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Abstract Cholera toxin B subunit (CTB) has the potential
to be an effective adjuvant for mucosal vaccines because of
its ability to increase antigen uptake and presentation by
antigen-presenting cells through GM1-ganglioside binding.
CTB has been produced using different recombinant protein
expression systems. This study used the geminiviral repli-
con system to transiently express CTB in Nicotiana ben-
thamiana. The plant-optimized CTB gene was cloned into a
geminiviral vector and infiltrated into N. benthamiana
leaves. The highest CTB protein level was observed on
day 4 with approximately 4 μg/g fresh weight. The Western
blot analysis using anti-CTB suggests assembly of CTB into
oligomers. Based on the GM1-ELISA results, this CTB
transiently expressed in plants showed biological activity
for binding the intestinal epithelial cell membrane glycolipid
receptor, GM1-glanglioside, which implies its potential as
an adjuvant for mucosal vaccines.
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Introduction

The goal of the vaccine industry, to improve existing vaccines
and develop new ones, has led to the development of various
new vaccine candidates over the past few years. In many cases,
these vaccines require adjuvants because of their low immu-
nogenicity (Clark and Cassidy-Hanley 2005; Perrie et al. 2008;
Heegaard et al. 2011). For about a decade, aluminum salts were
the only adjuvants approved for human use (Petrovsky and
Cooper 2011), and more effective options are clearly needed.
Of the various adjuvants currently being developed, the chol-
era toxin B subunit (CTB) shows significant potential to be a
well-suited adjuvant for mucosal vaccines (Lycke 2005;
Langridge et al. 2010).

Cholera toxin is a protein complex produced from Vibrio
cholerae and is composed of one A subunit (CTA) and five
B subunits (CTB) (Merritt et al. 1994). CTB has been shown
to be effective at inducing the mucosal immune response
(McGhee et al. 1992) because of its ability to bind to the
GM1-ganglioside receptor on the epithelial cells of the
intestine (Vaughan and Moss 1978). Therefore, CTB is a
possible candidate for an effective mucosal vaccine adju-
vant. Previously, CTB has been expressed in different
recombinant protein expression systems including Escher-
ichia coli (Tsuji et al. 1994; Jobling et al. 1997), yeast
(Hirunpetcharat et al. 1998), and plants (Kim et al.
2009). Among these different systems, plants have many
advantages over the others, including large scalability,
low upstream costs, post-translational protein modifica-
tion processes, ease of biocontainment, and their lack of
associated human or animal pathogens (Paul et al. 2011;
Egelkrout et al. 2012), which facilitate their use as po-
tential bioreactors for CTB production.

Plant-derived recombinant proteins can be produced by
both stable transformation and transient expression systems.
To date, all previous studies producing CTB in plants used
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transgenic plants (Wang et al. 2001; Kim et al. 2009; Shin et
al. 2011; Karaman et al. 2012), which is a time-consuming
process. Transient expression is a good alternative, allowing
for recombinant protein production in a very short time.
Various viral vectors can be used to amplify the transgene,
leading to an increase of protein expression. Previous stud-
ies have applied plant RNA viruses such as tomato mosaic
virus (Li et al. 2010; Matic et al. 2012), cowpea mosaic
virus (Montague et al. 2011), alfalfa mosaic virus (Yusibov
et al. 1997), and potato virus X (Azhakanandam et al. 2007)
to create plant expression vectors that can increase the
expression of biopharmaceuticals in plants. In addition,
some DNA viruses such as geminiviruses can be used for
this purpose.

Geminiviruses are plant viruses containing a single-
stranded circular DNA genome. The genomic DNA is rep-
licated in the nucleus of the plant cell by a rolling circle
replication mechanism utilizing double-stranded DNA inter-
mediates (Palmer and Rybicki 1998). DNA replication starts
when viral replication initiation protein (Rep) binds to a
specific DNA sequence in the long intergenic region (LIR)
and cleaves it, leading to rolling circle replication mediated
by DNA polymerase and other factors from the host cell.
This mechanism can be exploited to express recombinant
proteins in plants by replacing the geminiviral coat protein
and movement protein genes with the gene of interest. The
geminiviral rolling circle replication will then amplify the
gene(s) of interest in the replicon, leading to large amounts
of mRNA and protein.

