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comes into play as they are subunit vaccines that can trig-
ger mucosal immune responses, which is the first line of 
defense against pathogens (Bhatia and Dahiya 2015; Kurup 
and Thomas 2020). In order to create an edible vaccine, 
the gene of interest should be inserted into plant cells by 
genetic engineering techniques (Jan et al. 2016) as shown 
in the Fig. 1.

DNA of the desired pathogen for antibody production is 
inserted into the chloroplast genome of Chlamydomonas 
reinhardtii through one of the four methods (plasmid of 
an agrobacterium, gene gun, electroporation, glass beads). 
When the microalgae is genetically modified to produce 
antigenic proteins, it can be orally consumed which will trig-
ger T-helper cells and B-cells to generate antibodies against 
that particular pathogen (Criscuolo et al. 2019). Besides 
the chloroplast genome, the nuclear (Geng et al. 2003) and 
mitochondrial (Larosa and Remacle 2013) genomes are also 
utilized in foreign gene expression.

The concept of utilizing transgenic plants for edible vac-
cines began in the late 20th century (Saxena and Rawat 
2013). Plant-derived vaccines are economically effective, 
heat stable, and can be directly consumed (Streatfield et al. 
2001). Despite the advantages, plant vaccines have some 
limitations because they need more time for large scale pro-
duction, their growth is limited by environmental conditions, 

Introduction

In this millennium, it is obvious that biomedical sciences 
are in an advanced phase through innovative technologies 
(Gartland et al. 2013). Even though many diseases have 
been eradicated, novel infections are rapidly emerging in 
the modern world. Epidemics and pandemics have always 
had socio-economic impacts on affected populations, but 
in the present interdependent world, the impacts are truly 
global (Bloom and Cadarette 2019). Furthermore, infectious 
diseases force humans to consume high doses of antibiotics 
which eventually weaken our immunity (Barney 2017). In 
this scenario, vaccines have a prominent role in reducing 
the encumbrance of infectious diseases. Moreover, they are 
considered safer than therapeutic medicines (Andre et al. 
2008), but conventional vaccines have safety issues as they 
are produced from attenuated pathogenic organisms (Bhatia 
and Dahiya 2015). Here the significance of edible vaccines 
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Abstract
Infectious diseases are always a threat to all living beings. Today, in this world pathogens have no difficulty reaching 
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long immunity against infectious diseases, but the production cost of vaccines is unaffordable for a layman and traditional 
vaccines have certain limitations with storage and delivery. However, edible vaccines have shifted this paradigm and have 
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and there is a chance of releasing transgenes into soil bac-
teria or other related plant species (Gangl et al. 2015). Like 
plant vaccines, transgenic microalgae have also proven to 
be useful in the production of edible vaccines (Demurtas et 
al. 2013) and they have enormous industrial benefits over 
plant vaccines (Charoonnart et al. 2018; Specht and May-
field 2014).

Microalgae has been farmed at a commercial scale as 
a health food since 1960 (Mobin and Alam 2017). Today, 
there is a considerable increase in the utilization of micro-
algae as a food source (Koyande et al. 2019). Many species 
of microalgae have desirable characteristics that make them 
suitable candidates for human consumption (Kusmayadi et 
al. 2021). Microalgae are an excellent feedstock since they 
do not compete for land to create different valuable products 
(Kothari et al. 2017). They can be cultivated in three most 
prominent growth systems namely open-air ponds, photobi-
oreactors, and heterotrophic bioreactors to generate a large 
amount of algal biomass (Diaz et al. 2023). According to 
FAO, global algae production increased 60 times from 1950 
to 2019 (FAO, 2021) which emphasizes how far the market 
trend for algae has grown.

