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Role of oral vaccines as an edible tool to prevent infectious diseases
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Summary. – Plants have been as medicinal mediators for centuries. Recent trends in agro-biotechnology 
however, improved the therapeutic roles of plants to a significant level and introduced plant-based oral vac-
cine which can arouse an immune response in consumer. Although conventional vaccines against infectious 
diseases have been administrated for years the discovery of plant-based oral vaccines can potentially replace 
them completely in the future. The probable limitations in conventional vaccines are found to be overcome by 
plant-based oral vaccines. Humans and animals will no longer be dependent upon local or systemic adminis-
tration of vaccines but they will just receive the vaccines as a routine food. For the purpose, gene of interest is 
introduced into plant through transformation, and expression of specific antigen is obtained in plant products 
which are then consumed by humans or animals. Therefore, plants can serve as bioreactors or bio-factories for 
production of edible vaccines. A detailed overview about edible vaccines, methods for edible vaccine produc-
tion, candidate bioreactors and future perspectives of edible vaccines has been summarized in current article. 
The future of vaccination seems to be present within plant-based vaccination system.
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1. Threat of infectious diseases and vaccine development 

Risk of infectious diseases is not new to the world as it 
has become a danger for the health of both humans and 
animals, especially for developing countries. According to 
World Health Organization, the mortality and morbidity 
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rates in developing countries are very high. Almost, 9.5 mil-
lion people die per year due to the infectious diseases (Lössl 
and Waheed, 2011). 

Infectious diseases in humans are spread mostly by dif-
ferent pathogens. The zoonotic diseases cause almost 65% of 
infectious diseases in humans. World is facing a great burden 
on livestock as well as health of humans and animals due to 
the infectious and zoonotic diseases about 14,000 years ago 
when people kept the dogs, goat, sheep, cattle and pigs as 
domestic animals, zoonotic diseases appeared in humans due 
their close interaction (Shahid and Daniell, 2016). 

The plaque outbreak had spread through rats in Europe 
that killed a huge proportion of European population. In 
humans, plaque is the second most deadly disease after 
smallpox and it has caused millions of deaths as it was the 
cause 200 million deaths in Black Death pandemic in Europe 
during 14th–17th centuries (Alvarez and Cardineau, 2010; 
Tunkel et al., 2017). It is estimated that 9.4 million cases of 
illness were caused by 31 animal food borne pathogens each 
year in United States. In United States, Salmonella is also 
the main human health risk as it causes almost 400 deaths 
annually (Routh et al., 2015). 

To reduce the rate of infectious diseases in humans and 
animals, much more efforts and unique prevention strate-
gies are needed. The present review is a brief illustration of 
various vaccine production systems, vaccine drawbacks, and 
new plant-produced vaccines to overcome them.

The development of vaccines is based on the scientific 
idea that prevention is better and economical than treatment. 
Primarily, vaccination is the exposure of individual to specific 
antigens of infectious microbe which provokes an immune 
response in host (Esmael and Hirpa, 2015). Edward Jenner 
used the vaccination system against “small pox” for the first 
time in history which opened a new door to discovery of 
more vaccines against other infectious diseases. Since 1940, 
several efforts have been carried out to develop vaccines. A 
great number of vaccines were developed like inactivated 
vaccines, live vaccines, subunit vaccines and vector vaccines. 
Most of them had been commercialized later on (Shahid 
and Daniell, 2016). 

Vaccines are proved revolutionary against many infec-
tious diseases but there are some disadvantages i.e. cost 
effectiveness, adverse side reactions during administra-
tion, specific expiration and constant preservation at low 
temperature (Thomas et al., 2011; Concha et al., 2017). The 
attenuated vaccines have a good antiviral approach, but at 
the same time there is a risk of retaining virulence (Li et 
al., 2012). Inactivated vaccines produce less immunity and 
need multiple boosters (Chen et al., 2008; Perelberg et al., 
2005). Moreover, the way of delivering the live vaccine by 
sprays or aerosol also contaminates the environment. Live 
virus vaccines can be administered orally or by the nasal 
route to control many diseases in animals, such as drinking 

water or through aerosols. Sometimes the aerosol method of 
administration can accidentally inoculate younger or more 
susceptible individual in close proximity, leading to death 
(Wang et al., 2018). The inactive vaccines are administered 
through intramuscular or subcutaneous injections which 
are a quite laborious methods to produce very low systemic 
immunity (Sharma, 1999). 

