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ABSTRACT

Background: Helicobacter pylori is implicated in several severe gastrointestinal disorders,
including gastric cancer, affecting a significant global population. This study aims to exploit
plant biotechnology for vaccine development by engineering brinjal (Solanum melongena L.)
to express H. pylori's cytotoxin-associated gene A (cagA) antigen. Utilizing transgenic plants
as an innovative strategy not only mitigates the high costs associated with traditional vaccine
production but also leverages their capacity to induce a mucosal immune response. Materials
and Methods: We used the brinjal variety ‘Arka Keshav’ for transformation. The cagA gene
from H. pylori strain 26695 was cloned into the pBI121 vector and transferred into brinjal using
Agrobacterium tumefaciens-mediated transformation. Transgenic expression was verified through
PCR, quantitative real-time PCR (qPCR), Western blotting and ELISA. Immunohistochemistry was
used to assess the localization of the cagA protein within the plant tissues. Results: Cloning and
amplification confirmed the insertion of the cagA gene approximately ~1700 bp in size. Transgenic
brinjal lines were successfully generated, with distinct expression levels of cagA observed. ELISA
and Western blot analyses indicated significant cagA protein expression, particularly in lines
B11 and B17, which showed the highest antigen concentrations. The consistency of mRNA and
protein expression validated the effectiveness of the transgenic approach. Conclusion: The study
demonstrates the feasibility of using genetically modified brinjal as a platform for producing
edible vaccines against H. pylori. This approach not only presents a cost-effective alternative to
traditional vaccines but also offers potential for enhancing accessibility in regions burdened by
gastric diseases associated with H. pylori. Future research should focus on optimizing expression
systems and evaluating the clinical efficacy of these plant-based vaccines.
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The majority of gastric cancer instances worldwide are linked to
Helicobacter pylori (H.pylori),"* hence it was classified as a Group
I carcinogen by the International Agency for Research on Cancer
(IARC), a division of the World Health Organization (WHO).>¢
H. pylori is known to be a highly infectious pathogen causing
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persistent and chronic gastric conditions,” affecting more than
half of the global population.” Although, in milder conditions, H.
pylori can be effectively managed with antibiotics, there is a need
for effective vaccine development as a way forward, considering
the fact that it is now battling with antibiotic resistance.®’
Cytotoxin associated gene-A (Cag A) protein with a molecular
weight of 120-145 kDa is known to enhance bacterial virulence
there by leading to gastric cancer.® This protein gets secreted
into epithelial cells and goes through tyrosine phosphorylation
pathway thereby triggering the uncontrolled cell division leading
to cancer."! This protein supposedly works on intercellular tight
junctions there by altering cellular morphology.'>"* Research has

196 Indian Journal of Pharmaceutical Education and Research, Vol 59, Issue 1, Jan-Mar, 2025



Mehran, et al.: Expression of Helicobacter pylori CagA in Solanum melongena L. for Vaccine Development

shown that cagA influences these junctions independent of its
phosphorylation status, playing a vital role in drawing both the
tight junction-associated protein, Zona Occludens-1 (ZO-1) and
the Junctional Adhesion Molecule (JAM), to areas of bacterial
interaction.'* Additionally, studies involvingimmunoprecipitation
have indicated that E-cadherin engages with both the wild
type and phosphorylation-resistant forms of cagA, disrupting
the interaction between E-cadherin and (-catenin, leading to
B-catenin's accumulation within the nucleus and cytoplasm.'
Plant expression vectors harboring Helicobacter proteins such as
cagA and ureB have have been shown to express themselves as
fusion proteins against H. pylori.”” Vaccination remains the most
robust method for managing H. pylori infections,'s with the urease
subunit B (ureB) gene proving more effective than urease itself
as a protective antigen. Nevertheless, the cost of producing new
vaccines remains high, primarily because downstream processing
and purification of recombinant proteins constitute the majority
of total production costs.!” Complexities due to plant pathogens,
phenolics and other secondary metabolites further complicate
industrial-level purification.'® Recombinant proteins derived
from plants present a more economical manufacturing alternative,
offering high-quality products
contaminants. The creation of new vaccines and pharmaceuticals
through molecular farming is especially crucial in developing
countries.”” Notably, plant systems can generate edible vaccines
in forms like leafy vegetables, fruits, or other produce, facilitating

free from animal-derived

oral administration that eliminates the need for traditional
purification, reduces injection-associated risks, lowers healthcare
worker dependency and removes the need for cold storage.” This
oral delivery mechanism not only enhances both systemic and
mucosal immunity but also utilizes the natural bioencapsulation
of plant cell walls to shield proteins from digestive breakdown.*
Advancements in plant biotechnology, such as the development
of novel synthetic promoters, have greatly enhanced the
precision of gene expression in transgenic plants,” driving
forward both agricultural innovation and the field of plant-made
pharmaceuticals.”® The global rise in population and increasing
consumer demand propel forward the genetic modification of
plants to improve yields, enhance stress tolerance and enable
the production of valuable biological products like vaccines and
therapeutic proteins.”** Brinjal, or eggplant, widely recognized as
a staple vegetable,” In many low-income regions, it is employed in
traditional Ayurvedic practices to manage diabetes, hypertension
and obesity. Brinjal, belonging to the Solanaceae family, thrives
globally and is particularly receptive to tissue culture techniques,
showing robust growth from leaf, cotyledon and hypocotyl
explants. It is also effectively transformed using Agrobacterium
with both cointegrate and binary vectors.”” Although model
plants such as carrot, Arabidopsis, rice and tomato are
frequently utilized for gene expression studies and developing
pharmaceuticals,? brinjal remains underexplored in the field of
genetic engineering and molecular farming. Limited studies have
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focused on its capacity to produce pharmaceuticals,”** presenting
a unique opportunity for expansion in this area. Consequently,
our study has utilized the brinjal cultivar 'Arka Keshav' to host
the cagA gene from H. pylori strain 26695. We have successfully
demonstrated the gene's expression within brinjal, indicating its
potential utility in creating plant-based vaccines. This promising
initial result encourages further exploration into the use of brinjal
for developing accessible and cost-effective vaccines against H.
pylori, particularly beneficial in regions where traditional vaccine
production and storage are logistically challenging.