Microalgae represent a promising source for pharma-
ceuticals, nutraceuticals, cosmetics, and the fuel industry 
(Borowitzka 2013). Unlike other microorganisms, algae 
contain chlorophyll and accessory pigments, that make them 
a potent source for bioactive compounds (Eriksen 2008; 
Okuzumi et al. 1990). Nowadays, scientific technologies 
have paved the way for the discovery of biomedicines from 
microalgae (Costa et al. 2020). Moreover, they are green cell 
factories and widely used in molecular pharming (Hallmann 

2015). Remarkably, owing to a small polyploid genome in 
their chloroplast which is derived from the cyanobacterial 
ancestor of this organelle, they are capable to accumulate 
a large number of proteins (Gutiérrez et al. 2012). One of 
the green algae Chlamydomonas reinhardtii P.A Dangeard 
1888 is used as a model organism for expressing recombi-
nant therapeutic proteins in their chloroplast (Mayfield et 
al. 2003). These therapeutic proteins have the potential to 
make the microalgae highly desirable for vaccine produc-
tion (Rasala et al. 2010). Apart from this, microalgae have 
many other advantages such as easy preservation through 
lyophilization, rapid biomass accumulation, and they are 
not restricted by growing seasons. All these attributes 
ensure their position in the biomedical industry (Specht and 
Mayfield 2014).

Subunit vaccines contain only a few antigens, which 
reduce immunogenicity and their purification process often 
leads to the elimination of components that trigger innate 
immunity (Vetter et al. 2018). Nonetheless, the potential 
efficacy of the same can be increased by immunostimulatory 
compounds like adjuvants and immunostimulants (Reed et 
al. 2013). In this context, microalgae being a source for 
immunostimulants and most of the microalgae are “Gen-
erally Recognized As Safe” (GRAS), attain importance as 
an ideal delivery vehicle for vaccines (Ramos-Vega et al. 
2018).

Lately, an Irish company has been developing an algal 
vaccine for fish so that they can be promptly immunized 
against infectious diseases. Instead of vaccines, fish can be 
fed antibiotics but their consumption can cause biomagni-
fication (Horizon 2020). Recently countries like Italy and 

Fig. 1  Graphical concept of edible vaccines from microalgae
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Israel have been working on algae to produce edible vac-
cines against the novel corona virus (Norero 2020). Further-
more, certain geographic regions are prone to pandemics 
and they cannot afford high-cost vaccines (Madhav et al. 
2018). Therein lies the importance of microalgae as edible 
vaccines since they are more economical than plant based 
vaccines (Gunasekaran and Gothandam 2020). This article 
intends to provide an overview of the edible vaccines pro-
duced from microalgae. There is a proverb that says “Your 
happiness is a reflection of your health.” If microalgae can 
bring this happiness, then why don’t we have it?

Microalgae as edible vaccines

Plastids are one of the primary requirements for the expres-
sion of vaccine antigens (Chebolu and Daniell 2010). The 
chloroplast of algae plays a pivotal role in expressing thera-
peutic proteins (Dyo and Purton 2018) and it possesses 
certain striking features making it an important tool in bio-
technology. Maternally inherited chloroplast genome helps 
the plants to produce stable proteins (Takeyama et al. 2015) 
and, it is a safe storehouse for proteins due to the lack of 
endogenous protease (Liang et al. 2020). Moreover, chap-
erones in the chloroplast help in proper folding and can be 
utilized effectively in vaccine development (Daniell et al. 
2005). In addition, because the algal chloroplast has a rigid 
cell wall, vaccines produced in them can thrive in harsh 
conditions. An algal chloroplast-derived vaccine antigen 
remained stable for more than 1.5 years at room tempera-
ture in lyophilized form and was comparably immunogenic 
when tested in comparison with the antigen stored at 4 °C 
(Dreesen et al. 2010).

The first algal based edible vaccine was a fusion product 
of foot and mouth disease virus particle and cholera toxin B 
(Sun et al. 2003). In their study, the transgenic chloroplast of 
C.reinhardtii was used for vaccine expression. Even though 
antigen expression levels were low, it marked history in 
microalgal biotechnology. In another study, E2, a structural 
protein of the Classical Swine Fever Virus (CFSV) was 
introduced into the chloroplast of C.reinhardtii by biolistic 
bombardment. Although antigens were expressed in chlo-
roplasts, no immune response was detected after the oral 
immunization (He et al. 2007).

Certain surface proteins of pathogens are difficult to pro-
duce in traditional recombinant systems because of tandem 
repeats of epidermal growth factor-like domains (Gregory 
et al. 2012). These surface proteins Pfs 25 and 28 of Plas-
modium falciparum Welch 1897 cause malaria in humans. 
The chloroplast of C.reinhardtii had been modified to pro-
duce those surface proteins and in response, antibodies were 
generated that hinder the sexual development of parasites. 

