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The use of plants for the production of vaccine is one of the important applications in 

the modern medicine. There are many advantages of using plants as the production system 
compared to traditional mammalian system. Many plant species have been exploited to 
accumulate vaccine antigens for human infectious diseases, and vaccine candidates are 
approaching the market. The transgenic plants are considered as cheap source and found 
alternative approach to fermentation for large-scale production of vaccine antigens. The 
autotrophic growth of plants requires only soil minerals, water, nitrogen, sunlight energy for 
the synthesis of vaccine antigens. Therefore, vaccine production by using plants is one of the 
cheap and efficient technologies. This review covers the recent advances of plant derived 
vaccine antigens for the prevention of human infectious diseases and focuses on the current 
methods. 
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The use of vaccines against many 
human infectious diseases is one of the direct 
applications of biotechnology in the modern 
medicine. The most cost-effective approach 
for prevention of many human infectious 
diseases is via vaccination. However, the high 
cost of vaccination makes it unaffordable for 
immunization of people living in developing 
countries (Davoodi-Semiromi et al. 2009, 2010; 
Bock and Warzecha, 2010; Gomez et al. 2010; 
Daniell et al. 2009; Rybicki, 2010; Malabadi et 
al. 2011). Currently, vaccine production  is 
very expensive for many reasons, due to their 

complex production system, route of 
administration, expensive fermentation 
systems, prolonged purification steps, 
additional expenses associated with adjuvant, 
cold storage, transportation and sterile 
delivery (Davoodi-Semiromi et al. 2009, 2010; 
Rybicki, 2010; Daniell et al. 2009). Most 
vaccines in use today are based on killed or 
attenuated whole bacteria or viruses, which 
might cause a risk of infection by the 
microorganisms during the vaccination 
(Rybicki, 2010).   
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Exploiting plants as biological 
bioreactors for the production and delivery of 
subunit vaccines is an exciting and promising 
application of biotechnology (Korban, 2002; 
Hiatt et al. 1989; Hellwig et al. 2004; Vermij 
and Waltz, 2006; Malabadi, 2008; Tiwari et al. 
2009; Rybicki, 2010; Malabadi et al. 2010; 
Malabadi et al. 2011). Plant derived green 
vaccines eliminate the expenses associated 
with fermenters, purification, adjuvant, cold 
chain logistics, storage/transportation, needle 
free-administration, and sterile delivery 
(Davoodi-Semiromi et al. 2009, 2010; 
Walmsley and Arntzen, 2003; Pascual, 2007; 
Malabadi, 2008; Daniell et al. 2009; Gomez et 
al. 2010). Safety is one of the important issue 
in any clinical trial, and plant derived vaccine 
antigens could offer higher safety because 
they are needle/syringe free. Alternately, 
green vaccines would also reduce the need 
for trained medical personnel to administer 
the vaccine (Vermij and Waltz, 2006; Lal et al. 
2007; Pascual, 2007; Tiwari et al. 2009; 
Malabadi et al. 2011). Plant derived vaccine 
antigens are less contaminated with human 
and animal pathogenic microorganisms than 
those derived from animal cells, because 
plants are not hosts for human infectious 
agents (Giddings et al. 2000; Ma et al. 2004; 
Desai et al. 2010; Malabadi et al. 2010). One 
more advantage is that if the vaccine is 
delivered orally, the plant cell would protect 
the antigen from the acidic environment 
/enzymes of the stomach because of the bio-
encapsulation of antigen by the plant cell 
walls (Daniell et al. 2009; Thanavala et al. 
1995; Malabadi, 2008; Davoodi-Semiromi et 
al. 2009, 2010; Malabadi et al. 2011). Plant cells 
are able to perform complex posttranslational 
modification of recombinant proteins, such as 
glycosylation and disulfide bridging that are 
often essential for biological activity of many 
mammalian proteins, allowing for the 
retention of native biological activity (Lienard 
et al. 2007; Mason et al. 1992, 1996; Ma et al. 
1997, 1998, 2004, 2005; Rybicki, 2010; 