MATERIALS AND METHODS

Plant Material and Experimental Methods

For our experiments, we used the brinjal variety Solanum
melongena L. cv. 'Arka Keshav, approved by the Institutional
Biosafety Committee (IBSC) of JSS College. The genomic DNA
for H. pylori strain 26695 was obtained from ATCC (ATCC®
700392DQTM). We sourced a biotin-conjugated anti-cagA H.
pyloriantibody (HSN/SAC: 38220090) was acquired from Thermo
Fisher Scientific. The rest of the molecular biology grade chemicals
and reagents were procured from Sigma Chemical Co., HiMedia
and Qualigens. The primers used were procured from Sigma
Ltd., Bangalore. Essential laboratory supplies including agarose,
bromophenol blue, Ethidium Bromide (EtBr), Luria-Bertani (LB)
media, glucose, Tris-saturated phenol, molecular markers, Sacl
and BamHI restriction enzymes, T4 DNA ligase, as well as plastic
and glassware were provided by Genei Laboratories, Bangalore
and Tarson Pvt. Ltd., India.

The E. coli strain DH5a Ul69deo R® 80dlac (lacZ) MI15
was sourced from Genei Laboratories Pvt. Ltd., India. The
transformation vector pBI121, which includes the 35S promoter,
was supplied by Invitrogen Life Technologies, USA. The
Agrobacterium tumefaciens strain EHA105, critical for our
genetic engineering work, was supplied by the Department of
Biotechnology at ITHR, Bengaluru, India. This specific strain of
A. tumefaciens, carrying the pBI121 vector with the cagA gene
integrated within its T-DNA region, was utilized to transform
callus tissues derived from brinjal, as illustrated in [Figure 1].

Preparation of Competent Cells

The process of preparing competent E. coli cells followed the
calcium chloride method as detailed by Chang et al. (2017).*' E.
coli cells were initially spread on LB agar devoid of antibiotics
and then placed in an incubator at 37°C for a period of 12 hr.
Subsequently, a solitary colony was cultivated in 10 mL of LB
medium at the same temperature until the Optical Density (OD)
at 660 nm reached between 0.4 and 0.5, which typically took 3-4
hr. The cultures were then cooled rapidly by placing them on ice
for half an hour and centrifuged at a lower temperature of 4°C for
15 min using a Sorvall refrigerated centrifuge with an SS 34 rotor.
The resulting cell pellets were immersed in 30 mL of a chilled,
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filtered acid salt solution consisting of 100 mM CaCl2, 70 mM
MnCI2 and 40 mM sodium acetate, with a pH adjusted to between
5.2 and 5.5 and kept on ice for another 45 min. Afterward, these
cells were resuspended in a 20% glycerol solution, reducing their
volume to 1/25" of the original. This concentrated suspension,
typically around 4.5 mL from a starting culture of 90 mL, was
portioned into 50 pL aliquots and kept at -70°C.

To initiate the transformation process, the competent DH5a
E. coli cells were first placed on ice for duration of 30 min.
Subsequently they were exposed to a short period of heat at 37°C
for 5 min to facilitate DNA uptake. These prepared cells were
then transformed with the pBI121 vector containing the cagA
gene. Post-transformation, the cells were plated on LB agar plates
enhanced with 20 pg/mL kanamycin and incubated at 37°C for 12
hr, allowing selection of colonies that had successfully integrated
the vector.

Isolation of plasmid genome

To isolate plasmid DNA, we began by cultivating an individual
bacterial colony in 5 mL of LB medium comprising antibiotics,
incubating it at 37°C for 12 hr with agitation at 120 rpm. The
process of DNA extraction was performed using the alkaline lysis

technique.” following incubation, the cells were centrifuged at
6000 g for 5 min at 4°C to form a compact cell pellet. This pellet
was then reconstituted in 200 pL of cold Solution I. Subsequently,
200 pL of recently made Solution II was introduced and the
mixture was carefully inverted to mix. To further the lysis, 200 uL
of Solution IIT was introduced, thoroughly stirred and the tube was
subsequently chilled on ice for 10 min. To aid in phase separation,
the lysate was centrifuged at 8000 g for 10 min at 4°C. The upper
liquid layer was subsequently placed in a fresh container and
combined with an equal quantity of phenol:chloroform:isoamyl
alcohol (25:24:1 v/v) prior to undergoing centrifugation under
identical conditions to enhance phase separation. DNA was
separated by adding a similar amount of cold isopropanol and
the resulted solid was recovered by additional centrifugation at
8000 g for 10 min at 4°C. The resulting DNA pellet was cleaned,
air- dried and redissolved in 10 mM TE bulffer for storage. The
integrity and quality of the isolated plasmid DNA were evaluated
using electrophoresis using a 0.8% agarose gel. Verification of
the insertion sequences within the plasmids was accomplished
through restriction enzyme analysis and subsequent DNA
sequencing, ensuring the clones were appropriate for continued
experimental use.

Table 1: Table showing the list of primers used in the study. RT: Real time primers; FP: Forward primer, RP: Reverse primer. Tm: melting temperature.
Actin was used as house keeping gene.

