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Abstract

Rice-based vaccines do not require high-cost purification. They are stable at room temperature, can eliminate the
risk of attenuated vaccine strains, and are resistant to gastrointestinal degradation. We tested the applicability
of an oral delivery system for tuberculosis (TB) and cholera antigens in transgenic rice for induction of immune
responses in the mucosal compartment as well as in the systemic circulation. For vaccine development, we se-
lected mycobacterial Ag85B antigen and immunoprotective P4 epitope of TcpA fused to the nontoxic cholera toxin
B (CTB) subunit for immunization against TB and cholera, respectively, in independent constructs. The expres-
sion levels of CTB, CTB-TcpA, and CTB-Ag85B in transgenic lines containing stably integrated, chimeric genes
showed up to 0.64%, 0.34%, and 0.02% of total rice seed protein, respectively. Oral immunization of mice with
each of the three seed lines resulted in significantly increased levels of both anti-CTB IgG and IgA responses in
the serum and IgA responses in the bronchoalveolar lavage (BAL) fluid. This indicated the capacity for oral im-
munization to elicit immune responses in the respiratory mucosal compartment. Plant-expressed TcpA could be
detected in immunoblot analysis by using TcpA-specific commercial antibody, while there was no recognition of
rice-expressed Ag85B by the commercial antibody raised against the latter antigen, where both antibodies were
produced against the antigens expressed in the bacterial system. This study focused on identifying antigens
resistant to both posttranslational modifications in plants and immunogenic under the proposed delivery system
in animals for boosting the mucosal and systemic humoral immune response against enteric as well as respiratory
pathogens.
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Introduction

Vaccines have revolutionized the prevention of many
infectious diseases. Orally administered edible vaccines
produced or obtained using transgenic plant technology
are one of the latest additions to the vaccine research to
overcome the limitations of conventional vaccines (Ti-
wari et al., 2009). Tuberculosis (TB) is the second most
deadly infectious disease in human after AIDS, which is
caused by a single infectious agent, Mycobacterium tu-
berculosis (Tang et al., 2016). An estimated 6 million
new TB cases, with 1.5 million associated deaths, were
reported in 2014 alone (WHO, 2015). In endemic re-

gions, cholera causes diarrhea and severe dehydration in
humans in a distinctive seasonal pattern. It is predomi-
nantly triggered by Vibrio cholerae  O1, with an estima-
ted 1.4 billion people at risk of infection (Ali et al.,
2012). Both microorganisms primarily target high-risk,
vulnerable populations and constitute substantial road-
blocks to healthy development in many socioeconomi-
cally underprivileged societies. Intrinsically, the produc-
tion of highly immunogenic and easily deliverable vacci-
nes is crucial to circumvent the loss of productivity of
patients and prevent morbidity (Holmgren and Svenner-
holm, 2012).
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Contrary to other routes of vaccine delivery, oral
vaccination utilizes the gastrointestinal tract where
orally delivered antigens are processed and absorbed
through the mucosal-epithelial barrier. As mucosal immu-
nity provides the first line of defense against the microbial
invaders of gastrointestinal, respiratory, and genitourinary
systems through the production of secretory IgA, it would
be effective to develop vaccines to strengthen the mucosal
defense mechanism (Nochi et al., 2007). Both M. tuber-
culosis and V. cholerae  affect different parts of the mu-
cosal surfaces, with the former targeting the lungs and
other systemic organs, while the latter infects the in-
testinal mucosa (Lycke, 2012). In cholera, oral vacci-
nation has long been considered more satisfactory for
protection than the systemic route (Clemens and Holm-
gren, 2014; Svennerholm et al., 1983), whereas studies
on mouse models using M. tuberculosis have shown that
the mucosal (intranasal) route of vaccination is more
effective than the systemic one (Nuermberger et al.,
2004; Wang et al., 2004), highlighting the importance of
a route of administration. 

The lower costs of a plant-based antigen production
make it suitable for large-scale accessibility as it is stable
at room temperature for at least 18 months, as in the
case of rice-derived CTB subunit (Nochi et al., 2007),
and can therefore be transported at low cost to remote
areas of afflicted populations. Moreover, plant-expressed
antigens do not pose the risk of causing disease, which
may be a concern with traditional vaccines that utilize
killed or attenuated organisms for immunizations.
A lower cost of production of antigens in plants is also
likely to render the vaccines available at low prices in
regions which require affordable solutions to decrease
the disease burden (Streatfield et al., 2001; Walmsley
and Arntzen, 2000). Thus, these edible vaccines offer
a practical and cost-effective means of vaccinating large
populations against various infections, and a successful
trial of rice-based oral delivery of fusion antigens may
provide insights into the development of new vaccines
not only against TB and cholera, but also other mucosal
or systemic diseases.

For vaccination against TB, we selected a highly im-
munogenic major secretory protein of M. tuberculosis,
antigen 85 subunit B (Ag85B) (Kaufmann et al., 2010;
Lozes et al., 1997), whereas for cholera the P4 epitope
of the major subunit of the V. cholerae O1 toxin co-
regulated pilus antigen (TcpA) was chosen (Herrington

et al., 1988; Kiaie et al., 2014). Another critical com-
ponent of oral vaccination is the selection of an efficient
mucosal adjuvant, as its absence frequently results in the
induction of tolerance (Lu et al., 2002) The V. chole-
rae -derived B subunit of cholera enterotoxin (CTB) is
a strong immunological adjuvant capable of inducing spe-
cific serum and mucosal immune responses in mice
(Holmgren et al., 1993; Qiu et al., 2014) and has pre-
viously been expressed in rice (Nochi et al., 2007), with
accumulation levels reaching -2.1% of total seed protein
levels. In this sense, CTB can be used in combination
with other proteins that are integrated in the same
recombinant molecule to act as both adjuvant and carrier
for these antigens.

Although chimeric structures comprising CTB-P4
epitope have been expressed in tomato (Sharma et al.,
2008), their immunogenicity was not tested in animals
and in spite of promising reports of plant-made oral
vaccines for M. tuberculosis in murine models (Rigano
et al., 2006; Zhang et al., 2012), no attempts have been
made to incorporate mycobacterial antigens in rice. We
aimed to test the efficiency of orally delivered TB and
cholera antigens expressed and accumulated in rice
seeds to strengthen mucosal immune protection and to
promote the concept of inducing immunity in the
gastrointestinal and respiratory tract.

