro synthesized sequence, which included the TBSV
cDNA region from nt 2480 to nt 2718 (including 5′ end
NheI restriction enzymes site), FspI restriction enzymes site
(TGCGCA), GFP gene sequence (GenBank accession num-
ber U57607) with an in-frame TAA stop codon, and AgeI
restriction enzymes site (ACCGGT), was cloned into
pCB301-TBSV vector between the NheI and AgeI sites. To
engineer the pTBSV-WY2.1/delP19 vector that required P19

to be functionally inactive, single nucleotide mutation (C to T)
was introduced in the coding region of P19 protein at the 157
position from the P19 start codon. This mutation was designed
to change the glutamine codon to a stop codon, without alter-
ing the primary sequence of the overlapping P22. Then the
TBSV cDNA region (including the single nucleotide muta-
tion) between the NcoI and SalI sites was synthesized in vitro
and replaced the NcoI-SalI-digested fragment of pTBSV-
WY2.1.

To create TBSV vectors for non-fusion expression of het-
erologous proteins, the three in-frame AUGs at 5′ end of the
TBSV CP gene were mutated or deleted as shown in Fig. 3a.
The corresponding designed sequences were synthesized
in vitro respectively and substituted the NheI-AgeI-digested
fragment of pTBSV-WY2.1 as described above.

For the construction of sg1-P9, sg1-P16, sg1-P24, and Pl-
P9 vector, fragments, which successively contained PacI re-
striction enzymes site (TTAATTAA), the corresponding de-
signed sequences (Fig. 4a), the full length of GFP gene se-
quence, and AgeI restriction enzymes site (ACCGGT), were
synthesized in vitro respectively and then cloned into dAUG
vector between the PacI and AgeI sites one by one to generate
the four vectors as mentioned above.

Agroinfiltration of N. excelsiana leaves

The recombinant plasmids were transformed into competent
Agrobacterium tumefaciens cells of strain GV3101 according
to procedures of the freeze-thaw method, and then trans-
formed cells were plated on LB agar plate with appropriate
antibiotics for plasmid selection. A PCR-based method was
used for identifying the positive recombinant colony. Selected
A. tumefaciens colony was transferred into 4 mL of LB liquid
medium containing appropriate antibiotics and then incubated
(28 °C and 250 rpm shaking) for 24 h. After adding another
100 mL of LB medium (containing 200 μM acetosyringone),
the cultured cells were kept growing overnight under the same
condition. Cells harvested by centrifugation at 4000 g were
suspended and adjusted to an OD600 of 1.0 by using MES
buffer (pH 5.6, 10 mMMgCl2, and 200 μM acetosyringone).
The cell suspensions were put into the dark chamber and
allowed to stand at room temperature for 2 h just before infil-
tration. After treatment for 2-h standing, the suspensions were
infiltrated into N. excelsiana leaves via a needleless syringe.
The infiltrated leaves were sampled on the date, and the har-
vested leaves were stored in a − 80 °C refrigerator until use.

GFP imaging

GFP signals were observed in infiltrated leaves under irradia-
tion by a handheld UV lamp. And all of the pictures of images
were taken in the darkened room by the use of a digital
camera.
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Protein extraction

Leaf tissue samples were frozen in liquid nitrogen and ground
to a fine powder. 0.1 g of leaf powder was then mixed with
400 μL of extraction buffer (50 mMTris-HCl, 150 mMNaCl,
10 mM EDTA, pH 8.0). The tissue homogenates were centri-
fuged at 12,000 g for a total of 15min at 4 °C. The supernatant
containing total soluble proteins was transferred to a new tube
and stored at 4 °C until use.

SDS-PAGE and western blot analysis

Protein samples were heated at 95 °C for about 5 min and then
loaded on a 12% polyacrylamide gel for protein separation.
After electrophoresis (1 h at 180 V), the gel was stained over-
night in the solution of Coomassie brilliant blue G-250 with
gently shaking. For western blot assays, a semi-dry electro-
phoresis transfer (Bio-Rad, Shanghai, China) was used to
transfer the proteins form SDS gel to a 0.45 μm nitrocellulose
(NC) membrane (Sigma-Aldrich, Shanghai, China).
Following an overnight-block with PBS made 5% non-fat
dry milk, strips from the blot were developed by rabbit poly-
clonal anti-GFP antibody (Abcam, Shanghai, China) with
1:1000 dilutions, next by 1:5000 goat anti-rabbit HRP conju-
gated secondary antibody (Sigma-Aldrich, Shanghai, China).
Specific protein bands were visualized after the treatment of
the strips with ECL solution (GE Healthcare, Shanghai,
China).