The present study was conducted to determine whether
CTB could be transiently expressed inNicotiana benthamiana
by the geminiviral replicon and display GM1-ganglioside
binding functionality. Our goal is to develop CTB from plants
for use as an effective and affordable adjuvant.

Materials and Methods

Design of the plant expression vector. The plant-optimized
DNA sequence encoding cholera toxin B subunit (CTB)
was based upon GenBank accession AY475128.1 (Ramos
et al. 2004). The synthetic CTB gene was cut with restric-
tion endonucleases BspHI and SacI. The geminiviral vector
expressing CTB (pBYCTB) was constructed by ligating
three fragments: pCTB/BspHI-SacI, pBYGFP/NcoI-AscI
(Huang et al. 2009), and pBYGFP/AscI-SacI, where the
GFP coding region was replaced by CTB (Fig. 1). The
non-viral vector expressing CTB, pBYCTBΔrep, was con-
structed by cutting pBYCTB with EcoRI and religating it, to
eliminate the Rep sequence.

Plant inoculation and protein expression. N. benthamiana
plants were inoculated with Agrobacterium tumefaciens

strain LBA 4404 by syringe infiltration on the abaxial leaf
surface. The agroinfiltration procedure was performed as
previously described (Huang et al. 2009). Plants were
maintained in the greenhouse after infiltration. The
leaves were harvested on the second, fourth, sixth, and
eighth day after infiltration for the time-course experiments.
For the other experiments, leaves were harvested on day 4
post-infiltration. The leaves were preserved in liquid nitrogen
immediately following harvest and stored in −80°C. Soluble
protein was extracted by immersing leaves in liquid nitrogen
and grinding with TissueLyser (QIAGEN, Retsch, Haan,
Germany). After the leaves were ground, 1 ml of extraction
buffer [phosphate-buffered saline (PBS), pH 7.5, plus a prote-
ase inhibitor tablet (Sigma, St. Louis, MO)] was added to 0.1 g
fresh weight of leaves. After centrifugation at 16,000×g for
15 min at 4°C, the supernatant was retained to be analyzed by
ELISA and Western blot.

Direct ELISA protocol for CTB quantification. The amount
of CTB in plant extracts was quantified by direct ELISA.
Plant extract samples and standard bacterial-expressed CTB
were diluted in PBS (50 μl/well) and added to 96-well
polyvinylchrolide microtiter plates to bind overnight at
4°C. The plates were treated with 5% (w/v) skim milk in
PBS for 2 h at 37°C. After washing three times with PBS
containing 0.05% (v/v) Tween 20 (PBST), the wells were
incubated with rabbit anti-CTB (diluted 1:1,000 in 1% skim
milk) in PBST for 2 h at 37°C. The plates were then washed
three times with PBST and incubated with goat anti-rabbit
IgG-horseradish peroxidase (HRP) conjugate (diluted
1:5,000 in 1% skim milk) in PBST for another 2 h at
37°C. Next, the plates were washed four times with PBST
and developed with 100 μl of TMB substrate (Pierce, IL) for
2 min at room temperature. The reaction was stopped by the
addition of 100 μl of 1 M H2SO4, and the absorbance was
read at 450 nm.

SDS–PAGE and Western blot. Crude plant extracts and
bacterial-expressed CTB were denatured by boiling in Z
buffer [125 mM Tris–HCl pH 6.8, 12% SDS, 10% (v/v)
glycerol, 22% (v/v) β-mercaptoethanol, 0.001% (w/v) bro-
mophenol blue] and separated on a 15% sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS–PAGE)
gel. Proteins were transferred to a nitrocellulose membrane
(Whatman, Florham Park, NJ). For the non-reducing gel, the
protein was added with sample buffer [125 mM Tris–HCl
pH 6.8, 12% SDS, 10% (v/v) glycerol, 0.001% (w/v) bro-
mophenol blue] without boiling and separated on an 8%
SDS–PAGE gel. To detect the CTB protein, the membrane
was probed with rabbit anti-CTB (diluted 1:5,000 in 1%
skim milk) in PBST for 1 h at room temperature. After
washing three times with PBST for 10 min, the membrane
was incubated with goat anti-rabbit IgG-HRP conjugate
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(diluted 1:10,000 in 1% skim milk) in PBST for 1 h at room
temperature. The membrane was then washed four times for
10 min and developed by chemiluminescence using ECL
plus a detection reagent (Amersham, NJ).