Tremblay et al. 2010). Therefore, plants have 
been considered as an alternative production 
systems for subunit vaccines (Goldstein and 
Thomas, 2004; Haq et al. 1995; Malabadi, 2008; 
Hellwig et al. 2004; Chen and Liu, 2011; 
Phoolcharoen et al. 2011; Farrance et al. 2011; 
Mathew et al. 2011; Malabadi et al. 2011). 
Plant growth requirements are very simple 
since plants uses light as its energy source 
than mammalian or insect cell culture 
growth, resulting in a more robust and inert 
system for the production of subunit vaccines 
in different plant systems (Trembley et al.  
2010; Vermij and Waltz, 2006; Rybicki, 2010; 
Tiwari et al. 2009). The concept of using 
plants to produce vaccine antigens is 20 years 
old this year, and it would be used as an 
established technology (Rybicki, 2010). The 
plant- derived vaccine technology has proven 
its worth as a means of cheap, easily scalable 
production of materials (Arakawa et al. 1998; 
Ma et al. 1997, 1998, 2004, 2005; Tiwari et al. 
2009;  Hefferon, 2010; Daniell et al. 2009; Bock 
and Warzecha, 2010;Rybicki, 2010; Shoji et al. 
2011; Chen and Liu, 2011; Phoolcharoen et al. 
2011; Farrance et al. 2011; Penney et al. 2011; 
Mathew et al. 2011; Malabadi et al. 2011). 
Recently a novel technique developed by Icon 
Genetics (Bayer Crop science, Germany), 
based on the Magnifection, has additional 
advantageous than the routine methods used 
for the production of subunit vaccines in 
plants. This system allows very fast 
production, high recombinant protein 
expression levels for example hepatitis B 
virus (HB core) with an accumulation level 
exceeding 7% of total soluble protein  in 
tobacco (Gomez et al. 2010; Yusibov and 
Rabindran, 2008; Gleba et al. 2005;Huang et al. 
2006). Therefore, plant-derived vaccines 
could be used as a powerful weapon to 
combat infectious diseases (Tacket et al. 1998, 
2000; Sala et al. 2003). The reason for this is 
that the applications are based on established 
plant tissue culture protocols for many plants 
(Malabadi and Nataraja, 2002; Malabadi et al. 
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2004; Malabadi et al. 2005; Malabadi and van 
Staden, 2005a, 2005b, 2005c; Malabadi and 
Nataraja, 2006; Malabadi et al. 2011), gene 
cloning and plant transformation technology 
(Maliga, 2004; Daniell et al. 2009; Daniell et al. 
2009; Bally et al. 2009; Tremblay et al. 2010; 
Malabadi and Nataraja, 2007a, 2007b; 
Malabadi et al. 2008a, 2008b, 2008c, 2008d), 
and that development requires relatively 
limited investment (Sala et al. 2003). Hence 
with the invention of modern plant genetic 
engineering techniques, unlimited number of 
transgenic plants can be produced under in 
vitro conditions. The seeds collected from 
these transgenic lines could be stored, and 
used as and when necessary for the molecular 
farming.   Furthermore plant DNA is not 
known to interact with the animal DNA and 
plant viral recombinants do not invade 
mammalian cells (Sala et al. 2003). Among the 
existing plant based technologies, there is one 
more method, which uses the plant viruses as 
expression vectors (Desai et al. 2010). Virus 
infected plants have been used to produce 
several antigenic proteins. This method has 
more advantages as compared to other 
methods due to the rapid onset of expression, 
and the systemic spread of virus so that 
protein is produced in every cell (Desai et al. 
2010). Plant systems also constitute a 
convenient oral delivery option, preventing 
the cost and inconvenience associated with 
purification and injections. Furthermore, the 
production of vaccine antigens in plants is 
economically advantageous and there is no 
risk of contamination by animal pathogens 
(Malabadi et al. 2011). 

 
Immunogenicity of plant derived vaccines 

Plant produced glycoproteins can lead 
to immunogenicity, affect its pharmacokinetic 
properties and certain regulatory issues (Ma 
et al. 2005; Sethurman and Stadheim, 2006; 
Lienard et al. 2007; Obembe et al. 2011; Desai 
et al. 2010). Recent advances made in genetic 
modification of glycosylating enzymes in 

plants have made it possible to add or 
remove desired sugars and make protein 
with desired glycosylation pattern similar to 
human (Desai et al. 2010; Malabadi et al. 
2011). It has been suggested that plant-
derived recombinant proteins or antibodies 
may have increased immunogenicity or 
allergenicity as compared to mammalian 
counterparts (Ma et al. 2005; Penney et al. 
2011). This is well explained by the fact that a 
state of tolerance or energy has been gained 
by the daily consumption of plant glycol-
proteins in our food (Ma et al. 2005). The 
antigenicity of plant glycans, or the 
immunogenicity of plant glycans is still a 
major concern in the context of plant proteins, 
there have been no published analyses in 
humans on the effect of immunizing with a 
mammalian protein bearing plant glycans 
(Ma et al. 2005). However, Large Scale 
Biology Corporation has examined 15 
patients who were systemically immunized 
with glycosylated single chain antibodies 
produced in plant and did not find serious 
adverse reactions (Dr. L. Grill, personal 
communication) (Ma et al. 2004, 2005).  In one 
of the human study of mucosal application of 
plant secretory antibody, no evidence for an 
immune response to the plant recombinant 
glycoprotein was detected after six 
applications of antibody (Ma et al. 1998; Ma et 
al. 2004; Ma et al. 2005; Desai et al. 2010). Plant 
glycan patterns may not represent a problem 
in terms of human health; they may affect 
conformational epitopes, or clearance of plant 
derived antibodies (Bakker et al. 2001; Ma et 
al. 2005). Comparison of plant and 
mammalian N-glycan biosynthesis indicates 
that 13 (1,4)-galactosyltransferase is the most 
important enzyme that is missing for 
conversion of typical plant N-glycans into 
mammalian-like N-glycans (Bakker et al. 
2001; Ma et al. 2005).  Expression of this key 
enzyme in transgenic tobacco resulted in 15% 
of proteins expressing terminal 13 (1, 4)-
galactose residues. Back-crossing of 13 (1, 4)-
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galactosyltransferase with tobacco plants 
expressing murine Ig heavy and light chains 
resulted in expression of antibody exhibiting 
partially galactosylated N-glycans (Bakker et 
al. 2001; Ma et al. 2004, Ma et al. 2005; Desai et 
al. 2010; Malabadi et al. 2011). Various 
methods have been adopted to modify the N-
glycosylation pattern in plants. The most 
common approach is the fusion of the ER-
retention signal KDEL and production of 
knock out mutant lines  in Arabidopsis and a 
moss plant, Physcomitrella patens, which 
synthesize N-glycans lacking immunogenic 
xylose and fucose epitope (Koprevova et al. 
2004; Kang et al. 2008; Obembe et al. 2011; 
Malabadi et al. 2011). Furthemore, synthesis 
of sialic acid in plant and sialyation of plant-
expressed protein has also been reported 
(Castilho et al. 2010; Obembe et al. 2011). 
These studies have clearly indicated the 
potentialities of the plants for the production 
of glycosylated proteins with native 
biological activities for the development of 
vaccine antigens against human diseases. In 
one of the earlier studies, as reported by 
Palacpac and coworkers (1999), transgenic  
tobacco BY2 suspension-cultured cells were 
produced by the transfer of the full-length 
human galactosyl-transferase gene placed 
under the control of the cauliflower mosaic 
virus 35S promoter (Palacpac et al. 1999).  The 
transformants  were analyzed and confirmed 
that the highest level of enzymatic activity 
has glycans with galactose residues at the 
terminal non-reducing ends (Palacpac et al. 
1999). This study has clearly reported the 
successful modification of the plant cell N-
glycosylation pathway, which also led to the 
conclusion that plant glycan structures could 
be modified successfully (Palacpac et al. 1999; 
Hellwig et al. 2004; Bosch and Schots, 2010). 
This is the first proof of concept showing the 
production of a mammalian glycosyl-
transferase can alter the glycosylation 
pathway of plant cells (Palacpac et al. 1999). 