2. Role of plant biotechnology in edible vaccine 
development

In 1990s, Arntzen developed the concept of edible vaccine. 
A scientific quote, “let the food be the medicine” describes 
the term edible vaccine very accurately (Lam et al., 1996). 
Edible vaccines are actually produced in plants by transfor-
mation with gene of interest (Lal et al., 2007). The protein 
derived from the disease-causing pathogen is present in the 
edible food crop and after the consumption by human or 
animal the protein enters the bloodstream after digestion. 
Hence after encounter with pathogen the immune response 
will neutralize the pathogen (Daniell et al., 2009).

Various plant tissues have been used for the expression 
of more than 100 types of therapeutic proteins and different 
types of plant expression systems have been studied (Tiwari 
et al., 2009). The successful expression of surface antigen 
present on the surface of Streptococcus mutans in tobacco 
was the earlier demonstration of edible vaccine (Esmael and 
Hirpa, 2015). Edible vaccines possess various advantages 
over conventional vaccines i.e. reduction of possible hazards 
(toxic compounds), responses to allergies and the risk of 
establishment of pathogenic strain from attenuated strain, 
production technologies (that use bacteria, yeast and mam-
malian cells) (Pelosi et al., 2012). Animals or humans can be 
immunized equally by the edible vaccines without any risk. 

Another limitation of conventional vaccines is its hin-
drance by physical barriers of host e.g. mucosal surfaces of 
gut. Comparatively, oral vaccine antigen is protected by the 
plant cell wall when entering the acidic environment of diges-
tive tract. Conjugation with cholera toxin B subunit (CTB) 
or heat labile enterotoxin B subunit (LTB) helps to deliver 
the antigens directly to the gut associated lymphoid tissue 
(GALT) underneath the epithelia to induce specific immune 
response (Shahid and Daniell, 2016; Kolotilin et al., 2014).

The first patented edible vaccine was against transmissible 
gastroenteritis virus (TGEV) in pigs after the demonstration 
of its efficacy in animal model. However its commercializa-
tion is still under process (Lamphear et al., 2004). Edible vac-
cine against foot and mouth disease and porcine reproductive 
and respiratory syndrome are currently in clinical trials. 
Multiple plant-produced edible vaccines against diseases of 
pets, poultry, and swine, are currently undergoing clinical 
trials (Esmael and Hirpa, 2015; Jacob et al., 2013). The first 
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successful US department of agriculture (in 2006) approved 
edible vaccine was poultry vaccine against Newcastle disease 
developed by Dow Agro Sciences. It was the first interna-
tional success of molecular bio-pharming (Ritala et al., 2014).

3. Plant-based expression systems

Production of edible vaccine mainly involves the in-
troduction of gene of interest into host plants via its prior 
integration into selected vector. Then finally it is integrated 
into the host's genome where it is expressed either via stable 
transformation system or through transient transformation 
system. Selection of system is based on the final location of 
transgene. Nuclear and plastid integration results in sta-
ble transformation system (Laere et al., 2016). Due to the 
changes in host plant cell after integration into its genome, 
it is called permanent or stable transformation (Wang et al., 
2013a). Genetically modified agrobacterium strain or biolis-
tic transfection are the best examples of stable transfection 
(Wang et al., 2013a). 

On the contrary, when the desired proteins are produced 
only temporarily after the transformation it is called transient 
transformation system and gene of interest is not incorpo-
rated into the host's genome (Chen and Lai, 2015). It not 
only produces the significant amount of subunit antigen as 

compared to the stable transformation system but also the 
regeneration of whole plant is not required (Fig. 1). It can be 
achieved through agrobacterium mediated transformation 
of genetically modified plant virus or particle bombardment 
(Altpeter et al., 2005). Transformation mechanisms of the 
genes of interest are discussed below. 

3.1 Nuclear transformation

Genetically modified crops are mostly produced by nu-
clear transformation method which is simple and widely 
used. In this method Agrobacterium tumefaciens or biolistic 
transformation are used to introduce the foreign antigen into 
the nuclear genome.