It was the first demonstration that algae can successfully 
produce an unmodified and aglycosylated version of these 
proteins (Gregory et al. 2013). Chloroplast transformation 
through homologous recombination eliminates the vari-
ability in gene expression, gene silencing and enhances the 
accumulation of the recombinant antigen (Habibi-Pirkoohi 
and Mohkami 2015). C.reinhardtii was also used for the 
production of vaccine against Human Papillomavirus 
(HPV), one of the central causes of cervical cancer (Franco 
et al. 2012). An attenuated form of E7 oncoprotein named 
E7GGG of this virus was used to express in the chloro-
plast of C.reinhardtii by glass bead method. Although the 
antigenic proteins produced were insufficient to trigger 
antibody production, they can be overwhelmed by future 
studies (Demurtas et al. 2013).

Even though most work has been performed in 
C.reinhardtii, a halophilic green alga named Dunaliella 
salina (Dunal) Teodoresco 1905 was used for express-
ing Hepatitis B surface Antigen (HBsAg) by electropora-
tion and stable transformants were obtained (Geng et al. 
2003). Transformations for expressing antigenic proteins 
in nucleus are rare (Potvin and Zhang 2010). However, 
nuclear transformation of the two strains Elow 47 and UVM 
11 of C.reinhardtii successfully produced the antigenic pro-
tein P24, a crucial protein of HIV made by the glass bead 
method (Barahimipour et al. 2016).

Microalgae are also utilized in aquaculture biotechnol-
ogy. Viral diseases are a catastrophe for aquatic life and 
most of them are endemic (Walker and Winton 2010). 
Renibacterium salmoninarum Sanders and Fryer 1980 is 
a pathogenic bacterium that causes kidney disease in sal-
monids. C.reinhardtii was genetically modified for express-
ing antigens of this bacterium and fed to trout and rabbits 
which later generated antibodies against this antigenic pro-
tein (León-Bañares et al. 2004). Chloroplast of the fresh-
water microalgae Haematococcus pluvialis Flotow 1844 
was genetically manipulated by particle bombardment and 
identified that H.pluvialis is a good model as an oral vaccine 
for shrimp and fish (Gutiérrez et al. 2012). White Spot Syn-
drome Virus (WSSV) causes white spot disease in shrimp. 
Transgenic C.reinhardtii carries VP 28, the viral envelope 
protein of this virus was orally vaccinated to shrimp and 
compared with the wild type. Transgenic shrimp shows 
the highest survival rate than wild type (Kiataramgul et al. 
2020).

Even though there are more than 30,000 algal species, only 
a few microalgae have been genetically transformed (Table 
1) to date due to some cell factors. For instance, the cyto-
plasm of  Arthrospira platensis  Gomont 1892 contains mul-
tiple strong endonucleases which makes them inefficient 
for successful transformation (Shiraishi and Tabuse 2013). 
However, Agrobacterium based transformation of this blue 
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plants, microalgae can be produced in a medium that only 
contains necessary nutrients, negating the need for fertile 
soil and preventing water contamination from unused fertil-
izers (Khan et al. 2018). In general, transgenic algae possess 
several advantages over other recombinant protein produc-
tion platforms.

Challenges in making algal vaccines

Advances in the genetic engineering of algal genomes have 
accelerated the synthesis of therapeutic proteins. But genetic 
instability and low expression were observed in some trans-
formed strains (Rosales-Mendoza et al. 2020). Even though 
many algae have been successfully transformed, stable 
Chlorella transformants have long been scarce. Chlorella 
is also a promising green alga for recombinant protein 
expression (Bai et al. 2013). However, they are small and 
have a resilient cell wall thus effective utilization of them 
for recombinant protein expression is hindered by a lack 
of genetic tools (Yan et al. 2016). Another daunting chal-
lenge is that recombinant protein yields in algal systems are 
sometimes low compared to microbial platforms, but this 
can be overcome by the use of efficient promoters, a better 
understanding of gene regulation and new selectable mark-
ers (Rosales-Mendoza et al. 2020; Taunt et al. 2018). Fur-
thermore, the fact that microalgae as an edible vaccine can 
only be used after achieving GRAS status remains a chal-
lenge. Another significant drawback to growing algae is the 
constant threat of contamination by parasites that compete 
for resources. This threat exists in both closed photobiore-
actors and open high speed systems. To date, only a few 
microalgae are commercially exploited for vaccine produc-
tion. Significant research and further study are thus required 
for making edible algal vaccines.