 

Current status of plant derived vaccines in 
pharmaceutical industry  
  Some of the plant derived vaccine 
antigens could soon reach the commercial 
production level in order to meet the 
demands of the immunization programmes 
because of their higher immune efficiencies 
not only in animal models but also in ferrets 
or non-human primates too (Yusibov and 
Rabindran, 2008; Tiwari et al. 2009;Gomez et 
al. 2010; Malabadi et al. 2011). A review article 
published by Tiwari and co-workers (2009) in 
a journal viz. Biotechnology Advances has 
highlighted the outcome and results of the 
most of the clinical trials of plant derived 
vaccines (Malabadi et al. 2011). The results of 
clinical trials of plant derived vaccine 
antigens have been successfully published 
and several are ready to get clearance for 
phase II trials (Yusibov and Rabindran, 2008; 
Tiwari et al. 2009; Obembe et al. 2011; 
Malabadi et al. 2011). The phase I clinical 
trials of plant derived vaccine antigens 
showed positive response in terms of safety, 
and induce sufficiently high immune 
response in healthy subjects (Tiwari et al. 
2009; Obembe, 2010; Malabadi et al. 2011). 
The clinical trials of hepatitis surface B 
antigen expressed in potato (Arizona State 
University, USA and Roswell Park Cancer 
Institute, USA), and lettuce (Thomson 
Jefferson University) also confirmed the 
boosting of anti-HBsAg antibodies in serum 
(Thanavala et al. 2005; Tiwari et al. 2009; 
Obembe et al. 2011; Malabadi et al. 2011). The 
transgenic lettuce expressing HBsAg also 
triggered specific serum-IgG response at 
levels considered to be protective (Kapusta et 
al. 1999; Tiwari et al. 2009; Obembe, 2010). 
Increased serum rabies-specific IgA 
antibodies were detected in human 
volunteers against rabies vaccine antigen 
made in spinach by using plant viral vectors 
(Thomas Jefferson University, USA) (Tiwari 
et al. 2009; Obembe, 2010; Obembe et al. 2011). 
Clinical trials on pigs using corn derived 
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edible vaccine antigen for transmissible 
gastroenteritis virus by ProdiGene (USA) 
(Lamphear et al. 2004; Tiwari et al. 2009). They 
found neutralizing antibodies in piglets. This 
vaccine antigen was found to be effective in 
boosting lactogenic immunity (Tiwari et al. 
2009; Obembe et al. 2011). Human intrinsic 
factor, to be used against vitamin B12 
deficiency which was produced in transgenic 
A. thaliana has been taken up for the phase II 
clinical trials by Meristem Therapeutics, 
France (Tiwari et al. 2009; Obembe et al. 2011). 
The CaroRx antibody expressed in transgenic 
tobacco against dental caries has been 
submitted for phase II clinical trials by Planet 
Biotechnology Company (Tiwari et al. 2009; 
Obembe et al. 2011; Obembe, 2010). One of 
the US based company viz. Dow Agro 
Sciences LLC received regulatory approval 
for a plant-made vaccine from the USDA’s 
Centre for Veternary Biologists in 2006 
(Tiwari et al. 2009; Obembe et al. 2011; 
Malabadi et al. 2011). This plant culture 
derived veterinary vaccine antigen that 
protects poultry from Newcastle disease 
(www.thepoultrysite.com) also met the 
requirements of FDA (Tiwari et al. 2009; 
Obembe et al. 2011). The transgenic plant-
derived LTB antigen was the first antigenic 
protein used in the phase I human clinical 
trials approved by FDA. During the trial, 
human volunteers fed on potato tubers 
(Arizona State University, USA) or corn seeds 
(Prodigene, USA) genetically engineered 
against diarrhea-causing E. coli, showed the 
appearance of anti-LTB antibodies in both 
mucus and serum (Tacket et al. 1998; Tacket, 
2005; Tiwari et al. 2009; Obembe et al. 2011). In  
phase I clinical trial, transgenic potato tubers 
carrying a gene for Norwalk virus capsid 
protein (NVCP) fed to human volunteers at 
Boyce Thompson Institute for Plant Research 
USA, and confirmed the development of anti-
NVCP antibodies in serum (IgG, IgM) and 
stool (IgA) (Tacket et al. 2000; Tiwari et al. 
2009;Obembe, 2010; Obembe et al. 2011; 