GFP quantification assay

Enzyme-linked immunosorbent assay (ELISA) was applied to
measure the accumulation of recombinant GFP in the inocu-
lated leaves. ELISA plate filled with 100 μL of protein sam-
ples per well was incubated overnight at 4 °C for antigen
coating. Following washing procedures (three times and
5 min for each), each well of plate was added 100 μL of
1:10,000 rabbit polyclonal anti-GFP antibody, and then the
plate was put into an incubator at 37 °C for 2 h. Next, 100
μL of 1:5000 secondary antibody (HRP conjugated goat anti-
rabbit antibody) was added into the carefully washed plate.
After a 2-h incubation and a washing step, each plate well was
refilled with 100 μL of tetramethylbenzidine and incubated
for 15–30 min. After that, phosphoric acid (1.0 M) was pipet-
ted into wells to stop the reaction. A microplate reader (Bio-
Rad, Shanghai, China) was employed to read optical density
(OD) value at a wavelength of 450 nm. Meanwhile, E. coli-
produced GFP (BioVision, San Francisco, USA) was used to
generate an ELISA standard curve. Then the standard curve
was utilized for calculating the GFP accumulation in the col-
lected leaf samples. The observed values from three indepen-
dent experiments were performed with Student’s t test, and a
value of p < 0.05 was considered significant.

RNA extraction and northern blot analysis

Total RNAs of N. excelsiana were extracted from 0.1 g of
fresh tissue using the RNAprep Pure Plant Kit (TIANGEN,
Beijing, China) according to instructions. Equal aliquots of
samples were separated in 1.2% agarose gel. The gels were
stained to ensure that the samples were loaded evenly. RNAs
were then transferred to NCmembrane and followed by north-
ern blot analysis using PCR digoxigenin (DIG)-labeled probe,
which was complementary to the 3′ terminus of the viral ge-
nome. The viral RNAs were showed up by DIG Luminescent
Detection Kit (Roche, Shanghai, China) according to instruc-
tions. The blot images were captured with a digital camera,
and the relative levels of viral RNAs were determined by
densitometry using the Quantity One analysis software (Bio-
Rad, Hercules, CA).

Results

Description of TBSV vectors for fusion expression of
heterologous proteins

The infectious clone of pCB301-TBSV was initially devel-
oped and then was further modified to be functional as
agroinfection-compatible expression vectors. Since the prod-
uct of the CP gene is not necessary for efficient infection of
tobacco plants by wild-type TBSV (Scholthof et al. 1993;
Russo et al. 1994), GFP reporter gene was chosen to replace
the middle part of the CP gene (nt 2718 to 3750) to take
advantage of high production capacity of the viral CP. As
mentioned before, the CP is produced through TBSV
subgenomic mRNA1 (sgRNA1). The flanking sequences of
the CP coding regions were proved to be essential for itself for
translation and to be crucial for the efficient transcription of
subgenomic mRNA2 (sgRNA2), which is the template for the
p22 and p19 gene translation. Therefore, the 31 nts of 5′-UTR
(including 5 ′ -GACCAAG sequence required for
sgRNA1translation), the initial 63 nts (containing the intact
DE cis-element), and the last 69 nts (having the complete
CE cis-element) of the CP coding sequence were maintained
to preserve the RNA structures, which are critical for CP
translation and sgRNA2 production. Thus, a TBSV-derived
vector-denominated pTBSV-WY2.1 (Fig. 1a), in which GFP
was fused in-frame with 21 extra amino acids of the N-
terminal of CP, was generated based on the infectious clone
of pCB301-TBSV.

