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Foreword

As president of the International Society for Plant Molecular Farming (ISPMF), I 
am very pleased to write a foreword of the two volumes of a book on plant molecu-
lar farming, entitled “Tools & Techniques of Plant Molecular Farming” and 
“Applications of Plant Molecular Farming in Agriculture and Food Industry.” The 
production of valuable proteins, peptides, and small molecules through the use of 
plant biotechnology is an important issue of today but still has a way to go to 
increase its impact. In 1989, molecular farming had burst onto the cover of Nature 
with Andy Hiatt’s “monoclonal antibody expression in plants” paper demonstrating 
a revolutionary new use of plants. This book shows impressively how the field has 
developed since then. Apart from the great progress in the scientific exploration of 
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the field, several companies based on molecular farming have emerged and estab-
lished themselves on the international market. Protalix Therapeutics in Israel with 
one marketed product and several in development or BioApp in Korea with an 
approved vaccine against the classical swine fever are only two examples, with oth-
ers in the United States, Canada, Europe, South Africa, and Thailand. Most of them 
focus on vaccines and research agents. Many of the scientists involved in the field 
are members of the ISPMF. Since its foundation in 2014, the membership of our 
Society has increased to close to 200 members from 21 countries. As an academic 
society, the ISPMF’s main objective is to support excellence in research, scholar-
ship, and practice in plant molecular farming. One of our objectives is to provide a 
meeting place for all the players involved in plant molecular farming online to 
exchange up-to-date news and ideas as well as face-to-face in the form of biennial 
scientific conferences. The other objective is to facilitate the exchange of students 
and scientists to support their scientific carrier. The ISPMF is pleased to see how the 
increasing importance of plant molecular farming becomes reflected in these two 
excellent books.

International Society for Plant Molecular Farming (ISPMF)  Inge Broer 
London, UK

Foreword
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Preface

Plants have played a substantial role in the field of medicine since the beginning of 
mankind. Many of our modern drugs can trace their origins from plants. It is no 
surprise, then, that even in contemporary medical treatments, plants continue to 
contribute in ways that are both concrete and substantial. Plant molecular farming 
could be defined as the use of plants or plant tissues as production platforms for the 
expression of biologics, such as vaccines, therapeutic proteins, and monoclonal 
antibodies. Plant molecular farming now encompasses a growing discipline of sci-
entific research, with subdomains converging on nanomedicine, immunotherapy, 
process engineering, and innovations in plant breeding and growth technologies. 
Plants as bioreactors are easy to scale up, inexpensive to grow, and environmentally 
sustainable. The benefits of molecular farming could be enormous, as more robust 
plant production platforms are brought forward. Vaccines and other biologics pro-
duced in plants have been demonstrated to be efficacious and exhibit stability at 
room temperatures. This makes them an appealing alternative for the development 
of therapeutics for personalized medicine, as well as for the stockpiling of vaccines 
and other biologics for potential pandemics. The opportunities of plant molecular 
farming as a viable option for drug development in low- to middle-income countries 
are vast. This book series exhaustively discusses plant molecular farming in its 
many facets, from its unique history to its position within the current regulatory 
landscape, from the use of plant cell culture to the production within vertical farms, 
and from downstream process manufacturing to challenges associated with clinical 
trial development. This two-volume set will provide reference material for the com-
ing years, for an exciting field that is only beginning to approach its full potential.

The first volume entitled “Tools & Techniques of Plant Molecular Farming” 
deliberates on various concepts and strategies currently being used for plant molec-
ular farming along with the existing challenges, opportunities, and future perspec-
tives. Recent tools and techniques of plant molecular farming including genome 
editing-assisted PMF, transplastomics, seed-based production of recombinant pro-
teins, and plant-based antibody manufacturing, and use of turnip mosaic virus as a 
versatile tool for nanoparticle production, have been elaborated. The book has a 
special coverage on topical relevance of PMF, especially for the developing 
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countries with an example on cost-effective, rapid, bulk production of COVID-19 
vaccine. Finally, biosafety, risk, and regulatory issues of PMF, its social acceptabil-
ity, and constraints coming in the way of bulk industrial production and commer-
cialization of PMF products have been elaborated over 15 chapters contributed by 
61 international experts from 14 countries.

The second volume on “Applications of Plant Molecular Farming in Agriculture 
and Food Industry” explores the different crop systems currently being used for 
PMF with special coverage on rice, tobacco, duckweed, microalgae, cannabis, and 
legumes. Plant viral vectors, microbes, plant cell suspension cultures, bioreactor 
engineering, plant expression system, plant virus nanoparticles, and genetically 
modified seeds have also been explored for various PMF purposes, like molecular 
farming of industrial enzymes, antimicrobial peptides for plant protection and stress 
tolerance, viruslike particles, recombinant pharmaceutical proteins, drugs, and, for 
humans, specifically antigen-specific immunotherapy for allergic and autoimmune 
diseases and to overcome the global impact of neglected tropical diseases and vet-
erinary vaccines. The 24 chapters of this volume are contributed by 81 global 
experts from 13 countries.

We express our sincere thanks and gratitude to all the contributing authors of 
these two volumes for their exquisite contributions, magnificent deliberations, and 
excellent cooperation since inception to publication of these two books. We sin-
cerely thank Prof. Inge Broer, President, International Society for Plant Molecular 
Farming (ISPMF), for contributing a Foreword to these volumes, in which she 
underlines the importance of both the volumes in covering the developments, which 
have taken place in the area of plant molecular farming research during the last four 
decades, and also predicts a very bright future for PMF industries particularly for 
the developing countries under the present pandemic situation. We are also thankful 
to the staff of Springer Nature, specifically Dr. Aakanksha Tyagi, Senior Editor, 
Books on Medicine and Life Sciences; Ms. Yogitha Subramani, Project Coordinator 
(Books); Mr. Ashok Kumar; and Mr. Chihiro Haraguchi for their timely cooperation 
and useful professional assistance.

Kolkata, India  Chittaranjan Kole  
Varanasi, India   Anurag Chaurasia  
Ithaca, NY, USA   Kathleen L. Hefferon  
Berhampur, India   Jogeswar Panigrahi  

Preface
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Chapter 1
Plant Molecular Farming: Concept 
and Strategies

Kirthikah Kadiresen, Ke Sin Seow, Asqwin Uthaya Kumar, Wen Cong Gan, 
Ying Pei Wong, and Anna Pick Kiong Ling

Abstract Plant molecular farming refers to a plant-based approach to produce 
recombinant proteins and secondary metabolites. The utilization of plants as a bio-
reactor for the production of valuable recombinant proteins has shown some unique 
advantages in comparison to other expression systems. With the high cost and 
increase in demand for therapeutics and industrial proteins, plant molecular farming 
has gained interests over the years for its promising low-cost productions at large 
scales. This chapter starts off with an introduction to plant molecular farming and 
discussions on its recent updates. It is then followed by describing the principle of 
the approaches, which explains the processes involved in plant molecular farming, 
different plant species that are utilized as expression hosts for the production of 
recombinant proteins and secondary metabolites, and types of recombinant proteins 
produced. This chapter also discusses various transformation strategies that are uti-
lized as well as the advantages and challenges of plant molecular farming.

Keywords Edible vaccine · Genetic engineering · Nuclear transformation · Plastid 
transformation · Recombinant proteins

Abbreviations

2,4,5-T 2,4,5-Trichlorophenoxyacetic acid
2,4-D 2,4-Dichlorophenoxyacetic acid
2iP(IPA) N6-(2-isopentenyl)adenine
BAP 6-Benzylaminopurine
CAMV-35S Cauliflower mosaic virus 35S
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COVID-19 Coronavirus disease-19
ELP Elastin-like polypeptide
FDA Food and Drug Administration
GMP Good manufacturing practice
GR2 Second-generation Golden Rice
HFBI Hydrophobin I
hGH Human growth hormone
HPV Human papillomavirus
IAA Indole-3-acetic acid
mAb Monoclonal antibody
NAA 1-Naphthaleneacetic acid
NHL Non-Hodgkin’s lymphoma
PEG Polyethylene glycol
PHAs Polyhydroxyalkanoates
PMF Plant molecular farming
PVX Potato virus X
scFv Single-chain variable fragment
T-DNA Transfer DNA
TMV Tobacco mosaic viruses
USDA United States Department of Agriculture
VLP Virus like particles

1.1  Introduction

The concept of “farming” is no longer restricted to the conventional perception of 
just the process of rearing animals or planting crops for food. Advancements in 
biotechnological fields such as molecular biology and genetic engineering have 
paved the way for molecular farming, which allows for a whole new spectrum of 
resources that can be harnessed for a variety of potential applications. Efforts in 
developing targeted gene editing tools in plants have laid the groundwork for plant 
molecular farming (PMF), to efficiently and precisely produce organisms that 
express specific recombinant proteins and secondary metabolites as desired (Mao 
et al. 2019). The concept of PMF differs slightly in other approaches of plant genetic 
engineering. Plants can be genetically engineered to confer specific desired quali-
ties or characteristics to the plant, typically seen in agriculture, wherein to increase 
the yield or durability of crops, the resultant recombinant protein is induced into the 
plant to increase the production of a desired metabolite (Fischer and Schillberg 
2016). Rather than adding value to the plant, PMF aims to specifically produce the 
desired products via a commercialized, large-scale approach (Fischer and Schillberg 
2016). Achieving this feat would allow for inexpensive access to much-needed 
medicines and pharmaceuticals to virtually everyone globally.

The use of plants in molecular farming has now seen almost 40 years of develop-
ment since the first plant-produced pharmaceutical protein (human growth hor-
mone) from tobacco and sunflower calluses in 1986 (Barta et al. 1986) and the first 

K. Kadiresen et al.
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plant-produced antibody in transgenic plants in 1989 (Hiatt et al. 1989). It was only 
6 years later that the first oral immunization was observed on mice after consuming 
transgenic potatoes, making it the first edible plant-based vaccine to be produced 
(Haq et al. 1995). However, it took more than 20 years for a plant-based vaccine to 
gain the world’s first regulatory approval when a Newcastle’s disease vaccine for 
poultry produced in transgenic tobacco cell lines was approved by the United States 
Department of Agriculture (USDA) in 2006 (Sparrow et al. 2007). Unfortunately, 
the vaccine was never commercialized and brought to the market by the developing 
company (Thomas et al. 2011). It was also in the same year that the production of a 
monoclonal antibody (CB-Hep.1) used to produce a vaccine for hepatitis B was 
approved by Cuba’s Medication Quality Control Agency (Sparrow et  al. 2007), 
marking the first approval granted for the commercial use of plants in molecular 
farming. Further success in human clinical trials was observed as a plant-based vac-
cine produced in tobacco was effective in eliciting an immune response against 
follicular lymphoma (McCormick et al. 2008; Thomas et al. 2011).

Despite the considerably long developmental history of plant-based biopharma-
ceutics, the commercialization of such products in the market is still at its infancy. 
So far, there has only been one such product that was authorized to enter the market 
after its completion of phase I–III clinical trials (Schillberg and Finnern 2021; 
Zimran et al. 2018). Another notably historic use of a PMF product was during the 
not-so-recent Ebola outbreak, where ZMapp, a cocktail of monoclonal antibodies 
produced in transgenic tobacco (N. benthamiana), was authorized for emergency 
use in humans despite lacking the necessary human clinical trials at the time 
(Fanunza et al. 2018; Hiatt et al. 2015; Qiu et al. 2014). While ZMapp showed great 
promise during the initial use, further clinical trials conducted after the outbreak 
remained inconclusive (The PREVAIL II Writing Group for the Multi-National 
PREVAIL II Study Team 2016). Fortunately, the efforts in PMF development were 
not discouraged, as the call for action for mass-produced biopharmaceuticals arrived 
with the onset of the coronavirus disease-19 (COVID-19) pandemic. The urgency 
for preventative measures and treatments for COVID-19 were the focus of the 
efforts of researchers globally, including biopharmaceutical manufacturers such as 
Medicago, Kentucky Bioprocessing, iBio, and Newcotiana (Kumar et  al. 2021). 
This highlights the potential reliance on a stable, efficient, and high-throughput 
method for the production of pharmaceuticals and recombinant proteins alike in the 
future, a niche that is perfect for the expansion of PMF (see also Chap. 12).

In comparison to other expression systems such as bacteria, yeast, mammalian 
cells, or insect cells, plants have been the popular platform used in molecular farm-
ing as it offers significant benefits over the other expression systems (Diamos et al. 
2020; Schillberg and Finnern 2021; Shanmugaraj et al. 2020). The robustness, scal-
ability cost, and relative safety of plant recombinant proteins (which shall be dis-
cussed in further sections) certainly boost the potential of plants in molecular 
farming and are the reasons why plants are the general preferred option in molecular 
farming. This chapter serves as an introduction to the various concepts within PMF 
as well as the challenges faced in its implementation. Further, the diverse approaches 
and optimization strategies undertaken to further develop PMF’s viability shall also 
be discussed.
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1.2  Concept

1.2.1  Plant as Expression System for Recombinant 
Protein Production

Utilization of transgenic plants for the production of various recombinant proteins 
and secondary metabolites offers an appealing alternative to other commonly used 
expression systems. In general, the process of PMF involves the development of 
transgenic plants as bioreactors through recombinant DNA technology. This entire 
process begins with the selection of a gene of interest. This candidate gene encodes 
for proteins that are able to express therapeutic properties such as vaccines and 
antibodies as well as industrial proteins such as enzymes or even diagnostic reagents. 
Following the selection of the gene of interest, the gene is inserted into a vector. The 
key to successful PMF is increased expression of recombinant proteins and second-
ary metabolites. Hence, expression cassettes play an essential role in ensuring an 
improved level of recombinant protein production (Makhzoum et  al. 2014). 
Generally, these plant expression vectors consist of several components including 
the origin of replication, multiple cloning sites, and plant selectable markers (Low 
et al. 2018). The origin of replication site is an A + T-rich region where the replica-
tion process is initiated by unwinding the DNA (Low et al. 2018; Rajewska et al. 
2012). The multiple cloning site has multiple restriction sites that can be cut by 
specific restriction enzymes, which permits the insertion of gene of interest allow-
ing easy cloning of the gene (Crook et al. 2011). The plant selectable markers on the 
other hand play an essential role in providing proof of successful insertion of gene 
into vector. In terms of plant transformations, commonly employed vectors include 
the Agrobacterium tumefaciens-based Ti plasmid vector and plant RNA virus vec-
tors to produce transient transformations allowing the transgene DNA to be 
expressed in the host, but it is not integrated into the host’s germline DNA (Clark 
and Maselko 2020).

