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Abstract 
Objectives  The only approved vaccine, Bacillus 
Calmette Guérin (BCG) used in global tuberculo-
sis (TB) immunization programmes has been very 
effective in childhood TB but not in adult pulmonary 
and latent TB. Moreover, the emergence of multi-
drug resistance-TB cases demands either to increase 
efficiency of BCG or replace it with the one with 
improved efficacy.
Results  A novel combination of two most effec-
tive secreted protein antigens specific for Mycobac-
terium tuberculosis (Mtb), ESAT-6 and MPT-64 
(but not present in BCG strains) fused with a chol-
era toxin B subunit (CTB) and tagged with 6xHis 
was expressed for the first time in Escherichia coli 
as well as in transgenic cucumber plants developed 
using Agrobacterium tumefaciens-mediated trans-
formation. The recombinant fusion protein (His6x.
CTB-ESAT6-MPT64) expressed in E. coli was puri-
fied by a single-step affinity chromatography and used 

to produce polyclonal antibodies in rabbit. The trans-
genic cucumber lines were confirmed by polymerase 
chain reaction (PCR), Southern blot hybridization, 
reverse transcriptase PCR (RT-PCR), real-time PCR 
(qRT-PCR) and expression of recombinant fusion 
protein by western blot analysis and its quantification 
by enzyme-linked immunosorbent assay (ELISA). 
A maximum value of the fusion protein, 478 ng.g−1 
(0.030% of the total soluble protein) was obtained in 
a transgenic cucumber line. Rabbit immunized orally 
showed a significant increase in serum IgG levels 
against the fusion protein as compared to the non-
immunized rabbit.
Conclusions  Stable expression of Mtb antigens 
with CTB in edible cucumber plants (whose fruits 
are eaten raw) in sufficient amount possibly would 
facilitate development of a safe, affordable and orally 
delivered self-adjuvanted, novel dual antigen based 
subunit vaccine against TB.

J. Yadav · S. Phogat · R. Jaiwal 
Department of Zoology, M. D. University, Rohtak 124001, 
India

S. Phogat · D. Chaudhary · P. K. Jaiwal (*) 
Centre for Biotechnology, M. D. University, 
Rohtak 124001, India
e-mail: jaiwalpawan@rediffmail.com

http://crossmark.crossref.org/dialog/?doi=10.1007/s10529-023-03371-1&domain=pdf
http://orcid.org/0000-0003-3143-4103


704	 Biotechnol Lett (2023) 45:703–717

1 3
Vol:. (1234567890)

Graphical Abstract 

Keywords  Cucumber · Edible vaccine · ESAT-6 · 
MPT-64 · Subunit vaccine · Tuberculosis

Introduction

Tuberculosis (TB) is one of the three top-most infec-
tious killer diseases (AIDS, TB and malaria) in the 
world that has been called as ‘a universal pandemic 
disease’ by the World Health Organization (WHO) 
in 2020 (Ghebreyesus 2020; Mane 2022). Globally, 
it has affected 10 million peoples and has caused 1.3 
million deaths among Human immunodeficiency virus 

(HIV)-negative people in 2020 (Global Tuberculo-
sis Report 2021, WHO). It affects people of any age 
group but it occurs at a higher rate in people with weak 
immune or immuno-compromised systems, for exam-
ple, HIV-infected people, are at high risk. Every sec-
ond individual in the world is infected with TB bacilli 
and out of ten lately infected people one will become 
infectious in its lifetime (WHO 2022). TB infection 
in healthy people is usually asymptomatic and it is 
divided into 2 stages: asymptomatic latent TB infection 
or TB disease. Individuals infected with Mtb without 
symptoms and disease are at latent stage, while peo-
ple with symptoms like cough lasting for more than 
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3  weeks, weight loss, night sweat and fever usually 
have TB disease. Various types of treatments, therapies 
and drugs are used to combat TB but currently world 
is facing major problems of drug resistance-TB, mul-
tidrug resistant-TB and extensively drug resistant-TB 
which are lethal, and treatments for them are very com-
plicated and expensive (Joshi et al. 2021). Vaccination 
is effective to control tuberculosis. The only WHO-
approved vaccine, Bacillus Calmette-Guérin (BCG) 
developed in 1921 is a live attenuated strain of M. 
bovis which is administered via intra-dermal route to 
protect infants against extra-pulmonary TB but it is not 
effective against pulmonary TB for adolescent, adults 
and immuno-compromised humans (Zhang et al. 2012; 
Kaufmann 2021). It is, therefore, imperative either to 
increase efficiency of BCG or replace it with the one 
with improved efficacy (Kaufmann 2021). The non-
replicating subunit vaccines being safe, specific and 
with a minimum reactogenicity are preferred over con-
ventional (live attenuated) vaccines (Wang et al. 2019). 
Plant-made subunit vaccines based on the expression 
of bacterial/viral protein antigens in plants have been 
shown to safe, efficacious, easy to produce and scal-
able, apt to store and transport, and affordable (Saba 
et al. 2019a). Mtb being a respiratory infectious agent, 
oral administration of vaccine antigen expressed in 
transgenic plants is very effective to develop immune 
responses at a significantly reduced cost (Permyakova 
et al. 2015; Saba et al. 2019b). Further, the plant cells 
can bio-encapsulate subunit vaccine to protect it from 
the acidic and enzymatic environments of the stom-
ach and gastrointestinal tract. Moreover, an effective 
transmucosal carrier such as cholera toxin B subunit 
(CTB) is fused with antigen(s) for their delivery from 
the intestine to the immune or circulatory system. 
CTB is a pentameric peptide that binds to GM1 gan-
glioside receptor present in the cell membrane of gut 
epithelium for subsequent translocation of antigen 
across mucosal lining and accessible to the dendritic 
cells to boost mucosal immune response (Kwon et al. 
2013; Wallis et  al. 2019). In the present research, a 
novel combination of two most effective secreted 
protein antigens specific for Mtb that are not present 
in BCG strains (Nemes et  al. 2019), ESAT-6 (6  kDa 
early secreted antigen target) and MPT-64, fused with 
a transmucosal carrier, CTB have been simultaneously 
expressed for the first time in  E. coli and transgenic 
cucumber (Cucumis sativus) plants developed using 
Agrobacterium-assisted nuclear stable transformation. 