Gene Sequence Length Tm GC% Product
length
cagA  FP ATATCAGGATCCATGGATTTACTTGATGAAAGGGGT 36 749 389 ~1700bp
RP TATCGAGAGCTCTTATTTTTGAGCTTGTTGAGCCAATTGC 40 78.1 40
cagA  FP ATTGTATGCGGGCAATGGTG 20 67.6 50 151bp
(RT)  RP  CCCTTTCTCACCACCTGCTA 20 641 55
Actin FP TCAGGTGTCCAGAGGTGTTGTA 22 64.5 50 150bp
(RT)  RP  ATGGTTGTGCCTCCTGAAAGTA 22 64.5 454
BamH|
Sacl
355 cagA NOS
Figure 1: Diagram of the Construct for Agrobacterium-Mediated Transformation.
This figure illustrates the genetic construct employed for brinjal transformation, derived from pBI121. It highlights the insertion sites for
the restriction enzymes BamHI and Sacl. The diagram includes the 35S promoter, crucial for initiating transcription and the 35S polyA
signal, responsible for adenylation of the cagA gene. Also depicted are the Left (LB) and Right (RB) margins of the T-DNA region, integral
to successful plant transformation.
198 Indian Journal of Pharmaceutical Education and Research, Vol 59, Issue 1, Jan-Mar, 2025
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Amplification of genomic DNA

To amplify the cagA gene, primers were specifically designed to
target a ~1700 base pair segment of the H. pylori cagA sequence
(see Table 1). The reaction for the PCR was prepared in a 25 pL
size, including approximately 50 ng of genomic DNA, 1 unit
of Hotstart Tag DNA polymerase, 0.2 mM of each dNTP, 1x
PCR buffer, 3 mM MgCl, and 10 pmol of each primer. DNA
was amplified using 35 cycles after initial denaturation at 94°C
for 10 min. Each cycle was defined by denaturation at 94°C for
30 sec, annealing 55°C for 30 sec, elongation at 72°C for 2 min
and extension at 72°C for 10 min as per specified method.**
Results were visualized in 1% agarose gel and DNA fragments
were isolated and cleaned from agarose gel using Genie gel
extraction kit using manufacturers protocol. In addition, we
isolated high-quality plasmid DNA using the Genei Miniprep
Kit, resulting in 35 pL of purified plasmid.***

Insertion and cloning

Both the cagA gene fragment and the pBI121 vector were digested
with BamHI and Sacl enzymes at 37°C for 2 hr to prepare them
for ligation. Post-digestion, the DNA fragments were isolated
via gel electrophoresis, excised and then purified via the Genei
Gel Extraction Kit. Subsequently, the cagA gene was ligated into
the prepared vector at a temperature of 16°C for the duration
of one night utilizing T4 DNA ligase. The process of preparing
competent E. coli cells followed the calcium chloride method as
detailed by Chang et al. (2017).%' E. coli cells were initially spread
on LB agar devoid of antibiotics and then placed in an incubator
at 37°C for a period of 12 hr. Subsequently, a solitary colony was
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Figure 2: PCR Amplification Results for cagA Gene from H. pylori 26695.

This figure displays the PCR amplification results for the cagA gene, visualized
on a 1% agarose gel exposed to UV light within a gel documentation system.
The lanes are annotated as follows: lanes 1, 2 and 3 show the amplified cagA
gene product, while the Molecular weight ladder (marked as M) serves as a
size reference.
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cultivated in 10 mL of LB medium at the same temperature until
the Optical Density (OD) at 660 nm reached between 0.4 and
0.5, which typically took 3-4 hr. The cultures were then cooled
rapidly by placing them on ice for half an hour and centrifuged at
alower temperature of 4°C for 15 min using a Sorvall refrigerated
centrifuge with an SS 34 rotor. The resulting cell pellets were
immersed in 30 mL of a chilled, filtered acid salt solution
consisting of 100 mM CaCl2, 70 mM MnCl, and 40 mM sodium
acetate, with a pH adjusted to between 5.2 and 5.5 and kept on
ice for another 45 min. Afterward, these cells were resuspended
in a 20% glycerol solution, reducing their volume to 1/25™ of
the original. This concentrated suspension, typically around 4.5
mL from a starting culture of 90 mL, was portioned into 50 pL
aliquots and kept at -70°C.

To initiate the transformation process, the competent DH5a
E. coli cells were first placed on ice for duration of 30 min.
Subsequently they were exposed to a short period of heat at 37°C
for 5 min to facilitate DNA uptake. These prepared cells were
then transformed with the pBI121 vector containing the cagA
gene. Post-transformation, the cells were plated on LB agar plates
enhanced with 20 pg/mL kanamycin and incubated at 37°C for 12
hr, allowing selection of colonies that had successfully integrated
the vector.

Callus induction and agrobacterium mediated
transformation

The initiation of the callus formation process involved growing
an individual colony was cultivated in 5 mL of LB medium along

3000bp
2000bp
1500bp

1000bp

<€——— ~1700bp

500bp

Figure 3: Restriction digestion of ligated pBI121-cagA.