The vector containing the gene of interest is then introduced into plant cells. 
Prior to the introduction, a suitable plant species and its tissue need to be selected. 
This step is crucial as the physiological, morphological, biochemical, and genetic 
properties of each plant species may influence its success in terms of biomass and 
recombinant protein yield, capability in posttranslational modifications, and deter-
mination of polypeptide structural stabilities (Leite et al. 2019). Utilizing plant spe-
cies with watery tissues such as tomato would also lead to a lower cost of downstream 
processing due to an easier process of extracting recombinant proteins compared to 
plants with dry tissues (Obembe et al. 2011). Once a suitable plant species has been 
selected, the transgene will be integrated into the plant cells by either stable or tran-
sient transformation process. A stable transformation refers to the integration of the 
gene of interest into the host cell genome, which results in the production of trans-
genic lines (Stepanenko and Heng 2017). This stable transformation can be done by 
nuclear transformation or plastid transformation. In transient transformation on the 
other hand, the gene of interest is present in an extrachromosomal manner, and it 
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does not affect the host genome stability (Honda et al. 2019; Ji et al. 2014). This 
transient transformation can be done by agroinfiltration, viral infection, or magnifi-
cation system, which will be discussed further in the following sections. Successful 
transformants are identified and selected to be regenerated into transgenic plants.

The regeneration of transgenic plants is carried out by culturing successful trans-
formants in plant growth regulators. Two of the major plant growth regulators uti-
lized in plant tissue culture are cytokinins and auxins (Abiri et al. 2016). Auxins 
play an essential role in the formation of an unorganized and undifferentiated mass 
of cells known as callus (Rahayu et al. 2016). Commonly employed auxins include 
2,4-dichlorophenoxyacetic acid (2,4-D), 1-naphthaleneacetic acid (NAA), indole- 3- 
acetic acid (IAA), picloram, dicamba, and 2,4,5-trichlorophenoxyacetic acid (2,4,5- 
T) (Abiri et al. 2016). Cytokinins on the other hand are essential to promote cell 
division and cell expansion in the development of leaf cells (Wu et  al. 2021). 
Commonly used cytokinins include zeatin, kinetin, 6-benzylaminopurine (BAP), 
thidiazuron, and N6-(2-isopentenyl)adenine (2iP(IPA)) (Bhatia 2015). An increased 
auxin-to-cytokinin ratio promotes the regeneration of roots, while an increased 
cytokinin-to-auxin ratio promotes the regeneration of shoots (Ikeuchi et al. 2013). 
This method of inserting a gene of interest into plant cells or tissue from explants 
and regenerating transgenic plants is utilized in stable transformation strategies. 
Alternatively, in transient transformation strategies, the gene of interest in vectors 
such as Agrobacterium tumefaciens and plant viruses are directly inserted into the 
intracellular space of the plant leaves by vacuum infiltration, syringe infiltration, or 
viral injection (Floss and Conrad 2013; Shanmugaraj et al. 2021). As a result, the 
plants will produce the desired recombinant proteins. Subsequently, the harvest will 
undergo downstream processing to extract and purify the desired recombinant pro-
teins. The processes involved in plant molecular farming are summarized in Fig. 1.1.

1.2.2  Plant as a Bioreactor for Production of Recombinant 
Proteins and Secondary Metabolites

For a long time, breakthroughs in plant biotechnology were directed at the signifi-
cant enhancement and transformation of specific plant components such as carbo-
hydrates, proteins, lipids, and vitamins. This enhancement is referred to as 
“transgenic plants” where the plants can produce a broad range of foreign genes and 
enable massive protein and metabolite synthesis in pharmaceutical and agricultural 
environments (Franken et al. 1997; Sharma and Sharma 2009). The need for trans-
genic plants as bioreactors, on the other hand, is a comparatively modern approach 
that is rapidly developing. It comprises genetic altering of the host plant by intro-
ducing and expressing the gene of interest. Industrial enzymes, pharmaceutical pro-
teins, secondary metabolites, bioactive peptides, vaccine antigens, and antibodies 
are some of the often-produced proteins and metabolites in plant bioreactors (Lau 
and Sun 2009; Sharma and Sharma 2009). For instance, during this SARS-CoV-2 

1 Plant Molecular Farming: Concept and Strategies



6

Fig. 1.1 Plant molecular farming process

pandemic era, the plant-based vaccine has obtained more attention for its cost- 
effective and easy manufacturing process. Researchers were racing to produce an 
efficient vaccine against the virus using plants as bioreactors (Kumar et al. 2021). 
One such company, Medicago, worked on using a close relative of the tobacco 
plant. They utilized the viruslike particle (VLP) technology and grew within the 
plant species to produce the vaccine candidate against the pathogen. Medicago also 
has successfully developed a VLP-based influenza vaccine using the Proficia plant 
as a bioreactor (Kumar et al. 2021). This indicates the success of using plants as 
bioreactors to produce vaccine proteins or candidates. Pereira et al. have success-
fully demonstrated that plant bioreactors are exhibiting promising results for 
enzyme production. They worked with the lipA gene originating from Acremonium 
alcalophilum that encodes for a lipase, which has multiple industrial uses such as in 
the field of biofuels and food processing industries (Pereira et al. 2013). The lipA 
gene has successfully been expressed in the tobacco plant, and the plant-produced 
recombinant LipA enzyme is highly active. This indicates that the plant bioreactor 
also exhibits promising outcomes in producing industrial enzymes, and the tobacco 
plant is a suitable bioreactor for fungal enzyme production (Pereira et al. 2013; see 
also chapter “Plant Molecular Farming for the Bulk Production of Industrial 
Enzymes”).
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However, the expression hosts of the recombinant proteins and secondary metab-
olites are not limited to tobacco plant. Researchers are discovering and studying 
multiple potential plant expression hosts that can be utilized as a bioreactor. They 
have identified and established some other plant bioreactors as the expression host, 
which will be discussed in the following sections (see also chapter “Molecular 
Farming of Pharmaceutical Proteins in Different Crop Systems: A Way Forward”).

1.2.2.1  Tobacco

Tobacco is a widely used plant as a bioreactor in the field of plant biotechnology and 
is known as a “white mouse.” It is the most preferred plant system for genetic modi-
fication and has been the major system for recombinant protein and secondary 
metabolites for the past 30 years. Tobacco is identified as one of the best plant bio-
reactors for its large biomass production and massive soluble protein production 
compared to any other plant bioreactors (Tremblay et al. 2010). The advantages of 
using tobacco as bioreactors include high yield; ability to produce a wide range of 
therapeutic, industrial, and agricultural proteins; and a short time for large-scale 
production (Gutiérrez et al. 2013; Tremblay et al. 2010). One considerable down-
side of using tobacco as a bioreactor is the shelf life of the plant. The transgenic 
tobacco plant should have shorter half time after reaching maturity and needs urgent 
processing of the protein (Sharma and Sharma 2009). Despite the advantages of 
producing a high yield, there are limitations, whereby certain recombinant protein 
yields will be significantly low. To overcome this, the transgenic tobacco plant could 
be designed together with other proteins or fusion tags to increase the yield. To 
demonstrate this, a study conducted by Gutierrez et al. has fused elastin-like poly-
peptide (ELP), hydrophobin I (HFBI), and Zera protein to increase the desired 
recombinant protein level. In their study, they tested the protein body formation in 
N. tabacum plant (Gutiérrez et al. 2013). These tags have shown promising results 
where the protein body level is significantly high and suggest that these two tags 
could be a potential fusion partner in tobacco plants to increase the yield of the 
recombinant protein (Gutiérrez et al. 2013). As mentioned earlier, tobacco trans-
genic plants are used widely in multiple fields; for instance, they can also be used to 
produce recombinant silk protein. Spider silk is one of the powerful natural fibers 
and has multiple uses in the field of medicine including facilitating healing and con-
necting the wounded or cut skin (Kirsh 2017). However, the availability of the pro-
tein is limited and requires an alternative way to produce it in large amounts. 
Scheller et al. have demonstrated that the silk protein could be produced using the 
tobacco plant as a bioreactor. They have transformed many recombinant proteins 
from Nephila clavipes, which are responsible for silk production. They have shown 
promising data, where the silk protein observed in the plant tissues was approxi-
mately 100 kDa, and when produced in the plant, the protein showed strong heat 
stability (Scheller et al. 2001). These data show that tobacco is a good candidate for 
silk protein production and can be deduced that a foreign gene can be expressed in 
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the plant easily without many complications (see also chapter “Tobacco Plants as a 
Versatile Host for the Expression of Glycoproteins”).

1.2.2.2  Rice

Rice is another available plant bioreactor option to deliver desired protein or metab-
olites to humans in the form of edible transgenic rice. It is the first-ever food crop to 
ever completely sequence and the genome available for the public view (McCouch 
and Herdt 2004). One of the well-known achievements of plant biotechnology and 
usage of rice bioreactors is the development of “Golden Rice.” Vitamin A deficiency 
is a major nutritional condition that can be observed in children around the globe, 
especially in underdeveloped countries. To overcome this, a food-based vitamin A 
supplement was a sustainable option for the deficiency (Tang et al. 2009). Therefore, 
researchers worked on developing the Golden Rice, which is rich in beta-carotene, 
which in turn will be converted into vitamin A by the human body upon consump-
tion of the rice. In 2004, the researchers Ingo Potrykus and Peter Beyer who devel-
oped Golden Rice performed their first field trial, which has shown promising 
results with the beta-carotene level being higher compared to the other grains. The 
first-generation Golden Rice had approximately 6  μg beta-carotene, which was 
lower than the recommended intake, but this was overcome in the same year with 
the second-generation Golden Rice (GR2), with approximately 35 μg beta-carotene 
(Tang et al. 2009; The Golden Rice Story n.d.). Tang et al. have confirmed that beta- 
carotene obtained from the Golden Rice is successfully converted into vitamin A 
upon consumption. They have tested the blood samples of healthy volunteers after 
consumption of Golden Rice serving and observed the retinol (vitamin A) level in 
the blood. The results showed a promising and significant result with 0.24–0.94 mg 
retinol after consumption indicating that the conversion of the beta-carotene was 
successful (Tang et  al. 2009). Some of the benefits of using rice as a bioreactor 
include the following: (a) rice seed offers higher biosafety than other plant species, 
(b) rice endosperm has higher potential to efficiently express the recombinant pro-
tein of interest, and (c) it has the ability to express complex and functional proteins 
(Ou et al. 2014; Tang et al. 2009). Some of the limitation involved in using trans-
genic rice as a bioreactor is the public concern, the time required, and the attention 
provided to grow the crops. The crops require proper care and time to be fully 
developed and are sensitive to environmental factors such as pests and predator 
issues if grown in the field (McCouch and Herdt 2004). Besides the development of 
Golden Rice, rice could be used for other purposes as well. For instance, Yang et al. 
have used transgenic rice as a bioreactor to produce lipase B originated from 
Candida antarctica. They have successfully demonstrated the expression of lipase 
B in the rice seeds. The rice was transformed with the gene of interest, and a signifi-
cant amount of lipase B has been expressed in the seeds. The transformed rice 
recorded the highest lipolytic activity with 85 units/g of dry seeds (Yang et al. 2014). 
The functions and effectiveness of the enzyme are identical to those used in indus-
trial applications, which suggests that rice seed could be also used to produce 
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industrial enzymes besides using as a food-based supplement (see also chapter “The 
Use of Rice Seed as Bioreactor”).

1.2.2.3  Maize/Corn

Maize or also known as corn is a highly produced crop across the globe and is 
majorly used for multiple purposes such as for human food, animal feed, and raw 
material for industrial use. Over the years, maize has been used in multiple transfor-
mation studies to encounter the high demand for maize grains for various purposes 
(Yadava et al. 2017). Some of the benefits of using maize as a bioreactor compared 
to other plants are the size of the seed, which allows the desired recombinant protein 
to accumulate in high concentration, which is beneficial in downstream processing. 
There will be low interference of other substances in the expression of the recombi-
nant protein. The limitation of maize plants would be low yield despite the high 
concentration compared to other plant systems such as tobacco (Ramessar et  al. 
2008). Various studies have been performed on maize to achieve various goals; for 
instance, Barros et al. have succeeded in producing human monoclonal antibody 
2G12 which is proposed to use against HIV infection. In this study, transgenic 
maize containing the 2G12 was bred together with South African maize lines, which 
resulted in a hybrid. The outcome was promising, where the hybrid transgenic 
maize expressed a higher level of antibody compared to the non-hybrid transgenic 
line (Barros and Nelson 2010). This shows another alternate option of increasing the 
recombinant protein expression in transgenic maize. This discovery could lead to 
large-scale production of neutralizing antibodies against HIV and could revolution-
ize the pharmaceutics industry (Barros and Nelson 2010). This finding also indi-
cates the effectiveness and yield of the recombinant protein and secondary metabolite 
production. Table  1.1 lists multiple plant expression hosts that are used as plant 
bioreactors together with their advantages and disadvantages.