Agrobacterium tumefacien is naturally found in soil and 
known as soil bacterium. It has the ability to enter into the 
plants through plant's wounds or scratches. Agrobacterium 
containing circular tumor inducing Ti plasmid infects the 
plant after sensing the phenolic secretins from plant's wound 
(Kim and Yang 2010). Secretins activate the vir genes that 
are transcribed into vir proteins and mediate the entry and 
integration of the virus into the host plant's genome that 
results in the production of hollow tumor called crown gall 
tumor, where it resides (Sharma and Sood, 2011; Mishra 
et al., 2008). Transformed cells and the whole plants are 
selected by antibiotic resistance gene present in the plasmid. 

Fig. 1

The production process of plant-made vaccine against infectious diseases 
Isolated immunogenic gene from pathogen is introduced into plants through different transformation methods i.e. nuclear transformation, chloroplast 
transformation, cell suspension based and transient expression. Humans and animals are immunized upon ingestion of plant-made vaccine resulting in 
specific immune response against infectious diseases.
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Agroinfilteration uses vacuum or syringe to transform leaves 
with agrobacterium containing transgenic gene (Takeyama 
et al., 2015).

The major advantage of nuclear transformation is the post 
translational modifications of foreign proteins processed in 
eukaryotic system. Protein of interest needs a signal peptide 
to enter nucleus (Tremblay et al., 2010). Along with advan-
tages there are some disadvantages. Foreign DNA integrates 
randomly into the plant genome thus shows different levels 
of expression in different parts of the same plant. Almost 
50–100 plants has to be transformed at the same time to se-
lect the plant with the highest level of expression and lowest 
number of opposing effect (Santi, 2009). Other disadvantages 
include gene silencing, position effect and risk of transgene 
contamination by pollen and seeds (Fahad et al., 2015).

3.2 Chloroplast transformation

Chloroplast transformation compensates some of the 
difficulties of the nuclear transformation that hindered the 
commercialization as plant based recombinant vaccine. In 
this method, there is a direct introduction of desired gene 
(DNA or RNA) into the genome of the circular plant chlo-
roplast through a particle gun. Biolistic method is the most 
common direct gene delivery approach. It is also called gene 
gun or micro-projectile method as it does not require any 
vector for the transfer of gene to the host (Laere et al., 2016). 
In this method leaves are bombarded with tungsten or gold 
micro-carrier coated with DNA (Saxena and Rawat, 2014; 
Kim and Yang, 2010). Micro-carrier coated with the transgene 
is placed into the gene gun and propelled by high pressure of 
helium gas toward the leaf (Mishra et al., 2008) and enters the 
chloroplast and its genome (Vasil and Vasil, 1999). 

Most of the recently reported edible vaccines are produced 
via chloroplast transformation due to the stability and high 
expression of the gene. Risk of transgene via pollen is reduced 
because of the maternally inherited chloroplast genome. 
Many antigens of viral and bacterial origin against various 
animal and plant diseases including cholera, anthrax, tetanus, 
plaque and against viral diseases including rotavirus and 
canine parvovirus were expressed in chloroplasts (Rosales-
Mendoza et al., 2012).

3.3 Viral vectors

Natural hosts such as edible plants can be infected through 
the genetically engineered plant viruses that carry the gene 
of interest. Different levels of expression of cloned genes are 
seen in different parts of the plants including edible portions 
(Saxena and Rawat, 2014). Certain viruses including cow-
pea mosaic viruses (CPMV), alfalfa mosaic virus, tobacco 
mosaic virus (TMV), cauliflower mosaic virus (CaMV), 
tomato bushy stunt virus and potato virus are engineered 

to express the portion of antigenic protein on their surface 
through overcoat and epicoat technology. The entire proteins 
of the virus are produced by overcoat technology. While the 
expression of only the foreign protein can be produced by 
epicoat technology (Esmael and Hirpa, 2015). 