Materials and methods

Cloning of rice glutelin GluB-1 promoter sequence

We constructed a binary vector, suitable for Agro-
bacterium -mediated plant transformation, containing the
rice endosperm-specific promoter, GluB-1 (LOC_Os02g
15169), to control downstream gene expression as de-
scribed by Nochi et al., (2007). The 2.4-kb GluB-1 pro-
moter sequence with a signal peptide was amplified from
rice genomic DNA (originating from japonica cultivar
Oryza sativa L. cv. Nipponbare) using primers inclusive
of recognition sites for the restriction enzymes EcoRI
(5N-GCGTGAATTCCAGATTCTTGCTACCAAC-3N) and
PstI (5N-TATACTGCAGGGCCATAGAACCATGGCA-3N).
The conditions for amplification were as follows: 95EC
for 1 min, 60.2EC for 1 min and 72EC for 2.30 min for
a total of 35 cycles. Directional cloning was performed
by ligating the promoter insert in between the corres-
ponding Eco RI and Pst I recognition sequences contai-
ned within the multiple cloning site (MCS) of the binary
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vector pCAMBIA 1305.1 (Cambia, Australia). The re-
sultant construct was designated pCAMBIA_GluB1 and
the recombinant vaccine sequences were subsequently
cloned directly downstream of the GluB-1 promoter in
this vector.

Cloning of recombinant vaccine sequences

The plant-codon optimized recombinant gene se-
quences for the adjuvant CTB (GenBank accession no.
K01170), CTB fused at the C-terminal to the full Ag85B
subunit (UniProt accession no. P0C5B9), and CTB fused
to the P4 epitope of TcpA (GenBank accession no.
U09807; 145-168 amino acids) were commercially syn-
thesized in three independent vectors (Integrated DNA
Technologies, USA). All three genes featured the
SEKDEL signal 3N to the antigen, followed by the GluB-1
termination sequence. Additionally, for both CTB-Ag85B
and CTB-TcpA-P4, the adjuvant and antigen were se-
parated by a 7-amino acid glycine hinge. The restriction
enzymes for cloning were selected to permit ligation
directly downstream of the GluB-1 promoter. The se-
quences (1000 bp for CTB; 1076 bp for CTB+TcpA-P4;
and 1958 bp for CTB+Ag85B) were amplified separately
from the three vectors using primers inclusive of re-
cognition sites for Pst I (5N-GCTATACTGCAGACCCCGC
AGAACATCAC-3N) and Hind III (5N-CGCCGTAAGCTT
CTCTTAACTTTACCTATG-3N) using the following con-
ditions: 95EC for 1 min, 60.2EC for 1 min and 72EC for
2 min for a total of 35 cycles. The inserts were directio-
nally cloned separately into pCAMBIA_GluB1, and posi-
tive clones were identified via PCR amplification, re-
striction digestion, and plasmid DNA sequencing (1st
BASE, Malaysia). The constructs were then individually
electroporated into Agrobacterium tumefaciens strain
LBA4404, with plasmids from the transformed colonies
subjected to screening by PCR and restriction digestion
(Sambrook, 1987).

Generation of transgenic rice plants

The binary vectors containing recombinant gene se-
quences within the transfer DNA (T-DNA) were intro-
duced into the genome of a wild-type (WT) rice variety
Oryza sativa (indica cv. Binnatoa) by the Agrobacterium
tumefaciens LBA4404-mediated transformation method
(Islam et al., 2009; Rasul, 1997). All the vectors had the
reporter gene, β-glucuronidase (GUS), with the catalase
intron driven by the constitutive CaMV35S promoter

within the T-DNA that integrates into the plant genome
(Fig. 1). Therefore, a positive GUS assay from an isola-
ted plant tissue indicates integration of the T-DNA into
the plant genome, since only the plant cells have the
capacity to splice out the intron and produce the GUS
enzyme. Shoots regenerated from the transformed calli,
designated as T0 plants, were transplanted to soil and
grown to maturity in a confined net house (the average
temperature and humidity of the net house were 28EC
and 87%, respectively). Seeds were harvested (105-110
days) from positive T0 plants, designated as T1 and veri-
fied for gene expression by histochemical GUS (β-glu-
curonidase reporter system) assay (Jefferson, 1987).
GUS-positive seeds were germinated and propagated up
to T2 and T3 generations. T2 and T3 seeds from T1 and T2

plants, respectively, were evaluated for the production
of recombinant protein in the endosperm.

PCR analysis of transgenic plants

Genomic DNA was isolated from transgenic rice
leaves (T0-T2) using a silica-based extraction method as
described previously (Li et al., 2010). The presence of
the CTB, CTB-Ag85B, and CTB-TcpA-P4 recombinant
genes was determined by PCR analysis using a forward
flanking primer within the GluB-1 promoter (5N-TTGC
AAAGTTGCCTTTCCTT-3N) and a reverse GluB-1 termi-
nator-specific primer (5N-CTCTTAACTTTACCTATG-3N).
For PCR, 50 ng of genomic DNA was used as a template
and the conditions were as follows: 95EC for 1 min,
56EC for 1 min and 72EC for 2 min for a total of 35 cy-
cles. Total RNA was isolated from mature T2 seeds using
an established protocol (Sangha et al., 2010), but using
extraction buffer components from the method by Su-
zuki and coworkers (Suzuki et al., 2008). First-strand
cDNA was synthesized from 5 μg of total RNA using the
kit protocol for SuperScript® III First-Strand Synthesis
System for RT-PCR (Life Technologies, USA). The ex-
pression of the mRNA transcripts was verified using
a forward adjuvant-specific primer (5N-ACCCCGCAGAA
CATCAC-3N) and a reverse primer located within the
3 UTR region of the GluB-1 terminator, but before the
putative transcription termination site (5N-TCGAACAG
AATCACCACCAA-3N). For RT-PCR, reverse-transcribed
cDNA was used as template and subjected to thermo-
cycling conditions as follows: 95EC for 1 min, 58.9EC for
1 min and 72EC for 1.30 min for a total of 35 cycles.
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Fig. 1. Diagrammatic representation of T-DNA regions of plant expression vectors: A) pCAMBIA_GluB1_CTB,
B) pCAMBIA_GluB1_CTB_TcpA-P4 and C) pCAMBIA_GluB1_CTB_Ag85B. hpt, hygromycin phosphotransferase gene;
gus – beta-glucuronidase gene from E. coli ; 35S – CaMV35S promoter; 35Sx2 – CaMV35S promoter with a double enhancer;

SEKDEL – endoplasmic retention signal

Protein extraction and detection 
of recombinant proteins

Total  seed proteins (TSP) were extracted from the
T1, T2, and T3 seeds of transgenic rice plants (Nochi
et al., 2007) and used for the immune-detection of re-
combinant proteins. About 0.1 g of rice seeds were
ground to a fine powder-like consistency using mortar-
pestle, strained using a fine mesh, and then the powder
was mixed with protein extraction buffer (4% sodium
dodecyl sulfate (SDS), 8 M urea, 50 mMTris-HCl (pH
6.8), 5% 2-mercaptoethanol, 20% glycerol). The mixture
was vortexed for 30 min at room temperature and the
supernatant was centrifuged (12,000 rpm for 45 min).
About 5 μg of TSP extracts, determined using standard
Lowry protein assays, were separated on 13.5% SDS-poly-
acrylamide gel electrophoresis (PAGE) under reducing