Malabadi et al. 2011). In another 
development, the HBsAg expressed in 
transgenic potato at Arizona State University, 
USA and the Non-Hodgkin’s lymphoma 
antigen expressed in tobacco at Large- Scale- 
Biotechnology, USA has been submitted for 
phase II clinical trials (Basaran and 
Rodriguez-Cerezo, 2008; Tiwari et al. 2009; 
Obembe et al. 2011; Malabadi et al. 2011). FDA 
also approved the first plant derived 
injectable purified antibody fragments as a 
vaccine in human trials for non-Hodgkin 
lymphoma therapy as an efficient route of 
immunization (McCormick and Palmer, 2008; 
Tiwari et al. 2009; Obembe et al. 2011). In 
another development, a Canadian based 
company SemBioSys has completed Phase II 
trials of insulin produced in transgenic 
safflower, and have filed an Investigational 
New Drug Application with the FDA, and 
submitted a Clinical Trial Application to 
European authorities (SemBioSys 2009; 
Penney et al. 2011). Medicago Inc (Canada) 
are currently undergoing Phase II trials for 
their avian influenza vaccine produced 
transiently in tobacco, after receiving 
clearance from Health Canada (Medicago 
2010; Penney et al. 2011). Taliglucerase alfa 
produced in stable carrot cell cultures is used 
to treat Gaucher disease. Protalix Bio-
Therapeutics has just completed a Phase III 
trial  and the product was approved by the 
U.S Food and Drug Administration (FDA), 
who have since accepted a New Drug 
Application and granted a Prescription Drug 
User Fee Act action date in early 2011 
(Protalix BioTherapeutics 2010; Penny et  al. 
2011). Therefore, results of clinical trials 
confirmed the potentiality of transgenic plant 
biotechnology in diagnostic and therapeutic 
industry. Plant derived vaccines will likely 
replace the traditional vaccines in pharma-
ceutical industry in the future (Tiwari et al. 
2009; Penny et al. 2011; Obembe, 2010; 
Obembe et al. 2011; Malabadi et al. 2011). 
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Disadvantages of plant derived vaccine 
antigens 
 Plant derived vaccine antigens have 
many challenges. The major limitation of this 
system is the relatively low protein yields, 
protein degradation and incorrect post-
translational modifications of protein (Daniell 
et al. 2009; Tiwari et al. 2009; Desai et al. 2010; 
Malabadi et al. 2011). Recently these issues 
have been addressed by improving the 
protein expression levels in plants by some of 
the important steps by using ER retention 
signal sequences like KDEL and HDEL, by 
the use of a leader sequence, choice of 
promoter, choice of vectors, copy number, 
methods of transformation, integration, 
stability of a transgene, transcription, role of 
introns, codon optimization and translation 
(Desai et al. 2010; Malabadi et al. 2011).  
Development of codon optimized gene’s for 
plants during expression studies have 
improved the protein yields up to 200mg/g 
Fw of plant tissue.  This high expression level 
was achieved by combination of several 
factors viz. by inserting the plant signal 
peptide at the N-terminal end, and C-
terminal endoplasmic reticulum (ER) 
retention sequence for plants (Saejung et al. 
2007). There are other efforts to avoid non-
mammalian glycosylation patterns include 
the prevention of late glycosylation by 
directing proteins to the endoplasmic 
reticulum through addition of KDEL 
sequence-tags, introduction of point 
mutations to eliminate glycosylation 
completely, or the humanization of the plant 
glycosylation machinery (Hellwig et al. 2004; 
Malabadi et al. 2011). Expression of protein in 
ER has drastically reduced the degradation, 
and resulted in the higher yield of protein 
accumulation (Desai et al. 2010; Tiwari et al. 
2009; Malabadi et al. 2011). Gene silencing is 
another major problem during the expression 
of vaccine antigenic proteins in transgenic 
plants. This is resolved by the use of 
Agrobacterium, which tends to result in fewer 

copies of transgenes than biolistic 
transformation (Malabadi and Nataraja, 
2007a; Tiwari et al. 2009; Desai et al. 2010; 
Malabadi et al. 2011). Biosafety, risk 
assessment, and public acceptance of 
transgenic plants producing vaccine antigens 
is another issue, which have to be dealt and 
widely discussed by other researchers 
somewhere, which is beyond the scope of this 
review paper (Malabadi et al. 2011).  
Furthermore, cross contamination of 
transgenic plants with other food crops was 
resolved by applying the containment 
approached-technology, thus limiting the 
environmental exposure of transgenic 
products (Tiwari et al. 2009; Malabadi et al. 
2011).     
 