Table 1.1 Plant expression host with their advantages and disadvantages

Plant 
expression 
host Advantages Disadvantages References

Tobacco High-yield biomass, cost 
effective, time efficient

Half shelf life, 
extraction time point, 
low protein stability

Gutiérrez et al. (2013), 
Ramessar et al. (2008), 
Sharma and Sharma (2009), 
Tremblay et al. (2010)

Rice Higher biosafety, 
efficient expression, 
expression of complex 
protein

Time consuming, 
public opinion

McCouch and Herdt (2004), 
Ou et al. (2014), Tang et al. 
(2009)

Maize High concentration, low 
interference

Lower yield Ramessar et al. (2008)
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1.2.3  Types of Recombinant Proteins Produced by PMF

With the diverse options of plant systems available and being studied to produce 
recombinant proteins, there are a lot of successful plant systems that exist for a wide 
range of products, with a large influx of commercially viable products (Xu et al. 
2018). The aim of developing a plant system as bioreactors is to produce a broad 
range of beneficial recombinant proteins. The type of proteins that are studied or 
successfully produced using a plant system includes edible vaccines, industrial pro-
teins, diagnostic reagents, biopolymers, and therapeutic proteins, which will be dis-
cussed in the following sections.

1.2.3.1  Edible Vaccines

Vaccines are essential biological proteins that have been developed to provide pro-
tection and enhance the immune system’s function against pathogens and disease. 
The vaccines could provide long-term or short-term protection based on the system 
used to develop them (Kurup and Thomas 2020). Conventional vaccines involve 
various tedious downstream processes, such as propagation, isolation, purification, 
and isolation of vaccine proteins. Another limitation includes that the conventional 
vaccine requires adjuvant as it needs to be administered through parenteral route 
and requires specific storage conditions such as the vaccine needs to be placed in 
cold temperature (Kurup and Thomas 2020). To overcome these issues, the concept 
of an edible vaccine has been established. The idea of edible vaccine refers to the 
usage of genetically modified plant or transgenic plants to carry and produce vac-
cine subunits against specific pathogens or diseases. The brief concept is that the 
vaccine proteins are introduced to the body via the intake of transgenic plants orally 
that are modified to produce vaccine proteins (Saxena and Rawat 2014). The advan-
tages of edible vaccines include avoiding the need of using the invasive approach to 
administer vaccine where the intake is performed orally and avoiding the use of 
inactivated virus or toxins in the production of the vaccine protein (Saxena and 
Rawat 2014). Up to now, multiple plants have been studied and used as potential 
candidates to produce vaccine proteins, which include tobacco, potato, rice, maize, 
tomato, lettuce, spinach, and banana (Gunasekaran and Gothandam 2020; Saxena 
and Rawat 2014). For instance, an edible vaccine against hepatitis B has been pro-
duced using potatoes. Arntzen and his team from Arizona State University in Tempe 
have developed an edible vaccine that produces hepatitis B virus antigen, which 
upon intake will initiate the human immune system response that behaves as the 
booster shot against the virus. The development could replace the need for the con-
ventional vaccine as the booster shot for hepatitis B (Khamsi 2005). Another dis-
covery, wherein scientists from the University of Tokyo and Chiba University have 
entered the first human trial of edible cholera vaccine (MucoRice-CTB) using pow-
dered rice, has shown promising results. The vaccine is developed by using Japanese 
short-grain rice plants, where it is genetically modified with an insertion of a gene 
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that produces a region of cholera toxin B, which is nontoxic to humans. The portion 
was selected to ensure that the protein can be identified by the human immune sys-
tem and initiate a response. The vaccine is proved to be stable at room temperature, 
and the participants with high doses have exhibited greater immune response against 
the virus (Edible Cholera Vaccine Made of Powdered Rice | EurekAlert! n.d.; see 
also chapter “Delivery of Drugs and Vaccines Through Plant Molecular Farming”).

1.2.3.2  Industrial Proteins

Industrial proteins are proteins that are often used for industrial application in huge 
quantities and are required to be cost effective for production. The proteins include 
enzymes and diagnostic proteins (Hood and Woodard 2002; Xu et al. 2018). The 
plant expression system is preferred due to the cost-efficient process in the produc-
tion of the industrial enzyme, the high protein expression level of protein of interest 
at a specific region of the plant, and the easy harvesting process (Hood and Woodard 
2002). Among various available transgenic plants, field plants are the most pre-
ferred type to produce industrial proteins. This is because of the numerous benefits 
it possesses, including being cost effective, ability to store the protein at the desired 
organ to achieve high stability, and fast production (Xu et al. 2018). One of the first- 
ever proteins produced for industrial purposes was avidin developed and sold in 
1998. One factor that bothered the production of avidin was that the stability of 
protein produced after ten generations became lower and insufficient. Over time, the 
researchers overcame this by the selection process and modification in germplasm 
to maintain the stability of avidin for multiple generations without any depletion 
(Hood and Woodard 2002; Xu et al. 2018). Some of the studied and available com-
mercialized proteins and enzymes include hydrolases, cellulase, α-amylase, 
β-glucuronidase, and trypsin (Xu et al. 2018). One of the famous and widely used 
enzymes in industries is papain derived from the papaya fruit. It is widely applied in 
the food industry, where it is a frequently used type of protease to tenderize the meat 
(Shouket et al. 2020; see also chapter “Molecular Farming of Industrial Enzymes: 
Products and Applications”).

1.2.3.3  Therapeutic Proteins

Proteins are one of the important biological molecules which can be categorized 
based on their function and pharmacological activity. Therapeutic proteins are pro-
teins that can be found naturally in the human body and can be uniquely designed 
for use in pharmaceutics and treatment purposes. Therapeutic proteins can be clas-
sified according to their molecular types, and some of the examples include mono-
clonal antibody, blood factors, growth factors, enzymes, hormones, interferons, and 
interleukins (Awwad et  al. 2018; Dimitrov 2012). The requirement and need for 
these therapeutic proteins are increasing annually, and the conventional production 
of these proteins is time consuming and very expensive. The plant’s expression 
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system is used to overcome these issues, where plants can produce these proteins in 
large amounts, at the same time being low-cost, safer, and stable protein compared 
to those produced in mammalian cells or other expression systems (Xu et al. 2018). 
Monoclonal antibody (mAb) is one of the most known therapeutic proteins, where 
it is produced from B cells-lymphocytes and is known to replace antibodies in the 
host. mAb can improve, modify, and mimic the host immune system to attack 
pathogens or cancerous cells (Monoclonal Antibody Drugs for Cancer: How They 
Work—Mayo Clinic n.d.; Tabll et al. 2021). One of the studies performed by Lai 
et al. has proven that mAb developed from the plant system cures West Nile virus 
infection. The transgenic tobacco plant has been designed to produce humanized 
mAb that has a high affinity towards West Nile virus envelope protein, which results 
in viral fusion inhibition (Lai et al. 2010). The purity of the mAb produced via the 
transgenic tobacco plant is more than 95%, and the neutralization activity of the 
mAb was noticeably high (Lai et al. 2010). Another type of therapeutic protein pro-
duced using a plant system is the growth factor, where it is a released bioactive 
compound that can influence cell development and growth (Stone et al. 2021). One 
of the studies conducted by Musiychuk et al. has produced human erythropoietin 
growth factors from the plant system to promote hematopoietic stem cell differen-
tiation to red blood cells. They also analyzed another three human growth factors, 
which are stem cell factor, interleukin, and insulin-like growth factor-1, using trans-
genic tobacco plant. The researchers have used the tobacco mosaic virus vector 
approach to introduce the desired gene to produce these growth factors. The EC50 
values of these four human growth factors were substantially high and showed 
promising results (Musiychuk et al. 2013).

1.3  Transformation Strategies

1.3.1  Nuclear Transformation

Stable nuclear transformation is the most common and widely used method to date 
for genetic manipulation in plants to produce recombinant protein (Horn et al. 2004; 
Shanmugaraj et al. 2020). Nuclear transformation is the introduction of the genes of 
interest into the nuclear genome of plants to cause the alteration of genetic struc-
tures and ultimately express the transgene within the host genome (Alireza and 
Nader 2015). The foreign gene can be incorporated into the in vitro plantlets in a 
stable manner as a transgene in the plant expression vector by Agrobacterium 
tumefaciens- mediated transformation or particle bombardment, biolistic method 
(Horn et al. 2004). Nicotiana genus is widely used as the expression system to pro-
duce most of the recombinant proteins due to its rapid growth rate and easy manipu-
lation of the gene. Furthermore, crops such as rice, maize, tomato, and potato also 
showed their potential as expression systems in PMF (Burnett and Burnett 2020). 
Upon the development of the pool of transgenic lines, the best transgenic line will 
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be screened for protein production. The succession of the integration of transgene 
into the plant genome would result in the recombinant protein production in succes-
sive generations (Shanmugaraj et al. 2020).

This method has been used to produce the largest number of recombinant pro-
teins in PMF.  The recombinant proteins such as erythropoietin, collagen, and 
human-secreted alkaline phosphatase were produced via Agrobacterium-mediated 
method with tobacco as the expression system (Komarnytsky et al. 2000; Matsumoto 
et al. 1995; Ruggiero et al. 2000). Human growth hormone (hGH) and α1-antitrypsin 
were produced via biolistic method with rice as the expression system (Kim et al. 
2008; Terashima et al. 1999). Exploitation of this method has shown the advantage 
to perform in crop species such as grains, rice, cereals, and corn. As the protein 
products accumulate in the seed, it can be harvested in a dry condition and stored for 
a long term until the accomplishment of processing (Delaney 2002). However, the 
potential of some grains to cross with the native species or food products has 
affected the social acceptance towards the use of this method (Commandeur 
et al. 2003).

1.3.2  Plastid Transformation

Plant cells contain three DNA-harboring organelles, which are the nucleus, plastid, 
and mitochondria (Yu et al. 2020). The success in engineering the genome of chlo-
roplast for disease, herbicides, and insect resistance as well as for the production of 
biopharmaceuticals had led to a new era of plant biotechnology to a more 
environmental- friendly direction (Daniell et al. 1998). This is because the genome 
of chloroplast defied the laws of Mendelian inheritance that resulted in avoiding the 
outcrossing of transgenes with native species and reducing the toxicity of transgenic 
pollen to the non-targeted insects (Cosa et al. 2001; Svab et al. 1990). The genome 
of plastids is a circular double-stranded DNA that is inherited maternally and pres-
ents in many copies in the organelle (Adem et al. 2017). Thus, it is protected from 
gene silencing, which would result in lowering the transgene expression and thereby 
allowing the accumulation of high level of foreign protein, 5–40% of total soluble 
protein (Roudsari et al. 2009).

Svab et al. were the first to describe the system for plastid transformation using 
higher plant, tobacco, after the success of plastid transformation on unicellular 
algae, Chlamydomonas reinhardtii. Chloroplast genetic engineering started to 
develop in 1980s where isolated intact chloroplasts were able to introduce into pro-
toplasts (Svab et al. 1990). The crop species that can be used for plastid transforma-
tions include tobacco, tomato, potato, eggplant, and soybean (Ding et al. 2006; Ma 
et al. 2015; Shanmugaraj et al. 2020; Zhou et al. 2004). There are three main steps 
in plastid transformation as illustrated in Fig. 1.2. Firstly, the transgene is delivered 
to cells of an explant. Secondly, the transgene is integrated into the chloroplast 
genome by going through homologous recombination at a specific site (Yu et al. 
2020). Lastly, the ideal transformants are screened repeatedly and thoroughly on 
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Fig. 1.2 Plastid transformation process

selection medium until a state of homoplasmy (fully eliminate the wild-type genome 
in the pool) (Lu et al. 2006). The selection process can be conducted on the medium 
containing spectinomycin (Alireza and Nader 2015). The positive transformants 
will then be regenerated into a stable transgenic line.

Biolistic transformation and polyethylene glycol (PEG)-mediated transfection 
are the two most common methods for introducing the foreign DNA into chloro-
plasts (Lu et al. 2006; Yu et al. 2020). PEG-mediated method only works on proto-
plasts by culturing the protoplasts with the presence of PEG vesicles containing 
foreign DNA to allow the DNA uptake by protoplasts (Lu et al. 2006). However, the 
development of gene gun by John Sanford to be used as a transformation device 
allows direct transformation to the plant cells instead of isolating protoplasts 
(Daniell 1993). Recently, nanoparticles were introduced as a new strategy for plas-
tid transformation to allow the introduction of DNA without the need of other 
instrument or isolation of protoplasts (Kwak et al. 2019).

Antigen vaccines, protein-based drugs, and industrial enzymes are able to be 
produced from the chloroplast of the plant via plastid transformation (Yu et  al. 
2020). Protein-based drug insulin is able to be produced in transplastomic tobacco 
plants with the expression of 14.3% of total soluble protein (Kwon et al. 2013). This 
might help to solve the issues of high cost of insulin produced by yeast due to the 
additional cost needed to maintain the yeast suspension (Daniell et  al. 2016). 
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Besides, plant chloroplast is able to perform a proper posttranslational modification 
of insulin to promote the proper folding like phosphorylation and disulfide bond 
formation (Řepková 2010).

The culprit of cervical cancer is human papillomavirus (HPV), which kills more 
than 250,000 of women annually. The protein E7 antigen from HPV type 16 
(HPV-16 E7) has been selected as a candidate to produce therapeutic vaccine 
(Morgenfeld et  al. 2009, 2014). It has been reported that HPV-16 E7 can be 
expressed in the tobacco plant via plastid transformation (Morgenfeld et al. 2009). 
Studies also showed that mice and rabbits developed specific immune responses 
after being injected with chloroplast-derived vaccines (Molina et al. 2005). However, 
the accumulation of E7 protein in the chloroplast is relatively low due to the insta-
bility of natively unfolded protein. Thus, the strategy of fusing E7 coding sequence 
with potato virus X coat protein was done to improve the stability and immunoge-
nicity of the antigen (Morgenfeld et al. 2014; see also chapter “ Development of 
Oral Prophylactic and Therapeutic Vaccines Against HPV on the Basis of Plant 
Expression System”).