conditions after boiling the samples with 10 ng of purified
recombinant CTB (A. M. Svennerholm, University of Go-
thenburg, Sweden), 10 ng of Ag85B antigen (BEI Resour-
ces, USA), or 10 ng of TcpA protein (Asaduzzaman et al.,
2004). Gels were transferred to a nitrocellulose membra-
ne, air-dried, blocked with 5% skimmed milk in phosphate
buffer saline (PBS) for 60 min, and incubated 90 min with
rabbit polyclonal anti-CTB (1 :50000; CalBioreagents,
USA), rabbit polyclonal anti-Ag85B (1 :50000; Abcam,
UK) or rabbit monoclonal anti-TcpA (1 :30000; gift from
E. Ryan, Massachusetts General Hospital, USA) antibo-
dies. The membranes were subsequently washed 3 times
in PBS with 0.05% Tween 20 for 10 min and incubated
90 min with goat anti-rabbit IgG-horseradish peroxidase
(HRP; Abcam, UK) and washed again thrice in the same
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way. The membranes were then incubated with en-
hanced chemiluminescence (ECL) western blot detec-
tions reagents (GE Healthcare, UK) for 2 min and ex-
posed to an X-OMAT radiographic film. Images of the
protein bands were taken using a scanner (HP Scanjet
G2410) and analyzed for comparative densitometry data
using the image-processing program ImageJ (National
Institutes of Health, USA).

Oral immunization

The studies were performed using 6- to 8-week-old
female BALB/c mice raised at the Animal Resource
Branch of the icddr,b. Experimental and management
procedures were approved by both the Research Review
Committee and the Animal Experimentation Ethics
Committee of the ICDDR,B.

Three cohorts of BALB/c mice (age 6-8 weeks, n = 6-8)
were immunized through the oro-gastric route with seed
powder (ground using mortar-pestle and then strained
using fine strainer) from nontransgenic wild-type Binnatoa
(120 mg/mouse), transgenic CTB (120 mg/mouse), trans-
genic CTB-Ag85B (120 mg/mouse), or transgenic CTB-
TcpA-P4 (120 mg/mouse) solubilized in 500 μl PBS.
A maximum four mice from the same vaccine group
were placed in one cage, and each mouse was fed with
120 mg seed powder as 100 mg/mouse dose was shown
to elicit serum IgG and fecal IgA responses (Nochi et al.,
2007). For the non-rice control groups, mice were oro-
gastrically immunized with either purified rCTB antigen
(25 μg/mouse) or PBS alone. Immunizations were per-
formed on days 0, 10, 20, 30, and 40 and serum was col-
lected on days 0, 10, 20, 30, 40, and 47. BAL was re-
trieved on day 47 from the trachea of euthanized mice
using a syringe-aided resuspension of PBS buffer.

Antibody responses

For CTB-specific ELISAs, plates (Nunc, Denmark)
were coated with 0.3 nmol of ganglioside GM1/ml, se-
quentially followed by recombinant CTB (0.5 μg/ml) and
100 μl sera from immunized mice (diluted 1 : 100 in 0.1%
bovine serum albumin (BSA) in PBS-0.05% Tween). For
TcpA- and Ag85B-specific ELISAs, plates were coated
with either 1 μg/ml purified TcpA in PBS or 1 μg/ml
Ag85B antigen, respectively, and blocked with 1% BSA-
PBS prior to incubation with mice sera as described
above. The plates were incubated for 90 min at 37EC,
following which goat anti-mouse IgG, IgM, and IgA

(Southern Biotech, USA) antibodies conjugated to HRP
were applied separately. After incubation period, the
plates were developed with 1 mg/ml ortho-phenyle di-
amine (Sigma-Aldrich, USA) in 0.1 M sodium citrate
buffer (pH 4.5) and 0.04% hydrogen peroxide, after
which readings were obtained kinetically at 450 nm for
5 min. The maximal rate of change of optical density per
minute was calculated in milli-absorbance units. ELISA
protocol was followed using BAL fluid (diluted 1 : 2 in
0.1% BSA in PBS-0.05% Tween) to test mucosal IgA re-
sponses.

For dot blots, nitrocellulose membranes were soa-
ked in PBS and allowed to dry for 5-30 minutes, fol-
lowing which 1 μl each of the positive control (Affinipure
goat anti-human IgG 1.8 mg/ml; Jackson ImmunoRe-
search, USA), target antigen (TcpA antigen 1 mg/ml),
and the negative control lacking cross-reactivity (V. cho-
lerae O1 Ogawa Lipopolysaccharide 1 mg/ml) were
applied. The membranes were blocked with 1% BSA-PBS
for 30 min at room temperature with gentle shaking.
After washing with PBS, samples from the immunized
mice were diluted (1:50 for serum and neat for BAL) in
0.1% BSA-PBS with 0.05% Tween and incubated for
3 hours at room temperature, prior to a round of wa-
shing with PBS-Tween (0.05%). Polyclonal rabbit anti-
mouse immunoglobulin HRP (Dako, USA) was added
afterward and the membranes were incubated further for
1.5 hours at room temperature before undergoing deve-
lopment using 4-chloro-1-naphthol and H2O2 solution
(Sigma-Aldrich, USA) for approximately 10 min.

Pepsin digestion

Transgenic seed powder (10 mg) and purified rCTB
(15 μg) were incubated with 0.5 mg/ml pepsin (Sigma-
Aldrich, USA) in 0.1 ml of 0.1 M sodium acetate buffer
(pH 1.7) for 60 min at 37EC with gentle shaking. Di-
gestion reactions were terminated with the addition of
protein extraction buffer as described above and the mix-
tures were subjected to Western blot and densitometric
analyses as described earlier to evaluate protein de-
gradation. ImageJ software was used for densitometric
analyses.

Protein identification

The CTB-Ag85B insert was amplified from both leaf
genomic DNA and reverse-transcribed seed cDNA, fol-
lowing which the PCR products were subjected to se-
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quencing (1st Base, Malaysia). Once the integrity of the
transgene was established at both DNA and RNA levels,
the CTB-Ag85B fraction of TSP was submitted to two
different companies for protein identification by mass
spectrometry. Protein extracts were separated on
a 13.5% SDS-PAGE gel and stained with Coomassie blue,
and gel slices corresponding to the expected -50 kDa
band region were excised. Protein samples were diges-
ted with trypsin at Proteomics International (Australia),
whereas proteolysis at Proteome Factory (Germany)
involved the use of either trypsin or thermolysin. The
resulting peptides were analyzed by electrospray ioniza-
tion mass spectrometry using a nano HPLC system
coupled to a 5600 TripleTOF mass spectrometer (AB
Sciex; Proteomics International) or an Orbitrap XL mass
spectrometer (ThermoFisher; Proteome Factory). Pepti-
des were trapped and separated using water/aceto-
nitrile/0.1 formic acid using either a linear gradient (Pro-
teomics International, Australia) or a gradient from 5%
to 35% acetonitrile (Proteome Factory, Germany). The
spectra were analyzed to identify protein sequences of
interest using the Mascot search engine’s MS/MS ion
search (Matrix Science, UK) using Ludwig NR database
with taxonomy limited to eubacteria (Proteomics Inter-
national, Australia) or a protein database to which the
fusion protein sequence was appended (Proteome Fac-
tory, Germany).