The plant virus is genetically modified, to express the 
foreign gene under the control of coat protein sub-genomic 
promoter. These modified viruses are used to deliver epitope 
peptide into the plant. The whole process takes 3 weeks 
(Gleba et al., 2007). Vaccine against rabies virus in alfalfa was 
produced by using virus vector system. Plant viruses produce 
the abundant protein in short time after its independent 
transcription and translation (Rybicki, 2014).

3.4 Cell suspension cultures

Plants are cultivated by several in vitro techniques but 
cultivation through cell suspension culture has a great interest 
for the scientists because it is the most responsive procedure 
for the production of genetically modified transgenic plants 
that can easily be cultivated in large scale bioreactors. Cell 
suspension cultures are prepared by the distortion of single 
callus into undifferentiated cells that result in the stable cell 
suspension (Yusibov and Rabindran, 2008). Transgenic ex-
plants are transformed with the agrobacterium to produce 
the recombinant protein. Tobacco cell suspension has been 
used for the production of first edible vaccine against poultry 
disease that was approved by the USDA in 2006 (Yusibov et 
al., 2011). FDA approved the first biopharmaceutical protein 
glucocerebrisidase against Gaucher's disease made in carrot 
cells in 2012 which is now marketed by Pfizer (Wolfson, 2013). 

4. Mechanism of mucosal immune response  
to edible vaccines

Digestive, respiratory and reproductive tracts are lined 
with largest immunological active tissue in the body called 
mucosal surface. It is also called gut associate lymphoid tissue 
(GALT) that in humans has an area of 300 m2. Both mucosal 
and humoral immunity response can be stimulated by the 
plant-produced vaccines. The antigen in transgenic edible 
plant is protected from the gastric secretions by the tough 
outer wall of plant cell that acts as bio-encapsulation dur-
ing its delivery and finally breaks up in the intestine (Wang 
et al., 2013b). M cells present over the Peyer's patches and 
GALT ingest the released antigen and then pass it on to mac-
rophages, local lymphocytes and other antigen presenting 
cells. Consequently, the level of IgG, IgA and IgE antibod-
ies in the serum increases. Finally, the target molecules on 
subsequent exposure are neutralized by these antibodies. In 
this way, GALT plays crucial role in the oral immunization 
by edible vaccine (Pasetti et al., 2011; Shahid et al., 2017).
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5. Candidate plants for edible vaccines

For the expression of desired antigen different edible 
parts (like grains or fruits) of different plant species are 
utilized. For the high level of expression cereals (e.g. rice 
and maize), fruits (e.g. banana), leaves of many plants (e.g. 
tobacco, alfalfa and peanut), tubers (e.g. potato), tomatoes, 
pea, cowpea, soybean seeds, carrot and lettuce have been 
largely used (Ahmad et al., 2012;Yoshimatsu et al., 2012; 
Huy et al., 2012). An attention should payed to choosing 
the characteristics of the plant for antigen expression i.e. 
hardy, palatable, well relished, native, easily accessible and 
easy to transform. Another major aspect is site of expression, 
whether the antigen is expressed in leaves of germinating 
seedlings or in chloroplast or in dry tissue like cereals as a 
final vaccine product (Wang et al., 2012). 

Expression in grains has an advantage over others as it 
is cost effective, large proteins can be stored in it for years, 
massive production in short time span and finally it can be 
harvested and processed very easily (Streatfield et al., 2001). 

Because of transforming ability tobacco is the plant that is 
commonly utilized for the expression of proteins. The aim 
of using transgenic plants is the production of vaccines that 
can facilitate easier delivery of vaccine antigen resulting in 
the boost up of immune system against various infectious 
diseases in short period of time (Santi, 2009; Rybicki, 2010). 
Examples of plants recently used for edible vaccines include 
banana, rice, alfalfa, potato, tomato and maize and are dis-
cussed briefly below (Table 1). All these edible vaccines have 
promising results in animal models.

Verocytotoxic Escherichia coli (VTEC) strains cause swine 
edema diseases in pigs which results in big economic losses 
in the pig's industry. Seed-based (Nicotiana tabacum) edible 
vaccine against VTEC tested in clinical trials in 36 piglets, 
resulted in the increased level of IgAs against VTEC as 
compared to control (Lombardi, 2017). 