In addition, genetically engineered chloroplast genome can be used to produce 
biomaterials. The biodegradable polyester biopolymers such as polyhydroxyal-
kanoates (PHAs) are a perfect alternative to petroleum-based plastics that are natu-
rally synthesized by microorganisms (Svab et al. 1990). However, transgenic crop 
via plastid transformation like tobacco has the potential to be used as a source of 
PHAs. Transgenic crops can achieve an accumulation level of PHA up to 40% dry 
cell weight of the leaf and 20% dry cell weight of the seed (Dobrogojski et al. 2018). 
Industrial enzymes such as β-glucosidase and xylanase can be obtained via chloro-
plast production in tobacco plants as well (Jin et al. 2011; Kolotilin et al. 2013).

Despite the great potential of plastid transformation, only tobacco is practically 
possible for this method. However, due to the toxicity of the plant with full of poi-
sonous alkaloid, the use of tobacco in the production of edible recombinant protein 
or vaccine is not feasible (Horn et al. 2004; see also Chap. 9).

1.3.3  Agroinfiltration

Agroinfiltration is based on the Agrobacterium-based approach for transient trans-
formation that is commonly used to transfer the foreign gene into somatic cells of 
targeted plants such as leaves (Debler et al. 2021; Kaur et al. 2021). Early discovery 
of Agrobacterium tumefaciens in the late eighteenth century has played a prominent 
role in plant biotechnology. Initially, it was developed to use as a tool for the inves-
tigation of plant-virus interaction (Chen et al. 2013; Kaur et al. 2021). However, the 
first transgenic plant produced via Agrobacterium-mediated transformation process 
in the year 1983 opened a door for plant genetic transformation for plant farming 
interventions (Ramkumar et al. 2020). In addition, Agrobacterium-mediated trans-
formation is a relatively effective, simple, and less time-consuming transient expres-
sion method compared to biolistic method and PEG-mediated transfection of 
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protoplast as it does not involve the isolation of protoplast (Belhaj et  al. 2013; 
Norkunas et al. 2018). Agroinfiltration works by the principle of delivering the gene 
of interest carried by recombinant Agrobacterium in the extracellular spaces of the 
intact leaves via physical or vacuum infiltration (Donini and Marusic 2019). It is 
preferable because this method has high level of expression, which yields up to 50% 
of TSP compared to stable transformation, which only yields less than 1% of total 
TSP. Human growth hormone (hGH), aprotinin, and human fibroblast growth factor 
8b are the examples of transient expression application (Sheludko 2008).

It is an indirect gene delivery method, in which Agrobacteria species has the 
ability to transfer DNA into the plant cells. Agrobacterium tumefaciens is a patho-
gen of the plant. It has a tumor-inducing (Ti) plasmid containing transfer DNA 
(T-DNA) that is able to transfer into plant host cells by infecting the plant cells 
(Chen et al. 2013). It would result in causing tumors and crown gall in the plant as 
Ti plasmid is the factor of tumorigenesis and part of the plasmids, and T-DNA was 
incorporated into the plant genome (Gelvin 2003). On the other hand, Agrobacterium 
rhizogenes harbors root-inducing (Ri) plasmid that induces abnormal root growth 
(Hwang et al. 2017). Therefore, it was then proposed that Ti or Ri plasmids can be 
used as a vector to introduce transgene into plant cells by developing the 
Agrobacterium strains that do not cause tumor formation but have the capability to 
transfer foreign gene (Chen et al. 2013; Gelvin 2003). T-DNA and virulence region 
are the two genetic components that are responsible for the transformation (Chen 
et al. 2013).

There are few plant hosts that could be used including Lactuca sativa (Lai et al. 
2012), Nicotiana tabacum, Arabidopsis thaliana, Glycine max (King et al. 2015), 
and Pisum sativum (Guy et al. 2016). However, Nicotiana benthamiana is the most 
preferred experimental host due to the high susceptibility to a diverse range of 
viruses and other plant-pathogenic agents including bacteria, oomycetes, and fungi 
(Goodin et al. 2008). In addition, Nicotiana benthamiana has gained a great atten-
tion to serve as “biofactories” in producing recombinant proteins due to its ability to 
perform posttranslational modifications for appropriate protein folding to result in 
functional biological activity (Bally et al. 2018). The expression of the transgene 
could be controlled by a suitable promoter such as cauliflower mosaic virus 35S 
(CAMV-35S) (Debler et al. 2021). However, it is not easy to clone a foreign gene 
into T-DNA due to large size of Ti plasmids and lack of unique restriction endonu-
clease cleavage sites on T-DNA and elsewhere (Gelvin 2003). Thus, two approaches 
were developed to facilitate the introduction of foreign gene into T-DNA including 
co-integrating system and binary vector system. But binary vector system is the 
most performed method of molecular genetic modification (Mardanova et al. 2017).

Co-integrating system generally refers to cloning the gene by an indirect mean 
into Ti plasmid in a way that the new gene was in cis with the virulence genes 
resulted on the same plasmid (Gelvin 2003). A region of DNA containing unique 
restriction endonuclease sites targeted for disruption is cloned into a broad host 
range plasmid, which is able to replicate in E. coli and in Agrobacterium. It is known 
as an intermediate plasmid. The foreign gene with antibiotic resistance marker is 
cloned into a unique restriction endonuclease site. A disarmed Ti plasmid contains 
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the vir function maintained in Agrobacterium. The intermediate plasmid is then 
conjugated with Agrobacterium containing disarmed Ti plasmid and undergoes 
homologous recombination. Agrobacterium with co-integrated plasmid is selected 
and introduced into the plant (Garfinkel et al. 1981; Gelvin 2003). However, the 
protocols are sophisticated and therefore binary system is generally a preferred 
method in agroinfiltration.

Binary vector system revolutionized the Agrobacterium-mediated transforma-
tion method (Gelvin 2003). pGreenII is one of the most widely used binary vectors 
(Hellens et  al. 2000). It generally refers to the system in which vir and T-DNA 
regions of the Ti plasmids can be split into two separate replicons but located in the 
same Agrobacterium cell (Simpson et al. 1986). Therefore, this system consisted of 
two plasmids: T-binary vector and the vir helper plasmid. T-DNA region containing 
foreign gene is located on the binary vector, and non-T-DNA region contains the 
origins of replication that could perform replication in both E. coli and in 
Agrobacterium as well as antibiotic resistance genes for selection process (Komori 
et al. 2007). It is also known as a small artificial T-DNA since this vector does not 
contain tumor-inducing gene and vir genes, and thus it has smaller size compared to 
Ti plasmids. The vir gene containing replicon is served as a helper plasmid to syn-
thesize vir protein (Hwang et al. 2017). The vir region serves a function in partici-
pating in the events in the host cell that involve cytoplasmic trafficking of T-DNA, 
nuclear targeting, and integration into host genome as well as improvement of the 
virulence (Howard et al. 1992). As a result, the foreign gene could be easily intro-
duced to small T-DNA regions within binary vectors. Then, the characterization and 
verification of the constructs are done in E. coli. T-binary vector is able to mobilize 
into Agrobacterium strain containing vir helper plasmids. This system has simpli-
fied the protocol in generating transgenic plants compared to co-integrating system 
(Lee and Gelvin 2008). The schematic diagram of co-integrating vector and binary 
vector is illustrated in Fig. 1.3.

Syringe infiltration and vacuum infiltration are the two most common agroinfil-
tration methods (Kaur et al. 2021). Syringe infiltration involves the use of needleless 
syringe to introduce Agrobacterium into the leaves of the plant, and Tween-20 could 
be used to improve the efficacy (Zhao et al. 2017). Agrobacterium together with 
infiltration medium is injected into the nick-created leaves. It can either transfer a 
target gene into the entire leaf entities or introduce multiple genes in different areas 
of a leaf for multiple assay purposes (Vaghchhipawala et al. 2011). On the other 
hand, vacuum infiltration is done by submerging the plant leaves into the infiltration 
media containing Agrobacterium in a vacuum chamber under a negative atmo-
spheric pressure (Simmons et al. 2009). The air of interstitial spaces of the leaves is 
drawn out by vacuum, and air filled by Agrobacterium-containing media occupies 
the spaces when the vacuum is released to achieve agroinfiltration (Chen et  al. 
2013). Vacuum filtration is more robust compared to syringe filtration as large num-
ber of plants can be infiltrated in a shorter time and it can be used for those plants 
that cannot be infiltrated by syringe (Rivera et al. 2012). According to the studies, 
vacuum infiltration requires a shorter timeframe for infiltration, which only takes 
3  min for the process, compared to syringe infiltration, which needs 15  min 
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Fig. 1.3 Agroinfiltration process. GOI gene of interest, LB left border, RB right border

(Leuzinger et al. 2013). Hence, this method has facilitated the development of a 
protein production platform that is fast, safe, and economical.

To date, Agrobacterium-mediated transient expression has considerably drawn 
the attention of scientists as an approach for large-scale production of recombinant 
protein using plant systems due to its effectiveness and safety (Sheludko 2008). It 
has been practically utilized for the transient expression of recombinant protein. 
Furthermore, agroinfiltration is also applicable for a virulence gene discovery and 
various studies in plant: gene silencing, resistance mechanism, promoter character-
ization, vaccine production, as well as phyto-sensing studies (Chen et  al. 2013; 
Sheludko 2008).

1.3.4  Viral Infection

Transient expression based on virus-based vectors is another alternative to comple-
ment transgenic plants, which offers high expression level of protein in the time of 
few days (Shanmugaraj et al. 2020). Plant viruses are not just used as pathogens but 
had evolved to be used as a tool for recombinant protein expression that is of indus-
trial importance such as vaccine antigens and antibodies (Yuri Gleba et al. 2007; 
Ibrahim et al. 2019). It has also been used for chimeric viral vaccine production and 
as an agent of nanoparticles for drug delivery (Ibrahim et al. 2019). Tobacco mosaic 
viruses (TMVs) and X potato viruses are the most prominent viruses to be used as 
a basic tool for protein production in PMF (Alireza and Nader 2015; Bamogo et al. 
2019). The general approach is that the viruses are engineered to contain a gene of 
interest upon introduction into the host and that will replicate in the host and pro-
duce the recombinant protein in a significant amount in infected plants (Bamogo 
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et  al. 2019; Gleba et  al. 2007). The plant viruses can be engineered to result in 
expressing subunit vaccines or to serve as epitope presentation systems (Bamogo 
et al. 2019). The viral infection processes are illustrated in Fig. 1.4.

Ever since the emergence of virology, TMV was the first exploited virus to be 
developed as a viral vector to produce various and diverse types of recombinant 
proteins and became the most prominent choice to develop natural vectors (Ibrahim 
et al. 2019; Kagale et al. 2012). It began with a Russian scientist, Dmitri Ivanovsky, 
who described that infected sap of leaves with tobacco mosaic diseases retained the 
infectious properties (Lustig and Levine 1992) with the ability to replicate within 
the plant cells even after extracted sap had passed through bacteria-retaining filters 
since the filtrate is infectious to infect tobacco plants (Van Regenmortel 2008). It 
was then followed by the success of precipitating the pathogen of tobacco mosaic 
disease in 1927, which came to reveal that the pathogen contained RNA as well as 
protein DNA, which is the TMV (Rifkind and Freeman 2005). TMV belongs to 
Tobamovirus genus with a single-stranded RNA and a positive sense (Dunigan and 
Zaitlin 1990). Viruses with RNA genome are preferably to be exploited due to the 
ability of the virus to build the capsid around the genome, which results in less con-
straint on the size of transgene insertion (Yusibov et al. 2006). Within the untrans-
lated region of the genome, it harbored transfer RNA like structure that encoded for 
protein needed for RNA replication, movement protein as well as coat protein 
(Ibrahim et al. 2019). The promoter of viral RNA can be manipulated to synthesize 
the recombinant messenger RNAs in the whole plant. Immunogenic molecules 
could be expressed using TMV vectors such as anti-idiotypic single-chain variable 
fragment (scFv) antibodies, and the antibodies were shown to be protective against 

Fig. 1.4 Viral infection process
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cancer by recognizing the immunoglobulin on human tumor cells (McCormick 
et al. 2003).

Potato virus X (PVX) vectors were developed for transient expression of foreign 
genes in plants in 1992 (Chapman et al. 1992). It is a positive-sense RNA plant virus 
with flexuous and rod shape. The molecular event of PVX infection had paved the 
way in developing expression vectors, and it is ultimately applied in functional 
genomics studies as well as biosynthesis of heterologous recombinant protein (Lico 
et al. 2015). The strategy is that the foreign gene is inserted between a duplication 
of the subgenomic promoter sequence directed at the production of mRNA, in 
which the coat protein is translated (Lacomme and Chapman 2008). The capsid 
protein gene and triple-gene block are engineered to deconstruct vectors. PVX can 
be used to express full-length proteins, fusion proteins, as well as epitope for the use 
in medical purpose (Bamogo et al. 2019).

These plant viral vectors can be categorized into different categories based on the 
manner in which they are designed. The first-generation vector, also the first strat-
egy, is the “full virus strategy” which uses the unmodified native virus to maintain 
its properties completely. Hence, this strategy is to design the viruses that are fully 
functional and retain infectivity and virulence despite carrying and expressing het-
erologous protein sequences (Awram et al. 2002; Gleba et al. 2004). However, due 
to the limitation of the first-generation vector and safety issues that can spread in the 
environment, another strategy called “deconstructed virus strategy” has been estab-
lished in which the deconstructed vectors are composed solely of the genome that is 
required for virus replication by removing unnecessary and retaining only the 
essential and required part of the vector to function (Gleba et al. 2014; Pogue et al. 
2002). This would also allow large size of the gene to be incorporated into the 
genome of virus and with high level of protein expression since the protein coded 
for unnecessary open reading frame was deleted and replaced by the gene of interest 
(Bamogo et  al. 2019; see also chapter “Plant Viral Vectors: Important Tools for 
Biologics Production”).