Data analysis

Comparisons were made based on the magnitude of
the elicited immunological responses. The nonpara-
metric Mann-Whitney U-test was performed to compare
immunological responses of mice immunized with dif-
ferent vaccine groups (CTB, CTB-TcpA, or CTB-Ag85B)
with mice fed with non-transgenic WT control on dif-
ferent days. All reported P values are two-tailed, with
a cut-off value of #0.05 considered to be a threshold for
statistical significance. GraphPad Prism 5.0 was used for
various analytical purposes.

Results and discussion

Development of transgenic rice plants expressing
recombinant proteins in seeds

Constructs for the expression of fusion proteins
were engineered (Fig. 1) by first cloning the 2,335 bp
GluB-1 promoter together with its 72 bp signal peptide

into a binary vector. To achieve a high expression and
accumulation of the inserted antigen in rice seed,
a highly active endosperm-specific glutelin GluB-1 pro-
moter was chosen to drive expression of the synthetic
vaccine sequences (Katsube et al., 1999; Qu et al.,
2002). All sequences that were not native to plants were
codon-optimized for optimal expression in rice seeds, as
it has been reported that such an approach results in
increased protein expression (e.g., optimizing the codon
usage of CTB for expression in rice achieved accumula-
tion levels of -2.1% of TSP) (Daniell et al., 2001; Nochi
et al., 2007).

Each recombinant gene was cloned directly down-
stream to this promoter and consisted of the following
common elements: the 312 bp CTB adjuvant affixed to
a 21 bp glycine hinge, followed by 21 bp endoplasmic
reticulum retention signal SEKDEL and stop codon
fused to 629 bpGluB-1 terminator region. The presence
of the SEKDEL signal, along with the GluB-1 signal pep-
tide containing the entire 5N untranslated region and the
3N untranslated region responsible for directing mRNA to
cisternal ER, may together be involved in the targeting of
peptides to seed protein bodies (Schouten et al., 1996;
Wandelt et al., 1992). For the two chimeric genes, either
the 72 bp P4 epitope of TcpA or 975 bp Ag85B sequence
was separately synthesized at the 3N terminal of the gly-
cine linker fragment. The purpose of the linker was to
generate intramolecular flexibility and reduce structural
constraints (Reddy Chichili et al., 2013).

The recombinant cassettes, henceforth referred to
as CTB (983 bp), CTB-TcpA (1,055 bp), and CTB-Ag85B
(1,958 bp), were transfected into WT Binnatoa rice calli
using the Agrobacterium -mediated transformation me-
thod. Genomic and complementary DNA revealed that
the genes were both integrated into the genome and ex-
pressed in seeds, with no corresponding signals detec-
ted in wild-type control plants (Fig. 2). The introduced
genes were inherited according to Mendelian laws and
were repeatedly confirmed for transgenicity at consecu-
tive generations to ensure stable maintenance and ex-
pression.

Immunoblot analysis and quantification 
of plant-expressed recombinant proteins

A Western blot analysis of seed extracts from several
independent transgenic lines identified the presence of
accumulated proteins with apparent monomeric mole-
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Fig. 2. Expression of fusion protein constructs in transgenic
rice. The integration of the recombinant transgenes A) CTB,
B) CTB-TcpA-P4, and C) CTB-Ag85B into genomic DNA
(gDNA) was confirmed by PCR, while transcription was veri-
fied by the amplification of reverse-transcribed mRNA (cDNA);
a Western blot analysis confirmed the expression of genes at
the protein level as bands corresponding to 12.9 kDa,
15.1 kDa, and 50.3 kDa, respectively, for CTB, CTB-TcpA-P4,
and CTB-Ag85 (panels labeled as proteins in A, B, and C) only
in the transgenic lines; the protein bands are indicated by ar-
rows; for the Western blots, antibodies against CTB and TcpA
were used for blotting in A and B, respectively; in C, anti-
bodies against rCTB were used, since no bands were observed
with Ag85B-specific antibody; the CTB antibodies, however,
detected the expected larger protein of -50 kDa correspon-
ding to the fused CTB-Ag85B; WT – wild type non-transgenic
rice; E. coli – plasmid containing expression cassette;
rCTB/TcpA – recombinant CTB and purified TcpA proteins

cular masses corresponding to the expected sizes of the
chimeric proteins (12.9 kDa CTB, 15.1 kDa CTB-TcpA-
P4, and 47.5 kDa CTB-Ag85B). Protein migration was
slightly retarded in comparison to commercial rCTB pro-
tein produced in bacterial system (Fig. 2) and can be ac-
counted for the presence of the hexa-peptide SEKDEL,
failure of plant cells to remove the 2.9 kDa GluB1 signal
peptide, or by posttranslational modifications such as
glycosylation (Mishra et al., 2006; Sharma et al., 2008).
Total seed protein (TSP) from CTB-transgeic rice plants
were analyzed in immunoblot using anti-CTB antibody
which produced very clear CTB-specific bands (Fig. 2A).
The fusion proteins (CTB-TcpA and CTB-Ag85B) were
analyzed separately using both anti-CTB and either anti-
gen-specific anti-TcpA or anti-Ag85B polyclonal anti-
bodies for CTB-TcpA and CTB-Ag85B, respectively. For
plants transformed with the CTB-TcpA construct, the
rice-expressed protein was successfully recognized by
both anti-CTB and anti-TcpA antibodies (Immunoblot
shows result for anti-TcpA in Fig. 2B). Although mono-
clonal anti-CTB antibodies revealed a -50 kDa protein in
TSP isolated from CTB-Ag85B seeds, no such band was
detected in the seed extracts when the Ag85B-specific
antibody (Immunoblot shows result for anti-CTB in
Fig. 2C) was used. No comparable bands with the anti-
gens were observed in the extracts of WT rice. There
was no difference in results even when non-denatured
expressed proteins were subjected to the Western Blot
analysis (results not shown).

Using a densitometry analysis with a known con-
centration of rCTB as standard, we found that the ex-
pression levels of CTB, CTB-TcpA, and CTB-Ag85B-
detected using CTB-specific antibodies – represented up
to 0.64%, 0.34%, and 0.02% of TSP, respectively. The
lower accumulation of CTB in rice endosperm compared
to previously reported (2.1%) may be due to the strain of
rice used, as the same authors found a 6-fold discrepancy
between the Kitaake and Hosetsu landraces (Nochi
et al., 2007), whereas our analyzes revealed a 3-fold diffe-
rence using our rice genotype, Binnatoa. In accordance
with our observations, earlier studies have reported
significantly lower expression levels of rice-derived re-
combinant proteins compared to unfused CTB (Matsu-
moto et al., 2009), possibly as a result of diminished
stability or incorrect folding due to structural limitations
and the inherently larger sizes of the chimeric proteins. 
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Proteins expressed in rice seeds are resistant 
to gastrointestinal degradation

To evaluate the capacity of our fusion proteins to
withstand the effects of gastrointestinal degradation,
TSP extracted from transgenic seeds were subjected to
pepsin digestion as it is the main gastrointestinal diges-
tive protease. Following an hour of in vitro digestion,
a comparison of signal intensities between the untreated
and degraded forms on a Western blot (Supplementary
Fig. S1) revealed that -75% of the accumulated CTB and
CTB-TcpA-P4 proteins remained intact – a finding that
is in accordance with the observations reported pre-
viously. (Nochi et al., 2007). These results indicate that
bacterial proteins expressed in the protein bodies of
transgenic rice seeds can largely be protected from en-
zymatic degradation within the digestive tract.