The transgenic plants were authenticated by PCR 
and Southern blot hybridization, RT-PCR and qRT-
PCR, expression and quantification of fusion antigens 
protein by western blot and ELISA, and their immu-
nogenicity on an animal model, rabbit. The dual Mtb-
specific antigens, ESAT-6 and MPT-64 in combination 
with a mucosal adjuvant, CTB expressed in transgenic 
cucumber plants could be an effective strategy to 
induce higher protective immune responses than the 
vaccines with individual antigen alone or boost BCG 
with non-BCG antigens specific to Mtb for the long-
term prevention of TB worldwide.

Materials and methods

Vector designing

Gene sequences of CTB (Gene ID = AY307389.1), 
Mtb antigen proteins, ESAT-6 (Gene ID = 886,209) 
and MPT-64 (Gene ID = 885,925) were retrieved 
in FASTA format from nucleotide database of the 
National Centre for Biotechnological Information 
(NCBI) (http://​www.​ncbi.​nlm.​nih.​gov/). All the three 
gene sequences were joined with each other (CTB.
ESAT-6.MPT-64) using the hinge region and tagged 
with polyhistidine (6 × His) affinity tag at the 5’ end. 
This recombinant gene cassette (E) was synthesized 
by the Biobasic Company, Canada. It was cloned into 
E. coli -and plant-expression vectors.

Cloning, expression and purification of recombi-
nant protein (His6x.CTB.ESAT-6.MPT-64) from E. 
coli and production of polyclonal antibodies in rabbit.

The protocols for the cloning of gene cassette, 
His6x.CTB.ESAT-6.MPT-64 downstream of T7 pro-
moter into pET28a bacterial expression vector and 
its expression in E. coli BL-21(DE3) cells to produce 
recombinant fusion protein for the induction of poly-
clonal antibodies in rabbit and their confirmation as 
described by Yadav et al. (2021) were followed with 
slight modifications.

Cloning and transformation of recombinant gene 
cassette into plant expression vector

The gene cassette, His6x.CTB.ESAT-6.MPT-64 was 
cloned downstream of CaMV35S promoter into 
5′ BamHI and 3′ SacI restriction sites by replacing 
the GUS gene of the binary vector, pBI121 to yield 

http://www.ncbi.nlm.nih.gov/
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pBI121.His6x.CTB.ESAT-6.MPT-64. The resultant 
recombinant binary vector was transformed into a 
disarmed  A.  tumefaciens  strain EHA105 using freeze 
thaw method. The binary vector also contains a plant 
selectable marker gene, neomycin phosphotransferase 
(nptII) under the command of nos (nopaline synthase) 
promoter and terminator. nptII provides resistance to 
transformants for their selection on kanamycin contain-
ing medium. A. tumefaciens strain EHA105 carrying a 
binary vector, pBI121 with a gene cassette His6x.CTB.
ESAT-6.MPT-64 under the regulation of Cauliflower 
mosaic virus 35S promoter (CaMV35S)  and a  nopa-
line synthase (nos) terminator was utilized for the plant 
transformation study. T-DNA region of the binary vec-
tor, pBI121.His6x.CTB.ESAT-6.MPT-64 is shown in 
Fig. 1. The cloning of E-cassette (His6x.CTB.ESAT-6.
MPT-64) into the binary vector, pBI121 was confirmed 
by the restriction endo-nuclease digestion and PCR 
amplification.

Genetic transformation, regeneration, and selection of 
transgenic cucumber plants

Cucumber seeds of Green long S-82 variety were 
procured from a local market at New Delhi (India). 
Cotyledonary explants of cucumber var. Green long 
S-82 were transformed using A. tumefaciens EHA105 
(pBI121-His6x.CTB.ESAT-6.MPT-64) as per the 
protocol described by Wang et al. (2015) with some 
changes. A PCR positive A. tumefaciens EHA105 
colony was cultured in LB broth with 50  mg kana-
mycin l−1 and 10  mg rifampicin l−1 on an orbital 
shaker at 120 rpm for overnight at 27°C until OD600 

reached to 0.8. The bacterial culture was centrifuged 
at 6,000  rpm for 10  min to pellet the bacteria. Pel-
lets were then dissolved in the liquid Murashige 
and Skoog (MS) medium (Murashige and Skoog 
1962) containing 1 µM 6-benzylaminopurine (BAP), 
100 µM acetosyringone (ACS), 2 mg zeatin l−1, 0.5 g 
MES buffer l−1, and 6 mg L-cystein l−1 at pH 5.3.

Mature cucumber seeds were washed with 70% etha-
nol for 60 s and surface sterilized with 0.1% HgCl2 for 
3–5 min. The seeds were then washed with autoclaved 
water for 3–4 times and were grown in vitro on solidified 
MS medium with sucrose. The cotyledonary explants 
were excised from 5  days old seedlings and dipped 
into Agrobacterium-suspension (MS + BAP + acetosy-
ringone + MES + zeatin + L-cystein) for sonication (at 
40 kHz) in a bath-type ultrasonic sonicator for 10–15 s 
and vacuum infiltrated for 45–50 s (at 0.78 atm) and ulti-
mately inoculated in a fresh Agrobacterium-suspension 
for 20 min on orbital shaker (80  rpm) at 22°C. These 
Agrobacterium-infected explants were co-cultured onto 
fresh co-cultivation medium (CCM) containing 100 mM 
acetosyringone adjusted to pH (5.4) for 2  days under 
dark conditions. After co-cultivation, explants were 
washed five times with autoclaved water and finally 
washed in 200 mg cefotaxime l−1 containing water. The 
explants were dried on sterilized tissue paper and cul-
tured on the selection medium (MS with 8.0 µM BAP, 
250 mg cefotaxime l−1 and 80 mg kanamycin l−1) for 
regeneration and selection of transformed shoots. All 
explants were maintained at 16 h cool-white fluorescent 
lights (80 mEm−2  s−2) at 25 ± 2°C in a culture room. 
The shoots regenerated on shoot selection medium 
were rooted on the solid MS medium containing 20 mg 

Fig. 1   T-DNA of the binary vector, pBI121-CTB.ESAT6.
MPT64 used for transformation. LB-left border of T-DNA, 
CaMV35S P- Cauliflower Mosaic Virus 35S promoter, nos 
T-nopaline synthase poly A terminator, nptII- neomycin 
phosphotransferase, nosP-nopaline synthase promoter, CTB.