1.3.5  Magnifection System

Magnifection system, magnICON technology, was developed by a German plant 
biotechnology company named Icon Genetics that utilized the advantages of a 
“deconstructed virus” strategy that lacks the ability to infect other plants and com-
bine with agroinfiltration for the gene delivery (Gleba et al. 2005; Hefferon 2017; 
Marillonnet et al. 2005). Magnifection system is a scalable protocol for recombi-
nant protein production in plant that relies on the transient amplification of the 
deconstructed viral vectors, which are delivered by Agrobacterium to different areas 
of a plant body (Gleba et al. 2005). It is a new generation of transfection that effec-
tively addresses most of the drawbacks of other available transformation technolo-
gies in PMF.  It could be used to produce recombinant antigen and antibodies in 
Nicotiana benthamiana (Klimyuk et al. 2012). This technology has combined the 
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advantages of three biological systems: vector efficiency, ability of Agrobacterium 
in its systemic delivery, and rate and expression level of a virus as well as the post-
translational capabilities (Gleba et al. 2005; Hiatt and Pauly 2006).

The general approach of this technology is to supply a plant cell with an RNA or 
linear DNA molecule by Agrobacterium that assembles inside the cells assisted by 
the site-specific recombinase instead of supplying a complete viral vector mature 
viral particle (Giritch et al. 2006). Thus, in vitro transcription in generating RNA- 
based vectors can be avoided as engineered in vitro RNA synthesis is the time and 
effort bottleneck of functional genomics using viral vectors for the actual expres-
sion (Fitzmaurice et al. 2002). Agrobacterium carrying T-DNAs encoding for RNA 
replicons is prepared in a diluted suspension in order to infiltrate into the plant. The 
bacteria generally function as a primary infection to the plant for systemic move-
ment. On the other hand, the viral vectors are responsible for cell-to-cell spread, 
amplification, as well as high-level expression of recombinant protein (Marillonnet 
et al. 2004). However, the coat proteins of the virus strains are removed to prevent 
its systemic delivery to infect the whole plant (Alireza and Nader 2015). This 
approach is preferable because it provides very high yield of protein with up to 80% 
of total soluble protein with a very short period of expression, which takes up to 
3–4 days, and most importantly, it is inherently scalable (Marillonnet et al. 2004).

This new technology can be applied for the plant vaccine production. A decon-
structed TMV vector is employed to generate E7 oncoprotein of human papilloma-
virus (HPV) (Plchova et al. 2011) as well as M2e epitope of influenza (Denis et al. 
2008). Then, the deconstructed TMV vector that generates antigen is housed within 
an Agrobacterium tumefaciens binary vector that would result in generating vac-
cines against influenza virus and cholera. Furthermore, magnICON deconstructed 
vector is one of the vectors that are used to develop personalized medicine against 
non-Hodgkin’s lymphoma (NHL) (McCormick et al. 2008). NHL occurs due to the 
overproliferation of B cells that present a unique cell surface idiotype that is only 
specific to that individual (Singh et al. 2020). Hence, NHL can be vaccinated with 
their own idiotype. Thus, personalized medicine can be generated using the magni-
fection method. Deconstructed magnICON vectors express the TMV constructs 
composed of scFv subunit and full-length idiotype Ig molecules as heavy and light 
chains that will be assembled into full immunoglobulins in the plant. The vaccine 
constructs have successfully passed phase I clinical trial in which they have been 
demonstrated to be safe and elicit few adverse effects (Hefferon 2017; see also 
chapter “Antigen-Specific Immunotherapy for Allergic and Autoimmune Diseases 
Using Plant-Made Antigens”).

As the summary, Table 1.2 highlights the advantages and disadvantages of the 
five main transformation strategies used in plant molecular farming.
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Table 1.2 Advantages and disadvantages of transformation strategies

Transformation 
strategy Advantages Disadvantages References

Nuclear 
transformation

• Simple and widely 
used method in many 
plant species
• Reduced cost of 
storage
• Increased capacity of 
scale-up
• Has unique 
glycosylation pattern

• Low levels of expression
• Risk of gene silencing
• Possibility of transgene 
contamination

Burnett and 
Burnett (2020), 
Moon et al. 
(2020)

Plastid 
transformation

• Transgene 
containment
• High levels of 
expression
• High stability and 
reduced risk of gene 
silencing
• Ease in ecological 
controls

• Lack of glycosylation in 
plastids
• Lack of field release of 
transgenic plant

Gleba and Giritch 
(2012), Maliga 
(2017)

Agroinfiltration • Shorter timeline of 
process
• Increased expression 
of recombinant protein
• Potential of 
introducing more than 
one T-DNA into plant 
cells

• Challenges in scalability
• Some plant species are not 
compatible with 
Agrobacterium
• Some plant species are not 
amenable to agroinfiltration
• Challenges in RNA 
silencing due to the host 
recognizing T-DNA as foreign

Canto (2016), 
Menassa et al. 
(2012)

Viral infection • Increased expression 
of recombinant protein
• Allows the screening 
of multiple construct 
variants in various plant 
species
• Capability of 
expressing targeted genes 
at a specific stage of 
plant growth by differing 
inoculation timing
• Small size of viral 
genome and ease in 
manipulation
• Shorter timeline of 
process than stable 
transformation strategies

• Gene of interest introduced 
could be lost due to mutation 
or deletion over time
• Chances of adverse effects 
on plant host or interaction of 
plant viral vector with other 
viruses
• Chances of transmission to 
the environment

Abrahamian et al. 
(2020), Cañizares 
et al. (2005)

(continued)
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1.4  Advantages of PMF

Given the diversity in protein expression systems that are currently available, there 
is no surprise that each system’s characteristics are compared head-to-head to deter-
mine their functions and suitability of use. While other expression systems, such as 
mammalian cell lines, bacteria, yeast, and insects, certainly have their niche advan-
tages, plants often take the upper hand when it comes to molecular farming.

Often, the first factor to be brought up for discussion is the commerciality of 
plants in molecular farming. The cost of operations is essential for sustainable pro-
duction of recombinant proteins. Molecular farming on an industrial scale using cell 
lines, inclusive of mammalian, bacterial, or fungal (yeast), relies on using large 
fermenters, bioreactors, and other equipment, which contributes to its high cost 
(Alireza and Nader 2015; Fischer and Schillberg 2016). In contrast, the cost of PMF 
is relatively cheaper compared to other expression systems as transgenic plants can 
be grown in greenhouses or vertical farms, allowing PMF to reach agricultural scal-
ability and space efficiency due to the ease of growing additional plants (Buyel 
2019; Fischer and Schillberg 2016). Hence, this lets PMF to have a relatively higher 
production ceiling and ease of manufacturing. Running costs such as the expensive 
media typically used in cell cultures, especially in mammalian cell expression sys-
tems, are also much higher compared to the defined fertilizer solutions for cultivat-
ing plants (Buyel and Fischer 2012; Xu et al. 2017).

The ease of storage and transportation of PMF products drives its costs lower. 
The robustness and durability of plants result in lower storage requirements, which 
also consequently reduces costs for transportation. Additionally, the utilization of 
plants in molecular farming allows the manufacture process of recombinant pro-
teins to be conducted on-site (through the use of greenhouses and farms, as men-
tioned previously), skipping the requirements of existing or constructing new 

Table 1.2 (continued)

Transformation 
strategy Advantages Disadvantages References

Magnifection 
system

• Shorter timeline of 
process
• Increased expression 
of recombinant protein
• High yield of protein 
reduces downstream 
processing cost
• Versatility in genes 
expressed
• Permits the 
co-expression of several 
proteins that are required 
for hetero-oligomeric 
protein assembly
• Vector efficiency

• Challenges in expressing 
an economically acceptable 
level of gene as high level of 
expression of certain proteins 
may be toxic to host plant
• Challenges in expressing 
oligomultimeric proteins as 
the manipulation of viral 
vector requires polypeptides to 
be expressed in equimolar

Burnett and 
Burnett (2020), 
Gleba et al. 
(2005)
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laboratory facilities (Chung et al. 2021). This not only reduces transport require-
ments, but would also provide accessibility to rural regions with pressing needs for 
biopharmaceuticals. Utilizing PMF for rapid deployment of emergency medicines 
or vaccines was shown to be possible during the 2014 Ebola outbreak in West Africa 
where ZMapp, an experimental treatment for Ebola produced via transient expres-
sion in N. benthamiana, received authorization for emergency deployment before 
clinical trials were conducted (Schillberg and Finnern 2021; Zhang et al. 2014). As 
such, many look to PMF as a potential pandemic response that may be able to help 
combat the ongoing COVID-19 pandemic (Kumar et al. 2021; Leblanc et al. 2021; 
Tusé et al. 2020).

The safety of recombinant proteins and molecular farmed products is a highly 
controversial issue that concerns consumers, researchers, and investors alike. Plants, 
which are innately immune to most human pathogens and endotoxins, present little 
to no risk of contamination during the cultivation of transgenic plants for PMF 
(Alireza and Nader 2015; Shanmugaraj et al. 2020; Wang and Ma 2012). This lends 
credibility of PMF products’ relative safety compared to other expression systems 
such as bacteria or yeast. The manufacturing process is also simplified using plants 
when PMF produces edible products in the forms of fruits and vegetables. In these 
cases, post-processing and purification steps can be skipped almost entirely during 
manufacturing (Wang and Ma 2012). Not only would this be beneficial by reducing 
production costs, but it also allows convenient oral administration to consumers.

Additionally, plant recombinant proteins are able to undergo relatively complex 
posttranslational modifications, such as glycosylation, phosphorylation, and disul-
fide bridging, enabling further complex proteins to be produced in PMF. This gives 
plants a further edge compared to bacterial, fungal, or insect expression systems, 
where only simple modifications can be performed, or none at all. That said, plants 
still fall short compared to mammalian cell lines in terms of the similarity of modi-
fications to humans. The differences in posttranslational modifications, such as dif-
fering glycosylation patterns or chemically different sugars involved, may lead to 
immunogenicity or loss of function of the protein (Marintcheva 2018). Solutions to 
overcome this problem involve expressing relevant mammalian posttranslational 
modification enzymes in the plant system itself and inversely silencing the relevant 
plant systems that are still in development (Marintcheva 2018).

1.5  Challenges of PMF

Although PMF approach is advantageous in many aspects, there exists a bottleneck 
for the utilization of PMF in the production of recombinant proteins commercially 
(Schillberg and Finnern 2021; Xu et al. 2018). One of the major limitations of PMF 
is its low productivity, which is perceived to limit its successful commercialization. 
The levels of recombinant proteins produced are reported to hardly exceed 100 μg/
kg of the plant tissue fresh weight or 100 μg/L of plant cell suspension cultures 
(Permyakova et al. 2021; Schillberg and Finnern 2021). This level of recombinant 
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proteins produced in plant expression systems are relatively considered to be much 
lower than other expression systems. However, plants are able to yield a higher 
biomass when grown in the field compared to conventional expression platforms 
such as mammalian cells, bacteria, and yeast that involve fermentation (Twyman 
et al. 2013). The yield produced by the plants can be affected by a number of factors 
including environmental factors such as temperature, humidity, and light; protein 
targeting strategies; expression strategies; and protease inhibitor co-expressions 
(Schillberg et al. 2019).

Although challenges in the expression of transcript have been identified, there 
are ways of optimizing the level of transcriptions. A commonly utilized approach is 
the utilization of cauliflower mosaic virus (CaMV) 35S promoter, which is suitable 
for dicotyledonous plants, and maize-1 ubiquitin promoter, which is suitable for 
monocotyledonous plants (Alireza and Nader 2015). Apart from the promoter, the 
polyadenylation site also plays an essential role in increasing the transcription lev-
els, and some of the commonly used polyadenylation sites are from CaMV 35S 
transcript, pea SSU gene, and Agrobacterium tumefaciens nopaline synthase gene 
(Singh et al. 2021). The silencing or degradation of RNA may also affect the stabil-
ity of gene transcripts, which leads to a lower recombinant protein yield (Alireza 
and Nader 2015). In terms of maintaining stable activity of recombinant proteins in 
transgenic plants, targeting transgenes to be expressed in its storage organs such as 
tubers or seeds is beneficial (Moustafa et al. 2016). In fact, activity of human coagu-
lation factor IX protein, which was expressed in the seeds of soybean plants, was 
reported to be functionally stable for a period of 6 years (Moustafa et al. 2016; see 
also Chaps. 5 and 6).

Glycosylation refers to covalent binding of various glycans such as saccharides, 
sugar, or carbohydrates to a protein (Li et al. 2019). This posttranslational modifica-
tion is essential for the function, stability, and activity of proteins. Although plants 
are advantageous compared to bacteria and yeast in this aspect, the difference in the 
carbohydrate pattern of glycosylation in plants when compared to mammalian cells 
is a challenge. The glycosylation pattern that occurs in plants may give rise to 
glycan- specific antibodies and subsequent undesirable clearance of the plant-made 
therapeutics when administered (Gomord et al. 2010; Schoberer and Strasser 2018). 
The N-glycan glycoprotein epitopes including Lea, α-1,3-fucose-containing, and 
β-1,3-xylose-containing epitopes are typically immunogenic (Gomord et al. 2010). 
Apart from these, the selection of a suitable plant species as the host is also critical. 
Although there are various options for a host, each plant has its advantages and 
disadvantages (which was discussed in previous sections). The phenol and toxic 
alkaloid contents, amount of biomass, and tight regulatory requirements for certain 
plant species should be taken into consideration when selecting a host (Burnett and 
Burnett 2020).

Another major hurdle in PMF is challenges with regulatory approval and social 
acceptance. PMF products are managed by different regulations in different parts of 
the world based on its risk assessments. Concerns regarding PMF that have been 
raised include the risk of contamination of feed or food crops that may pose a threat 
to food industries and farmers, the risk of possible horizontal gene transfer which 
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may result in the development of antibiotic-resistant microbes, and the risk of trans-
gene spread or unwanted exposures to wild-type plants (Obembe et  al. 2011). 
Hence, biosafety strategies and regulations are essential. The need to follow good 
manufacturing practice (GMP) guidelines that have been set based on mammalian 
and bacterial cell expression systems instead of developing specific guidelines for 
plants is known to be challenging (Menary et  al. 2020). In the USA, the United 
States Department of Agriculture’s (USDA) Animal and Plant Health Inspection 
Service and the Food and Drug Administration (FDA) are key regulatory bodies that 
regulate the cultivation of plants and the safety of pharmacological products, respec-
tively (Breyer et al. 2009; see also Chaps. 14 and 15).