TBSV-encoded P19 is a multifunctional pathogenicity pro-
tein (Scholthof 2006). Besides its function as an RNA-
silencing suppressor (Chiba et al. 2006), P19 is also vital for
persistent infections of TBSV because viral RNAs will be
eliminated from infected leaves in its absence within 2 weeks
(Scholthof 2006). However, the systemic necrosis was
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observed for certain Nicotiana species along with TBSV ex-
pressing P19 (Yamamura and Scholthof 2005). N. excelsiana
was used as host plants in this study, but no evidence was yet
available that the P19 protein would not induce the toxigenic
effect on it. Thus, another modified vector with an inactive
p19 gene, named pTBSV-WY2.1/delP19 (Fig. 1b), was cre-
ated based on pTBSV-WY2.1.

Examining the capability of N. excelsiana as a host
plant for TBSV-based vector

Fully expanded leaves of N. excelsiana were infiltrated with
A. tumefaciens cultures carrying an empty vector (negative
control, Mock), pTBSV-WY2.1 (P19 acting in cis, cis P19),
pTBSV-WY2.1/delP19 (absence of P19, del P19), or a mix-
ture of pTBSV-WY2.1/delP19 and pCBNox P19 (P19 acting
in trans, trans P19). Agroinfiltration zones for each inoculum
are shown in Fig. 2a. The infiltrated N. excelsiana leaves were
observed under UV illumination for GFP expression at 4–8
days post-infiltration (dpi). The green signals were easily vi-
sualized in each infiltrated zone with TBSV-based vectors
even with the room lights turned on, whereas zones infiltrated
with the empty vector were not able to observe any fluores-
cence (Fig. 2b), indicating successful infection of these viral
constructs in this tobacco species. Afterward, expressed GFP
was confirmed by both SDS-PAGE and western blot assay
(Fig. 2c, upper and middle panel). In addition, the intensity
of GFP fluorescence was greatly enhanced overtime through-
out the infiltrated area with P19 expression, whatever it acted
in cis or in trans (Fig. 2b). In contrast, the fluorescence signals
were decreased dramatically within the infiltrated area in the
absence of P19. SDS-PAGE and western blot assay revealed
the same temporal variations of GFP protein as that of

fluorescence intensity (Fig. 2c, upper and middle panel).
Furthermore, P19 protein was detected using immunoblotting
in leaf samples infiltrated with inoculum carrying pTBSV-
WY2.1 (cis P19) or pCBNox P19 (trans P19) but not in leaves
inoculated with the empty vector (Mock) or pTBSV-WY2.1/
delP19 (del P19) (Fig. 2c, bottom panel). Collectively, these
results declared that the presence of P19 could enhance and
prolong the TBSV-mediated heterologous expression. The
expression of GFP was then quantified using GFP ELISA.
The accumulation of GFP reached 3.0–5.0 mg/g fresh leaf at
8 dpi in the presence of P19 (Fig. 2d), indicating that the
TBSV vector can overexpress heterologous proteins in
N. excelsiana plants.

GFP fluorescence was observed in uninoculated areas
around the border of the inoculated zone on the leaves
since 6 dpi (Fig. 2b), indicating the ability of cell-to-
cell movement of TBSV vectors in N. excelsiana leaves.
Fluorescence signals generated by the viral cell-to-cell
movement were faint with the P19-defected vector,
while they were bright with the P19 functioned vector
s (Fig. 2e). Those observations indicated that the viral
vector, accompanied by a cis-acting silencing suppressor
P19, may be more efficient and persistent than the other
trans-acting one. Moreover, the GFP signal was never
observed in the upper leaves (not infiltrated) until 14
dpi (Fig. 2f), showing the absence of virus systemic
movement during the timespan of our experiments.
This local response was expected because the CP is
required for effective long-distance movement of
TBSV (Scholthof et al. 1993). Interestedly, no symp-
toms were observed in the infiltrated zones (Fig. 2b)
or whole plant of N. excelsiana (Fig. 2f) until 14 dpi,
even in the presence of P19, demonstrating that P19 did