GM1-ganglioside binding assay. The affinity of plant-
expressed CTB for the GM1-ganglioside receptor was de-
termined by GM1-ELISA. Ninety-six-well microtiter plates
were coated with monosialoganglilside-GM1 (Sigma G-
7641) by incubating the plate with 100 μl of 3 μg/ml
GM1 in bicarbonate buffer (15 mM Na2CO3, 25 mM
NaHCO3) at 4°C overnight. The plates were blocked with
5% skim milk in PBS for 2 h at 37°C. After washing three
times with PBS containing 0.05% Tween 20 (PBST), the
plant extract samples and standard bacterial-expressed CTB
diluted in PBS (50 μl/well) were added and incubated for
2 h at 37°C. Purified bacterial CTB was used as a positive
control. The remaining procedure was performed as de-
scribed previously (section “Direct ELISA protocol for
CTB quantification”).

Results

Rapid and efficient viral system-based expression of CTB in
N. benthamiana leaves. N. benthamiana leaves were infil-
trated with three geminiviral vector constructs: pBYCTB,
pBYCTBΔrep, and pBYGFP (Fig. 1). pBYCTB transient-
ly expressed CTB using the viral replicon system, and
pBYCTBΔrep was used as a non-replicating vector as it
did not contain the Rep protein sequence. The positive
control for needle infiltration was pBYGFP, which showed
green fluorescence under UV light from day 2 after infil-
tration (data not shown). Leaf samples were harvested on
days 2, 4, 6, and 8 following infection. The leaves

infiltrated with pBYCTB showed signs of necrosis on
the fourth day after infiltration, whereas pBYCTBΔrep
and pBYGFP did not show toxicity in N. benthamiana
leaves until day 8 (Fig. 2).

Quantification of transiently expressed CTB protein in
plants using ELISA.The amounts of CTB protein
expressed in N. benthamiana leaves were measured in
comparison with known amounts of purified bacterial
CTB. We compared the CTB expression levels using
pBYCTB and pBYCTBΔrep on days 2, 4, 6, and 8 after
agroinfiltration. ELISA results (Fig. 3) showed that the
level of CTB protein using pBYCTBΔrep was approxi-
mately 2 μg/g fresh weight, which peaked on day 8 after
agroinfiltration. When using the geminiviral vector,
pBYCTB, the CTB level increased twofold to an average
of 4 μg/g fresh weight by day 4. Therefore, pBYCTB
was used to produce and characterize CTB in subsequent
experiments, at the optimal harvest time of 4 d post-
infiltration (Fig. 3).

Detection of CTB protein. The CTB protein transiently
expressed in the leaves was detected by Western blot anal-
ysis, using the standard CTB from bacteria with a molecular
weight of 13 kDa as a positive control (lane 1, Fig. 4A). The
plant-expressed CTB was detected at approximately 15 kDa
in the Western blot using a reducing gel (lane 3, Fig. 4A).
The assembly of CTB protein into oligomeric structures was
detected in the plant sample in the Western blot with a non-
reducing gel (lane 2, Fig. 4B). There was no CTB signal
detected in the crude extracts from wild-type plants.

GM1-ganglioside binding assay for CTB protein. The
GM1-ganglioside binding ability of plant-produced CTB
was tested by GM1 ELISA. The result demonstrated that

Figure 1. Schematic
representation of the plant
expression vector used in this
study. 35S⁄TEV5′, CaMV 35S
promoter with tobacco etch
virus 5′ UTR; VSP 3′, soybean
vspB gene 3′ element; NPTII,
expression cassette encoding
nptII gene for kanamycin
resistance; LIR, long intergenic
region of BeYDV genome; SIR,
short intergenic region of
BeYDV genome; C2⁄C1,
BeYDV ORFs C1 and C2 that
encode for replication initiation
protein (Rep) and RepA; RB,
the right border of the T-DNA
region; LB, the left border of the
T-DNA region.
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the plant-produced CTB was able to bind to GM1-
ganglioside (Fig. 5). The binding was equal to that of bacte-
rial CTB at low concentrations, but less than that of
bacterial CTB at high concentrations. The crude extract
of leaves infiltrated with pBYGFP, the negative control
in this experiment, did not show any binding to GM1-
ganglioside.