Presented in this figure is the restriction digestion analysis of the pBI121-cagA
construct using BamHI and Sacl enzymes, visualized on a 1% agarose gel.
Lane descriptions are as follows: Lane 1 shows the cagA gene released from
the pBI121-cagA construct by BamHI and Sacl digestion, Lane 2 exhibits the
undigested pBI121-cagA construct and the Molecular-weight ladder (M) is in
the adjacent lane for size comparison.
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with antibiotics at a steady temperature of 37°C for 12 hr, using a
shaker operating at 120 rpm. DNA was then isolated through the
alkaline lysis technique.*? After the overnight growth, cells were
rapidly centrifuged at 6000 g for 5 min in a 4°C environment to
form a compact pellet. Subsequently, the pellet was reconstituted
in 200 pL of Solution I that was kept at a low temperature of 4°C.
To this, 200 pL of freshly mixed Solution II was added and the
container was flipped several times for thorough mixing. Next,
another 200 pL of Solution III was introduced, mixed smoothly
and the entire sample was cooled on ice for a duration of 10 min.
After the cooling period, the lysate underwent centrifugation at
8000 g for 10 min ata temperature of 4°C to facilitate the separation
of different phases. The resultant clear layer was extracted and
combined with an equal amount of phenol:chloroform:isoamyl

alcohol (25:24:1 v/v), followed by additional centrifugation at
8000 g for 10 min at 4°C. The clarified liquid was then combined
with an equal volume of cold isopropanol to induce precipitation
of the DNA, which was collected by subsequent centrifugation at
the same conditions. The precipitated DNA pellet was cleaned,
dried by exposure to air and reconstituted in 10 mM TE buffer.
The plasmid DNA was evaluated for its purity by on a 0.8% agarose
gel. The precise insertion and sequence integrity within the
plasmids were established through restriction enzyme digestion
followed by DNA sequencing, validating their suitability for
further experimental use.

Adapting the procedure outlined by Patel et al. (2013), we

transformed eggplant-derived calli using Agrobacterium

tumefaciens strain EHA105.* For this process, 5 uL of plasmid

Figure 4: Development of Transgenic Brinjal Plants Through transformation mediated by Agrobacterium.

This figure delineates the progressive stages involved in developing transgenic brinjal cv Arka Keshav through
Agrobacterium-mediated transformation. Panel shows the initial phase of callus development from leaf discs transformed
by Agrobacterium and placed on selective medium. Panels B and C depict the growth of kanamycin-resistant transgenic
shoots, which are now rooting in MS medium. Finally, Panel D shows the successful cultivation of transgenic brinjal plants,
fully grown and potted in soil. This series visually represents each critical phase in the transformation and cultivation
process, demonstrating the effective adaptation of the plants to their transgenic traits.
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Figure 5: PCR Detection of cagA Gene in Transgenic Brinjal Plants.

This figure showcases the PCR results that confirm the presence of the cagA gene in transgenic brinjal plants. These plants’ leaf samples
were used to extract DNA, which was then amplified using primers made especially for the cagA gene.The layout of the gel electrophoresis
is detailed as follows: a Molecular-weight ladder is labeled as (M), representing the size markers. DNA from a Non-Transformed plant is
indicated by (NT), serving as a negative control. Samples from pBI121-cagA transformed plants are displayed in lanes labeled B3, B5, B11,
B17 and B21, showing the successful incorporation of the gene. The lane marked (C) contains the pBI121-cagA plasmid, which acts as a
positive control, ensuring the PCR process functioned correctly.
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Figure 6: RT-PCR Amplification Results from Transgenic Plant RNA.

The RT-PCR findings from transgenic plants’ total RNA, which were amplified using primers aimed at roughly ~1700 bp segments of the cagA gene, are shown
in this figure. The electrophoresis gel includes various lanes as follows: a molecular-weight ladder (M) that provides size references for the amplified fragments,
an RT-PCR product from the cDNA of a Non-Transformed plant (NT) serving as a n control for comparison and RT-PCR products from the cDNA of transformed
plants displayed in lanes labelled B3, B5,B11,B17 and B21, which indicate successful gene expression. Additionally, the lane marked (C) contains the pBI121-cagA

plasmid, utilized as a control for validation to confirm the specificity and efficacy of the amplification. This visualization highlights the consistent presence and
activity of the cagA gene in the transgenic brinjal plants.
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Figure 7: Relative Expression Levels of the cagA Gene in Transgenic Brinjal Plants.

This chart displays the comparative expression levels of the cagA gene in transgenic brinjal plants compared to control plants,
whose expression has been normalized to 1 and 100%. The data are presented as the average of duplicate measurements,
expressed as valuetStandard Deviation (SD). Asterisks signify the statistical significance levels, with **" indicating high

significance and *’indicating significance at the 5% level.
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Figure 8: RNA Quality and Protein Expression Analysis in Transgenic Brinjals.

(A) This panel displays RNA extracted from leaf samples of transgenic and control (NT) brinjal plants, visualized on
a 2% agarose gel to assess RNA integrity. (B) Western blot analysis showing that, in contrast to a Non-Transgenic
control (NT), the cagA protein is present in independent transgenic brinjal lines (B3, B5,B11,B17 and B21). Beta-actin
is included as a Housekeeping Protein (HKP). The cagA protein bands are apparent at approximately 63.5KDa, with

Beta Actin appearing at around 42KDa.

DNA was combined with 45 uL of Agrobacterium cells and the
resulting mixture was moved to a cooled electroporation cuvette
for electroporation. Following this, the transformed vectors were
cultured in 5 mL of YEP medium (yeast-extract-mannitol, pH 7.0)
containing 20 mg/L Rifampicin and 50 mg/L Kanamycin and left
overnight at 28°C on a rotary shaker set at 200 rpm. Subsequently,
the culture was moved to 45 mL of infection medium (enhanced
MS basal medium with Thiamine HCI, Myoinositol, Casein
hydrolysate, Proline, Glucose, 2,4-D and Acetosyringone) at

202

pH 5.2 and continued incubation at a temperature of 28°C. The
insertion of the cagA gene into Agrobacterium was confirmed
using colony PCR. During the infection stage, the embryogenic
calli were exposed to a 3 min heat shock at 42°C, followed by
a 12 min cooling at room temperature. Residual bacteria were
removed using Whatman filter papers and the calli were then
placed in dark conditions on co-cultivation media at 25°C for two
days. This medium consisted of MS basal medium enriched with
Myoinositol, Casein hydrolysate, Proline, Maltose, 2,4-D and

Indian Journal of Pharmaceutical Education and Research, Vol 59, Issue 1, Jan-Mar, 2025
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A

Figure 9: cagA Protein Localization in Brinjal Leaves.