Fig. 1 Schematic representation of the construction of Tomato bushy
stunt virus (TBSV)-based expression vectors and RNA-silencing sup-
pressor expression vector. TBSV coding regions are represented as boxes
with approximate molecular masses (in kDa) prefixed with “p.” The coat
protein (CP) region from nt 97 to nt 1129 of subgenomic mRNAs1 was
replaced by the GFP (green). The vectors contain the native initiation
codon of the CP gene and allow expression of GFP fused in-frame with
the N-terminal 27 amino acids of CP. (a) pTBSV-WY2.1, a TBSV-based
vector with wild-type P19. P35S, enhanced Cauliflower mosaic virus
(CaMV) 35S promoter; p33 and p92, the gene coding replication pro-
teins, which involved in genome replication and subgenomic mRNAs

transcription; sg1 and sg2, the transcription initiation sites for subgenomic
mRNAs 1 and 2 indicated by right-angled arrows; gfp, enhanced green
fluorescent protein gene; p19, silencing suppressor gene; p22, cell-to-cell
movement protein (MP) gene; Rz, ribozyme; T35S, CaMV polyA signal
sequence/terminator; NdeI, FspI, and AgeI, restriction enzymes sites. (b)
pTBSV-WY2.1/delP19, a TBSV-based vector with inactivated p19 gene.
(c) pCBNox P19, a silencing suppressor expression vector. TE, tCUP
translational enhancer; p19, the gene of silencing suppressor P19 from
TBSV. Note that boxes are not drawn to scale, and the backbone regions
of vectors are not shown on the maps
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not induce the hypersensitive resistance response (HR)
on this tobacco species.

Since the TBSV vector can successfully infect and overex-
press heterologous proteins in the N. excelsiana plant without
the necrotic effects of the P19 protein, we concluded that
N. excelsiana is more suitable for TBSV-mediated expression
systems than another popularly used Nicotiana species,
N. benthamiana, and offers a promising alternative for virus-
based expression system.

Engineering of TBSV as a non-fusion expression
vector

Considering the limitation of the first-generation TBSV vec-
tors, non-fusion expression vectors were created based on
pTBSV-WY2.1by mutation or deletion of three in-frame
AUGs at 5′ end of the CP fusion sequence and by addition
ofPacI restriction enzyme site following a start codon (AUG),
where GFP translation is expected to initiate (Fig. 3a). In brief,

Fig. 2 The effect of P19 on the expression of recombinant GFP proteins
by TBSV-based vectors in N. excelsiana. (a) Schematic representation of
the agroinfiltrated zones in N. excelsiana leaf. MOCK, infiltrated by
pCB301 empty vector; del P19, infiltrated by pTBSV-WY2.1/delP19
vector; trans P19, co-infiltrated by pTBSV-WY2.1/delP19 and pCBNox
P19 vector; cis P19, infiltrated by pTBSV-WY2.1 vector. (b) GFP ex-
pression pattern (under UV light) of agroinfiltratedN. excelsiana leaves at
4, 6, and 8 days post-inoculation (dpi), respectively. (c) SDS-PAGE anal-
ysis and immunodetection of proteins isolated from the agroinfiltrated
zones of N. excelsiana leaves. The gel was stained with Coomassie bril-
liant lue (upper panel), and the corresponding antibodies were used to

detect GFP (middle panel) and TBSV P19 (lower panel) in agroinfiltrated
N. excelsiana leaves by western blots. M, molecular weight marker
(kDa); del, tra, and cis, total soluble protein extracts from the correspond-
ing agroinfiltrated zones of N. excelsiana leaves in (a). (d) Time course
for the accumulation of recombinant GFP protein in N. excelsiana leaves
by ELISA. (e) Zoomed-in view of GFP expression in TBSV-infected
N. excelsiana leaves with cis- or trans-P19 observed under UV light at
10 dpi. White arrows indicate GFP fluorescent spots that were derived by
recombinant TBSV cell-to-cell movement. (f) The photograph of inocu-
lated N. excelsiana plants showing GFP fluorescence under UV light at
14 dpi
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the third in-frame AUGwas mutated to ACG in all expression
cassettes, while the first and the second in-frame AUG was
mutated to AGG or UAG or was deleted to generate m1AUG,
m2AUG, and dAUG vector, respectively (Fig. 3a). Following
transformation into A. tumefaciens, the constructs were
agroinfiltrated into N. excelsiana leaves (Fig. 3b), and the
expression levels of GFP were assessed.