1.6  Concluding Remarks

PMF has shown to possess great potential to be utilized for a variety of applications. 
Plants including tobacco, cereals, fruits, and vegetables have been utilized as biore-
actors successfully. With an increase in the number of studies investigating the 
potential of PMF, various stable and transient transformation strategies have been 
developed. Utilizing plants as expression hosts is suggested to greatly reduce the 
production and transportation cost of recombinant proteins. With these advantages 
comes challenges in terms of productivity. However, the development of optimiza-
tion strategies has enabled successful PMF utilization, and it would promise various 
potential applications in the future.
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Chapter 2
Plant Molecular Pharming: Opportunities, 
Challenges, and Future Perspectives

Benita Ortega-Berlanga and Tomasz Pniewski

Abstract Over the last decades, plant-based expression systems have emerged as a 
novel platform for the production of recombinant proteins due to a number of 
advantages compared to the conventional established expression systems based on 
bacteria, yeast, or mammalian cell cultures. These advantages include low cost, 
high scalability, considerable productivity, rapid production, safety, capacity to pro-
duce multimeric or glycosylated proteins, and for certain biopharmaceuticals the 
option of distribution at ambient temperature and needle-free oral administration. 
Several molecular pharming products have reached the market-ready stage, but the 
number of success stories has been limited by industrial inertia driven by regulatory 
hurdles that create barriers to translation. This chapter discusses the advantages and 
opportunities offered by the use of plant-based expression systems for biopharma-
ceutical production. The plant-based systems appear as a meaningful alternative 
during global economic and ecological crisis, especially important in developing 
countries. The high cost of therapeutics produced by existing methods promotes 
consideration of the challenges and potential future directions to enable the broader 
application of production platforms based on plants.

Keywords Plant-based biopharmaceuticals · Plant expression systems · Plant 
molecular pharming · Stable transformation · Transient expression

B. Ortega-Berlanga 
Plant Biotechnology Team, Institute of Plant Genetics of the Polish Academy of Sciences, 
Poznań, Poland 

División de Biología Molecular, Instituto Potosino de Investigación Científica y Tecnológica, 
San Luis Potosí, México
e-mail: benita.ortega@ipicyt.edu.mx 

T. Pniewski (*) 
Plant Biotechnology Team, Institute of Plant Genetics of the Polish Academy of Sciences, 
Poznań, Poland
e-mail: tpni@igr.poznan.pl

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-4859-8_2&domain=pdf
https://doi.org/10.1007/978-981-99-4859-8_2
mailto:benita.ortega@ipicyt.edu.mx
mailto:tpni@igr.poznan.pl


36

Abbreviations

ADH Alcohol dehydrogenase
AEC Anion exchange chromatography
AFC Affinity chromatography
AIDS Acquired immunodeficiency syndrome
AMV Alfalfa mosaic virus
ApoA1 Apolipoprotein A-I
CaMV35S Cauliflower mosaic virus 35S RNA promoter
CEC Cation exchange chromatography
CHO Chinese hamster ovary cell line
CMV Cucumber mosaic virus
COVID-19 Coronavirus disease 2019
CP Coat protein
CPMV Cowpea mosaic virus
CRISPR/Cas9 Clustered regularly interspaced short palindromic repeats, the pro-

cess carried out by Cas9 complex
Ct Calcitonin
DNA Deoxyribonucleic acid
EGF Epidermal growth factor
ELPs Elastin-like polypeptides
EPO Erythropoietin
ER Endoplasmic reticulum
ETEC Enterotoxigenic Escherichia coli
EU European Union
EVD Ebola virus disease
Fab Fragment antigen-binding region
Fc Fragment crystallizable
FDA Food and Drug Administration
FW Fresh weight
GCP Good clinical practice
Glb-1 Globulin protein
GLP Good laboratory practice
GluB-1,-4 Glutelin proteins
GM Genetically modified
GMP Good manufacturing practice
GST Glutathione-S-transferase
HBcAg Hepatitis B core antigen
HBV Hepatitis B virus
HEK293 Human embryonic kidney cell line
hGH Human growth hormone
HIC Hydrophobic interaction chromatography
HIV Human immunodeficiency virus
HPV Human papillomavirus
HSP Heat-shock protein
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IEC Ion-exchange chromatography
Ig Immunoglobulin
ILs Interleukins
kDa Kilo daltons
kg Kilogram
LicKM Lichenase, 1,3-1,4-glucanase
mAbs Monoclonal antibodies
MBP Maltose-binding protein
MMC Mixed-mode chromatography
MP Movement protein
NDV Newcastle disease virus
NOS Nopaline synthase
OPRX-106 Tumor necrosis factor—Fc fusion, the form of TNF produced by 

Protalix Biotherapeutics
OST Oligosaccharyl transferase
PBs Protein bodies
PTGS Posttranscriptional gene silencing
PVX Potato virus X
QVLP Quadrivalent influenza vaccine
RNA Ribonucleic acid
SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2
scFvs Single-chain antibody variable-region fragments
SEC Size-exclusion chromatography
SUMO Small ubiquitin-related modifier
TGS Transcriptional gene silencing
TMV Tobacco mosaic virus
TRX Thioredoxin
TSP Total soluble protein
USA United States of America
USDA United States Department of Agriculture
UTRs Untranslated regions
VHHs Heavy chain-only antibodies
VLPs Viruslike particles
WHO World Health Organization

2.1  Introduction

Genetic engineering has opened up new opportunities for using plants as production 
factories for recombinant proteins ranging from pharmaceutical therapeutics to 
non-pharmaceutical products. The first plant-produced protein of pharmaceutical 
interest was human growth hormone, produced in transgenic tobacco in 1986 (Barta 
et al. 1986). In 1989, a functional murine full-size IgG1 antibody was the first anti-
body produced in transgenic tobacco plants (Hiatt et al. 1989). Later, the avidin and 
β-glucuronidase were produced in transgenic maize plants (Hood et al. 1997, 1999). 
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Both proteins are used as research reagents, and avidin is still sold by Merck via its 
subsidiary MilliporeSigma. Since then, over 100 recombinant proteins such as 
human serum proteins, growth regulators, vaccines, cytokines, antibodies, and 
enzymes have been produced in different plant species, and several of them have 
reached the late stages of commercial development (Lienard 2007). Importantly, in 
2012, “Elelyso,” a recombinant enzyme produced in carrot cells and commercial-
ized by Protalix Biotherapeutics (Karmiel, Israel), was approved by the Food and 
Drug Administration (FDA) for treatment of Gaucher’s disease (Tekoah et al. 2015). 
Other two products which have been licensed are (1) the plant-made scFV mAb 
used in the production of a recombinant HBV vaccine in Cuba and (2) the Newcastle 
disease virus (NDV) vaccine for poultry approved by the US Department of 
Agriculture (USDA) (Naderi and Baratali 2015). Other plant-produced biopharma-
ceuticals have been tested in preclinical and clinical trials, such as OPRX-106, 
tumor necrosis factor, produced by Protalix Biotherapeutics; vaccines against lym-
phomas developed by ICON Genetics (Halle, Germany); Covifenz®, VLP-based 
vaccine against SARS-CoV-2 produced by Medicago (Quebec City, Canada); or 
ZMapp antibodies against Ebola virus, provided by Kentucky BioProcessing 
(Owensboro, USA), subsidiary of Mapp Biopharmaceutical (San Diego, USA) 
(Tusé et al. 2015; Almon et al. 2021). Many more plant-based biopharmaceuticals 
are subjects of R&D programs and scientific research. Plant systems can be used for 
the production of various monoclonal antibody forms (full size, scFv, Fab, etc.), 
vaccines, adjuvants, immunomodulators, hormones, and other proteins of biomedi-
cal importance, including their complexes such as virus like particles (VLPs) for 
further processing, and then uses as versatile scaffolds, vehicles, and transporters 
(Moon et al. 2019; Shanmugaraj et al. 2020).

A unique feature of plant-based protein expression is the diversity of plant spe-
cies and systems used for production. Whereas conventional biopharmaceutical 
manufacturing involves a small number of well-established platforms, such as the 
bacterium Escherichia coli, the yeast Saccharomyces cerevisiae, Chinese hamster 
ovary (CHO) cells, murine NS0 and Sp2/0 cells, and human embryonic kidney 
(HEK293) cells (Schillberg and Finnern 2021), many different plant species have 
been proposed as production platforms, including many cereal crops, fruits, and 
vegetables such as tobacco, rice, maize, soybean, lettuce, tomato, carrot, potato, 
alfalfa, suspension cultures, microalgae, and others. The choice of plant species for 
production of a given biopharmaceutical depends usually on its purpose. 
Biopharmaceuticals considered for oral administration can be produced in various 
transgenic or—if possible—transplastomic edible plants, but also in tobacco or car-
rot suspension cultures, and then delivered after minimal processing, such as lyoph-
ilization. However, most biopharmaceuticals are required to be purified before 
parenteral or transmucosal administration; hence, they are usually produced in 
high-yield systems based on tobacco species or suspension cultures.

Nicotiana tabacum and its close relative N. benthamiana are the two species 
most commonly used for the expression of recombinant proteins due to their easy 
genetic transformation and rapid development as well as well-established systems 
of viral infection or Agrobacterium infiltration, which are the foundation of 
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nowadays commonly exploited technologies of transient expression (Spiegel et al. 
2018; Sainsbury 2020). Importantly, tobacco is a nonfood, which minimizes regula-
tory barriers by eliminating the risk of plant-made recombinant proteins entering 
the food supply. Tobacco is usually used for production of biopharmaceuticals 
which are extracted and purified, due to the presence of toxic alkaloids in tobacco 
vegetative tissues. However, there are also low-alkaloid varieties that can be consid-
ered for the production of orally administered pharmaceutical proteins. Plant sys-
tems may be utilized as whole plants or in organ cultures—such as hairy roots, and 
cell suspension cultures, especially commonly used BY-2 tobacco cell line or estab-
lished carrot suspension culture, e.g., exploited in ProCellEx™ platform (Protalix 
Biotherapeutics, Karmiel, Israel).

The expression strategies used in molecular pharming are of the stable or tran-
sient type (Burnett and Burnett 2020). The first method can be further subdivided 
into techniques involving Agrobacterium-mediated transformation of the nuclear 
genome or the biolistic (particle bombardment) method enabling stable modifica-
tion of nuclear or chloroplast (plastid) genomes, whereas transient expression may 
be achieved using viral vectors or by agroinfiltration, i.e., infiltration with suspen-
sion of Agrobacterium carrying dedicated vectors (Moon et al. 2019).

Stable methods comprise the transgene insertion into nuclear or chloroplast 
genome. A majority of the recombinant proteins to date have been produced by 
nuclear Agrobacterium-mediated transformation, which takes advantage of the bac-
teria’s ability to transfer DNA segments into the host genome, thereby conferring 
heritable traits to the progeny (Ortega-Berlanga and Pniewski 2022). The main 
advantages of the production system based on transgenic plants are high scalability, 
low cost, and flexibility regarding the expression of recombinant proteins in various 
hosts or plant organs depending on a specific purpose, comprised by type and func-
tion of a protein, its processing, distribution, storage, and administration route. For 
example, several proteins can be produced in dry seeds of cereals, which prolongs 
their half-life since no cold chain is required for their conservation (Moon et al. 
2019). Moreover, a target protein can be produced in an edible plant, which could 
be considered as a feedstock for oral vaccine, useful especially in developing coun-
tries thanks to the lower production costs and no specialist equipment or facilities 
required for their storage and application. However, as the result of Agrobacterium- 
mediated transformation, the insertion of a transgene into genomic DNA via heter-
ologous recombination is random, which can lead to positional and “gene dosage” 
effects, both inducing silencing. Accompanying effects such as disruption of essen-
tial genes or epigenetic alterations, although rarer, can also occur. Hence, an unpre-
dictable level of a biopharmaceutical expression in obtained transgenic plants is the 
main problem, which requires labor- and time-consuming selection of the most effi-
cient producer lines (Ortega-Berlanga and Pniewski 2022). This hindrance can be 
partially omitted by appropriate construction of a transgene encoding a protein, 
which comprises selection of promoters and other regulatory sequences, codon 
usage, and signaling/targeting peptides resulting in protein deposition in specific 
compartments or secretion. Nevertheless, the recombinant protein production in 
transgenic plants remains relatively low, usually few to several tens of micrograms 
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per gram of fresh weight (μg/g FW). Higher content of a biopharmaceutical can be 
achieved using long-time breeding techniques like selection, backcrossing, intro-
gression, and hybridization of selected lines (Hayden et al. 2015). Another concern 
is the potential risk of genetically modified plants crossing with native species or 
food crops, although in case of biopharmaceutical production, transgenic plants are 
usually cultivated in controlled contained facilities.