ESAT-6.MPT-64 (E)-E gene cassette consists of cholera toxin 
B subunit (CTB) fused with antigens specific for M. tuberculo-
sis, ESAT-6 (6 kDa early secreted antigen target) and MPT-64, 
RB-right border of T-DNA
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kanamycin l−1 and 250  mg cefotaxime l−1. Rooted-
shoots (T0) were then transferred to the earthen pots 
containing soil. The pots were shifted to the green house 
for flowering and maturation of fruits/seeds.

Genomic DNA extraction and PCR analysis

The cetyl trimethyl ammonium bromide (CTAB) 
method (Rogers and Bendich 1989) was used for the 
isolation of total genomic DNA from immature leaves 
of wild (control) and presumed transgenic plants. 
Extracted genomic DNA was then purified according 
to the scheme illustrated by Sambrook et  al. (1989) 
and quantified using nanodrop spectrophotometer. 
Regenerated transformed plants were analysed for 
PCR amplification of  nptII  and E-cassette genes 
using gene-specific primers (Table  1). PCR reaction 
was carried out in 15 μl reaction mixture, containing 
7.5 μl ready to use master mix, 0.3 μl of both primers 
(forward and reverse), 4.9 μl of nuclease-free water, 
and 2 μl of ~ 100 ng plant genomic DNA in a thermal 
cycler (Applied Biosystems) as per the conditions 
described in Table  1. Genomic DNA from the wild 
type (control) plants was taken as a negative control 
and the binary vector plasmid DNA was taken as a 
positive control. The PCR reaction products were sep-
arated on 1% agarose gel via electrophoresis. Further, 
all PCR-positive plants were checked for the residual 
Agrobacterium  contamination using virA  gene-spe-
cific primers and conditions as described in Table 1.

Southern blot analysis

The PCR positive T0 cucumber plants were analyzed 
for insertion of transgene and its copy number into the 
plant genome using the Southern blot hybridization. 
Twelve microgram of purified DNA isolated from the 
wild (control) and transformed plants were digested 
overnight with HindIII restriction endonuclease 
enzyme. The digested products were electrophorically 
separated on the 0.8% agarose gel. The gel was then 
subjected to depurination, denaturation, neutralization, 
and capillary transfer onto the Hybond N+ (positively-
charged nylon) membrane. A purified 1.3  kb long 
amplicon of E-cassette (His6x.CTB.ESAT-6.MPT-64) 
was used to prepare a biotin-labeled DNA probe using 
‘Biotin DNA labeling kit’. The blot was subjected to 
pre-hybridization, hybridization, and detection as per 
the instructions given in the manual of biotin-labeled 
DNA detection kit (Thermo Fisher Scientific).

Total RNA isolation and reverse transcriptase 
(RT)‑PCR analysis

RNA from the leaves of wild (control) and transgenic 
cucumber plants was isolated using RiboZol™ RNA 
Extraction Reagent (Amresco) and resolved on 1% 
denaturing agarose gel. One microgram of isolated 
RNA was used for the cDNA synthesis via reverse 
transcriptase cDNA synthesis kit (Thermo Fischer 

Table 1   Primer sequences and PCR conditions used for the amplification of CTB.ESAT-6.MPT-64 (E) cassette, nptII, virA and 
β-actin genes with their amplicon sizes

S
No

Gene name Primer sequence PCR conditions
Denaturation–Annealing–Extension

Amplicon size

1 CTB.ESAT-6.
MPT-64 (E) 
cassette

Forward primer
5′GAA​TTC​GGA​TCC​ATG​ACA​CCT​CAA​AA3′
Reverse primer
5′CTC​GAG​GAA​CGT​GGG​ACC​AAT​ACC​TG3′

(94°C − 30 s)–(56°C − 45 s)–
(72°C − 1 min)

1.344 kb

2 nptII Forward primer 5′CCA​CCA​TGA​TAT​TCG​GCA​AC3′
Reverse primer
5′GTG​GAG​AGG​CTA​TTC​GGC​TA3′

(94°C − 1 min)–(56°C − 1 min)–
(72°C − 1 min)

540 bp

3 virA Forward primer
5′AAT​TCA​CCC​ACG​CGG​CAG​GAT​TTT​AAG​ACA​G3′
Reverse primer
5′AGC​TTT​GGT​ACG​AGA​GAC​TAT​TTC​GCG​TAG​3′

(94°C − 30 s)–(55°C − 45 s)–
(72°C − 1 min)

1.00 kb

4 β-actin Forward primer
5′GCG​GTC​GAA​CAA​CTG​GTA​TT3′
Reverse primer
5′AGT​CCC​CTT​CAC​CGA​CTC​TT3′

(94°C − 30 s)–(52°C − 45 s)–
(72°C − 1 min)

250 bp
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Scientific). One microliter of cDNA was used as tem-
plate for the polymerase chain reaction using primers 
specific to E-cassette as per the conditions described 
in Table  1. The resultant amplified products were 
resolved on 1% agarose gel using electrophoresis.