Observation of leaf under UV illumination at 4–8 dpi
showed that the fluorescence of the inoculated zones of non-
fusion vectors (m1AUG, m2AUG, and dAUG) was less than
that of fusion vector pTBSV-WY2.1 (WY2.1), indicating a
decrease in GFP expression along with non-fusion vectors
(Fig. 3c). By contrast, the deletion construct dAUG, in which
the first two in-frame AUGs were removed, appeared to be
more efficient than the mutated constructs m1AUG and
m2AUG, in which the first two in-frame AUGs were mutated

to AGG or UAG (Fig. 3c). These findings were confirmed by
analysis of protein samples at 6 dpi using SDS-PAGE and
western blot assay (Fig. 3d). The relative level of GFP expres-
sion was determined by ELISA assay, and approaching 3.0
mg/g GFP of fresh-weight tissue was obtained at 6 dpi when
using non-fusion vector dAUG (Fig. 3e). Although the non-
fusion vector dAUG was not as efficient as the fusion vector
pTBSV-WY2.1 in terms of GFP accumulation, it indeed pro-
vided a more flexible tool to produce heterologous non-fusion
proteins.

To determine whether the variation in expression between
fusion and non-fusion vectors is due to the modification of the
DE element, northern blot assay was applied to detect the viral
RNAs in the infiltrated leaf of the pTBSV-WY2.1 and dAUG
constructs. The levels of viral RNAs (g RNA, sgmRNA1, and
sg mRNA2) at 6 dpi did not vary significantly between the

Fig. 3 Development of “non-fusion” TBSV expression vectors. (a) The
nucleic acid sequences of 5′ end of the expression cassettes. The AUGs
and mutated AUGs are indicated in red, and the GFP sequence is shown
as green. (b) Schematic representation of the agroinfiltrated zones in
N. excelsiana leaf. (c) GFP expression pattern (under UV light) of
agroinfiltrated N. excelsiana leaves at 4, 6, and 8 days post-inoculation
(dpi), respectively. (d) SDS-PAGE analysis and immunodetection of re-
combinant GFP proteins isolated from the agroinfiltrated zones of
N. excelsiana leaves at 6 dpi. The gel was stained with Coomassie bril-
liant blue (upper panel), and the GFP antibodies were used to detect GFP
(lower panel) in agroinfiltrated N. excelsiana leaves by western blots. M,

molecular weight marker (kDa); H, non-inoculated plant leaves; WY2.1,
m1AUG, m2AUG, and dAUG, total soluble protein extracts from the
corresponding agroinfiltrated zones of N. excelsiana leaves in (b); S,
GFP reference standard. (e) GFP accumulation in infiltrated leaves at 6
dpi measured by ELISA. (f) Northern blots analysis of TBSV RNA ac-
cumulation in WY2.1- or dAUG-infected leaf areas at 6 dpi. The relative
values below the lanes correspond to means (± standard deviations, SD)
from three independent experiments and were normalized to the accumu-
lation level of the corresponding viral RNAs of the WY2.1, set at 100.
EtBr-stained rRNAs (lower panel) are shown as loading controls
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two kinds of constructs (Fig. 3f). The result indicates that the
expression variation is not due to the change of viral RNAs
accumulation, but rather to the different efficiency of protein
translation.

One exploration of inefficient GFP expression of the non-
fusion vectors might be the artificially generated start codon
located downstream of the PacI restriction enzyme sequence
(TTAATTAA), which is not an optimal context in theory for
initiation of translation. This led us to construct the other vec-
tors, in an attempt to improve the GFP expression (Fig. 4a).
The sg1-P9, sg1-P16, and sg1-P24 vector carry the original
sequences just before the CP start codon with different
lengths, which were regarded as favorable context sequence
for yielding high levels of CP. The Pl-P9 vector contains the
optimum context sequence (AAAACAACA) of translation
initiation codon in dicots (Rangan et al. 2008). All selected
sequences were inserted between PacI restriction enzyme se-
quence and GFP start codon (Fig. 4a). GFP fluorescence was
visualized in the zones infiltrated with inoculum carrying var-
ious vectors (Fig. 4b and c), but it did not reveal a significant
difference between the newly generated constructs. The result
was confirmed by SDS-PAGE detection, immunoblot analy-
sis, as well as ELISA assay (Fig. 4d and e). Those data sug-
gested that the position of CP initiation codon instead of its
context sequence may be more important for efficient protein
expression.