Binding of plant-derived CTB 
to GM1-ganglioside receptor

For the determination of CTB- and antigen-specific
antibodies in orally immunized mice, ELISAs were per-
formed using the serum of individual animals in each
cohort. Increased levels of anti-CTB IgG (Fig. 3A) and
IgA (Fig. 3B) responses were observed compared to
mice immunized using WT rice powder. For IgG, respon-
ses peaked on day 40, with P values for serum IgG res-
ponses in mice immunized with transgenic CTB, CTB-
TcpA-P4, and CTB-Ag85B corresponding to 0.008, 0.05,
and 0.004, respectively. All three transgenic lines con-
sistently elicited 3-fold increases in specific IgG res-
ponses over the WT. In the case of IgM, however,
responses to CTB and CTB-Ag85B were the highest on
day 40, with a relative lack of change in responses to
CTB-TcpA. Noticeably, there was no higher response of
IgM in any of the transgenic seed groups compared to
that of the wild-type seed group. Furthermore, a higher
trend (not statistically significant) of IgM responses to
the wild-type rice compared to rCTB and CTB-TcpA
transgenic rice was observed most probably due to the
cross-reactivity (Supplementary Fig. S3). The immuni-
zed mice were seroconverted (i.e., at least 2-fold in-
crease of antibody responses) for IgG and IgA by the
third and fourth doses, respectively. The highest in-
crease in IgA occurred on day 47 for the CTB antigen
(-600-fold), with -200-fold changes observed for CTB-
TcpA and the lowest responses of -50-fold generated by
CTB-Ag85B. Lower IgA titers observed for the CTB

fusions in contrast to the rCTB were probably due to
differences in the uptake or influences of the plant
matrix. Significant IgA responses in sera were detected
on day 47 in the sera from mice immunized with trans-
genic CTB, CTB-TcpA-P4, and CTB-Ag85B (P = 0.01,
0.01, and 0.05, respectively), but were absent in the
serum of mice fed with WT seed powder. This suggests
that our chimeric proteins are biologically active and
capable of folding into their native conformation after
plant expression. Although there were drastic variations
in the contents of CTB, CTB-TcpA, and CTB-Ag85B
(0.64%, 0.34%, and 0.02% of TSP), the mice were not fed
with the amount of powder containing equal amounts of
transgenic proteins. Instead, they were fed with the
highest possible amount of rice powder (120 mg/mouse)
to maximize the immune responses as the optimal
amount of protein required to effectively induce the im-
mune response is unknown.

As observed with the immunoblots, the transgenic
CTB-Ag85B rice-vaccinated serum did not detect the
mycobacterial component of CTB-Ag85B by ELISA. Con-
versely, although the commercial anti-TcpA antibody func-
tioned well in a Western blot analysis to detect a plant ex-
pressed CTB-TcpA, no detectable anti-TcpA serum res-
ponses were produced in TcpA-specific ELISAs. However,
a dot blot analysis of the serum and BAL samples from
mice immunized with transgenic rice seeds showed that
the serum from 3 out of 6 (50%) mice fed with CTB-
TcpA was positive to TcpA antigen, while 3 BAL samples
(pooled) corresponded to serum samples that were
found positive for TcpA antibody (Fig. 4). Although not
all animals necessarily responded to immunizations at
the same rate, the lack of antibody responses in some
mice may indicate that a plant-expressed version of the
P4 epitope of TcpA is only weakly immunogenic. The
sera from mice that were positive in the dot blots,
however, did not yield the same results in ELISAs. This
sort of a differential response between ELISA and im-
munoblotting has been reported earlier, such as in the
case of the CS6 antigen of ETEC, which binds to nitro-
cellulose membranes but not to polystyrene ELISA
plates (Alam et al., 2014). Purified TcpA also failed to
develop immune responses, suggesting that the oral
immunization procedure may not have been adequate. In
the absence of a bicarbonate buffer, the protein may
have been subjected to enzymatic degradation in the
acidic, proteolytic environment of the digestive system
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Fig. 3. CTB-specific antibody responses in the sera of immunized mice. ELISAs for the immunoglobulins A) IgG and B) IgA were
performed for each cohort using the serum from an individual mouse, collected at six different time points; the columns indicate
mean responses and the error bars represent standard errors of the mean; an asterisk denotes statistical significance (P < 0.05)

compared to the non-transgenic WT control, n = 6-8

and was thus unable to stimulate a suitable immune res-
ponse. The minimal responses observed using trans-
genic rice-expressed CTB-TcpA via dot blots can be ac-
counted for by the encapsulation of the structure within
seed protein bodies, thereby inhibiting the immuno-
genicity of the recombinant protein.

Rice-derived recombinant proteins induce immunity 
in the respiratory mucosa 

In order to determine whether oral vaccination with
transgenic rice can elicit immune responses, not only in
the systemic compartment but also in the mucosal area,
we performed CTB-specific ELISA using BAL fluid col-
lected from the lungs of immunized mice. The incom-
plete communication between different mucosal compart-
ments, possible transcompartmental trafficking of mucosal
lymphocytes between the respiratory and gastrointestinal

lamina propria, was reported already earlier (Kunisawa
et al., 2008; Macpherson et al., 2008). As the mice were
gastric-gavaged with solubilized seed powder prepared
in a different room away from the mice room, there was
no chance of inhaling of ground rice. Any spillover of the
solution from the gastric passage to the aero-passage
would have killed the animal right away. Therefore, all
respiratory immune responses are assumed to have
come through transcompartmental communication. IgA
responses were observed in the CTB, CTB-TcpA, and
CTB-Ag85B cohorts, with no response detected in the
control group immunized with a wild-type Binnatoa seed
powder (Fig. 5). Responses in all three cases were sta-
tistically significant, with CTB-only stimulating the high-
est fold-change of nearly -200 above the baseline. P va-
lues for BAL IgA responses on day 47 in mice immuni-
zed with transgenic CTB, CTB-TcpA-P4, and CTB-Ag85B
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Fig. 4. TcpA specific antibody response in the serum and
bronchoalveolar lavage (BAL) samples of mice immunized
with transgenic rice seeds; an immunodot blot assay for the
TcpA antigen was performed for each cohort using the serum
and BAL sample from an individual mouse, collected at two
different time points D0 and D47; the column strip represents
the nitrocellulose membrane in which the upper circular dot
indicates as positive control and the middle dot indicates
a representative positive sample containing an antibody to
TcpA and the lower portion of the blot paper indicates the ne-

gative control where no dot was observed

Fig. 5. IgA responses in the broncho-alveolar lavage (BAL)
fluid of immunized mice; BAL fluid was retrieved on day 47
from the trachea of euthanized mice and used to carry out
CTB-specific ELISAs; the columns indicate mean responses,
and the error bars represent standard errors of the mean; an
asterisk denotes statistical significance (P < 0.05) compared

to the vehicle control, n = 6-8

were 0.004, 0.008, and 0.04, respectively. Due to low
responses in TcpA-specific ELISAs, we conducted TcpA-
specific dot blots using pooled BAL fluid from the mice
that tested positive in sera. A positive response was
elicited, with no signals in the wild-type or LPS controls,
indicating that CTB-TcpA did in fact stimulate immune

responses in the lung mucosa. Given the overall poor
response of the anti-Ag85B antibody, no Ag85B-specific
ELISAs were performed using BAL fluid.