Real time PCR (qRNA) analysis

The expression levels of E-cassette (His6x.CTB.
ESAT-6.MPT-64) in transgenic cucumber plants were 
determined by  qRT-PCR using the One Step SYBR 
PrimeScript RT-PCR kit on a CFX96 Touch™ Real-
Time PCR Detection System (Bio-Rad, USA). In real-
time PCR, cDNA synthesized by reverse transcriptase-
PCR, was taken as a template for the amplification of 
β-actin, a housekeeping gene, as a reference gene and 
E-cassette as a query.  A 20  µl of total volume of a 
PCR reaction for qRT-PCR contains cDNA (100 ng), 
ready to use SYBR Green master mix (10 µL), prim-
ers (1 µM), and water. The primer sequences and PCR 
conditions used for both the genes (β-actin and E-cas-
sette) are presented in Table 1.

Protein extraction and quantification

One gram fresh leaves of wild (control) and trans-
genic cucumber plants were used for the extraction of 
total soluble protein using extraction buffer, 50  mM 
phosphate buffer (pH 7.4). The leaf samples were 
grounded in pre-chilled mortar and pestle in liquid 
nitrogen and mixed with protein extraction buffer 
which was centrifuged at 20,000*g for 10  min. The 
supernatant was collected and used to estimate pro-
tein by the Bradford’s method (Bradford 1976).

Western blot analysis

The total isolated proteins (25  µg) heated in boiling 
water for 10 min were resolved on 10% sodium dode-
cyl sulphate-polyacrylamide gel (SDS-PAGE) by elec-
trophoresis followed by their transfer onto a Hybond 
PVDF (Polyvinylidene fluoride) membrane using the 
transfer buffer (Tris 1.5 g, glycine 7.2 g and methanol 
100 ml and final volume was made to 500 ml with auto-
claved water). The membrane was initially blocked with 
phosphate-buffered saline (PBS) with 0.5% Tween-20 
and 5% BSA at room temperature for 1  h to prevent 
non-specific protein interaction. The blot was then 

incubated with polyclonal anti-rCTB.ESAT-6.MPT-64 
primary antibodies (developed in rabbit in the present 
study) (diluted in 1:1000 ratios with wash buffer) at 
4°C for one hour. The blot was washed with buffer and 
incubated with alkaline phosphatase (AP)-conjugated 
goat anti-rabbit IgG as secondary antibodies (diluted 
in 1:1000 ratios in with wash buffer) (Sigma Aldrich 
USA, A0418). Incubation of blot was followed by wash-
ing with 1 × phosphate-buffered saline with Tween-20 
(PBST) and the protein bands were detected after adding 
premixed substrate BCIP (5-bromo-4-chloro-3-indolyl 
phosphate)/NBT (nitro blue tetrazolium) in dark.

Enzyme‑linked immunosorbent assay

ELISA was performed to quantify the fusion pro-
tein (CTB.ESAT-6.MPT-64) expressed in transgenic 
cucumber plants using a linear curve with a quantifica-
tion range 2.5–160 ng of recombinant E-cassette pro-
tein expressed and purified from E. coli BL21 (DE3) 
strain by Ni-NTA-Agarose beads. ELISA plate wells 
were coated with protein isolated from wild (control) 
and transgenic plants for overnight at 4°C. The plate 
was then washed with a washing solution, PBST. 
Thereafter, wells were blocked with a blocking solu-
tion (PBST-BSA) for 1 h at 37°C. Primary antibodies 
against the antigen rCTB.ESAT-6.MPT-64 (E-cas-
sette) were diluted in PBS (1:1,000 dilution ratios) and 
poured into the antigen-coated wells for an incubation 
period of 1 h. The coated wells were then washed with 
PBST and incubated for 1 h at 37°C with AP-conju-
gated secondary antibodies developed in goat and 
diluted in (1:3,000) ratios. After incubation, the coated 
wells were washed three times with PBST. For detec-
tion, 100 µL of pNPP (p-nitrophenyl phosphate) sub-
strate was added to the wells. The enzyme-substrate 
reaction was blocked by adding 0.1 ml of stop solution 
in each well and absorbance was recorded at 405 nm 
on an ELISA plate reader.

Immunogenicity assay of cucumber expressed 
recombinant fusion protein (His6x.CTB.ESAT‑6.
MPT‑64) in rabbit

Healthy thirteen-week-old white New Zealand 
female rabbits maintained at the Central Animal 
House, M. D. University (MDU), Rohtak (India) 
were used for the immunogenicity assay as per the 
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approval and guidelines of the Institutional Animal 
Ethics Committee, MDU. The rabbits were divided 
into two groups: Group 1 (treatment group) and 
Group 2 (control group) fed orally on transgenic 
and the wild-type cucumber fruits, respectively. The 
group 1 rabbits were orally immunized by feeding 
3  g transgenic plant material on 0- (first feeding), 
7- (second feeding) and 14-days (third feeding) 
and serum was collected intravenously on 21  day. 
Changes in immunoglobulin G (IgG) levels in the 
serum of non-immunized (control) and immu-
nized rabbits were determined by enzyme-linked 
immunosorbent assay (ELISA). Ninety six-wells of 
ELISA plate were coated with 1  µg antigen over-
night at 4°C. Coated plate was washed with washing 
solution, PBST for 1 h. The wells were then blocked 
with a blocking solution (PBST-BSA) at 37°C for 
1  h. Sera samples against the antigen were diluted 
in PBS (1:250 dilution ratios) and incubated with 
antigen coated wells for 1  h. The wells were then 
washed three times with PBST and incubated with 
an AP-conjugated secondary antibody developed in 
goat against rabbit IgG diluted in (1:3,000) ratio for 
1 h at 37°C. After incubation, the coated wells were 
washed three times with PBST and substrate pNPP 
(0.1 ml) was added in each well. The enzyme-sub-
strate reaction was blocked by adding 0.1 ml of stop 
solution in each well and absorbance was taken at 
405 nm on an ELISA plate reader.