Conclusion

Algae are well-designed platforms for producing antigens. 
Most of the studies focused on the green unicellular micro-
alga Chlamydomonas reinhardtii owing to some peculiar 
features. Although many countries have developed a vac-
cine against the coronavirus, they can develop a variety of 
side effects, including neurological disorders such as Guil-
lain- Barre syndrome (Waheed et al. 2021). Studies are 
being conducted on microalgae for preparing a potential 
vaccine against the novel coronavirus. If the studies succeed 
in inventing a vaccine against coronavirus, that will be a ray 
of hope for humankind. The future of edible algal vaccine 
techniques is very bright as they can be mass produced in a 
limited amount of time and are cost-effective. Large-scale 

green algae was effectively conducted by integrating gfp:gus 
and hygromycin resistance genes into its genome and can be 
utilized for making edible vaccines near future (Dehghani et 
al. 2018). Recently, based on a detailed literature survey it 
has been identified that Arthrospira platensis has potential 
activity against enveloped RNA viruses and can be explored 
for developing a vaccine against novel Coronavirus disease 
(COVID-19) (Elaya Perumal and Sundararaj 2020), the 
deadliest pandemic caused by the virus SARS-CoV-2. In 
C.reinhardtii, the production of the spike protein Receptor 
Binding Domain (RBD) of this virus was successfully con-
ducted by researchers at the University of California (Rob-
ertson 2021), shedding light on the scientific community to 
develop a low-cost vaccine against coronavirus.

Advantages of algal vaccines

Unlike plants, algal biomass accumulation is extremely 
rapid, and the whole biomass can be utilized for vaccine 
production. Moreover, they are resistant to animal patho-
gens and the expression of heterologous proteins in micro-
algae is 10- to 100-fold higher than that of plant-based 
vaccines (Saveria et al. 2022). Notably, C.reinhardtii con-
tains only one chloroplast that aids in the stability of specific 
antigens in their cell line (Sahoo et al. 2020). Since the algal 
cell wall preserves the recombinant antigen for a lengthy 
usable life of up to 20 months at room temperature without 
losing efficacy, it doesn’t need to be purified or extracted 
before use (Rosales-Mendoza 2016). When compared to 

Table 1  Shows a list of microalgae that has been transformed for vac-
cine production
Algae Integration 

site
Disease Reference

Chlamydomonas 
reinhardtii

Chloroplast 
genome

Foot and mouth 
disease

Sun et al., 
2003

Dunaliella salina Nuclear 
genome

Hepatitis B Geng et al., 
2003

Chlamydomonas 
reinhardtii

Chloroplast 
genome

Kidney disease 
in salmonids

Leon-banares 
et al., 2004

Chlamydomonas 
reinhardtii

Chloroplast 
genome

Classical Swine 
Fever

He et al., 
2007

Chlamydomonas 
reinhardtii

Chloroplast 
genome

Staphylococ-
cus aureus 
infection

Dreesen et 
al., 2010

Chlamydomonas 
reinhardtii

Chloroplast 
genome

Malaria Gregory et 
al., 2013

Chlamydomonas 
reinhardtii

Chloroplast 
genome

Human Papil-
lomavirus 
infection

Demurtas et 
al., 2013

Chlamydomonas 
reinhardtii

Nuclear 
genome

AIDS Barahimipour 
et al., 2016

Chlamydomonas 
reinhardtii

Chloroplast 
genome

White spot dis-
ease in shrimps

Kiataramgul 
et al., 2020
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Tumor Protection. PLoS ONE 8:e61473. https://doi.org/10.1371/
journal.pone.0061473

Diaz CJ, Douglas KJ, Kang K et al (2023) Developing algae as a sus-
tainable food source. Front Nutr 9:1–21. https://doi.org/10.3389/
fnut.2022.1029841

Dreesen IAJ, Hamri GC, El, Fussenegger M (2010) Heat-stable oral 
alga-based vaccine protects mice from Staphylococcus aureus 
infection. J Biotechnol 145:273–280. https://doi.org/10.1016/j.
jbiotec.2009.12.006

Dyo YM, Purton S (2018) The algal chloroplast as a synthetic biology 
platform for production of therapeutic proteins. Microbiology 
164:113–121. https://doi.org/10.1099/mic.0.000599

Elaya Perumal U, Sundararaj R (2020) Algae: a potential source to 
prevent and cure the novel coronavirus – a review. Int J Emerg 
Technol 11:479–483.