Comparing the efficiency of TBSV vectors with other
viral vectors

The expression levels of GFP were further compared with
TMV (TRBO-G) (Lindbo 2007) and PVX (PVXdt) vectors
(Komarova et al. 2006). Both TMV and PVX vectors resulted
in strong GFP signals with co-infiltration of P19 RNA-
silencing inhibitor, while the fluorescence signal in two
TBSV vectors was similar to that of TMV and PVX vectors
(Fig. 5a and b). The TMV and TBSV vectors have shown cell-
to-cell movement ability on the inoculated zones but not for
the PVX vector (Fig. 5b). The observation can be expected
because the triple gene block and coat protein gene in the PVX
vector were substituted by the GFP gene. Furthermore, the
soluble proteins were extracted from infiltrated leaves, and
expressed GFPwas detected by SDS-PAGE and western blots
analysis (Fig. 5c). The GFP expression of dAUG vector was
equivalent to that of TMV and PVX vectors; pTBSV-WY2.1
expression was higher than that of two viral vectors.

To further support the above results, GFP from various
vectors was quantified by ELISA in comparison with GFP
standard curves. The amount of GFP produced per gram fresh
leaf was determined. GFP was expressed by pTBSV-
WY2.1 at levels of approaching 5.0 mg/g fresh leaf at 8 dpi,
while dAUG was about 3.0 mg/g fresh leaf, similar to that of
TRBO-G and PVXdt (Fig. 5d).

Discussion

The host plant is one of the critical factors for the successful
es tabl ishment of a t rans ient express ion system.
N. benthamiana is currently utilized as a fundamental host
for virus-mediated protein production owing to its high sus-
ceptibility to A. tumefaciens and most of the plant viruses
(Goodin et al. 2008). However, the apical necrosis and subse-
quently systemic lethal collapse were observed upon the
TBSV-infected N. benthamiana plants (Scholthof et al.
1995). The P19 protein was proved to be the major compo-
nent, which was responsible for eliciting the systemically le-
thal collapse, although other factors may involve in.
Inactivation of P19 led to an amelioration of virus-induced
symptoms in N. benthamiana, but this also reduces the rate
of systemic invasion, and viral RNAs will be eliminated from
infected leaves within 2 weeks. A mutation version of the P19
protein (P19/R43W) largely reduces the necrotic symptom
during TBSV infection (Chu et al. 1999) while maintaining
its function as an RNA-silencing suppressor (Saxena et al.
2011). However, the ability of this harmless suppressor to
enhance transient expression appeared to be about half as
much when the wt-P19 was used (Saxena et al. 2011).
Moreover, some other characteristics ofN. benthamiana, such
as relatively low biomass and not growing well in the outdoor
field, hamper its application in the plant molecular pharming
(Smith et al. 2009). Therefore, the change of the host provides
a promising way to improve the TBSV-based expression sys-
tem. Theoretically, an ideal host for the TBSV vectors should
own the aspects of high-level expression, easy growth in des-
ignated growth conditions, and reduction of harmful effects of
P19. But none of the previously tested plant species can yet
meet the requirements as an ideal host for the TBSV vector.
N. excelsiana, which is a hybrid species of N. benthamiana
and Nicotiana excelsior, produces more biomass in the field
than N. benthamiana (Shamloul et al. 2014). N. excelsiana
supported the large-scale production of heterologous proteins,
and the expression levels of GFP with TMV-based vectors
were comparable with that of N. benthamiana (Shamloul
et al. 2014). To examine the capability of N. excelsiana as
host of TBSV-based vector and figure out whether or not the
necrotic effects of P19 will happen, we constructed two CP
replacement TBSV vectors for fusion expression of reporter
protein (Fig. 1). The p19 gene is active in one construct and is
inactive in another one by a single nucleotide mutation, in
which its function can be restored by in trans co-expression
of P19. Successful infection of TBSV vectors was established
in N. excelsiana (Fig. 2b). And no necrosis was observed in
the infiltrated zones (Fig. 2b) or the whole plant of
N. excelsiana (Fig. 2f) until 14 dpi, even in the presence of
P19. TBSV vectors also can overexpress heterologous pro-
teins in N. excelsiana leaves (Fig. 2d). Our current results
demonstrate that N. excelsiana is an ideal host for TBSV-
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mediated protein production because of well-supporting for
infiltration, high-level production, and none of P19-induced
HR. Additionally, we also observe that the presence of P19
can enhance and prolong the TBSV-mediated heterologous
expression (Fig. 2b and e), and the better result was obtained
from the one with cis-acting P19.