Results

Cloning, expression and purification of recombinant 
protein (His6x.CTB.ESAT-6.MPT-64) from E. coli 
and production of polyclonal antibodies.

The genes cassette, His6x.CTB.ESAT-6.MPT-
64 (size 1.34  kb) was cloned into BamHI and SacI 
restriction enzyme sites of pET28a bacterial expres-
sion vector (5.37  kb) to yield a recombinant vector 
pET28a-His6x.CTB.ESAT-6.MPT-64 of 6.71  kb size 
on agarose gel electrophoresis (Fig.  2). This vector 
was transformed into the E. coli BL-21(DE3) cells 
and the PCR analysis of recombinant bacterial colo-
nies showed amplification of 1.34 kb band (Fig. 3i). 
These bacterial colonies were induced by IPTG to 
express recombinant protein which was isolated 
and purified to homogeneity in a single step using 
Ni2+-NTA chromatography. The molecular weight of 

the protein estimated by the online protein molecular 
weight calculator ExPASY tool was 48.1  kDa. The 
SDS-PAGE analysis of cellular protein of bacterial 
culture induced by IPTG also confirmed increase in 
a major protein band of molecular weight 48.1  kDa 
with increase in induction time (Figs.  3ii, iii). The 
recombinant purified protein on introduction in rabbit 
induced anti-recombinant fusion protein polyclonal 
antibodies whose specificity to fusion protein was 
confirmed by western blot (Fig. 3iv).

The allergenicity of the recombinant protein was 
evaluated by online bioinformatics tool Allergen FP 
v.1.0. The analysis showed that the protein produced 
from the designed construct was non-allergen (https://​
ddg-​pharm​fac.​net/​Aller​genFP/​feedb​ack.​py) and safe 
to human.

Development of T0 cucumber plant with Mtb antigens

In three different experiments, overall 142 cotyledon-
ary explants excised from 5 days old seedlings were 
sonicated and vacuum infiltrated with Agrobacterium 
(carrying pBI121 vector with gene cassette contain-
ing His6x.CTB.ESAT-6.MPT-64 genes) suspension 
(Figs.  4a–d). Agrobacterium-infected explants co-
cultured in the presence of 6  mg L-cystein l−1 and 
100  -µM acetosyringone on shoot selection medium 
with 80  mg kanamycin l−1 regenerated 55 healthy 
green presumptive transformed shoots (Figs.  4f–g) 
while non-transformed shoots turned colourless 

Fig. 2   Enzymatic digestion of pET28a-His6x.CTB.ESAT-6.
MPT-64, Lane M = 1.0  kb DNA marker, Lane SD = Single 
digestion of pET28a-His6x.CTB.ESAT-6.MPT-64 with BamHI 
enzyme resulted into 6.71 kb long fragment, Lane DD = Dou-
ble digestion of pET28a-His6x.CTB.ESAT-6.MPT-64 plas-
mid with BamHI and SacI enzyme showed two bands of sizes, 
5.36 kb (vector) and 1.34 kb (insert)

https://ddg-pharmfac.net/AllergenFP/feedback.py
https://ddg-pharmfac.net/AllergenFP/feedback.py
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(Fig. 4e). Of 55 healthy shoots, 32 on rooting medium 
containing 20  mg kanamycin l−1 developed roots 
(Fig. 4 h). These rooted shoots were set in pots filled 
with soil for further growth and flowering (Table 2). 
Transgenic plants were similar to seed-raised plants 
in morphological characters (Fig.  4i) and they grew 
normally and produced female flowers which were 
artificially pollinated with the pollens from male 
flowers of the same plant. The pollinated female flow-
ers developed into fruits (Fig.  4j) which were col-
lected when their epidermis turned yellow.

Molecular confirmation of T0 transgenic lines

Of the transformed plants survived in soil, 5 plants 
showed amplification of DNA fragments of 1.34  kb 
(Fig. 5a) and 540 bp (Fig. 5b) using primers specific 
to E-cassette and nptII, correspondingly, indicating 
the presence of E (His6x.CTB.ESAT-6.MPT-64) cas-
sette and nptII genes in transformed plants. However, 
non-transformed (wild, control) plants did not show 
any band on the gel. An average transformation effi-
ciency of 3.5% was derived from the number of trans-
genic plants positive for nptII and E-cassette genes 
divided by the total number of explants infected with 
Agrobacterium. The transgenic plants were further 
evaluated to confirm the absence of residual Agro-
bacterium contamination by PCR using  virA  gene 
specific primers. PCR results revealed that transgenic 
plants did not show any amplification with virA gene 
primers indicating the absence of Agrobacterium in 
transgenic plants (Fig. 5c).

All the transgenic plants positive for transgenes by 
PCR were analyzed for the integration of transgene(s) 
and their copy numbers by the Southern blot analysis. 
The T-DNA of pBI121.His6x.CTB.ESAT-6.MPT-64 
contains a single unique HindIII restriction site which 
just cuts T-DNA single time into a right side fragment 
of 3.14 kb containing E-cassette (His6x.CTB.ESAT-6.
MPT-64) and a left side fragment of 2.5  kb with 
nptII gene cassette (Fig. 1). HindIII restriction endo-
nuclease digested genomic DNA blot of transgenic 
and wild lines on hybridization with the E-cassette 
(1.34 kb long fragment) probe showed hybridization 
signals greater than the 3.14  kb junction fragments 
representing incorporation of E-cassette genes into 
the genome of cucumber plants. However, no probe 
hybridization signals were observed in wild forms 
(non-transgenic lines control) (Fig.  5e). Each trans-
genic line showed different patterns of hybridization 
signals on the blot membrane highlighting their ori-
gin as the independent transformation events. The 
number of hybridization signal in the form of bands 
obtained in T0 transgenic lines point out the copy 
number of E-cassette integrated into their genome. 
Three transgenic lines (T01, T04 and T05) showed a 
single copy insertion, while T02 and T03 lines showed 
two and three copies of inserts in their genomes, 
respectively (Fig. 5e).

