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Abstract The cholera toxin B subunit (CTB), a nontoxic
molecule with potent biological properties, is a powerful
mucosal and parenteral adjuvant that induces a strong
immune response against co-administered or coupled anti-
gens. A gene encoding CTB, which was modified based on
the optimized codon usage in the plant, was synthesized
and fused to the endoplasmic reticulum retention signal
KDEL to enhance its expression level in plants. The syn-
thetic CTB (sCTB) gene was introduced into a plant ex-
pression vector adjacent to the CaMV 35S promoter, and
was transformed into tomato using an Agrobacterium-
mediated transformation method. The integration of the
sCTB gene into the genomic DNA of transgenic plants was
confirmed by genomic DNA PCR amplification. The syn-
thesis and assembly of CTB protein in transgenic plants
was demonstrated through immunoblot analysis and Gyy-
ELISA. The highest amount of CTB protein produced in
transgenic tomatoes was approximately 0.9% of total soluble
fruit protein which was 10-fold greater than the previously
0.081%. Gy;-ELISA indicated that plant-synthesized CTB
protein bound specifically to Gy-gangliosides, suggesting
that the CTB subunits formed active pentamers.
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1. Introduction

Cholera is an epidemic diarrheal disease that continues to
devastate many developing countries where socio-economic
conditions are poor, sanitation and public hygiene systems
are rudimentary, and safe drinking water is unavailable [1].
Cholera is caused by Vibrio cholerae, and disease severity
is mediated by the potent action of the cholera toxin (CT),
which stimulates the secretion of water and electrolytes
into the intestine [2]. Cholera toxin is representative of
adjuvants that efficiently induce mucosal immunity [3,4].
The generation of non-toxic CT derivatives that retain
adjuvant activity could provide a safe alternative for the
evaluation of these toxins as mucosal adjuvants in human
and animals.

Cholera toxin is composed of distinct A and B subunits.
The pentameric B subunit (CTB), which contains five
identical polypeptides, targets the glycosphingolipid receptors
on eukaryotic cell surfaces. Bacterial CTB has been ex-
pressed at total soluble protein levels of 0.02 and 0.04% in
tomato leaves and fruits, respectively [5]. The low ex-
pression levels of foreign antigens in transgenic plants limit
the development of effective plant-based vaccines and there-
fore, the achievement of high expression levels is crucial.
The expression of vaccine components in plants has been
accomplished by modifying a range of leader and poly-
adenylation signals [6], and by optimizing the codon usage
for expression in plants [7-9]. Higher accumulation levels
and enhanced protein stability have been achieved via the
addition of an endoplasmic reticulum (ER) retention signal
sequence, KDEL. The KDEL peptides perform essential
functions that are related to protein folding and assembly in
the ER [10].

In this study, we report the expression of modified CTB
in tomato fruit. Gy;;-ganglioside (galactosyl-N-acetylgalac-
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tosamyl-sialyl-galactosylglucosyl ceramide) ELISA was
performed to confirm that the recombinant CTB produced
in transgenic fruit formed a functional pentameric structure.

2. Materials and Methods

2.1. Plant material

Tomato seeds (Lycopersicon esculentum L. cv. 311) were
rinsed with 70% (v/v) ethanol for 30 sec, and subsequently
surface-sterilized with 0.1% (w/v) HgCl, solution for 10
sec. After rinsing with sterile distilled water five times,
sterilized seeds were germinated on %2 MS [11] medium
consisting of 3% (w/v) sucrose and 0.8% agar, in an
Erlenmeyer flask. Ten-days post germination, cotyledons
excised from in vitro-germinated seedlings were cultured
on MS medium consisting of 3% (w/v) sucrose, 0.8% agar,
and supplemented with 2 mg/L zeatin, 0.1 mg/L indolyl-
acetic acid, and 0.1 mg/L thidiazuron for shoot regene-
ration. Regenerated shoots (3 cm in length) were then ex-
cised from multiple-shoot clumps, and rooted on MS
medium supplemented with 0.5 mg/L indolylbutyric acid.
The pH of the medium was adjusted to 5.8, and then
autoclaved at 121°C for 15 min. The cultures were incubated
at 25 + 2°C, under an intensity of 2,000 ~ 3,000 lux and
with a photoperiod of 10-h.

2.2. Construction of the plant expression vector

The synthetic CTB (sCTB) gene was synthesized based on
the optimized codon usage in the plant using overlap ex-
tension PCR [12]. The plant expression vector used in our
study, pMYO53, consisted of a sSCTB with its own signal
peptide, as well as KDEL, under the control of a duplicated
CaMV 358 (Cauliflower Mosaic Virus 35S RNA) promoter

(Fig. 1).