The yield and quality of the final product in terms of func-
tionality are two major principles that should be considered
for a successful expression system. The final location of target
proteins within the host plant cells has influential effects for
the extent of expression level, integrity, stability, proper fold-
ing, and posttranslational processing (Di Fiore et al. 2002).
Thus, targeting strategies have been applied to improve the
expression of a target protein and to control posttranslational
modifications in plant bioreactors (Egelkrout et al. 2012). An

appropriate signal sequence can direct the target protein to a
particular cellular compartment (Emanuelsson et al. 2007).
Generally, the commonly used signal sequence is located at
the C- or N-terminus of its guided proteins, especially at N-
terminus (Arnau et al. 2006). The previously reported TBSV
vectors have no such ability to guide the target proteins to
subcellular compartments because the heterologous gene
was fused in-frame to the N-termini of the CP gene. In addi-
tion, the removal of the CP fusion from recombinant proteins
is usually necessary because it may interfere with the func-
tional properties of the recombinant proteins (Terpe 2003).
The fusion part was typically removed by the usage of prote-
ases, which recognize and cleave the specific peptide bond in
the fusion proteins (Frey and Görlich 2014). However, most
of them leave extra undesirable residues on the target protein

Fig. 4 The evaluation of the context sequence of the GFP translation
initiation codon on transient expression of GFP in N. excelsiana leaves.
(a) The nucleic acid sequences around the GFP start codon of the various
expression cassettes. The PacI restriction enzyme site is indicated in
underline and the GFP start codon and GFP sequence are shown as
green. (b) Schematic representation of the agroinfiltrated zones in
N. excelsiana leaf. (c) GFP expression pattern (under UV light) of
agroinfiltrated N. excelsiana leaves at 4, 6, and 8 days post-inoculation
(dpi), respectively. (d) SDS-PAGE analysis and immunodetection of

recombinant GFP proteins isolated from the agroinfiltrated zones of
N. excelsiana leaves at 6 dpi. The gel was stained with Coomassie bril-
liant blue (upper panel), and the GFP antibodies were used to detect GFP
(lower panel) in agroinfiltrated N. excelsiana leaves by western blots. M,
molecular weight marker (kDa); H, non-inoculated plant leaves; WY2.1,
dAUG, sg1-P9, sg1-P16, sg1-P24, and Pl-P9, total soluble protein ex-
tracts from the corresponding agroinfiltrated zones of N. excelsiana
leaves in (b). (e) GFP accumulation in infiltrated leaves at 6 dpi measured
by ELISA.
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after cleavage (Lichty et al. 2005). The other disadvantages of
proteases-mediated cleavage are low efficiency, need for con-
ditions optimization, the expense of proteases, and difficulty
for recovering the intact proteins (Arnau et al. 2006). This
additional process also increases the cost of the final product.
We attempted to overcome this limitation of the TBSV vector
in this study. The results demonstrate that the TBSV vectors
can be constructed to be a non-fusion expression vector. This
non-fusion virus vector allowed high-level expression of the
reporter gene, and the expression level was equivalent to that
of the other two highly effective virus vectors. Although the
non-fusion vector was not as efficient as the fusion vector, it
broadens the range of application of TBSV vectors.