This figure presents microscopic pictures displaying the cagA protein’s distribution in brinjal leaves. Panel (A) displays the presence of the
cagA protein in transgenic plants, indicated by arrows, while panel (B) shows leaves from non-transgenic plants that do not express the
cagA protein. The study does not include negative controls, such as samples without antibodies or those treated with PBS. Three separate
leaf samples and three distinct cross-sections are used to create the photos and the scale bars show 30 um.

BAP. following co-culture, the explants were shifted to selecting
media comprising 100 mg/L Kanamycin, with media changes
every six days for approximately 20 days. The successful calli were
then moved to regeneration media that included BAP, Maltose,
Phytagel, Timentin and Hygromycin and were maintained
under light conditions at 25°C for 3-4 weeks. Regenerated
shoots initially developed on media containing Kanamycin and
Cefotaxime, before being transitioned to a rooting medium
comprising half-strength MS medium with Cefotaxime and IBA,
but without Kanamycin to enhance root formation. The plantlets
were subsequently transferred to fresh rooting media for an
additional 15 days. Finally, the primary transgenic plants were
acclimatized in a greenhouse designed for specific temperature
and light conditions prior to potting in a mixture of peat-lite and
sand. They were then maintained under controlled conditions in
a culture room.

Genomic DNA extraction from plant leaves

Genomic DNA was extracted from leaf tissue using CTAB method
as per the protocol.*> Approximately 100 mg of finely ground leaf
material was treated with 0.5 mL of a CTAB buffer. This buffer
included 2% CTAB, 1.4 M NaCl, 20 mM EDTA, 10 mM Tris-HCI
(pH 8.0) and 10 pL of beta-mercaptoethanol. Samples were mixed
and incubated in a waterbath at 65°C for 30 min. Following
incubation, a same amount of chloroform:isoamyl alcohol (24:1)
was added which was then centrifuged at 5000 rpm for 15 min
at ambient temperature. The upper layer containing water was
collected and combined with 1/10* volume of 5 M NaCl. DNA
was precipitated using cold isopropanol. Precipitated sample was
then centrifuged at 8000 rpm for 10 min and purified using 70%
ethanol solution. After Centrifugation, DNA pellet had dried
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and dissolved in 100 pL of TE buffer. In order to eliminate any
remaining RNA, a solution containing 5 pL of RNase A (10 mg/
mL) was introduced and then incubated at 37°C for 1 hr. The DNA
that had been purified was thereafter stored at a temperature of
-20°C for future analytical use.

PCR amplification of cagA

CagA mRNA expression was analyzed using RT PCR and western
blotting with RNA isolated from leaves of both transgenic plant
and wild variety. The primers for these amplifications (listed in
Table 1) were generated with the Primer 3 tool (version 4.13),
designed to align with mRNA sequences recorded in GenBank
(45). We confirmed the specificity of these primers with the
BLASTN algorithm**! to ensure accurate targeting within the
gene. Each primer pair was designed to span identical exons,
facilitating the amplification of both genomic DNA and cDNA
from our samples. To exclude any potential DNA contamination
the sample were treated with DNase. The effectiveness of these
primers in amplifying cDNA was substantiated through standard
RT- PCR procedures and subsequent gel electrophoresis, ensuring
the integrity and specificity of our PCR assays.***

RNA isolation and cDNA synthesis

Following the transformation of brinjal plants, leaves were
frozen using liquid nitrogen and preserved at -80°C for later
analysis. To extract RNA, the frozen leaves were finely ground
with liquid nitrogen with a pestle and mortar. RNA was isolated
from 100mg of this leaf powder using RNeasy plant mini kit by
Genei laboratories pvt Itd using manufacturers protocol. Agarose
gel electrophoresis was performed to ensure the RNA extracts
were free from genomic DNA contamination [Figure S1]. Using
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Figure 10: ELISA Data for cagA Antigen in Transgenic Brinjals.

This ELISA reader-generated graph displays the cagA antigen levels in transgenic brinjals at 1/5 and 1/10
dilution ratios relative to the control plant. The control plant showed no indication at all. The averaged values
are presented as mean+SD based on triplicate samples. Significant differences are indicated by triple asterisks
(**), while significance at the 1% level is indicated by double asterisks (“**').

a Nanodrop® spectrophotometer, the purity and concentration
of RNA were measured; an OD260 of 1.0 indicates an RNA
concentration of 40 pug/mL.**® The cDNA was synthesized from
approximately 2 pg of the extracted RNA, which equates to
about 1.02 pL given the RNA concentration, using the M-MuLV
RT-PCR Kit as per Ramalho et al. (2004) protocols.* In order to
synthesized the RNA, random primers and 1 gL of RT enzyme
were combined. The mixture was then incubated for 10 min at
25°C and 45 min at 70°C. Afterwards, this cDNA was subjected to
RTPCR and amplified fragments were visualized on 1.2% agarose
gel as per the protocol.”