The transcript expression levels of transgenes in 
both PCR and Southern positive transgenic plants 

Fig. 3   i Colony PCR of E. coli BL21 (DE3) bacterial cells 
transformed with pET28a-His6x.CTB.ESAT-6.MPT-64. Lane 
M-1.0  kb DNA marker, Lanes 1–3 showed amplification of 
1.34  kb size band corresponding to recombinant gene cas-
sette, ii SDS-PAGE protein analysis of IPTG induced PCR 
positive BL21 (DE3) cells. Lane 1-protein form non-induced 
BL21 (DE3) bacterial cells, Lane 2-protein after 2 h of IPTG 
induction, Lane 3-protein after 6 h of IPTG induction. Lanes 
2 and 3 showed increase in expression of recombinant protein 
of 48.1 kDa band size, iii SDS-PAGE analysis of purified His-
tagged recombinant protein. Lane M-protein markers, Lane 
1-purified protein with band size of 48.1 kDa, iv Western blot 
analysis of recombinant fusion protein specificity to Anti-
rCTB.ESAT-6.MPT-64 antibodies developed in rabbit
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was studied by subjecting the total isolated RNA to 
RT-PCR to synthesize cDNA using enzyme, reverse 
transcriptase and cDNA was amplified by PCR using 
E-cassette specific primers. RT-PCR revealed ampli-
fication of an expected size fragment of 1.34  kb 
equivalent to the E-cassette gene in transformed 
plants indicating the absence of gene silencing. The 
wild (control, non-transformed) plants did not show 
such amplification (Fig. 5d). The possibility of Agro-
bacterium contamination was also ruled out by the 

amplification of transgenes from the plant RNA tem-
plate in RT-PCR.

The qRT-PCR was also used to estimate the tran-
script expression levels of E-cassette genes in all 
the 5 transgenic plants using a housekeeping gene, 
β-actin as a reference (Fig. 6). The expression level of 
E-cassette varied considerably in the transgenic and 
wild type plants. The Cq values of E-cassette gene 
of transgenic lines were presented in the Fig. 6. The 
Cq value differed considerably among the transgenic 
lines and an inverse correlation was noticed between 

Fig. 4   a–j Genetic 
transformation of cucum-
ber (Cucumis sativus) 
cv. Green long using 
Agrobacterium tumefa-
ciens EHA105 (pBI121.
CTB.ESAT-6.MPT-64). 
a cotyledonary explants 
excised from five-day-old 
seedlings, (bar = 1.5 cm), 
b sonication of explants 
dipped in Agrobacterium 
suspension in a bath 
type ultrasonic sonicator, 
(bar = 8.75 cm), c vacuum 
infiltration of cotyledon-
ary explants with bacterial 
suspension in a vacuum 
chamber, (bar = 11.5 cm), 
d Agrobacterium infected 
cotyledonary explants cul-
tured on the shoot selection 
medium, (bar = 1.8 cm), 
e transformed explants 
regenerating green puta-
tive transformed and 
albino (non-transformed, 
marked by arrow) shoots 
on the selection medium, 
(bar = 2.2), f multiple shoots 
regenerated from explants 
on the shoot selection 
medium, (bar = 2.5 cm), g 
regenerated shoots grow-
ing on the shoot selection 
medium, (bar = 3.5 cm), h a 
rooted putative transformed 
shoot (bar = 4.6 cm), i 
putative T0 transgenic 
plants established in soil 
(bar = 18 cm), j Mature 
fertile T0 plants with 
fruits (marked by arrow) 
(bar = 14 cm)



712	 Biotechnol Lett (2023) 45:703–717

1 3
Vol:. (1234567890)

Cq value and transgene expression level. The trans-
genic line T03 showed the lowest Cq value indicating 
the highest expression of E-cassette transcripts in this 
line due to the more copy number of transgenes as 
revealed by the Southern blot.

Confirmation of fusion protein expression by western 
blot and quantification analysis by ELISA

The total soluble proteins from the fruits of PCR 
and Southern hybridization confirmed plants were 
extracted and analyzed under reducing conditions of 
SDS-PAGE and western blotting using rabbit anti 
rHis6x.CTB.ESAT-6.MPT-64 polyclonal antibodies, 
for the expression of fused recombinant protein of 
E-cassette genes. The western blot showed the pres-
ence of fused recombinant proteins with single band 
of expected size ~ 48.1  kDa corresponding to the 
monomer form of ESAT-6, MPT-64 and CTB fused 
proteins with his-tag. However, in the wild type (con-
trol) plants no such band was observed (Fig. 5 f). A 
linear standard curve was plotted between the mean 
OD values and the amount, 2.5–160 ng of recombi-
nant E-cassette (ESAT-6, MPT-64 and CTB) pro-
tein antigen expressed and purified from E. coli, and 
coated onto the ELISA plate wells for the quantifica-
tion of E-cassette (ESAT-6, MPT-64 and CTB) pro-
tein expressed in cucumber transgenic plants. In T03 
transgenic plant line, the maximum accumulation of 
E-cassette protein up to 478 ng g−1, i. e., 0.030% (v/v) 
of total soluble protein was estimated (Fig. 7).

Immunogenecity of fusion E‑cassette protein in 
laboratory animal after oral immunization

The immunological response of recombinant E-cas-
sette protein expressed in transgenic plants was 
assessed by feeding their fruits to white New Zealand 
female rabbits. Orally immunised rabbit with trans-
genic plants showed a significant increase in serum 
IgG antibodies specific to the recombinant E-cassette 
protein compared with rabbit fed with wild (non-
transgenic) type plants. The mean OD values of orally 
vaccinated animal were forty times higher than those 
of non-vaccinated ones (Fig. 8).