Concluding remarks 

Plant derived vaccine antigens could 
be produced at a larger quantity and found to 
be properly assembled and functional (Ma et 
al. 2005). Dendritic cell targeting approach 
using plant derived vaccine antigen may play 
an important role (Malabadi et al. 2011). This 
would help in the early diagnostic tests in the 
patients suffering from human infectious 
diseases. Nevertheless, there is a major 
difference between plant and animal 
glycosylation steps in terms of complex 
glycans, but till today there is no report of 
loss of any structure or function of expressed 
proteins in plants (Palacpac et al. 1999; Ma et 
al. 2005; Bosch and Schots, 2010; Malabadi et 
al. 2011). As discussed and reviewed by many 
research workers that, the use of plants as a  
platform for the production of novel 
antigenic proteins has a major advantage in 
terms of scale up, cost effectiveness, and 
enormous amount of desired protein could be 
produced (Ma et al. 2005;Obregon et al. 2006). 
Further growth requirements of the plants are 
very simple as compared to bacteria and 
animal cells, which require costly chemicals, 
equipment and technically- trained 
manpower (Ma et al. 2005). Therefore, use of 
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plants is more feasible and considered as one 
of the potential expression system since 
plants avoids many of the  safety and ethical 
issues (for example use of animals) associated 
with other expression systems such as 
contaminating mammalian viruses or prions 
(Ma et al. 2005; Malabadi et al. 2011). In this 
latter regard, it was mentioned earlier and 
discussed widely that, scientists in Cuba have 
developed the facilities for producing a 
monoclonal antibody at the rate of 15 g/ 
week (Ma et al. 2005). This alone will spare 
the use of 300,000 mice per year, and found to 
be very expensive. On the other hand use of 
plants could save lots of money and fairly 
invested for vaccine antigenic protein 
(Malabadi et al. 2011). 

 
References 

Arakawa T, Chong DKX, Langridge WHR 
(1998) Efficacy of a food plant-based oral 
cholera toxin B subunit vaccine. Nature 
Biotechnology. 16:292-297. 

Bakker H, Bardor M, Molthoff JW, Gomord 
V, Elbers I, Stevens LH (2001) Galactose-
extended glycans of antibodies produced 
by transgenic plants. Proceedings of 
National Academy of Sciences USA. 98: 
2899– 2904. 

Bally J, Nadal M, Vitel M, Rolland A, Dumain 
R, Dubald M (2009) Plant physiological 
adaptations to the massive foreign 
protein synthesis occurring in 
recombinant chloroplasts. Plant 
Physiology. 150:1474-1481. 

Basaran P, Rodriguez-Cerezo E (2008) Plant 
molecular farming; opportunities and 
challenges. Critical Review Biotechnology. 
28:153-172. 

Bock R, Warzecha H (2010) Solar-powered 
factories for new vaccines and antibiotics. 
Trends in  Biotechnology.  28(5):246-252. 

Bosch D, Schots A (2010) Plant glycans: friend 
or foe in vaccine development? Exp Rev 
Vaccine. 9(8): 835–842. 

 Castilho A, Strasser R, Stadlmann J, Grass J, 
Jez J, Gattinger P (2010) In planta protein 
sialyation through over-expression of the 
respective mammalian pathway. Journal 
of Biological Chemistry. 285:15923-15930. 

Chen X and Liu J (2011) Generation and 
immunogenicity of transgenic potato 
expressing the GP5 protein of porcine 
reproductive and respiratory syndrome 
virus. Journal of  Virological Methods ;(still 
in press). 

 Daniell H, Singh ND, Mason H, Streatfield SJ 
(2009) Plant –made vaccine antigens and 
biopharmaceuticals. Trends in Plant 
Science. 14(12):669-679. 

 Davoodi-Semiromi A, Samson N, Daniell H 
(2009) The green vaccine: A global 
strategy to combat infectious and 
autoimmune diseases. Human vaccines. 
5(7):488-493. 

Davoodi-Semiromi A, Schreiber M, Nallapali 
S, Verma D, Singh ND, Banks RK,  
Chakrabarti D, Daniell H (2010) 
Chloroplast-derived vaccine antigens 
confer dual immunity against cholera 
and malaria by oral or injectable 
delivery. Plant Biotechnology Journal. 
8(2):223-242 

Desai PN, Shrivastava N, Padh H (2010) 
Production of heterologous proteins in 
plants: strategies for optimal expression. 
Biotechnology Advances. 28:427-435. 

Farrance CE, Chichester JA, Musiychuk K,  
Shamloul M, Rhee A, Manceva SD, Jones 
RM, Mamedov T, Sharma S,  Mett V,  
Streatfield SJ, Roeffen W, Vegte-Bolmer 
MV, Sauerwein RW, Wu Y, Muratova O,  
Miller L, Duffy P, Sinden R, Yusibov V 
(2011) Antibodies to plant-produced 
Plasmodium falciparum sexual stage 



 
Malabadi et al. / Research in Pharmacy 2(2) : 08-19, 2012 

 

15 
 

protein Pfs25 exhibit transmission 
blocking activity. Human Vaccines. (In 
press). 

Gleba Y, Klimyuk V, Marillonnet S (2005) 
Magnifection-a new platform for 
expressing recombinant vaccines in 
plants. Vaccine. 23:2042-2048. 

Giddings G, Allison G, Brooks D, Carter A 
(2000) Transgenic plants as factories for 
biopharmaceuticals. Nature Biotechnology. 
18(11):1151-1155. 

Goldstein DA, Thomas JA (2004) Biopharma-
ceuticals derived from genetically 
modified plants. Oxford Journal   Medical. 
97: 705-716. 

Gomez E, Zoth SC,  Carrillo E,  Berinstein A 
(2010) Developments in Plant-Based 
Vaccines Against Diseases of Concern in  
Developing Countries. The Open 
Infectious Disease Journal.  4: 55-62. 

Gomez E, Zoth SC, Carrillo E, Berinstein  A 
(2010) Developments in Plant-Based 
Vaccines Against Diseases of Concern in  
Developing Countries. The Open 
Infectious Disease Journal. 4: 55-62.  