CTB plays an inevitable role as adjuvant

The purpose of coupling CTB to the antigen was to
provide an adjuvant effect on the antigen, which in this
instance was dual. One was to provide an enhanced up-
take of the antigen from the gastrointestinal tract through
the interaction of the CTB with its receptor GM1 ganglio-
side expressed on the surface of the gut epithelial cells.
The other effect was a crucial entry point of the antigen
into the mucosal immune system in the case of oral vac-
cination (Moreno-Altamirano et al., 2007). Another very
important role of CTB was to enhance the internalization
and presentation of the antigen by major histocompati-
bility complex-II (MHC-II) through the interaction of
CTB with GM1 present on the professional antigen
presenting cells, e.g., macrophages, dendritic cells, and
B-cells. The interaction of CTB with GM1 increases the
expression of MHC-II molecule on the surface of B-cells.
Therefore, the presentation of CTB and its coupled
antigen are also vastly increased (Francis et al., 1992).
Typically, only a few antigen-specific B-cells out of the
total B-cell repertoire capture the uncoupled antigen
through the interaction with antigen-specific B-cell re-
ceptor (BCR) and send the antigen to the MHC-II
loading compartment. On the other hand, a CTB-coupled
antigen is sent to the MHC-II loading compartment
through the interaction of CTB with GM1 expressed
almost on the entire B-cell population. The MHC-II-me-
diated presentation of an antigen on the B-cell surface is
crucially important, because the antigen: MHC-II com-
plex is recognized by the antigen-specific helper T-cells
that have already differentiated in response to the same
antigen. The helper T-cells produce cytokines that sti-
mulate the differentiation and proliferation of antibody
secreting and memory B-cells. Therefore, in comparison
to the uncoupled antigen, CTB-coupled antigen stimula-
tes a robust antibody response (Stratmann, 2015). As-
suming this inevitable role of a coupling adjuvant, we did
not feed the mice with the seed powder transgenic for
uncoupled antigen (e.g., only TcpA or only Ag85B seed
powder). As experimental evidence, we fed one group of
mice with commercial TcpA antigen in PBS which resul-
ted in responses similar to naive mice (data not shown).
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Protein identification of CTB-Ag85B 
by mass spectrometry

The commercially purchased anti-Ag85B antibody
used in our experiments consistently failed to bind with
the CTB-Ag85B fusion protein, although anti-CTB anti-
bodies indicate the presence of the expected 50 kDa pro-
tein in our transgenic rice. To determine whether any
deleterious mutations had occurred, we sequenced the
recombinant gene from our transgenic lines at the geno-
mic (DNA) and transcriptomic (reverse-transcribed
cDNA) levels. In both instances, the retrieved nucleotide
sequences were identical to those of the original plasmid
constructs, indicating that transgene integration and
stability were unaffected at the genome and transcript
levels. Additionally, the gene cassette design was elimi-
nated as a potential source of error due to the effective
recognition of the TcpA component of our CTB-TcpA-P4
fusion protein by an immunoblot analysis, given that the
2 constructs were identical in every aspect except for
the sequence of the vaccine component itself.

For protein identification, we aimed to detect two
main regions of the CTB-Ag85B protein – CTB and
Ag85B – by mass spectrometry. Total soluble proteins
extracted from transgenic rice seeds were separated on
SDS-PAGE, and the -50 kDa band region containing the
target peptide was submitted to two different proteomics
groups. To ensure reliability, one group was not pro-
vided with any additional details about the peptide,
whereas the other was supplied with our full-length
sequence of interest. The first group recognized strings
of uninterrupted sequence of at least 20 amino acids of
the Ag85 protein, since they were not given any clue
about the protein. The other group which was provided
with the identity of the protein showed 45% (212 of 468
amino acids) identity along the complete sequence. This
indicates that both regions are present in our plant-
based fusion protein (Supplementary Fig. S2).

The failure of the anti-Ag85B Ab to recognize CTB-
Ag85B can be attributed to the fact that the antigen
originally used to produce the antibody was sourced
from bacterial cells. Ag85B contains at least 10 glyco-
sylation sites. The potential glycosylation positions are
2, 5, 71, 134, 142, 160, 243, 253, 299, and 301. Among
them 71, 243, 253, and 299 are N-glycosylation sites
while 2, 5, 134, 142, 160, and 301 has O-glycosylation
site (Supplementary Fig. S4) (Chauhan et al., 2013). The
predicted glycosylated amino acids that match with the

mass spectrometry studies are 71 for N-glycosylation
and 2, 5, and 134 for S/T glycosylation (Supplementary
Fig. S2). Due to these glycosylation sites, the production
of Ag85B in plants may exert changes in the protein’s
posttranslational modification pattern and secondary
structure, thereby preventing plant Ag85B from being
recognized by antibodies against bacterial Ag85B. To
consolidate this hypothesis, future experiments should
involve attempts to enzymatically deglycosylate the fu-
sion proteins prior to performing immuno-reactions or
to produce the plant codon-optimized sequence in bac-
terial cells, in order to assess whether this facilitates de-
tection. 

Conclusion

We aimed at developing an oral delivery system for
recombinant vaccines based on the expression and ac-
cumulation of fusion protein combinations that have not
been produced in transgenic rice seeds earlier. Our fin-
dings demonstrate the potential of transgenic rice vac-
cines to express antigens to provide enteric and respira-
tory protection through the reinforcement of mucosal
and systemic immunity. The weaker immunogenic res-
ponse of the fusion proteins with CTB may indicate epi-
tope-shielding, particularly in the case of the larger anti-
gen CTB-Ag85B. Thus, our work highlighted the im-
portance of rigorous screening of potential antigens via
in vivo testing to determine whether they remain im-
munogenic under the proposed oral delivery system.
Further testing with different combination of adjuvants
and smaller epitopes can expand the scope for the de-
velopment of edible vaccines strategies for the two com-
mon infectious agents, V. cholerae and M. tuberculosis.
Further studies are required to provide new insights and
also hopefully target other agents causing mucosal or
systemic diseases of global concern in the future.