Discussion

Vaccination is one of the most effective ways to con-
trol infectious diseases like TB. The only solitary 
authorized vaccine BCG against TB is useful only 
in children but not against adult pulmonary TB that 
necessitates development of an affordable vaccine on 
a large scale and efficacious at all age groups. Expres-
sion of recombinant protein in E. coli is an expedient 
and time-saving approach but may be contaminated 
with endotoxins. In this study, recombinant antigens 
fusion protein expressed and purified from E. coli 
was effective in producing polyclonal antibodies in 
rabbit whose specificity to fusion protein was settled 
by western blot analysis (Fig.  3iv). However, plant-
based production of bacterial/viral antigens (subunit 
vaccines) in edible plant parts have emerged advan-
tageous over fermenters based microbial (bacterial 

Table 2   Genetic transformation of cucumber (Cucumis sativa) variety Green long S-82 using cotyledonary explants and Agrobacte-
rium tumefaciens EHA105 (pBI121.CTB.ESAT-6.MPT64)

a Shoot selection medium: MS + 1.0 μM BAP + 250 mg cefotaxime.l−1 + 80 mg kanamycin.l−1

b Rooting medium: MS + 2.0 μM IBA + 250 mg cefotaxime.l−1 + 20 mg kanamycin.l−1

c Average

Expt No Number of 
explants infected 
with Agrobacte-
rium suspension

No. of shoots 
regenerated on 
selection medium 
with 80 mg
kanamycin l−1a

No. of shoots 
rooted in presence 
of 20 mg
kanamycin l−1b

No. of transgenic 
plants established 
in soil

No. of plants + ve 
for E -cassette 
(CTB.ESAT-6.
MPT-64) and nptII 
genes by PCR

Transformation 
efficiency (%)

1 58 25 10 10 2 3.4
2 52 18 12 12 2 3.8
3 32 12 10 10 1 3.1
Total 142 55 32 32 5 3.5c



713Biotechnol Lett (2023) 45:703–717	

1 3
Vol.: (0123456789)

and yeast) and animal cells due to their safety, high 
scalability, easy to produce and low-cost. Moreo-
ver, oral delivery of antigens targeting respiratory 

mucosa, the site of invasion of Mtb, is beneficial 
even at the low expression of target antigen in trans-
genic plants in inducing specific immune responses 

Fig. 5   Molecular analysis of T0 generation plants, a–b PCR 
analysis of putative T0 (Lanes 1 to 5) and non-transformed 
(Lane NT) plants using the primers specific to E-cassette 
CTB.ESAT-6.MPT-64 (a) and nptII (b) genes for the amplifi-
cation of 1.34 kb and 540 bp bands corresponding to the cod-
ing regions of CTB.ESAT-6.MPT-64 and nptII genes, respec-
tively. Lane P = positive (plasmid) control and, Lane M = 1 kb 
DNA marker. c PCR analysis of putative T0 (Lanes 1 to 5) and 
non-transformed (Lane N) plants using the primers specific 
to virA gene showed no amplification of band corresponding 
to the size of 1.0  kb of virA region, d Reverse transcriptase-
PCR analysis of the mRNA transcript levels of gene, CTB.

ESAT-6.MPT-64 in T0 (Lanes 1–5) and non-transformed (con-
trol, Lane NT) plants, Lane-M-1.0 kb DNA marker, e South-
ern blot analysis of five PCR positive T0 (Lanes 1 to 5) and 
non-transformed (control, Lane NT) plants, Genomic DNA 
of T0 and non-transformed (control) plants and pBI121.CTB.
ESAT-6.MPT-64 digested with HindIII (positive control size 
of 14.20 kb, Lane P) and probed with a 1.34 kb biotin labelled 
CTB.ESAT-6.MPT-64 probe, Lane M = marker, f Western blot 
analysis of T0 (Lanes 1 to 5) and non-transformed (control, 
lane-NT) plants for the expression of the fusion protein, CTB.
ESAT-6.MPT-64 of 48.1 kDa, Lane M-protein ladder
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(Uvarova et al. 2013; Saba et al. 2019a, b). Until now 
the plant-based vaccines against TB have expressed a 
single antigen at a time in plants and very few stud-
ies have expressed more than one antigen. Highly 
immunogenic early secretory antigenic proteins spe-
cific to Mtb like ESAT-6, CFP 10, MPT64, Ag85A, 
Ag85B, Mtb72F and LipY are attractive antigens for 
vaccine against TB. M. tuberculosis secretes a 6 kDa 
early secretory antigenic target (ESAT-6) proteins 
into the host via ESX-1 system that plays role in Mtb 
virulence and pathogenesis (Jha et  al. 2020). Mtb 
genomic region RD1 carries the coded information 
for the secretion of ESAT-6 but this region is absent 
in BCG vaccine strain (Lewis et  al. 2003). ESAT-6 
interacts with a small 13  kDa host protein, beta-
2-microglobulin (β2M) causing suppression of major 
histo-compatibility complex 1 (MHC-I) antigen pres-
entation (Sreejit et  al. 2014). ESAT-6 deposes the 
immune response by inducing the granuloma forma-
tion through activation and differentiation of mac-
rophages inside the host body. This tricky behaviour 
leads to persistent infection (Refai et al. 2018). MPT-
64, a 24  kDa secretory protein, is a major antigen 
specific for Mtb only and is absent in BCG strains 
(Hasegawa et al. 2002; Kumar et al. 2011). MPT-64 
is often used as a candidate protein for diagnosis of 
pediatric  extrapulmonary tuberculosis and pulmo-
nary TB  (PTB), and in vaccines (Xiao et  al. 2019; 
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Fig. 6   Real-time PCR analysis of five transgenic cucumber 
lines (T01 to T05) for the expression of CTB.ESAT-6.MPT-64 
(E) cassette gene using β-actin gene, a housekeeping gene, as 
a reference. X-axis represents the different transgenic events 
and Y-axis represents the mean Cq value. The Cq mean value 
of the target gene is significantly different among T0 lines at 
P < 0.05 significance level