Haq TA, Mason HS, Clements JD, Arntz CJ 
(1995) Oral immunization with a 
recombinant bacterial antigen produced 
in transgenic plants. Science.   268:714-
716. 

Hefferon KL (2010) The mucosal immune 
response to plant-derived vaccines. 
Pharmaceutical Research. 27:2040-2042. 

Hellwig S, Drossard J, Twyman RM, Fischer 
R (2004) Plant cell cultures for the 
production of recombinant proteins. 
Nature Biotechnology. 22 (11):1415-1422. 

Hiatt A, Cafferkey R, Bowdish K (1989) 
Production of antibodies in transgenic 
plants. Nature. 342:76-78. 

Huang Z, Santi L, LePore K, Kilbourne J, 
Arntzen CJ, Mason HS (2006) Rapid, high 

level production of hepatitis B core 
antigen in plant leaf and its 
immunogenicity in mice. Vaccine. 
24:2506-2513. 

Kang JS, Frank J, Kang CH, Kajiura H, 
Vikram M, Ueda A (2008) Salt tolerance 
of Arabidopsis thaliana requires 
maturation of N-glycosylated proteins in 
the Golgi apparatus. Proceedings of 
National Academy of Sciences USA. 
105:5933-5938. 

Kapusta J, Modelska A, Figlerowicz M, 
Pniewski T, Letellier M, Lisowa O (1999) 
A plant derived edible vaccine against 
hepatitis B virus. FASEB Journal.   
13:1796-1799. 

Kim MY, Yang MS, Kim TG (2009) 
Expression of dengue virus E 
glycoprotein domain III in non-nicotine 
transgenic tobacco plants. Biotech Biop 
Engneering. 14: 725-730. 

Koprivova A, Stemmer C, Altmann F, 
Hoffmann A, Kopriva S, Gorr G  (2004) 
Targetted knockouts of Physcomitrella 
lacking plant-specific immunogenic N-
glycans. Plant Biotechnol Journal. 2:517-
523. 

Korban SS (2002) Targeting and expression of 
antigenic proteins in transgenic plants for 
production of edible oral vaccines. In 
Vitro Cell Dev Biol-Plant.  38:231-236. 

Lal P, Ramachandran VG, Goyal R, Sharma R 
(2007)  Edible vaccines: Current status 
and future. Indian Journal of Medical 
Microbiology.  25 (2):93-102. 

Licciardi PV, Underwood JR (2010) Plant-
derived medicines: A novel class of 
immunological adjuvants. Int. 
Immunopharmacology. (still in press). 

Lienard D, Sourrouille C, Gomord V, Faye L 
(2007) Pharming and transgenic plants. 
Biotech Annual Review. 13:115-147. 



 
Malabadi et al. / Research in Pharmacy 2(2) : 08-19, 2012 

 

16 
 

Ma S, Zhao DL, Yin ZQ, Mukherjee R, Singh 
B, Qin HY (1997) Transgenic plants 
expressing autoantigens fed to mice to 
induce oral immune tolerance. Nature 
Medicine. 3:793-796. 

Ma S, Huang Y, Yin Z, Menassa R, Brandle 
JE, Jevnikar AM (2004) Induction of oral 
tolerance to prevent diabetes with 
transgenic plants requires glutamic acid 
decarboxylase (GAD) and IL-4. 
Proceedings of National Academy of  
Sciences USA. 101:5680-5685. 

Ma JKC, Drake PMW, Chargelegue D, 
Obregon P, Prada A (2005) Antibody 
processing and engineering in plants, 
and new strategies for vaccine 
production. Vaccine. 23: 1814-1818. 

Ma JK, Hikmat BY, Wycoff K, Vine ND, 
Chargelegue D, Yu L (1998) 
Characterization of a recombinant plant 
monoclonal secretory antibody and 
preventive  immunotherapy in humans. 
Nature Medicine. 4:601–606. 

Malabadi RB, Nataraja K (2002) In vitro plant 
regeneration in Clitoria ternatea. Journal of   
Medicinal and Aromatic Plant Sciences. 24: 
733-737. 

Malabadi RB,  Choudhury H,  Tandon P 
(2004) Initiation, maintenance and 
maturation of somatic embryos from 
thin apical dome sections in Pinus kesiya 
(Royle ex. Gord) promoted by partial 
desiccation and gellan gum. Scientia 
Horticulture.  102: 449-459 

Malabadi RB, Mulgund GS, Nataraja K (2005) 
Micropropagation of Dendrobium nobile 
from shoot tip sections. Journal of  Plant 
Physiology. 162:473-478. 

Malabadi RB, van Staden J (2005a) Somatic 
embryogenesis from vegetative shoot 
apices of mature trees of P. patula. Tree 
Physiology.  25:11-16. 

Malabadi RB, van Staden J (2005b) Role of 
antioxidants and amino acids on somatic 
embryogenesis of P. patula. In Vitro Cell  
Deve  Biol-Plant. 41:181-186. 

Malabadi RB, van Staden J (2005c) Storability 
and germination of sodium alginate 
encapsulated somatic embryos derived 
from vegetative shoot apices of mature 
Pinus patula trees. Plant Cell Tissue and 
Organ Culture. 82:259-265. 

Malabadi RB, Nataraja K (2007a) Genetic 
transformation of conifers: Applications 
in and Impacts on commercially forestry. 
Transgenic Plant Journal. 1(2):289-313. 