Alternatively, although much less frequently, plants can be transformed using the 
biolistic method to obtain transplastomic plants with modified plastid DNA. In con-
trast to Agrobacterium-mediated nuclear transformation, transgenes are inserted 
into spacers—specific sites in plastid genome (plastome) between functional 
genes—via homologous recombination between defined plastome sequences and 
identical flanking sequences carried by a vector and encompassing a factual gene of 
interest (Jin and Daniell 2015). This method represents additional advantages over 
nuclear transformation, which includes a high recombinant protein yield because of 
the high number of DNA copies per plastid and then plastids per a vegetal cell, 
expression of polycistronic genes, and natural transgene containment since plastid 
genes are not usually transmitted through pollen and lack of position effect/gene 
silencing (Jin and Daniell 2015; Burnett and Burnett 2020). Bombardment devices 
deliver to cells the nucleic acids adsorbed on tungsten or more often on gold spheri-
cal particles, usually between 0.6 and 1 μm in diameter by high-pressure shots of 
helium (Canto 2016). This method, however, also causes a degree of mechanical 
damage to the targeted tissue, and only some of the cells where the metal particles 
are introduced survive the mechanical stress and express the exogenous genes 
(Canto 2016). The extent of tissue damage and the number of cells that express 
these genes will depend on parameters such as the type of bombardment gun used, 
how tender-leaved the plant species is, the distance of the device to the leaf surface, 
the type of particle used, or the pressure used for shooting. Some devices currently 
under use are available commercially, such as the Bio-Rad Helios® Gene Gun sys-
tem, while others are manufactured from researchers themselves. The main advan-
tage of biolistic bombardment over other Agrobacterium-mediated transient or 
nuclear expression systems is that it delivers nucleic acids into live plant cells 
through a mechanical process that does not require interaction between the plant 
species and a compatible biological agent, such as bacteria or viruses. The tech-
nique requires adapting bombardment conditions to the specific plant host, to 
achieve its maximum efficiency. However, the use of this technique to produce 
transplastomic plants is still limited to very few species like tobacco, tomato, carrot, 
or lettuce. Progress and expanding of species spectrum can be expected though, 
since protein production can reach even several hundred μg/g FW.

Transient expression systems possess multiple advantages compared with stable 
methods. These offer rapid and high protein expression within a few days and hence 
are considered as a suitable convenient platform, especially for the rapid production 
of vaccine antigens or antibodies during a pandemic situation. The first approach of 
this system had been based on the use of vectors derived from plant viruses to 
deliver foreign genes without integration into the plant genome. The main viruses 
used here are those of the RNA type, such as tobacco mosaic virus (TMV), potato 

B. Ortega-Berlanga and T. Pniewski



41

virus X (PVX), alfalfa mosaic virus (AlMV), cucumber mosaic virus (CMV), and 
cowpea mosaic virus (CPMV) (Laere et al. 2016). Generally, the limit imposed by 
“full virus” vectors on the size of the insert is about 1 kb (Gleba et al. 2005). Another, 
at present more common approach is agroinfiltration—delivery of hybrid vectors, 
e.g., magnICON system or pEAQ vector series composed of elements coming from 
plant viruses and Agrobacterium vectors (Sainsbury et  al. 2009; Peyret and 
Lomonossoff 2015). Thanks to that, this system has the capacity to express longer 
genes, up to 2.3 kb inserts or up to 80 kDa proteins (Gleba et al. 2005). The agroin-
filtration strategy combines the advantages of three biological systems: the speed 
and expression level/yield of the virus, the transfection efficiency of Agrobacterium, 
and the posttranslational capabilities and low production cost of plants (Gleba et al. 
2005). Depending on the vector used, the host organism, and the initial density of 
Agrobacterium, the process takes from 4 to 10 days and the expression levels, 
depending on the nature of the protein encoded by the gene of interest, can reach a 
yield of up to 5 g recombinant protein per kg of fresh leaf biomass or over 50% of 
total soluble protein. This process is in essence an infiltration of leaves or whole 
mature plants with a diluted suspension of Agrobacterium carrying vectors with 
T-DNAs encoding RNA replicons (Gleba et al. 2005). The infiltration of plants is 
usually achieved by vacuum infiltration for 10–30 s or by syringe infiltration (Fujiki 
et al. 2008). The main advantage of agroinfiltration is that most plant cells inside the 
area infiltrated with the bacterial culture will receive the T-DNAs and express the 
desired genes. Additionally, in some type of vectors, e.g., magnICON or TRBO, 
contained MP coding sequence (movement protein) allows to spread a vector from 
cell to cell and consequently systemic expression (Peyret and Lomonossoff 2015). 
One important factor that constrains transient expression from T-DNAs is their 
being recognized as foreign by the plant, which elicits an RNA-based silencing 
response that depresses both the steady-state levels of the transcript messenger 
RNA encoded by the T-DNA and those of the protein product it may encode 
(Johansen and Carrington 2001). To neutralize this silencing response and enhance 
the transient steady-state levels of T-DNA-encoded genes, co-expression of proteins 
functioning as RNA silencing “suppressors” is used routinely. Most if not all plant 
viruses express at least one suppressor factor (Canto 2016). All these characteristics 
allow the simple scale-up of the procedure by increasing the infiltrated surfaces to 
produce large amounts of the T-DNA-derived product/s, thus opening the possibility 
of large-scale applications (Canto 2016).

While agroinfiltration is the main method of transient expression which makes 
possible production of biopharmaceutical full-size proteins and their complexes, the 
use of plant viruses in molecular pharming is being intensively developed and their 
importance is constantly growing. Virus production is routine and easy; hence, 
virus-derived particles—viroparticles—can be available in virtually unlimited 
quantities and, after processing and/or functionalization, versatilely used. Although 
the capacity of proteins genetically fused to viral coat protein is limited (see above), 
exploitation of viroparticles as vaccine scaffolds is still valid, since in many cases 
even truncated epitopes are sufficient for effective immunization (Balke and Zeltins 
2019). In turn, decoration of coat protein with small linkers enables attaching 
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Fig. 2.1 Strategies used for recombinant protein production in plants

in vitro covalently or non-covalently larger epitopes or antibodies for active or pas-
sive immunization, respectively. Viroparticles bearing linkers can also be used as 
carriers of a plethora of various ligands for auxiliary or indirect biomedical pur-
poses—as fluorescence or imaging agents, for antibody purification, biocatalysis, 
and other applications (Ibrahim et  al. 2019; Venkataraman and Hefferon 2021). 
Finally, plant viruses as module nanoparticles can be dis- and reassembled and then 
derived VLPs are used as adjuvants or loaded with drugs, contrasting agents, or 
other nanoparticles for targeting, infection and cancer therapy, and imaging or bio-
sensing (Eiben et al. 2019; Evtushenko et al. 2020). It should be added that also 
VLPs originated from non-plant viruses but produced in plants, e.g., formed by 
hepatitis B core antigen (HBcAg), can be used for above-described purposes, beside 
typical use as vaccines or adjuvants (Rybka et al. 2019; Pyrski et al. 2019). Figure 2.1 
summarizes the plant expression approaches.
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2.2  Opportunities of Plant Molecular Pharming

Expression of recombinant proteins in plant-based systems has a number of advan-
tages over the traditional expression systems (Burnett and Burnett 2020). The main 
advantages are the following:

Low Cost. Substantially lower production costs than with microbial bioreactors and 
especially when compared with mammalian cell lines or transgenic animals 
(Daniell et al. 2001; Horn et al. 2004). Both capital and running costs are signifi-
cantly lower than those of cell-based production systems because there is no 
need for fermenters or the skilled personnel to run them. It is estimated that 
recombinant proteins can be produced in plants at 2–10% of the cost of microbial 
fermentation systems and at 0.1% of the cost of mammalian cell cultures, 
although this depends on the product yield (Giddings 2001). Chloroplast trans-
formation and transient expression offer better yields compared with nuclear 
expression. However, even yields of 0.1–1.0% total soluble protein (TSP), the 
typical levels observed for the production of pharmaceutical proteins using 
nuclear methods, are sufficiently competitive with other expression systems to 
make plants economically viable (Hood et al. 2002).

High Scalability. Cultivation of transgenic plants in particular can, in theory, be 
expanded to the agricultural scale. Moreover, infrastructure and expertise already 
exist for the planting, harvesting, and processing of plant material (Buyel 2019). 
The scale of plant-based production can be modulated rapidly in response to 
market demand simply by using more or less space (greenhouse facilities) as 
required, whereas fermentation systems and transgenic animals have limited 
potential in this respect. The speed of scale-up is also important. It can take sev-
eral years to achieve tenfold scale-up in a herd of transgenic sheep using natural 
breeding cycles, but a field of transgenic plants can be scaled up more than 1000- 
fold in a single generation owing to the prolific seed output (Schillberg et  al. 
2002). Moreover transgenic plant lines can be stored indefinitely and inexpen-
sively as seeds (see also Chaps. 5 and 6).

Optional Oral Administration of Plant-Produced Biopharmaceuticals. 
Nutraceuticals can be directly consumed, as Golden Rice enriched in β-carotene 
(Beyer et al. 2002), currently provided by Syngenta (Basel, Switzerland), or rice 
seeds containing lactoferrin, lysozyme, and other human milk proteins for infant 
feeding (Nandi et  al. 2002; Lönnerdal 2002), currently provided by Ventria 
Bioscience (USA). However, effective immunization regime using plant tissue 
bearing bioencapsulated antigens, especially in case of those originated from 
blood- transmitted pathogens, still requires meticulous studies (Chan and Daniell 
2015; Pniewski et al. 2018) as harsh environment of the gut, low permeability of 
intestinal membrane, and immune tolerance mechanisms appeared together as a 
significant barrier for oral vaccination (Rezende and Weiner 2017; Pantazica 
et al. 2021; Zhang et al. 2021). Nevertheless, orally administered formulation in 
the form of lyophilized tissue, which can be converted into tablets or capsules, 
has been established (Pniewski et al. 2011; Lakshmi et al. 2013). This formula-
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tion can be efficaciously applied for certain biopharmaceuticals of simpler struc-
ture and action mechanisms, targeted for the therapy of various diseases, for 
instance OPRX-106, tumor necrosis factor fusion protein produced in BY-2 
tobacco suspension culture by Protalix Biotherapeutics (Karmiel, Israel) for 
therapy of ulcerative colitis (Almon et  al. 2021). Lyophilized formulations of 
microalgae are currently commercially optimized for various biopharmaceuti-
cals by TransAlgae (Rehovot, Israel). Lyophilization as minimal plant process-
ing allows to further decrease the costs of plant-produced biopharmaceuticals, as 
well as storage of formulas stable at room temperature and needle-free oral deliv-
ery enable to reduce costs of their distribution and administration thanks to elim-
ination of cold chain and additional equipment while medical personnel could be 
moved to more necessary and demanding tasks (see also chapter “Plant Molecular 
Farming for Vaccine Development”).

Bioequivalence of Biopharmaceuticals. Higher plants generally synthesize proteins 
from eukaryotes with correct folding and similar glycosylation pattern, thus with 
preserved full activity. Moreover, several engineered plants and plant cell cul-
tures have been established, e.g., using CRISPR/Cas9 gene edition technology, 
that allow the recombinant protein to receive an authentic human glycosylation 
pattern (Yusibov et al. 2016; Hanania et al. 2017; Mercx et al. 2017; see also 
Chap. 3). Plants can also be used to produce intrinsically disordered proteins 
which are naturally abundant in plants (Buyel 2019) or to facilitate the manufac-
turing of products like viscumin, a lectin with anticancer activity (Gengenbach 
et al. 2019). These cannot be synthesized efficiently in mammalian cells or pro-
karyotes due to their toxicity and complex structure, respectively (Buyel 2019).

Stability of Produced Biopharmaceuticals. Plant cells can direct proteins to com-
partments that reduce degradation and therefore increase stability (Horn et al. 
2004). The use of signal peptides and targeting motifs can direct and keep the 
recombinant proteins to different subcellular compartments (endoplasmic reticu-
lum, chloroplast, apoplast); in this way, degradation is avoided due to the less 
proteolytic activities at these locations. Another approach is to exploit the ability 
of vegetative tissues (e.g., leaves or roots) or expression systems (e.g., suspen-
sion cultures) to secrete recombinant proteins in their exudates, enabling proteins 
to be collected continuously (see also chapter “Scaling Up the Plant Molecular 
Farming via Bioprocessing of Plant Cell Suspension Culture”).

Rapid production. Transient expression systems allow the recombinant protein pro-
duction to be achieved ~8 weeks after receiving the corresponding DNA sequence 
(Horn et al. 2004). This can be especially useful to deal with pandemics, where 
the production of a vaccine or adequate treatment in a short time could save 
many lives (see also Chap. 12).

Expression of Multiple Genes. Multiple gene engineering can be achieved in differ-
ent ways: transgenic lines expressing one gene can be crossed together to com-
bine all the genes responsible for the trait under study in a single plant, 
co-transformation of multiple gene expression can be done in one single plant, or 
multiple genes can be expressed also in the form of multiple expression cassettes 
linked together, each expression cassette with its own promoter and terminator 
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(Ahmad 2014). Regarding transient expression, co-infiltration of Agrobacterium 
cultures carrying particular vectors and subsequent co-expression of encoded 
proteins enable formation of multicomponent structures, including mosaic or 
multilayer VLPs (Thuenemann et  al. 2013). Alternative approach to produce 
mosaic VLPs, which is possible also to apply in stable transformation strategy, is 
the construction of heterodimers. An appropriate coding sequence of a tandem 
protein comprises linearly arranged sequences of a monomer fused like an epit-
ope, linker (usually composed of glycine and serine residues), and unmodified 
monomer. Then, heterodimers assembly into VLPs displaying attached epitopes 
without steric hindrance (Peyret et al. 2015). Co-expression in plants can also be 
obtained using the strategy based on 2A peptides, which autocleavage a precur-
sor polyprotein into functional proteins (Zhang et  al. 2017; see also chapters 
“Plant Molecular Farming-Production of Virus-Like Particles in Plants” and 8).

Biosafety. Low risk of both plant production and process-related contamination of 
biopharmaceuticals comes from the fact that no human or animal pathogens rep-
licate in plants (Commandeur et al. 2003).

Use of Secondary Metabolites. Plants produce a diverse array of secondary metabo-
lites, which could be exploited not only as pharmaceuticals directly, but also as 
their respective chemical precursors. For example, residual biomass, mostly lip-
ids and lignocellulose, which is usually used as biofuel feedstock could then be 
processed to yield further chemical building blocks, as has been the focus of 
extensive research over the last decade (Dewick 2009; Espro et al. 2021; Karagoz 
et al. 2023).