Discussion

Mucosal vaccines are difficult to administer because they are
diluted in mucosal secretions, captured in mucus gels,
digested by various enzymes, and excluded by epithelial
barriers. Thus, large doses of vaccine antigen are necessary,
and it remains difficult to determine the amount of antigen that
crosses the mucosal surface. The use of adjuvants is important
in vaccine development because it helps to decrease the
amount of vaccine antigen needed and increases the im-
mune induction, especially for mucosal vaccines (Petrovsky

and Aguilar 2004). One of the best-known mucosal adju-
vants is the cholera toxin from Vibrio cholera (Elson and
Dertzbaugh 2005).

As intact cholera toxin can cause diarrhea, the enzymatic
A subunit of this toxin can be removed to eliminate the
toxicity, leaving only the B subunit. Cholera toxin B subunit
(CTB) mediates binding to GM1-ganglioside, the receptor
on the surface of intestinal cells (Dertzbaugh and Elson
1993). This binding initiates the internalization of cholera
toxin A subunit (CTA) into cells, resulting in the catalysis of
adenylate cyclase to excrete massive amounts of electrolytes
and cause severe diarrhea (Cuatrecasas 1973). Based on this
mechanism, vaccine antigens coupled to CTB can be tar-
geted to GM1-ganglioside receptors on intestinal epithelial
cells, leading to increased immunogenicity.

In this work, N. benthamiana plants were used as a
bioreactor for the geminiviral replicon system to produce
CTB. Geminiviral replicon systems have previously been
used to produce some recombinant proteins, such as anti-
bodies (Huang et al. 2010; Chen et al. 2011), and capsid

Figure 2. Typical phenotype of
N. benthamiana leaves which
had been agroinfiltrated with
pBYCTB (1), pBYCTBΔrep
(2), and pBYGFP (3) on days 2,
4, 6, and 8 post-infiltration.
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Figure 3. Transient expression
of CTB in N. benthamiana
leaves. CTB protein levels
compared among pBYCTB,
pBYCTBΔrep, and pBYGFP-
induced leaves at a final
OD600=0.25. The leaves were
harvested on days 2, 4, 6, and
8 post-agroinfiltration and
extracted for ELISA to quantify
CTB levels. Data are shown as
means±SD of samples from
three independent infiltration
experiments.
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proteins of hepatitis B virus and the Norwalk virus (Huang
et al. 2009). In this study, we cloned a plant-optimized CTB
gene into a geminiviral vector and transiently expressed the
gene in N. benthamiana leaves. After 4 d, necrosis was trig-
gered in leaves infiltrated with pBYCTB, but not in leaves
infiltrated with pBYGFP and pBYCTBΔrep (Fig. 2). Despite
the onset of necrosis, CTB expression level was highest 4 d
after infiltration with pBYCTB, two times higher than the
CTB level 8 d after using a non-replicating vector (Fig. 3).
This suggests that necrosis might be associated with high
levels of CTB protein or from the combination of CTB and
Rep proteins.

In this study, the CTB protein level in tobacco leaves was
4 μg/g fresh weight (Fig. 3) or approximately 0.14% of total
soluble leaf protein. The CTB level using our transient
expression system was higher than stably transformed to-
bacco plants expressing CTB (Wang et al. 2001); 0.004% of
total soluble leaf protein which increased up to 0.095% of
total soluble leaf protein when a plant-specific signal pep-
tide was added. Previous studies presented different CTB
expression levels in different transgenic plants, such as
0.04% total soluble protein in transgenic tomato (Jani et al.
2002), and 2.1% of total seed protein in transgenic rice
(Nochi et al. 2007). The E. coli heat-labile enterotoxin B

Figure 4. Western blot analysis
of CTB protein. (A) The purified
bacterial CTB (lane 1), crude
extract from wild-type N. ben-
thamiana leaves (lane 2), and
crude extract from wild-type N.
benthamiana leaves agroinfil-
trated with pBYCTB (lane 3)
were loaded on the reducing gel.
(B) Crude extracts from wild-
type N. benthamiana leaves
(lane 1) and crude extracts from
wild-typeN. benthamiana leaves
agroinfiltrated with pBYCTB
(lane 2) were loaded on the non-
reducing gel. The Western blot
was probed with rabbit anti-CTB
and HRP-conjugated goat anti-
rabbit IgG.