There is no licensed vaccine available for the treatment of 
hepatitis C virus (HCV) till this date. Recently, edible vaccine 
against HCV was produced in edible crop (lettuce, Lactuca 
sativa) by targeting E1E2 dimer. Activity of this vaccine was 

Table 1. Summary of the vaccines antigens against different diseases of humans and animals expressed in different expression systems

Diseases Antigen Expression host Immune response References
Infectious diseases of humans

Hepatitis B HBsAg banana, potato/nuclear maximum level of HBsAg expression seen in 
leaves, generate systematic response in hu-
man gut 

Rukavtsova et al., 2015

Botulism BoHc rice/nuclear induction of specific IgA and IgC antibodies Yuki et al., 2012
Rotaviral diarrhea eBRV4 alfalfa/transplastomic induction of lactogenic immunity Wigdorovitz et al., 2004
Tuberculosis CFP10, ESAT6 carrot/nuclear induction of cell-mediated and humoral re-

sponse
Uvarova et al., 2013

Gastroenteritis LTB;ST tobacco/transplastomic induction of specific mucosal and systematic 
antibodies 

Rosales-Mendoza et al., 
2011

AIDS P24, Nef tobacco/transplastomic stimulation of IgG antibodies Gonzalez‐Rabade et al., 
2011

Cervical cancer HPV16L1 tobacco/nuclear specific IgG and IgA antibodies are produced, 
induction of cell-mediated immune response

Hongli et al., 2013

Cholera CTB rice/nuclear induction of CTB specific IgG and IgA Yuki et al., 2012
Infectious diseases of animals

Anthrax PA tobacco/transplastomic protection against anthrax by the induction of 
specific IgG and IgA antibodies

Gorantala et al., 2014

Swine edema disease Vt2e-B-&FedA tobacco/nuclear induction of specific IgG and IgA antibodies 
and protection against verocytotoxic E. coli 
infection

Legocki et al., 2005

Porcine reproductive and 
respiratory syndrome

PRRS virus matrix 
protein

maize/nuclear detection of cellular immune response by 
PRRSV specific IFN gamma

Chia et al., 2010

Rabies virus G Protein of rabies 
virus

carrot/nuclear induction of specific igG and IgA antibodies 
and protection against rabies virus

Rojas-Anaya et al., 2009

Bird flu avian influenza 
virus

NP of H3N2 maize/nuclear induction of specific IgA, IgG, IgG2, TH1, TH2 
in immunized mice

Lee et al., 2015

NA gene of H1N1 lettuce/nuclear significant anti-NA antibodies were produced 
in orally immunized mice

Liu et al., 2012

Toxoplasmosis Gra4 tobacco/transplastomic cellular and mucosal immune response were 
produced

Yácono et al., 2012
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analyzed in immunized mice that resulted in the develop-
ment of weak serum level of anti-HCV IgM against targeted 
antigen (Clarke et al., 2017). 

Other therapeutics that have been produced in various 
transgenic plants such as insulin in transgenic sunflower 
(Sem BioSys), growth factor in transgenic barley (ORF 
Genetics), taliglucerase alfa in transgenic carrot (Prota-
lixBioTherapeutics), avian influenza vaccine in transgenic 
tobacco (Medicago), and Ebola vaccine in transgenic tobacco 
(Mapp Biopharmaceutical) were proved very effective and 
had shown very promising results in animal model (mouse) 
(Laere et al., 2016).

6. Clinical trials 

Although many plant-produced vaccines are still in phase 
I clinical trials, some have completed phases II and III trials 
e.g. edible vaccine against LTB is in phase I clinical trial. Ed-
ible vaccine against B subunit of the heat labile enterotoxin 
(LTB) of the enterotoxigenic E. coli expressed in either potato 
or maize was orally administered to the healthy volunteers. 
After 50 days serological test showed the increased level of 
anti-LTB IgG and IgA in serum (Yusibov et al., 2015). Other 
edible vaccines in phase I clinical trials include norvovirus 
capsid protein in potato and CTB in rice. Plant-produced 
vaccines against influenza virus strains H1N1, H7N9, H5NI 
produced in Nicotiana benthamiana are in phase I clinical 
trial except vaccine against H5N1 that is in phase II clini-
cal trial, however they all are administered intramuscularly 
(Takeyama et al., 2015). 