Fig. 7   Quantification of the fusion protein, CTB.ESAT-6.
MPT-64 in transgenic (T01 to T05) and non-transgenic (NT) 
cucumber lines by ELISA method. Anti-rCTB.ESAT-6.MPT-
64 specific primary antibodies were used to analyze the total 
soluble protein of transformed cucumber lines. The limit of 
detection (LOD) was 0.115628. X-axis represents the different 
transgenic events and Y-axis represents the amount of protein 
(ng/g) in transgenic lines. Graph Pad Prism 9.5.0 was used for 
statistical analysis. Significance levels in different transgenic 
lines are: *P < 0.05, **P < 0.01, ***P < 0.001, ns-non signifi-
cant
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Fig. 8   Immunization of rabbits by oral feeding of transgenic 
cucumber T0 lines on 0, 7 and 14 days (Group 1, treated) and 
wild-type (non-transgenic) cucumber (Group 2 (control). 
Increase in serum IgG concentration in group 1 rabbits on 
21 day of immunization was statistical significant at P < 0.05 as 
shown by an asterisk (*)
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Sakashita et  al. 2020; Cao et  al. 2021). Some of 
the Mtb antigens have been previously expressed in 
plants using nuclear (Floss et al. 2010; Uvarova et al. 
2013, Saba et al. 2019b) and chloroplast transforma-
tions (Lakshmi et al. 2013; Módolo et al. 2018; Saba 
et  al. 2019a). However, chloroplast transformation 
has been perfected only in a few plant species. Most 
of the attempts for plant-based TB vaccine have been 
made using nuclear transformation and that too with 
model plant species that are unsuitable for human 
use. Only two edible crops like carrot and broccoli 
have been used for TB vaccine production (Permya-
kova et al. 2015; Saba et al. 2019b). The present study 
was carried out on an important budget-friendly veg-
etable crop, cucumber which is grown world over 
for its immature fruits that are eaten raw. The fruits 
have nutritional values due to their high water (95%) 
content, vitamins (B, C, and folate), minerals (potas-
sium, sodium, magnesium etc.), polyphenol (lignans), 
fibers and no fat (low calorie) and are feasible to 
freeze-dried (Sharma et  al. 2020).  Although genetic 
transformation of cucumber has been reported ear-
lier by several groups, it is still tricky to achieve at 
high frequency and to carry out functional analysis 
using transgenic plants (Hu et al. 2017; Zhang et al. 
2017; Nanasato and Tabei 2020). In the present work, 
transgenic cucumber lines simultaneously expressing 
dual Mtb antigens (that are absent in BCG) fused with 
CTB (gut mucosal adjuvant) have been developed for 
the first time using a high yielding commercially val-
uable pure line than an F1 hybrid. The Southern blot, 
qRT-PCR and ELISA analyses revealed nuclear inte-
gration, copy number, expression and quantification 
of antigen genes/proteins in five transgenic cucumber 
lines (Figs.  5, 6 and 7). Transformation frequency 
ranging between 1.1 and 1.7% was obtained earlier 
using nptII/kanamycin selection system (Chee 1990; 
Vengadesan et al. 2005; Rajagopalan and Perl-Treves 
2005; Hu et  al. 2017). With the same selection sys-
tem, the genetic transformation efficiency of an Indian 
cucumber cultivar in this work has been improved to 
3.5% (Table  2) by wounding the most widely used 
explants for transformation, cotyledons with soni-
cator prior to Agrobacterium vacuum infiltration to 
enhance the Agrobacterium access to the deeper cell 
layers (Nanasato et  al. 2013; Hu et  al. 2017; Nana-
sato and Tabei 2020). However, the vacuum infiltra-
tion in Chinese and Japanese cucumber cultivars 
induced a much higher transformation frequency with 

Agrobacterium-suspension and kanamycin as a selec-
tive agent (Zhang et  al. 2017; Nanasato and Tabei 
2020). This indicates that the genetic transformation 
efficiency depends on the plant genotype. The expres-
sion of the fusion recombinant CTB.ESAT-6.MPT-
64 protein in transgenic cucumber is 0.030% of the 
total soluble protein which is similar to the previously 
expressed ESAT 6 antigen in edible plants using 
nuclear transformation (Uvarova et  al. 2013, Per-
myakova et al. 2015) but lower than those reported in 
broccoli (Saba et al. 2019b). The difference in expres-
sion may be due to the difference in plant species, 
environment conditions and regulatory elements pre-
sent in expression cassette. The protein expressions 
among transgenic lines differ due to the insertion of 
transgene at different locations in the plant genome 
and their copy number. These transgenic lines on oral 
administration in rabbits induced the humoral and 
cell-mediated immune responses. Statistical analysis 
of sera showed significantly higher (P < 0.05) produc-
tion of IgG in rabbits fed with transgenic cucumber as 
compared to those fed on wild (control) type (Fig. 8). 
Data from the previous experiments on mice indicates 
that the ESAT-6 protein is highly immunogenic and 
can induce immune responses (Saba et  al. 2019b). 
ESAT-6 in combination of MPT-64 elicits immune 
responses against different targets and is highly spe-
cific for strong delayed-type hypersensitivity (DTH) 
responses. Oral delivery of plant-based subunit vac-
cine as raw biomass has huge benefits like safety, 
cost-effectiveness, easy to transport, long storage, 
and no purification, cold chain and sterile injections. 
Such edible vaccine is highly beneficial for develop-
ing countries where the incidences and transmission 
of TB are high. The main problems of oral immuniza-
tion like the degradation and denaturation of recom-
binant protein in harsh environment of the digestive 
tract have been overcome by the encapsulation of 
vaccine candidate inside the plant cell and its absorp-
tion through the gut epithelium via the transmucosal 
carrier, CTB. This study has facilitated the develop-
ment of cucumber as self-adjuvanted edible vaccine 
for the simultaneous expression of two Mtb-specific 
antigenic proteins fused with CTB to induce humoral 
and cell-mediated immune responses against TB.
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