Acknowledgments

This work was supported by the icddr,b, and funded by the
Grand Challenges Explorations initiative of the Bill & Melinda
Gates Foundation (OPP1058489) and the Swedish Research
Links program (2009-33210-70666-77). The authors are grate-
ful to Dr. Carmen Fernández, Professor of Immunology at the
Wrenner-Gren Institute (MBW), The Arrhenius Laboratories,
Stockholm University (currently honorary after her retire-
ment) for helping us obtain funds from the Swedish Links
Program, which supported SZ with a fellowship and consuma-
bles for the first 2 years of the project. We are also grateful to



S. Zaman, S.M. Touhidul Islam, M.K. Khan et al.280

her for her valuable advice on the use of the TB antigen for
expression in rice seeds and editorial suggestions. We are also
thankful to Salma Sharmin for contribution to data analyses.
ICDDR,B is grateful to the governments of Bangladesh, Cana-
da, Sweden, and the UK for providing core/unrestricted sup-
port. The funders had no role in the study design, data collec-
tion and analysis, decision to publish, or preparation of the
manuscript. The authors would like to thank Rabin Sarker
(University of Dhaka) and K. M. Nasirul Islam (ICDDR,B) for
their assistance with laboratory experiments and to Professor
Ed Ryan for facilitating the availability of the commercial
antibody. 

Disclosure

None of the authors has any conflict of interest associated
with this study.

Author contribution

Z.I.S., F.Q. designed the experiments. S.Z. cloned, developed,
and confirmed the transgenic plants with some help from M.K.K.,
M.K.K., M.M.A., S.M.T.I. did the western blotting, immuniza-
tion and sample collection, S.M.T.I., M.I.U., N.I.B., S.I., per-
formed the immunological experiments, S.M.T.I., M.I.U., T.R.B.
analyzed data, S.Z. wrote the manuscript with help from S.M.T.I.,
M.K.K., Z.I.S., and F.Q. All authors read and approved the ma-
nuscript.

References

Alam M.M., Aktar A., Afrin S., Rahman M.A., Aktar S., Uddin
T., Al Mahbuba D., Chowdhury F., Khan A.I., Bhuiyan
T.R. et al. (2014) Antigen-specific memory B-cell res-
ponses to enterotoxigenic Escherichia coli infection in
Bangladeshi adults. PLoS Negl. Trop Dis. 8(4): e2822.

Ali M., Lopez A.L., You Y., Kim Y.E., Sah B., Maskery B.,
Clemens J. (2012) The global burden of cholera. Bull.
World Health Organ 90(3): 209-218.

Asaduzzaman M., Ryan E.T., John M., Hang L., Khan A.I., Fa-
ruque A.S., Taylor R.K., Calderwood S.B., Qadri F. (2004)
The major subunit of the toxin-coregulated pilus TcpA in-
duces mucosal and systemic immunoglobulin A immune
responses in patients with cholera caused by Vibrio cho-
lerae O1 and O139. Infect. Immun. 72(8): 4448-4454.

Chauhan J.S., Rao A., Raghava G.P. (2013) In silico platform
for prediction of N-, O- and C-glycosites in eukaryotic pro-
tein sequences. PLoS One 8(6): e67008.

Clemens J., Holmgren J. (2014) When, how, and where can
oral cholera vaccines be used to interrupt cholera out-
breaks?  Curr. Top Microbiol. Immunol. 379: 231-258.

Daniell H., Streatfield S.J., Wycoff K. (2001) Medical mole-
cular farming: production of antibodies, biopharmaceuti-
cals and edible vaccines in plants. Trends Plant Sci. 6(5):
219-226.

Francis M.L., Ryan J., Jobling M.G., Holmes R.K., Moss J.,
Mond J.J. (1992) Cyclic AMP-independent effects of cho-
lera toxin on B cell activation. II. Binding of ganglioside 

GM1 induces B cell activation. J. Immunol. 148(7): 1999-
2005.

Herrington D.A., Hall R.H., Losonsky G., Mekalanos J.J.,
Taylor R., Levine M.M. (1988) Toxin, toxin-coregulated
pili, and the toxR regulon are essential for Vibrio cholerae
pathogenesis in humans. J. Exp. Med. 168(4): 1487-1492.

Holmgren J., Lycke N., Czerkinsky C. (1993) Cholera toxin
and cholera B subunit as oral-mucosal adjuvant and anti-
gen vector systems. Vaccine 11(12): 1179-1184.

Holmgren J., Svennerholm A.M. (2012) Vaccines against mu-
cosal infections. Curr. Opin. Immunol. 24(3): 343-353.

Islam S.T., Tammi R., Singla-Pareek S.L., Seraj Z. (2009)
Agrobacterium-mediated transformation and constitutive
expression of PgNHX1 from Pennisetum glaucum L. in
Oryza sativa L. cv. Binnatoa. Plant Tissu. Cult. Biotech.
19(1): 25-33.

Jefferson R.A. (1987) Assaying chimeric genes in plants: the
GUS gene fusion system. Plant Mol. Biol. Rep. 5(4): 387-
405.

Katsube T., Kurisaka N., Ogawa M., Maruyama N., Ohtsuka
R., Utsumi S., Takaiwa F. (1999) Accumulation of soybean
glycinin and its assembly with the glutelins in rice. Plant
Physiol. 120(4): 1063-1074.

Kaufmann S.H., Hussey G., Lambert P.H. (2010) New vacci-
nes for tuberculosis. Lancet 375(9731): 2110-2119.

Kiaie S., Abtahi H., Mosayebi G., Alikhani M.Y., Pakzad I.
(2014) Recombinant toxin-coregulated pilus A (TcpA) as
a candidate subunit cholera vaccine. Iranian J. Microbiol.
6(2): 68-73.

Kunisawa J., Nochi T., Kiyono H. (2008) Immunological com-
monalities and distinctions between airway and digestive
immunity. Trends Immunol. 29(11): 505-513.

Li J.F., Li L., Sheen J. (2010) Protocol: a rapid and economical
procedure for purification of plasmid or plant DNA with
diverse applications in plant biology. Plant Meth. 6(1): 1.

Lozes E., Huygen K., Denis O., Montgomery D.L., Yawman
A.M., Vandenbussche P., Van Vooren J.-P., Drowart A.,
Ulmer J.B., Liu M.A. (1997) Immunogenicity and efficacy
of a tuberculosis DNA vaccine encoding the components
of the secreted antigen 85 complex. Vaccine 15(8): 830-
833.

Lu X., Clements J.D., Katz J.M. (2002) Mutant Escherichia coli
heat-labile enterotoxin [LT(R192G)] enhances protective
humoral and cellular immune responses to orally admini-
stered inactivated influenza vaccine. Vaccine 20(7-8): 1019-
1029.

Lycke N. (2012) Recent progress in mucosal vaccine develop-
ment: potential and limitations. Nature Rev. Immunol.
12(8): 592-605.