Evaluation of Quantitative Real-Time PCR

Following the manufacturer's instructions, we used Bio-Rad's
SYBR Green PCR Master Mix to perform RT-PCR analyses on the
generated cDNA samples. Table 1 lists the precise oligonucleotide
primers that were utilized.” 10 pmol/L of each individual primer,
2.5 pL of 10x PCR buffer with SYBR Green, 2.5 uL of 10 mM
dNTPs, 10.4 pL of PCR-grade water, 0.1 puL of 5U Taq polymerase
from Genei and 2 pL of the target cDNA made up the 25 uL total
volume of the qPCR reaction mixtures. This setup was designed
to enable simultaneous amplification of the cagA target gene and
the Actin reference gene.”” The denaturation phase of the PCR
cycle was carried out at 94°C for 10 min, followed by 35 cycles of
30 sec denaturation at 94°C, 30 sec of annealing at 55°C and 30
sec extension of 72°C. Final extension was carried out at 72°C
for 10 min. To maintain precision and minimize contamination,
samples were processed in duplicate and included non-template
controls. Data obtained from the qPCR were analyzed using
CFX Maestro Software. The AACT approach was utilized to
calculate the differences in gene expression by employing the
2A-AACT calculation algorithm.*** An unpaired t-test was
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utilized for statistical analyses, with a significance level of <0.05

for p-values.”

Protein Isolation and Western Blot Assessment

Using a mortar and pestle, the leaves were ground into a fine
powder with liquid nitrogen in order to isolate proteins from the
leaves of both genetically modified and wild-type brinjal plants.
After being ground into a powder, 0.2 g of this leaf material was
suspended in 2 mL of cold acetone and vortexed for 30 sec.®
The suspension was centrifuged at 10,000 g for 3 min at 4°C.
Pellet was rinsed using acetone before grinding it again using
quartz sand. The ground pellet was then washed with 10% TCA,
followed by ice cold acetone (80%). Post wash pellet was dried
at room temperature and protein was extracted from the pellet
using phenol method.®’ 100 ug of pellet was suspended in 800ul
of TBP and 800ul of SES buffer containing 30% sucrose, 2% SDS,
0.IM Tris (pH 8) and 5% 2-mercaptoethanol. The mixture was
thoroughly mixed before centrifuging at 10,000 rpm for 3 min.
Proteins precipitated by adding five volumes of cold methanol
with 0.1 M ammonium acetate after the upper phenolic layer
was removed. The proteins were then separated using a further
centrifugation at 10,000 rpm for 5 min. They were subsequently
cleaned using 80% acetone and methanolic ammonium acetate.
Pellet was dried and dissolved in a 2-DE rehydration solution that
contained 20 mM dithiothreitol, 4% CHAPS, 2% IPG bufter and
8 M urea. Using a protein test kit with bovine serum albumin
as the standard. For western blot analysis the separated proteins
were loaded onto 12% SDS- PAGE with a 4.75% stacking gel.
Proteins were denatured in sample buffer and electrophoresis was
carried out at 200V. after the electrophoresis process, the proteins
were transferred onto nylon membranes. These membranes
were subsequently treated with a 3% bovine serum albumin in
TBST buffer to prevent any nonspecific binding. The membranes
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Figure S1: Evaluation of cagA gene expression in all five transgenic brinjal lines.

were treated with a secondary biotin-conjugated anti-cagA
Helicobacter pylori antibody from Thermo Fisher, diluted at 1:500
and incubated for about an hour at room temperature. Detection
was achieved using Streptavidin at a dilution of 1:1000 and signals
were visualized using a Western blot detection kit. Beta-actin was
used as the loading control.

Immunohistochemistry assay

Leaf sections from both genetically modified and non-modified
plants were prepared for immunohistochemical analysis using
the Technovit 7100 Embedding Kit (Heraeus Kulzer, Wehrheim,
Germany), following adapted procedures from Hama et al.
2022.% Transverse sections, 5 mm thick, were precisely sliced and
mounted on slides using a microtome. To deactivate endogenous
peroxidase activity, these sections were treated with 3% hydrogen
peroxide for 15 min at ambient temperature. Sections were
washed and blocked using 10% Bovine Serum Albumin (BSA) to
reduce any non-specific interactions. The blocked sections were
incubated overnight at 4°C with a biotin-conjugated primary
anti-cagA H. pylori antibody from Thermo Fisher (dilution
1:2000). Incubated sections were then thoroughly washed with
PBS and incubated in secondary antibody (biotin labelled goat
anti rat IgG at 1:500 dilution). the slides were rinsed with distilled
water and observed under olympus IX-70 microscope.

ELISA

For the ELISA test, extracts from cagA gene-modified brinjal
plants were diluted in a sodium bicarbonate buffer (pH 9.8) at 1:5
and 1:10 ratios. These diluted samples were then utilized to coat
the wells of an ELISA plate, aiming for antigen concentrations of
5 mg/mL per well.*% The plates were placed in an incubator of
37°C for 2 hr. Post incubation, the plates were rinsed three times
with a washing buffer that contained 0.1% Tween 20 in PBS,
each wash lasting 5 min. The wells were subsequently blocked
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with 2% skim milk for 90 min to prevent non-specific bindings.
This step was followed by another set of three washes using the
Tween 20-PBS wash buffer. Biotin conjugated primary antibody
was added to the antigen coated wells at 1:500 concentration
and incubated for 1 hr at room temperature. Following the
period of antibody incubation, the plates were again Washed to
remove any unbound primary antibodies. A 1:10,000 dilution of
Streptavidin-HRP conjugate was added to each well, incubate for
30 min, followed by the addition of 0.5 M HCl to stop the reaction.
The absorbance at 450 nm measured using a Bio-Rad microplate
reader. Protein extracts from unmodified brinjal leaves served as
the negative controls. All steps were performed in triplicate to
ensure accuracy and consistency in the results.