Malabadi RB, Nataraja K (2007b) Stable 
transformation and recovery of 
transgenic plants by particle 
bombardment in P. wallichiana A. B. Jacks 
(Himalayan blue pine). Biotechnology. 
6:105-111. 

Malabadi RB, Nataraja K (2006) 
Cryopreservation and plant regeneration 
via somatic embryogenesis using shoot 
apical domes of mature Pinus roxburghii 
Sarg. Trees. In vitro Cell  Dev Biol-Plant. 42 
(2): 152-159. 

Malabadi RB, Teixeira da Silva J, Nataraja K 
(2008a) Agrobacterium tumefaciens-
mediated genetic transformation of P. 
kesiya Royle ex Gord (Khasi pine). The 
Asian and Australasian Journal of Plant 
Sciences  Biotechnology. 2(1):7-14. 

Malabadi RB, Teixeira da Silva J, Nataraja K 
(2008b) Stable and consistant 
Agrobacterium-mediated genetic trans-
formation in P. roxburghii (Chir pine). 
Tree Forestry Science and   Biotechnology.  
2(1): 7-13. 

Malabadi RB,  Jaime A. Teixeira da Silva JA, 
Nataraja K (2008c) A new approach 
involving salicyclic acid and thin cell 
layers for cloning mature trees of Pinus 
roxburghii (Chir Pine). The American 



 
Malabadi et al. / Research in Pharmacy 2(2) : 08-19, 2012 

 

17 
 

Journal of  Plant Science and Biotechnology.  
2(2):56-59. 

 Malabadi RB,  Teixeira da Silva JA,  Nataraja 
K (2008d) Green fluorescent protein in 
the genetic transformation of plants. 
Transgenic Plant Journal.  2(2):86-109.   

Malabadi RB (2008) Production of edible 
vaccines for oral immunization in 
transgenic plants, current and future 
prospective. Journal of Phytological 
Research.  21(1): 1-10. 

Malabadi RB, Mulgund GS, Nataraja K (2009) 
Triacontanol induced somatic embryo-
genesis and plantlet regeneration in 
Catharanthus roseus. Journal of Medicinal 
and Aromatic Plant Sciences. 31:147-151. 

Malabadi RB, Gangadhar S. Mulgund GS, 
Vijay kumar S (2009a) Expression of 
WUSCHEL-gene promoting somatic 
embryogenesis in plants. Journal of 
Phytological Research.  22 (1): 103-106. 

Malabadi RB, Teixeira da Silva JA, Mulgund 
GS (2009b) TDZ-induced in vitro shoot 
regeneration of Aerides maculosum Lindl. 
From shoot tip thin cell layers. 
Floriculture and Ornamental Biotechnology.  
3(1): 35-39. 

Malabadi RB, Parashar A, Ganguly A, Suresh 
MR (2010) Expression of Dengue virus 
envelope protein in a different plant 
system. Faculty Research and 
Development day, Faculty of Pharmacy 
and Pharmaceutical Sciences, University 
of Alberta, Edmonton, Canada, 19th 
November 2010. page no-31. 

Malabadi RB,  Ganguly A,  Teixeira da Silva 
JA,  Parashar A,  Suresh MR, Sunwoo 
HH (2011) Overview of plant-derived 
vaccine antigens: Dengue virus.  Journal 
of Pharmacy and Pharmaceutical Sciences. 
14(3):400-413. 

Maliga P (2004) Plastid transformation in 
higher plants. Annual Review in Plant Biol 
ogy. 55:289-313. 

Martinez CA, Topal E, Giulietti AM, Talou 
JR, Mason H (2010) Exploring different 
strategies to express dengue virus 
envelope protein in a plant system. 
Biotechnology Letters. 32: 867-875. 

Mathew LG, Maloney B, Takeda N, Mason 
HS (2011) Spurious polyadenylation of 
Norovirus Narita 104 capsid protein 
mRNA in transgenic plants. Plant Mol 
Biology.  75(3):263-75. 

Mason HS, Lam DM, Arntzen CJ (1992) 
Expression of hepatitis B surface antigen 
in transgenic plants. Proceedings of 
National Academy of Sciences USA.  
89:11745-11749. 

Mason HS, Ball JM, Shi JJ, Jiang X, Estes MK, 
Arntzen CJ (1996) Expression of Norwalk 
virus capsid protein in transgenic 
tobacco and potato and its oral 
immunogenicity in mice. Proceedings of 
National Academy of Sciences USA. 93: 
5335-5340. 

McCormik AA, Palmer KE (2008) Genetically 
engineered tobacco mosaic virus as 
nanoparticle vaccines. Exp. Rev. Vaccines. 
7: 33-41. 

Medicago (2010) Medicago receives 
regulatory approval and commences 
Phase II clinical testing of its avian 
influenza vaccine. Press release. 
Retrieved 12 Dec 2010. 
http://www.medicago.com/English/ne
ws/News-Releases/NewsRelease 
Details/2010/Medicago-Receives-
Regulatory-Approval-and-Commences-
Phase-II-Clinical-Testing-of-its-Avian-
Influenza-Vaccine1123044/ default.aspx 
(Nov 1, 2010). 

Obembe OO,  Popoola JO,  Leelavathi S,  Siva 
V. Reddy SV (2011) Advances in plant 



 
Malabadi et al. / Research in Pharmacy 2(2) : 08-19, 2012 

 

18 
 

molecular farming. Biotechnology 
Advances. 29(2):210-222. 