2.3. Tomato transformation

The plasmid pMYOS53 was introduced into the Agro-
bacterium tumefaciens strain LBA 4404 via tri-parental
matting using the helper plasmid pRK2013 [13], and sub-
sequently, the Agrobacterium was used to transform tomato.
Cotyledons from 10-day-old seedlings were cut at the tip
and base and middle pieces (approximately 0.7 x 0.3 cm)
were pre-cultured for 48 h on shoot regeneration medium.
The Agrobacterium suspension was dropped onto the

cotyledons with a pipette (about 2 drops for each explant)
and after 2 days of co-cultivation, cotyledons were cultured
on shoot regeneration medium with 50 mg/L kanamycin
(Km) and 200 mg/L cefotaxim (Cef) for 10 days, and then
transferred to the same medium, but with only 100 mg/L
Km. Shoots formed after 2 weeks of culture, and after
approximately 2 months, shoots were excised and trans-
ferred to rooting medium without antibiotics. Rooted plant-
lets were acclimatized and transferred to pots for fruiting.
Transgenic plantlets were checked for the presence of
transgene(s) in leaf tissue using genomic DNA PCR
amplification.

2.4. Genomic DNA isolation and PCR analysis

Total genomic DNA was extracted from leaf tissue of puta-
tive transgenic tomato using Kang and Fawley’s method
[14]. The presence of the sCTB gene was determined by
genomic DNA PCR amplification analysis using a forward
primer (5-ATGGTGAAGCTCAAGITCGG-3'") and a reverse
primer (5'-GTAGTTAGCCATGCTAATAG-3'") specific for
sCTB. The PCR amplification was performed as follows:
A genomic denaturing at 95°C for 10 min; followed by 30
cycles of 95°C for 30 sec, 55°C for 30 sec, 72°C for 30 sec;
and a final extension step of 72°C for 10 min. The PCR
products were separated by electrophoresis on 1% agarose
gel and stained with ethidium bromide.

2.5. Immunoblot detection of CTB protein in transgenic
tomato fruit
Total soluble protein was extracted from transgenic tomato
plant fruit tissue, precipitated using acetone, and resuspend-
ed in 1 mL of extraction buffer (50 mM HEPES, pH 7.5,
10 mM potassium acetate, 5 mM magnesium acetate, 1
mM EDTA, 1 mM dithiothreitol, and 2 mM phenylmeth-
anesulfonyl fluoride). An aliquot (120 pg) of total soluble
protein, as determined by the Bradford protein assay (Bio-
Rad, Hercules, CA, USA) [15], was obtained from fruit
tissues of transgenic plants. It was then separated on sodium
dodecylsulfate polyacrylamide gels (SDS-PAGE), consist-
ing of stacking gels and separating gels with 5 and 12%
(W/v) acrylamide, respectively, at 100 V for 2 ~ 3 h. Com-
mercial bacterial CTB protein (1 pg) was also loaded as a
positive control.

The separated protein bands were electrophoretically
transferred from the gel to a Hybond C membrane (Bio-

pNOS NPT II t-NOS |—
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Fig. 1. Plant binary expression vector pMYOS53. The synthetic cholera toxin B subunit (sCTB) fused with the ER retention signal
sequence (KDEL) was synthesized and introduced into the plant expression vector under the control of the duplicated CaMV 35S
promoter (pdu35S). Neomycin phosphotransferase (NPTII) was used as a seletion marker for transgenic plants. pNOS and t-NOS are the
promoter and terminator of nopaline synthase. LB and RB represent the left border and right border of T-DNA, respectively.
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rad) using a Trans-blot® SD semi-dry transfer cell (Bio-
Rad) at 15 V for 30 min. Non-specific antibody reactions
were blocked by incubating the membranes in 25 mL of
3% casein in TBST buffer (TBS plus 0.05% Tween-20),
with gentle agitation overnight at room temperature (RT).
Membranes were incubated for 2 h at RT with gentle
agitation in a 1:5,000 dilution of rabbit anti-cholera toxin
antibody (Sigma C-3062, St. Louis, MO, USA) in TBST
antibody dilution buffer containing 1.5% casein, and then
washed three times with TBST buffer. Membranes were
then incubated for 2 h at RT in a 1:7,000 dilution of mouse
anti-rabbit IgG conjugated with alkaline phosphatase (Sigma
A-2556) in TBST buffer, and then washed three times with
TBST buffer, and once with TMN buffer. After washing,
the color was developed using BCIP/NBT alkaline phos-
phatase substrate (Sigma B-5655) in TMN buffer.