In a side-by-side comparison, it is interesting that the
expression capacity of the TBSV fusion vector de-
scribed here is more than that of the TMV vector,
TRBO. This is in sharp contrast to the previously re-
ported TBSV vector, by which the level of GFP expres-
sion was lower than what is obtained with the same
TMV vector (Mendoza et al. 2017). Two TBSV vectors
share the same T-DNA backbone, and both are based
on the TBSV cherry strain. Furthermore, they are both
coat protein gene replacement vector carrying GFP

reporter gene, and all are delivered to plant by
A. tumefaciens strain GV3101. One difference between
these two vectors is the site used to insert a foreign
gene. The 5′ end of GFP in the older TBSV vector
and our fusion vector is fused with 17 (Mendoza
et al. 2017) and 21 remnant amino acids of the CP N-
terminal end, respectively. Theoretically, this subtle dif-
ference may not lead to the alteration of the GFP ex-
pression level because the DE element has not been
destroyed. In the older TBSV vector, the 3′ end of
GFP is located at ~ 150 bp upstream of the start codon
of the p22 gene (Shamekova et al. 2014), while it is
located at 100 bp upstream in our fusion TBSV vector.
The non-translated CP gene sequences, which are locat-
ed downstream of GFP, were regarded to be essential
for the efficiency of the TBSV vector because it pro-
vided the opportunity for CP restoration (Shamekova
et al. 2014). Our results also demonstrated that the
length of those redundant sequences keeping in the
TBSV vector did have a significantly negative effect
on GFP expression, and the shorter one showed the
higher level of GFP expression (data not shown).
Thus, we speculated that the extra ~ 50 bp CP RNA

Fig. 5 Comparing the efficiency of TBSV-based expression vectors with
TMV- and PVX-based vector for transient expression of recombinant
GFP in N. excelsiana leaves. (a) Schematic representation of the
agroinfiltrated zones in N. excelsiana leaf. (b) GFP expression pattern
(under UV light) of agroinfiltratedN. excelsiana leaves at 4, 6, and 8 days
post-inoculation (dpi), respectively. (c) SDS-PAGE analysis and
immunodetection of recombinant GFP proteins isolated from the
agroinfiltrated zones of N. excelsiana leaves at 4 dpi and 8 dpi. The gel

was stained with Coomassie brilliant blue (upper panel), and the GFP
antibodies were used to detect GFP (lower panel) in agroinfiltrated
N. excelsiana leaves by western blots. M, molecular weight marker
(kDa); H, non-inoculated plant leaves; TMV, PVX, WY2.1, and
dAUG, total soluble protein extracts from the corresponding
agroinfiltrated zones ofN. excelsiana leaves in (a). (d) GFP accumulation
in infiltrated leaves at 4 dpi and 8 dpi measured by ELISA
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nucleotides might be responsible for the expression reduction
of the older TBSV vector. Another difference is the host plant
that used to evaluate the efficiency of viral vectors. Our vector
seems to be more efficient than the older TBSV vector prob-
ably because N. excelsiana is more suitable than
N. benthamiana as host for TBSV-mediated recombinant pro-
tein production.

The restrictions on insert size are one of the disadvantages
of plant virus RNA-based vectors reported so far. People may
be concerned that for the TBSV-based vector, the expression
of larger proteins may be limited because of its small genome
size (~ 4.8 kb). Although we did not define the insert size
constraints of the TBSV-derived vector in this study, other
studies have shown that it can express proteins as large as
1,4-β-endoglucanase E1 (~ 1.6 kb) (Makenova et al. 2015).
Therefore, the TBSV-based vector is probably not inferior to
those existing expression vectors in terms of gene-carrying
capacity.

In this study, by reasonable redesign of the TBSV
genome and the employment of an alternative host
N. excelsiana, we have significantly improved the
TBSV-based transient expression system. The newly de-
veloped TBSV expression systems do not have the un-
wanted necrotic effects caused by viral P19 protein.
Expression levels are similar to that of the other two
highly effective virus vectors. Additionally, the non-
fusion viral vector provides more flexible aspects than
the previously developed TBSV vectors. Our TBSV
RNA-based system added an effectively new member
to the family of plant viral expression vectors and of-
fered an alternative and flexible approach for producing
proteins of interest in plants.
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