Obembe OO (2010) The plant biotechnology 
flight: Is Africa on board? African Journal 
of Biotechnology.  9(28):4300-4308. 

Obregon P,   Chargelegue D,  Drake PMW,    
Prada A,    Nuttall J,   Frigerio L, and  Ma 
JKC (2006)  HIV-1 p24–immunoglobulin 
fusion molecule: a new strategy for 
plant-based protein production. Plant 
Biotechnology Journal.  4: 195–207.   

Palacpac NQ, Yoshida S, Sakai H, Kimura Y, 
Fujiyama K, Yoshida T, Seki T (1999)   
Stable expression of human b1,4-
galactosyltransferase in plant cells 
modifies N-linked glycosylation patterns. 
Proceedings of National Academy of   
Sciences USA. 96:4692-4697. 

Pascual DW (2007) Vaccines are for dinner. 
Proceedings of National Academy of   
Sciences USA.  104(26): 10757–10758. 

Penney CA, Thomas DR, Deen SS, Walmsley 
AM (2011) Plant-made vaccines in 
support of the Millennium Development 
Goals. Plant Cell Reports.  (still in press) 

Phoolcharoen W, Bhoo SH, Lai H, Ma 
J, Arntzen CJ, Chen Q, Mason HS (2011)   
Expression of an immunogenic Ebola 
immune complex in Nicotiana 
benthamiana. Plant Biotech  Journal.  (In 
press). 

Protalix BioTherapeutics (2010) ProtalixBio 
Therapeutics announces preliminary top-
line positive data from taliglucerase alfa 
switchover trial. Press release. Retrieved 
12 Dec 2010. http://phx.corporate-
ir.net/phoenix.zhtml? c=101161&p=irol-
newsArticle& ID= 1490071&highlight= 
(Nov 2, 2010) 

Rybicki EP (2010) Plant-made vaccines for 
humans and animals. Plant Biotechnology 
Journal   8: 620-637. 

Saejung W, Fujiyama K, Takasaki T, Ito M, 
Hori K, Malasit P, Watanabe Y, Kurane I, 
Seki T (2007) Production of dengue 2 
envelope domain III in plant using TMV-
based vector system. Vaccine.   25:6646-
6654. 

Sala F,  Rigano MM,  Barbante A,  Basso B,  
Walmsley AM, Castiglione S (2003) 
Vaccine antigen production in transgenic 
plants: strategies, gene constructs and 
perspectives. Vaccine. 21(7&8):803-808. 

SemBioSys (2009) SemBioSys provides 
update on insulin program. Press release. 
Retrieved 12 Dec 2010. http://micro. 
newswire.ca/release.cgi? rkey= 170401 
6279&view= 36078-0& Start=30&htm = 
0(April 1, 2009) 

Sethuraman N, Stadheim TA (2006) 
Challenges in therapeutic glycoprotein 
production. Current Opinion in 
Biotechnology. 17(4):341-346. 

Shoji Y, Chichester JA, Jones M, Manceva 
SD, Damon E, Mett V, Musiychuk K, Bi 
H, Farrance C, Shamloul M, Kushnir 
N, Sharma S, Yusibov V (2011) Plant-
based rapid production of recombinant 
subunit hemagglutinin vaccines targeting 
H1N1 and H5N1 influenza. Human 
Vaccine.  (still in press). 

Tacket  CO (2005) Plant derived vaccines 
against diarrheal diseases. Vaccine.  
23:1866-1869. 

Tacket CO, Mason HS, Losonsky G, Estes 
MK, Levine MM, Arntzen CJ (1998)   
Immnogeneicity in humans of a 
recombinant bacterial antigen delivered 
in transgenic potato. Nature Medicine. 
4:607-609. 

Tacket CO, Mason HS, Losonsky G, Estes 
MK, Levine MM, Arntzen CJ (2000) 
Human immune responses to a novel 
Norwalk virus vaccine delivered in 



 
Malabadi et al. / Research in Pharmacy 2(2) : 08-19, 2012 

 

19 
 

transgenic potatoes. Journal of  Infectious 
Diseases. 182:302-305. 

Thanavala Y, Yang YF, Lyons P, Mason HS, 
Arntzen C (1995) Immunogenicity of 
transgenic plant-derived hepatitis B-
surface antigen. Proc Nat Acad Sci USA  
92:3358-3361. 

Tiwari S, Verma PC, Singh PK, Tuli R (2009) 
Plants as bioreactors for the production 
of vaccine antigens. Biotechnology 
Advances. 27:449-467. 

Tremblay R, Wang D, Jevnikar AM, Ma S 
(2010) Tobacco, a highly efficient green 
bioreactor for production of therapeutic 
proteins. Biotechnology Advances.   28:214-
221. 

Vermij P, Waltz E (2006) USDA approves the 
first plant-based vaccine. Nature 
Biotechnology.  24:233-234. 

Walmsley AM, Arntzen CJ (2003) Plant cell 
factories and mucosal vaccines. Current 
Opinion in  Biotechnology. 14:145-150. 

Yap YK, Smith DR (2010) Strategies for the 
plant-based expression of dengue 
subunit vaccines. Biotechnology and. 
Applied Biochemistry. 57(2):47-53 

Yusibov V, Rabindran S (2008) Recent 
progress in the development of plant 
derived vaccine. Exert. Review in Vaccines. 
7: 1173-1183. 

 