2.6. Quantification of CTB protein by ELISA

The expression level of CTB protein produced in the fruits
of transgenic tomato plants was determined using quanti-
tative ELISA analysis. Total soluble protein from trans-
genic plants was loaded into a 96-well microtiter plate with
100 pL/well of selected concentrations, and incubated
overnight at 4°C. The plate was washed three times with
PBST buffer and subsequently, the background was block-
ed by incubation in 1% BSA in PBS buffer (300 pL/well)
at 37°C for 2 h. The wells were then washed three times
with PBST buffer and the plate was incubated with a
1:3,000 dilution of rabbit anti-cholera toxin antibody (100
pL/well) in PBS containing 0.5% BSA at 37°C for 2 h, and
then washed four times with PBST buffer. The wells were
incubated with a 1:5,000 dilution of goat anti-rabbit IgG
conjugated with horseradish peroxidase (Sigma G-7641)
(100 pL/well) in PBS containing 0.5% BSA at 37°C for 2
h, prior to being washed four times with PBST buffer.
Finally the plate was incubated with 100 puL/well TMB
substrates (PharMingen 2606KC and 2607KC, Fallbrook,
CA) for 30 min at RT in darkness to maximize the reaction
rate. After incubation, the reaction was measured at 405
nm in an automated ELISA system (Bio-Rad).

2.7. Gyi-ganglioside binding assay

The receptor binding ability of CTB protein produced in
transgenic plants was confirmed by the Gy -ganglioside
enzyme-linked assay (Gy;-ELISA) [16]. A microtiter plate
was coated with 100 puL per well of monosialoganglioside
Gy (3.0 pg/mL) (Sigma G-7641) in bicarbonate buffer (15
mM Na,CO;, 35 mM NaHCO;), with a pH of 9.6 at 4°C
overnight. After three washes with PBST, the plate was
blocked with 1% BSA in PBS buffer. The plate was then
washed three times with PBST buffer, and then Gy-
ganglioside-coated plates were incubated with various
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concentrations of total soluble protein from transgenic and
wild-type plants in PBS buffer (100 uL/well) at 37°C for 2
h. The primary and secondary antibody treatments were as
described previously. As a control, a microtiter plate was
coated with 100 pL/well BSA (3.0 pg/mL).

3. Results and Discussion

3.1. Transformation of sCTB gene and PCR analysis

The cholera toxin B subunit gene was previously expressed
in transgenic tomato fruit with 0.04 and 0.081% of total
soluble protein [5,17]. In this study, the synthetic CTB
(sCTB), which was modified based on the optimized codon
usage in a plant, was introduced into tomato to improve the
protein expression level. Six plants resulting from indepen-
dent transformation events were selected and maintained
under in vitro conditions. The presence of the sCTB gene
in transgenic plants was confirmed by genomic DNA PCR
amplification, followed by gel electrophoresis of the PCR
products (Fig. 2). The expected size (414 bp) of each PCR
product was amplified (lanes 1-6) in all transformed plants
and a PCR product with the same size was obtained in the
pMYOS53 vector as a positive control (PC). No PCR
products were detected in wild-type tomato plants (NC).

3.2. Immunoblot analysis of plant-synthesized CTB
protein

Total soluble protein (TSP) was extracted from fruit tissues
of the transgenic tomato plants (#1 -#6). Commercial
bacterial CTB (positive control) was used to detect anti-
body-specific protein in the transgenic tomatoes and an
immunoblot analysis of fruit tissues of transgenic plants
revealed an oligomeric CTB protein with a molecular
weight of approximately 50 kDa (#1, #2, and #5). Wild-
type tomato fruit did not cross-react with the anti-cholera
toxin antibody and therefore, the specific signal band
corresponding to CTB protein was not detected on the
membrane (Fig. 3A). The oligomeric CTB protein dis-

MPCNC1 2 3 4 5 6

564bp —
414bp

Fig. 2. Genomic DNA PCR amplification analysis for detection of
the sCTB gene in the transgenic plant genomes. The genomic
DNA of transgenic plants was isolated and used as a template for
PCR products to detect the sCTB gene. The PCR products were
separated on a 1.0% agarose gel. Lane M, the DNA size marker
(MHindlll); lane PC, the pMYOS53 plasmid used as a positive
control for PCR; lane NC, the wild-type tomato plant genomic
DNA; lanes 1 ~ 6, the transgenic tomato plant genomic DNA used
as PCR templates.