Figure 5. GM1 binding of crude plant extracts. Crude extracts were
quantified for the amount of CTB by ELISA. Samples were adjusted to
100 ng/ml CTB, and serial twofold dilutions were performed. The
wild-type (WT) plant sample was similarly treated. Different concen-
trations of crude extracts were incubated in wells containing GM1
protein. Detection with rabbit anti-CTB and HRP-labeled goat anti-
rabbit IgG yielded OD405 measurement. Data are shown as means±SD
of samples from three independent infiltration experiments.
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subunit, which is closely related to CTB, was also expressed
in transgenic lettuce leaves, comprising up to 2% of total
soluble protein (Kim et al. 2007). Although differences in
methodology may partially account for these findings, the
studies suggest that geminiviral vector-based CTB expres-
sion can be improved by optimization of experimental
parameters, such as Agrobacterium concentration and the
leaf infiltration method.

The efficacy of recombinant protein expression by tran-
sient expression using the viral vectors might be limited by
gene silencing (Huang et al. 2009; Larsen and Curtis 2012).
The geminiviral vector can increase the level of protein
expression, but may also result in gene silencing
(Kjemtrup et al. 1998). Previous studies have demonstrat-
ed that transient expression using the geminiviral replicon
system increased recombinant protein expression when
the geminivector was co-expressed with the p19 vector
(Huang et al. 2009). The post-transcriptional suppressor
of gene silencing, p19, has been shown to enhance target
RNA and protein accumulation (Mallory et al. 2002;
Voinnet et al. 2003). Therefore, co-expressing pBYCTB
with a vector expressing p19 may increase the expression
of CTB. Further optimization of the transient expression
of CTB in N. benthamiana should be possible.

The plant-expressed CTB was characterized by Western
blot analysis. Our results confirmed the size of plant-
produced CTB to be approximately 15 kDa, which is slight-
ly larger than bacterial CTB at 13 kDa (Fig. 4A). The size
difference might have been due to plant-specific glycosyla-
tion that does not occur in bacteria. In addition, the protein
bands at ∼30 and 37 kDa might have resulted from incom-
plete reduction of disulfide bonds, providing trimers and
tetramers, similar to that which was previously found in
transgenic plants expressing CTB (Nochi et al. 2007). More-
over, the SDS–PAGE under non-reducing conditions and
subsequent Western blot analysis showed the plant-
produced CTB at approximately 50 kDa (Fig. 4B), which
is comparable to a pentameric structure under natural con-
ditions (Nochi et al. 2007). A biologically active pentamer is
required for CTB binding to the GM1-ganglioside receptor,
which is necessary for an effective mucosal vaccine adju-
vant (Nochi et al. 2007; Wu et al. 2012).

GM1-ganglioside binding analysis confirmed that the
plant-produced CTB bound to the GM1-ganglioside and
thus suggested its use as an effective mucosal vaccine adju-
vant (Fig. 5). Although at high concentrations bacterial CTB
bound to GM1-ganglioside better than plant-produced CTB,
their binding efficiencies were comparable at lower concen-
trations (Fig. 5). However, it is important to note that the
GM1-ganglioside binding analysis compared purified bac-
terial CTB with crude plant extracts. Therefore, it is possible
that other contaminating plant proteins might have played a
role in the lower binding efficiency of plant-produced CTB.

Future experiments assessing GM1-ganglioside binding
should compare bacterial CTB with purified plant CTB.

In conclusion, we report the transient expression of CTB
in N. benthamiana leaves using a geminiviral replicon sys-
tem. The ability of this plant-produced CTB to bind GM1-
ganglioside suggests its potential for use as an effective and
affordable mucosal vaccine adjuvant. However, the immu-
nogenicity of plant-produced CTB in an animal model needs
to be verified. In addition, further optimization of the CTB
transient expression system may result from careful study of
experimental parameters. Studies on the safety and adjuvant
effects of plant-produced CTB are also necessary before
commercial production can begin.
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