7. First approved plant-based vaccines

Dow Agro Sciences officially received approval for 
producing the first plant-based vaccine against Newcastle 
disease virus (NDV) from the United States Department 
of Agriculture (USDA). Dow Agro Sciences developed a 
plant-based vaccine (injectable) against NDV in tobacco 
cell suspension. The USDA accepted plant-based vaccine 
against NDV in 2006 after observing 90% protection against 
a high quantity of viral antigen. This system has ability to 
produce abundance of vaccine antigen in short period, but 
the company did not approach the production, because it was 
developed in tobacco cell suspension, although, it needs an 
injectable delivery mode (Yusibov et al., 2011). Another US 
patent (20050048074) has been issued to vaccine for plant 
cells transformed with the HN gene protecting chickens from 
NDV (Yusibov et al., 2011). FDA approved another plant-
based therapeutics in 2012 expressing glucocerbrocidase in 
carrot cell suspension, which is also a great achievement in 
the field of plant-based vaccines (Ruiz et al., 2015).

8. Potential problems and challenges  
with edible vaccines

Although the edible vaccine production against different 
infectious diseases of humans and animals are still at an early 
stage, after considering its positive outcomes, it is thought 
that its development will become reality in near future. The 
goal behind the production of edible vaccine was to get the 
immunization by feeding edible portion of plant directly, 
however the concentration of antigen in different parts of 
plant is not the same and makes it difficult to standardize 
the vaccine dose (Lindh et al., 2012, 2014).

The final product formulation, safety, efficacy and long-
term stability in field conditions are also concern. Ethical 
concerns are also raised by the use of edible vaccine, most 
importantly whether the edible vaccines are considered 
foodstuff or medicine. It is becoming an alarming situation 
among population because edible vaccine itself is a geneti-
cally modified organism, it is becoming concern for people's 
religious beliefs. However the in and out of any biological 
tool depends upon the people who are developing them and 
the way they are regulated (Concha et al., 2017). 

Bioterrorism is also becoming a serious challenge to 
the global safety and public health due to the mis-man-
agement of the transgenic edible crops by ill-intentioned 
purpose. As a result, both developed and developing 
countries must take a step to define the regulations that 
would be followed globally to avoid bioterrorism (Zapanta 
and Ghorab, 2014).

FDA makes sure the safety of both synthetic and plant-
based vaccine in the United States and also licenses them 
after approval. The United State Department of Agriculture 
(USDA) also contributes a lot in this regard by approving 
veterinary vaccines and considering the nature of the plant, 
chances of cross contamination, genetic background of 
the transgenic plant and risk management strategies. The 
European Medicine Agency (EMA) complement the FDA 
and USDA regulations (Takeyama et al., 2015). 

9. Future perspectives

There is a need to develop and scale the simple procedures 
for downstream processing and formulation for plant-based 
vaccines. Edible vaccines are likely to be used in third 
world countries where it saves transportation costs, avoids 
refrigeration and administrations orally without needle use. 
Increase in the immunogenicity of oral antigens is another 
advancement to be attained. Avoiding the stimulation of 
peripheral immune tolerance to the antigen that is taken 
orally, sublingually or by nasal route that suppresses the 
humoral immune response, is an area where further research 
is still needed. 
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Coffee plant and natural grass which are commonly 
consumed by humans and animals should be considered 
for the production of edible vaccines in near future. Aware-
ness about the use of edible vaccine in developing countries 
should be developed. These issues must be considered to 
make the edible vaccine that can meet the excellence stand-
ards set by World Health Organization. 

10. Conclusion

In last decade,great research has been done and still con-
tinues to develop the edible vaccine against the infectious 
diseases of humans and animals. Hence, vaccination via ed-
ible plants may be considered as to secure the future in terms 
of safe and effective immunization. Edible vaccines would 
overcome the problems associated with traditional vaccines 
like use of needle, less production, complications to attain 
immunization, high cost and transportation. Although there 
is a variation in the expression level of antigen in different 
edible plants and their parts but this can be overcome by the 
further research to disclose the secret of uniform expression in 
all parts of plants. It can become reality only when transgenic 
plant-based vaccine will be able to overcome all the challenges. 
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