Eriksen NT (2008) Production of phycocyanin - A pigment with 
applications in biology, biotechnology, foods and medicine. 
Appl Microbiol Biotechnol 80:1–14. https://doi.org/10.1007/
s00253-008-1542-y

Food and Agricultural Organization of the United Nations (2021) 
Global seaweeds and microalgae production, 1950–2019

Franco EL, de Sanjosé S, Broker TR et al (2012) Human papillomavi-
rus and cancer prevention: gaps in knowledge and prospects for 
research, policy, and advocacy. Vaccine 30:F175–F182. https://
doi.org/10.1016/j.vaccine.2012.06.092

Gangl D, Zedler JAZ, Rajakumar PD et al (2015) Biotechnological 
exploitation of microalgae. J Exp Bot 66:6975–6990. https://doi.
org/10.1093/jxb/erv426

Gartland KMA, Bruschi F, Dundar M et al (2013) Progress towards the 
“Golden Age” of biotechnology. Curr Opin Biotechnol 24:S6–
S13. https://doi.org/10.1016/j.copbio.2013.05.011

Geng D, Wang Y, Wang P et al (2003) Stable expression of 
hepatitis B surface antigen gene in Dunaliella salina 
(Chlorophyta). J Appl Phycol 15:451–456. https://doi.
org/10.1023/B:JAPH.0000004298.89183.e5

Gregory JA, Li F, Tomosada LM et al (2012) Algae-produced pfs25 
elicits antibodies that inhibit malaria transmission. PLoS ONE 
7:1–10. https://doi.org/10.1371/journal.pone.0037179

Gregory JA, Topol AB, Doerner DZ, Mayfield S (2013) Alga-pro-
duced cholera toxin-Pfs25 fusion proteins as oral vaccines. 
Appl Environ Microbiol 79:3917–3925. https://doi.org/10.1128/
AEM.00714-13

Gunasekaran B, Gothandam KM (2020) A review on edible vaccines 
and their prospects. Brazilian J Med Biol Res 53:1–10. https://
doi.org/10.1590/1414-431x20198749

Gutiérrez CL, Gimpel J, Escobar C et al (2012) Chloroplast genetic 
tool for the green microalgae Haematococcus pluvialis (chlo-
rophyceae, volvocales). J Phycol 48:976–983. https://doi.
org/10.1111/j.1529-8817.2012.01178.x

Habibi-Pirkoohi M, Mohkami A (2015) Recombinant vaccine produc-
tion in green plants: state of art. J Cell Mol Res 7:59–67. https://
doi.org/10.22067/jcmr.v7i1.45074

Hallmann A (2015) Algae Biotechnology – Green cell-factories on the 
rise. Curr Biotechnol 4:389–415. https://doi.org/10.2174/221155
0105666151107001338

He DM, Qian KX, Shen GF et al (2007) Recombination and expres-
sion of classical swine fever virus (CSFV) structural protein 
E2 gene in Chlamydomonas reinhardtii chroloplasts. Colloids 
Surf B Biointerfaces 55:26–30. https://doi.org/10.1016/j.
colsurfb.2006.10.042

Horizon (2020) Algae for fish vaccine. https://www.enabling-project.
com/news-1/2020/2/11/algae-for-fish-vaccine. Accessed 5 Feb 
2021

Jan N, Shafi F, Hameed O, bin et al (2016) An overview on edible vac-
cines and immunization. Austin J Nutr Food Sci 4:1078.

acceptance and progress of transgenic algae is still a chal-
lenge in many developing countries, and if accepted by 
society, it will be feasible to produce edible vaccines against 
various diseases globally. With edible vaccines, many infec-
tious diseases can be wiped out and wide applications in 
microalgae have infinite possibilities for future study.
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