Macpherson A.J., McCoy K.D., Johansen F.E., Brandtzaeg P.
(2008) The immune geography of IgA induction and func-
tion. Mucosal Immunol. 1(1): 11-22.

Matsumoto Y., Suzuki S., Nozoye T., Yamakawa T., Takashima
Y., Arakawa T., Tsuji N., Takaiwa F., Hayashi Y. (2009)
Oral immunogenicity and protective efficacy in mice of
transgenic rice plants producing a vaccine candidate anti-



Immunogenicity of recombinant bacterial antigens expressed as fusion proteins in transgenic rice seeds 281

gen (As16) of Ascaris suum fused with cholera toxin B su-
bunit. Transgenic Res. 18(2): 185-192.

Mishra S., Yadav D.K., Tuli R. (2006) Ubiquitin fusion enhan-
ces cholera toxin B subunit expression in transgenic
plants and the plant-expressed protein binds GM1 recep-
tors more efficiently. J. Biotechnol. 127(1): 95-108.

Moreno-Altamirano M.M., Aguilar-Carmona I., Sanchez-Garcia
F.J. (2007) Expression of GM1, a marker of lipid rafts, de-
fines two subsets of human monocytes with differential
endocytic capacity and lipopolysaccharide responsiveness.
Immunology 120(4): 536-543.

Nochi T., Takagi H., Yuki Y., Yang L., Masumura T., Mejima
M., Nakanishi U., Matsumura A., Uozumi A., Hiroi T.
et al. (2007) Rice-based mucosal vaccine as a global stra-
tegy for cold-chain- and needle-free vaccination. Proc.
Natl. Acad. Sci. USA 104(26): 10986-10991.

Nuermberger E.L., Yoshimatsu T., Tyagi S., Bishai W.R.,
Grosset J.H. (2004) Paucibacillary tuberculosis in mice
after prior aerosol immunization with Mycobacterium
bovis BCG. Infect. Immun. 72(2): 1065-1071.

Qiu S., Ren X., Ben Y., Ren Y., Wang J., Zhang X., Wan Y., Xu
J. (2014) Fusion-expressed CTB improves both systemic
and mucosal T-cell responses elicited by an intranasal
DNA priming/intramuscular recombinant vaccinia boos-
ting regimen. J. Immunol. Res. 2014: 308732. DOI:
10.1155/2014/308732.

Qu Q., Wei L., Satoh H., Kumamaru T., Ogawa M., Takaiwa F.
(2002) Inheritance of alleles for glutelin alpha-2 subunit
genes in rice and identification of their corresponding
cDNA clone. Theor. Appl. Genet. 105(8): 1099-1108.

Rasul N., Ali K.M., Islam R., Seraj Z.I. (1997) Transformation
of an indica rice cultivar Binnatoa with Agrobacterium.
Plant Tissue Cult. 7(2): 71-80.

Reddy Chichili V.P., Kumar V., Sivaraman J. (2013) Linkers in
the structural biology of protein-protein interactions.
Protein Sci. 22(2): 153-167.

Rigano M.M., Dreitz S., Kipnis A.P., Izzo A.A., Walmsley A.M.
(2006) Oral immunogenicity of a plant-made, subunit,
tuberculosis vaccine. Vaccine 24(5): 691-695.

Sambrook J., Fritsch J., Maniatis E.F. (1987) Molecular clo-
ning: a laboratory manual, 2nd Edn. Cold Spring Harbor:
Cold Spring Harbor Laboratory.

Sangha J.S., Gu K., Kaur J., Yin Z. (2010) An improved
method for RNA isolation and cDNA library construction
from immature seeds of Jatropha curcas L. BMC Res.
Notes 3: 126.

Schouten A., Roosien J., van Engelen F.A., de Jong G.I., Borst-
Vrenssen A.T., Zilverentant J.F., Bosch D., Stiekema W.J.,
Gommers F.J., Schots A. (1996) The C-terminal KDEL 

sequence increases the expression level of a single-chain
antibody designed to be targeted to both the cytosol and
the secretory pathway in transgenic tobacco. Plant Mol.
Biol. 30(4): 781-793.

Sharma M.K., Singh N.K., Jani D., Sisodia R., Thungapathra
M., Gautam J.K., Meena L.S., Singh Y., Ghosh A., Tyagi
A.K. et al. (2008) Expression of toxin co-regulated pilus
subunit A (TCPA) of Vibrio cholerae and its immunogenic
epitopes fused to cholera toxin B subunit in transgenic
tomato (Solanum lycopersicum). Plant Cell Rep. 27(2):
307-318.

Stratmann T. (2015) Cholera toxin subunit B as adjuvant – an
accelerator in protective immunity and a break in auto-
immunity. Vaccines (Basel) 3(3): 579-596.

Streatfield S.J., Jilka J.M., Hood E.E., Turner D.D., Bailey
M.R., Mayor J.M., Woodard S.L., Beifuss K.K., Horn
M.E., Delaney D.E. et al. (2001) Plant-based vaccines:
unique advantages. Vaccine 19(17-19): 2742-2748.

Suzuki Y., Mae T., Makino A. (2008) RNA extraction from va-
rious recalcitrant plant tissues with acethyltrimethyl-
ammonium bromide-containing buffer followed by an acid
guanidium thiocyanate-phenol-chloroform treatment.
Biosci. Biotechnol. Biochem. 72(7): 1951-1953.

Svennerholm A.M., Jertborn M., Gothefors L., Karim A., Sack
D.A., Holmgren J. (1983) Current status of an oral B su-
bunit whole cell cholera vaccine. Dev. Biol. Stand. 53: 73-
79.

Tang J., Yam W.C., Chen Z. (2016) Mycobacterium tuber-
culosis infection and vaccine development. Tuberculosis
(Edinb) 98: 30-41.

Tiwari S., Verma P.C., Singh P.K., Tuli R. (2009) Plants as bio-
reactors for the production of vaccine antigens. Bio-
technol. Adv. 27(4): 449-467.

Walmsley A.M., Arntzen C.J. (2000) Plants for delivery of
edible vaccines. Curr. Opin. Biotech. 11(2): 126-129.

Wandelt C.I., Khan M.R.I., Craig S., Schroeder H.E., Spencer
D., Higgins T.J. (1992) Vicilin with carboxy terminal
KDEL is retained in the endoplasmic reticulum and ac-
cumulates to high levels in the leaves of transgenic plants.
Plant J. 2(2): 181-192.

Wang J., Thorson L., Stokes R.W., Santosuosso M., Huygen
K., Zganiacz A., Hitt M., Xing Z. (2004) Single mucosal,
but not parenteral, immunization with recombinant adeno-
viral-based vaccine provides potent protection from pul-
monary tuberculosis. J. Immunol. 173(10): 6357-6365.

Zhang Y., Chen S., Li J., Liu Y., Hu Y., Cai H. (2012) Oral im-
munogenicity of potato-derived antigens to Mycobac-
terium tuberculosis in mice. Acta Biochim. Biophys.
Sinica: gms068.