RESULTS

Cloning and Amplification of the cagA Gene into
pBI121

The PCR process with cagA-specific primers effectively produced
an amplicon approximately ~1700 bp in size, evidenced by the
bands visible in [Figure 2]. Additional analysis using agarose gel
electrophoresis of the plasmids following enzymatic digestion
identified two distinct fragments [Figure 3], with one matching
the expected size of the cagA gene at about ~1700 bp. Sequence
analysis of these fragments was performed and the findings were
assessed against sequences available in the GenBank database.
The BLAST alignment tool, showed that our sequence high degree
of similarity, with 97.93% match to existing cagA gene sequences
listed in GenBank (GenBank® accession no. CP026326.1),
highlighting the genetic diversity within different strains of this
gene.

Agrobacterium Genetic Transformation in Brinjal

Agrobacterium transformation successfully regenerated 52 distinct
brinjal plants, as illustrated in [Figure 4]. The incorporation of the
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cagA gene within these genetically modified plants was verified
through colony PCR on the Agrobacterium cultures, displaying
bands approximately ~1700 bp in size on the gel, aligning with the
expected size of the cagA gene. To further confirm the expression
of cagA, both PCR amplification and immunoblot analysis were
utilized. Genomic DNA from all five transgenic lines [Figure 5]
and cDNA from these lines produced a PCR product consistent
with the anticipated ~1700 bp size [Figure 6], affirming active gene
expression. Conversely, control samples comprised of genomic
DNA and ¢cDNA from non-transgenic plants showed no bands,
as anticipated, confirming the absence of cagA amplification. The
lack of non-specific bands in these tests indicated that the DNA
was highly pure and specifically targeted the intended gene.

Real-Time PCR Analysis of cagA Gene
The transcription levels of the cagA gene across various samples
were analysed by running the RT PCR amplicons on a 2%
agarose gel. The Housekeeping Gene (HKG) exhibited a uniform
expression pattern, evident at approximately 150 bp in all the
samples tested. Importantly, cagA gene expression was detected in

Expression

all five evaluated samples, as shown in [Figure S1]. Although gene
expression predominantly occurred around 151bp, variations
in expression intensity were observed among samples B3, B5,
B11 and B17 compared to B21. Notably, samples B11 and B17
demonstrated significant overexpression with levels recorded at
17.3302+0.42466 and 21.2610+0.416804 respectively, whereas
sample B5 exhibited a lower expression level at 11.59+0.284
[Figure 7]. Statistical analysis showed a significant F-value of
0.003**, indicating non-uniform variance among the samples. The
p-value of 0.009** at a 5% significance level led to the rejection of
the null hypothesis, indicating statistically significant variations in
expression levels between the transgenic brinjal plants and their
non-transgenic counterparts. Further, paired t-tests performed in
SPSS identified significant differences in gene expression between
the transgenic and control plants across all comparisons: B3 cagA
- Control (p = 0.025*), B5 cagA - Control (p = 0.012%), B11 cagA
- Control (p =0.012*), B17 cagA - Control (p = 0.009**) and B21
cagA - Control (p = 0.041*). The rejection of the null hypothesis
confirms significant distinctions in the expression levels between
transgenic samples B3, B5, B11, B17 and B21 compared to the
controls [Figure 7].

Analysis of cagA Protein Expression in Genetically Engineered
Brinjal. The primary objective of this study was to generate cagA
proteins in plants that have been genetically altered. Through
Western blot analysis, significant expression of the cagA protein
was detected in the transgenic brinjal plants, exhibiting a
molecular weight of around 63.5 KDa [Figure 8]. On the other
hand, protein extracts from non-transgenic or control plants
showed no bands at this molecular weight. The genetically
engineered brinjal varieties B3, B5, B11, B17 and B21 displayed a
strong positive correlation between the levels of cagA mRNA and
protein expression. Specifically, samples B11 and B17 exhibited
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notably higher cagA protein levels compared to the other tested
samples, corroborating the RT-PCR findings and demonstrating
consistency between mRNA and protein expression levels.
Furthermore, bands indicative of beta-actin, which served as a
reference for sample loading control, were consistently observed
at a molecular weight of 42 KDa [Figure 8].

Analysis of the cagA protein using immunohistochemistry
in brinjal leaves Immunohistochemical tests were conducted
to assess the localization of cagA protein within the leaves of
genetically modified and unmodified brinjal plants. In the
non-transgenic samples, cagA protein was nearly undetectable.
However, in the transgenic samples, clear staining indicating
the presence of cagA protein was noted in the parenchymal cells
under the leaf epidermal layers. While the epidermal layer showed
minimal specific staining, there was substantial accumulation of
the protein in the parenchymal tissues. Notably, the protein was
predominantly localized in the cytoplasm, rather than the cell
walls. This investigation is possibly the first to document such
findings and it draws comparisons with the work of Qing Gu et al.
(2006),% who demonstrated the expression of the full-length ureB
gene in transgenic rice, triggering an antigen-based response
against H. pylori. The results of our immunohistochemical
analysis align with those described by Qing Gu et al., but with a
focus on the cagA protein, as illustrated in [Figure 9].

ELISA Results for Transgenic Brinjal Plants

The (ELISA)
demonstrated that the transgenic brinjal plants were capable
of producing significant levels of the cagA protein. The
concentrations of antibodies in these samples were quantitatively
assessed and depicted in [Figure 10]. Notably, among the
transgenic lines, samples B11 and B17 exhibited the highest
concentrations of cagA antigen at dilutions of 1:5 and 1:10.

Enzyme-Linked  Immunosorbent  Assay

Statistical evaluations confirmed the significance of these results
at the 1% level, corroborating the findings from both RT- PCR
and Western blot analyses. In contrast, the antigen was not
detectable in the control samples from non-transgenic plants. The
strong correlation observed between the RT-PCR and ELISA data
highlights a consistent positive relationship between the cagA
mRNA and protein levels in the transgenic lines. This coherence
across various testing methods affirms the accuracy of the results
and highlights the effective expression of the cagA gene in these
genetically engineered brinjal plants.