Highly Expressed Cholera Toxin B Subunit in the Fruit of a Transgenic Tomato (Lycopersicon esculentum L.)

579

sociated into monomers of 15 kDa when the transgenic
fruit homogenates were boiled for 10 min (Fig. 3B) and
both the multimeric and monomeric forms of the plant-
derived CTB had slightly higher molecular weights than
the bacterial CTB (50 kDa versus 40 kDa for the pentamers,
and 15 kDa versus 12 kDa for the monomers, respective-
ly). This discrepancy was presumably due either to the six
extra amino acids that were added at the C-terminus for ER
retention (SEKDEL) [18] or to the post translational modi-
fication of the plant produced CTB, especially N-gly-
cosylation. An N-glycosylation on the CTB domain and an
ER retention signal attached at the C-terminus of the fusion
protein has been reported [19]. Our result was similar to
that obtained from expression systems in other plants such
as tobacco [12] and lettuce [20].

3.3. Quantification of CTB protein in transgenic fruits
An ELISA analysis was performed to measure the expre-
ssion level of CTB protein in the fruit tissue of transgenic
tomato plants (#1, #2, and #5). The percentage of CTB
protein in each plant was calculated from TSP used in three
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Fig. 3. Western blot analysis of CTB protein in transgenic tomato
plants. The protein extracts of fruit tissues from transgenic plants
were analyzed for expression of CTB protein using the anti-
cholera toxin antibody under unboiled (A) and boiled (B)
conditions. Lane M, the protein weight marker; lane PC,
commercial bacterial CTB as a positive control; lane NC, protein
extract from a wild-type plant; lanes 1~ 5, protein extracts from
transgenic plants expressing CTB protein.

<+ M

replicates of the assay. According to this method, the con-
centrations of TSP loaded in the microtiter plate wells
yielded CTB protein levels of approximately 0.89, 0.77,
and 0.08% of the TSP in the fruit tissues of the respective
transgenic plants (Fig. 4). Results of earlier experiments
[5,17] revealed that the expression level of CTB in tomato
fruit was less than 0.081%. Some reports have also shown
high levels of sCTB in plants such as lettuce [20], rice
[21], and tobacco [22] or in microorganisms such as
Saccharomyces cerevisiae [23].
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Fig. 4. ELISA quantification of CTB protein produced in
transgenic tomato fruit tissues. Plant protein extracts from fruit
tissues of transgenic plants and known amounts of commercial
bacterial CTB were used to measure the CTB protein expression
level. Transgenic plants #1, #2, and #5, which showed a positive
signal in western blot analysis, were used to measure the amounts
of CTB protein in transgenic tomato fruit tissues. Error bars
represent the standard deviations.
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Fig. 5. Gu-ELISA analysis of CTB pentamer formation in
transgenic tomato fruit tissues. The binding affinity to the receptor
of plant-produced CTB protein was measured using Gy -ELISA
in transgenic plants. Transgenic plants #1, #2, and #5, which
showed high expression of CTB in western blot analysis, were
used to test the binding affinity for Gy -ganglioside. Error bars
represent the standard deviations.
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3.4. Binding assay of CTB protein to Gyj-ganglioside

To study the oligomerization of CTB protein produced in
a transgenic plant, its binding ability to the Gyy;-ganglio-
side receptor was tested using Gy-ganglioside ELISA.
Gyi-ganglioside is the receptor for biologically active CTB
protein in vivo, and a pentameric structure is required for
appreciable receptor binding. In the Gy;-ELISA binding
assays, CTB protein produced in transgenic plants demon-
strated a strong afnity for Gy;;-ganglioside, but not for BSA
(Fig. 5). Based on the results from Gy -ELISA, the CTB
protein expressed in the two transgenic plants (#1 and #2)
was very similar. The strong relative binding efcacy of
plant-produced CTB for Gyy;-ganglioside indicated that a
plant-derived CTB subunit interacts with Gy .ganglioside.

4. Conclusion

A modified CTB gene based on the optimized codon usage
of the plant was introduced into tomato fruits to increase
the protein expression level. The highest expression level
was evaluated as 0.89% of total soluble protein, which is
10-fold greater than the previously reported 0.081% [17].
In future experiments, transgenic plants will be fed to
animals to examine the immunogenicity of tomato-derived
CTB via oral administration.
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