DISCUSSION

Recent advancements in plant biotechnology have catalyzed
the production of recombinant proteins, including vaccines,
using various plant-based expression systems.**” Despite these
technological strides, several challenges persist that hinder the
broader implementation of plants as bioreactors for producing
recombinant biopharmaceuticals. One significant barrier is
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enhancing the cost-effectiveness of this approach. H. pylori,
a bacterium affecting approximately 40-50% of the global
population,' is often linked to several gastrointestinal diseases
such as ulcers and various cancers, including those of the
stomach and intestine. Additionally, it is linked to a heightened
risk of developing adenocarcinoma and lymphoma.*® Vaccines
are vital for enhancing immunity to specific pathogens and
are key in controlling disease outbreaks. Traditional vaccines,
which are proteins that simulate the pathogen, are typically
created through processes that either heat-kill or attenuate the
pathogenic strains.®® They train the immune system to recognize
and effectively respond to foreign antigens. Plant-based vaccines
offer a promising alternative by potentially lowering production
costs and simplifying the production process compared to
traditional vaccines.”®”! Utilizing transgenic plants to produce
biopharmaceutical proteins represents a strategic approach to
addressing the costs and other limitations tied to conventional
vaccine production systems.”” These vaccines involve genetically
modifying plants to carry pathogen-specific genes, preserving
their immunogenic properties.” In our research, we successfully
introduced and expressed the cagA protein in brinjal plants,
marking a first for this species. This result aligns with earlier
studies in which rice expressed the H. pylori with approximately
30 regenerated plants showing accumulation of the ureB antigen
as verified by PCR and blotting techniques.®The increasing
prevalence of antibiotic- resistant strains of bacteria such as H.
pyloriunderscores the critical need for developing new vaccines.”™
This pathogen not only maintains high infection rates worldwide
but has also shown a growing resistance to multiple antibiotics
in both developing and developed nations.”” These challenges
emphasize the need for cost-effective vaccine development
strategies. While eukaryotic systems can often produce proteins
inexpensively and effectively, most prokaryotic systems do not
perform essential post-translational modifications, making them
less suitable for vaccine production.”® In our experiments, we
engineered the cagA gene into the pBI121 binary vector, with
kanamycin resistance markerandintroduced itinto brinjal calluses
using an Agrobacterium-mediated transformation technique.
Five of the 52 examined plants exhibited transgenic traits, as
shown by the cagA gene product's detection. The presence of the
cagA gene in these plants, at both the RNA and protein levels,
was verified using RT-PCR and Western blot analysis, suggesting
that cagA transgenic brinjal could serve as an edible vaccine
candidate against H. pylori. The concept of edible vaccination is
emerging as a compelling solution for human and animal health
applications. Although these vaccines face challenges such as
public acceptance of their effectiveness and safety, they represent
a cost-effective and potentially safer alternative to conventional
vaccines.”” The findings of this research contribute to the
expanding field of plant-based vaccine research, providing new
insights and methodologies for developing affordable and safe
vaccines against prevalent bacterial infections like those caused
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by H. pylori and paving the way for further advancements in the
realm of edible vaccines.

CONCLUSION

Our study demonstrates the successful genetic modification
of brinjal (Solanum melongena L.) to produce the cagA protein
from H.pylori, highlighting its potential as a novel edible vaccine
candidate. The incorporation of the cagA gene into the brinjal
genome was confirmed through rigorous molecular techniques
including PCR, Western blot analysis and ELISA, establishing the
consistent expression of the antigen at both the transcriptional
and protein levels. The transgenic brinjal lines showed varied
but significant expression of the cagA protein, with lines B11
and B17 exhibiting particularly high levels, which correlated
positively with the immunogenic response as evidenced in
immunohistochemical analyses. These findings suggest that
these plants can effectively elicit an immune response, a key
characteristic for potential vaccine candidates. Furthermore, this
research underscores the advantages of using plants as biofactories
for vaccine production, offering a cost-effective, safe and scalable
alternative to traditional methods. Plant-based vaccines, like
the one developed in this study, could significantly reduce the
logistical and financial burdens associated with conventional
vaccine production and distribution, particularly in low-resource
settings. The successful expression of the cagA protein in
brinjal not only provides a basis for further research into edible
vaccines against H. pylori but also contributes to the broader
field of molecular farming. Future studies should focus on the
clinical efficacy and safety of these transgenic plants, optimizing
expression systems and scaling up production to fully realize
their potential in combating H. pylori infections globally. This
study paves the way for advancing plant-based pharmaceutical
technology, offering promising insights into the development of
new, effective and accessible strategies for disease prevention,
especially in regions most burdened by gastric diseases linked to
H. pylori.
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SUMMARY

This study explores the innovative use of genetically engineered
brinjal (Solanum melongena L.) as a biofactory for producing an
edible vaccine against Helicobacter pylori, targeting the bacterium's
cytotoxin-associated gene A (cagA) antigen. Byintegrating the cagA
gene into brinjal using Agrobacterium-mediated transformation,
we achieved stable expression, which was confirmed through
PCR, qPCR and Western blot analyses. Notable results included
significant antigen production in specific transgenic lines, with
strong immunogenic potential demonstrated by ELISA and
immunohistochemical staining. These findings highlight the
potential of plant-based vaccines as a cost-effective and accessible
approach for combating H. pylori infections, particularly in
low-resource settings. This research paves the way for further
development of edible vaccines, which could significantly impact
global health by providing an alternative to traditional vaccine
production methods.
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