Plant molecular pharming has a remarkable potential for saving time and labor 
requirements and improving productivity and scalability. Moreover, this technology 
has a large variety of production systems and the existing of different genetic trans-
formation methods available for this purpose. The choice of the expression system 
and plant host depends on the nature and purpose of the recombinant protein to be 
expressed (see also chapter “Molecular Farming of Pharmaceutical Proteins in 
Different Crop Systems: A Way Forward”).

2.3  Challenges and Solutions Faced by Plant 
Expression Systems

The Yield Challenge: The maximum yield of each system is a major consideration. 
At the beginning of the plant molecular pharming, the first major technical hurdle 
was the low yields that were initially achieved in transgenic plants compared to 
established platforms. However, there are many strategies now available to increase 
the yields of recombinant proteins in plants. Moreover, protein yield can also be 
enhanced by increasing the production volume or by the use of highly productive 
plant systems.
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Some strategies used to improve the yield of the recombinant protein are the 
following:

• Highly Productive Plant Systems: Attempts to increase biosynthesis of recombi-
nant proteins have dated back to the very beginning of biopharming. The efforts 
led to the development of systems alternate to commonly used transgenic plants 
as above-described transplastomic plants or transient expression, which intrinsic 
properties ensure tens to hundred times and even larger production scale than in 
transgenic plants. On the other hand, continuous improvement of transgene con-
struction described below, adaptation of plant cell suspension cultures together 
with novel hosts, and optimized facilities caused that the use of transgenic plants 
is still a considerable approach for biopharmaceutical production. Alternative 
hosts as fast-growing plants as duckweed (Lemna minor), moss (Fischer and 
Schillberg 2004; Cox et  al. 2006; Tan et  al. 2022), or microalgae (Rosales- 
Mendoza et al. 2021; Grahl and Reumann 2021), thanks to innate high protein 
biosynthesis and biomass production, can be alternative for the most efficient 
transient expression systems, despite requirements specific for aquacultures or 
bioreactors. It can be stated that present technological progress, although far 
from finishing, achieved level when practically any biopharmaceutical can be 
efficiently produced in a plant system. Developed tool kits can be selected or 
stacked on purpose for a specific biopharmaceutical (see also chapters 
“Duckweed, an Efficient Green Bio-factory for the Production of Recombinant 
Proteins” and “Microalgae as a Bioreactor for Molecular Farming of Oral Edible 
Vaccines Against Infectious Diseases of Humans and Animals”).

• Codon Usage Optimization: Codon optimization of recombinant protein 
sequences in favor of the codon usage of the expression hosts has been shown in 
numerous studies as an effective means of increasing translation efficiency and 
protein yield (Wang et al. 2021).

• Promoters, Terminators, and Untranslated Regions (UTRs): Strong and robust 
constitutive promoters are usually preferred in plant-based expression systems 
for the maximum transcript accumulation and protein yield. The constitutive 
cauliflower mosaic virus 35S RNA (CaMV35S) promoter and the nopaline syn-
thase (NOS) terminator are among the most universally adopted pairing of regu-
latory sequences found in plant expression constructs (Liu and Timko 2022). For 
the production of pharmaceutically relevant proteins in crops, especially cereals, 
tissue-specific promoters were preferred more than the constitutive ones for tar-
geted high-level and stable protein yield while not affecting the normal growth 
and development (Rybicki 2010). The gene promoters of the native seed storage 
proteins, including glutelin (GluB-1 and GluB-4), prolamin, and globulin 
(Glb-1), are strong and specific promoters usually used for protein expression in 
the endosperm tissue of rice seeds (Wakasa and Takaiwa 2013; see also chapter 
“The Use of Rice Seed as Bioreactor”). Both 5′- and 3′-UTRs also play an impor-
tant role in determining mRNA stability and translation (Diamos et  al. 2016; 
Mayr 2017). For example, the use of alcohol dehydrogenase (ADH) 5′-UTR 
together with the heat-shock protein (HSP) terminator from Arabidopsis gave the 
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best yield and highest activity of the recombinant human glucocerebrosidase 
among the tested expression constructs in N. benthamiana (Limkul et al. 2015).

• Subcellular and Apoplast Targeting: Previous studies have reported that the sub-
cellular and apoplast localization of a recombinant protein can have crucial 
impact on its accumulation level due to lower proteolytic activities at these loca-
tions, in addition to the facilitated folding and glycosylation along the secretory 
pathway. Compared to cytosol localization, recombinant pharmaceutical pro-
teins generally have a much higher yield when targeted to the apoplast, the endo-
plasmic reticulum (ER), or the chloroplast (Palaniswamy et al. 2016; Liu and 
Timko 2022). For some recombinant proteins, highest accumulation is achieved 
by retention in the ER. For example, carboxy-terminal fusion of the KDEL sig-
nal peptide to single-chain antibody variable-region fragments (scFvs) and sub-
sequent ER retention has been found to increase antibody levels by a factor of up 
to 10–100 compared with either extracellular secretion or expression in the cyto-
sol (Doran 2000).

• Fusion of Protein Partners/Carrier Molecules: The glutathione-S-transferase 
(GST), maltose-binding protein (MBP), thioredoxin (TRX), and small ubiquitin- 
related modifier (SUMO) are well-known protein partners widely used for 
enhancing protein solubility and expression (Liu and Timko 2022). In addition, 
the elastin-like polypeptides (ELPs) have been demonstrated to significantly 
enhance the accumulation of a number of heterologous recombinant proteins, 
such as monoclonal antibodies (mAbs), interleukins (ILs), and human erythro-
poietin (EPO) in both transiently and stably transformed tobacco (Conley et al. 
2009; Liu and Timko 2022). Some carrier molecules like lichenase (LicKM) 
(1,3-1,4-glucanase) of Clostridium thermocellum have a thermostable feature of 
maintaining activity at high temperatures, thus allowing for fast and cost- effective 
purification of its fused proteins by simple heat treatment and increased recovery 
of recombinant proteins (Musiychuk et al. 2013; Ortega-Berlanga et al. 2015). 
Coat protein (CP) of alfalfa mosaic virus (AMV) is another example of carrier 
molecule that permits increase in the yield of recombinant proteins due to its 
multiple union sites (Ortega-Berlanga et al. 2015). In this sense, plant-produced 
VLPs have emerged as a promising alternatives for the production of many thera-
peutic proteins, notably candidate vaccines against infectious disease agents, 
such as influenza viruses, hepatitis B virus (HBV), human immunodeficiency 
virus (HIV), human papillomavirus (HPV), and severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) (Liu and Timko 2022). VLP’s formation 
results in a multivalent antigen-presenting structure that mimics the morphologi-
cal and immunological properties of the original virus but without any viral 
genetic material. Therefore, plant-derived VLPs are considered safe and efficient 
in the immune response stimulation and, more importantly, exhibit great poten-
tial for the presentation of a wide range of candidate antigens through chimeric 
fusion. Zera®, the N-terminal proline-rich region from zein, the storage protein 
which forms protein bodies (PBs) in maize seeds, which primarily contains eight 
repeats of the PPPVHL hexapeptide unit, also has been shown to effectively 
stabilize several pharmaceutical proteins, such as calcitonin (Ct), epidermal 
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growth factor (EGF), and human growth hormone (hGH), by the intracellular 
encapsulation into the ER-derived PB-like organelles in plant and other eukary-
otic cells (Torrent et al. 2009). In fact, the recombinant vaccine made of the E7 
protein of HPV fused with Zera® was successfully produced in N. benthamiana 
with high yield and specific immunogenicity (Whitehead et al. 2014; see also 
chapter “Medical Applications of Plant Virus Nanoparticles”).

• Deactivation of Proteases: Directly blocking protease activity is one of the most 
effective strategies to protect target proteins. There are some main approaches to 
achieve this: (1) co-expression of protease inhibitors, (2) protease gene knock-
down/knockout, and (3) use of broad-spectrum protease inhibitors during protein 
purification process (Liu and Timko 2022).

• Silencing Suppressors: Plants have a sophisticated natural defense system to pre-
vent pathogen invasion and remove foreign (pathogen) genetic materials, and 
this involves transcriptional gene silencing (TGS) and posttranscriptional gene 
silencing (PTGS) mechanisms (Liu and Timko 2022). Disrupting the innate 
RNA silencing pathway may lead to an increased stability of the transgenic RNA 
and protein yield. Perhaps one of the most widely used viral silencing suppres-
sors is P19 protein, first identified from Tombusvirus (Silhavy et  al. 2002). 
Numerous studies have reported boosted expression of recombinant proteins by 
co-expression of the P19 silencing suppressor (Boivin et al. 2010; Garabagi et al. 
2012; Chiong et al. 2021). Another effective strategy for increasing the level of 
recombinant protein production is through the full or partial repression of the 
RNA silencing pathway in the host plant. However, to create PTGS deficiency 
requires various genetic engineering processes. Butaye et al. (2004) first reported 
the use of Arabidopsis RDR6 mutants (sgs2 and sgs3) with silenced PTGS as a 
platform to achieve high-level transgene expression, and this genetic background 
was subsequently used to structurally characterize the oligosaccharyl transferase 
(OST) subunits in Arabidopsis.

Glycosylation Challenge: Glycosylation is the most important posttranslational 
modification that ensures the integrity and functionality of the glycoproteins among 
eukaryotes. Hence, this is another important technical aspect influencing the quality 
of the product because glycan structures can affect the stability, targeting, immuno-
genicity, pharmacokinetic properties, and biological activity of a protein. 
Glycosylation pattern differs among organisms; however, plants have an advantage 
over microorganisms as biopharmaceutical producers since glycosylation does not 
occur in bacteria, while yeast high-mannosidic glycans are extremely distinct from 
those characteristics of mammalian proteins. Plant glycosylation pattern can be 
considered even more similar to the mammalian one than that in insect cells and 
derived baculovirus-based expression system. Nonetheless, there are several differ-
ences in the biosynthesis and structure of protein glycans between plants and mam-
mals. Addition in the ER of high-mannose glycans at specific asparagine (N) sites 
on proteins is identical in mammalian and plant cells; however, subsequent trim-
ming of the sugar residues in the ER and Golgi generates complex N-glycans of 
different structures and properties (Doran 2000). The xylosyl and fucosyl residues 
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on plant N-linked complex glycans have been demonstrated to be the key epitopes 
responsible for the allergenicity of plant glycoproteins in humans (Doran 2000). 
Strategies to avoid the formation of immunogenic plant glycans may be necessary 
for plant proteins administered systemically. Two possible approaches include the 
retaining of recombinant glycoproteins in the ER—usually via addition of KDEL 
retention signal to prevent plant-specific modifications in the Golgi, and the modifi-
cation of Golgi activity by removing or adding specific enzymes, either via RNAi 
strategy or recently via gene editing using CRISPR/Cas9 technology (Cox et  al. 
2006; Bosch and Schots 2010; Karki et al. 2021; see also Chap. 4). Consequently, 
the humanization of glycan chains in plants by knocking out plant glycosyltransfer-
ases and introducing their human counterparts may result in avoidance of any 
adverse reactions when plant-derived biopharmaceuticals are injected into patients 
(Montero-Morales and Steinkellner 2018). In contrast, vaccines and certain bio-
pharmaceuticals for cancer immunotherapy may benefit from plant-specific glycans 
acting as adjuvants because their immunogenicity stimulates the activity of antigen- 
presenting cells, particularly via lectins or mannose/fucose receptors on the surface 
of dendritic cells (Rosales-Mendoza et al. 2016). In turn, glycoengineering enables 
also creation of new glycan types of novel immunogenic properties and further—
rational design of biopharmaceuticals (Bosch and Schots 2010).

The Purification Challenge: Recombinant proteins accumulated inside plant 
cells have to be extracted from the plant material, requiring the elimination of large 
quantities of insoluble debris and soluble plant host cell proteins during downstream 
processing. Even when recombinant proteins are secreted as in plant cell suspension 
cultures, the medium also contains several secreted host cell proteins that compli-
cate product purification. To overcome this problem, there are some supporting 
technologies such as flocculation, filter aids, and pre-coat filtration techniques, 
which have recently been adapted for plant-based systems, reducing the associated 
costs by more than 75% (Buyel and Fischer 2014). Treatment at moderate tempera-
tures (~65 °C), at low pH (~5.5), or by ultrafiltration/diafiltration (100–300 kDa) 
can reduce impurities’ content in extracts by more than 90%, facilitating product 
purification and reducing production costs (Hassan et  al. 2008; Lightfoot et  al. 
2008). VLPs being large structures can also be reasonably pre-purified using density 
gradient centrifugation followed by dialysis. Chromatography is a usual technique 
for product purification; there are many different conventional chromatography res-
ins using different GMP-ready base matrices (e.g., Sepharose, cellulose, and poly-
methacrylate). These matrices are paired with ligands suitable for hydrophobic 
interaction chromatography (HIC), mixed-mode chromatography (MMC), size- 
exclusion chromatography (SEC, also called gel filtration), affinity chromatography 
(AFC), and ion-exchange chromatography (IEC), the latter including anion 
exchange chromatography (AEC) and cation exchange chromatography (CEC) 
(Buyel 2015, 2019). Differences in the selectivity of these ligands for target proteins 
are used to purify the target, typically using multiple operations with orthogonal 
separation mechanisms. Another strategy developed by SemBioSys Genetics to 
reduce protein purification costs in plants is the oleosin platform that allows recom-
binant proteins to be isolated from the lipid fraction of seeds followed by 
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endoprotease cleavage (Boothe et al. 2010). This approach has been used success-
fully to purify a wide range of pharmaceutical proteins, including hirudin, growth 
hormone, apolipoprotein A-I, and insulin, which was found to be bioequivalent to 
commercially available human insulin produced in bacteria (Boothe et al. 2010). 
Another approach is the use of protein-based polymer encoded by synthetic gene 
and composed of 251 repeats of elastomeric pentapeptide GVGVP as a fusion pro-
tein to facilitate single-step purification without the use of chromatography. 
(GVGVP)251 at low temperatures exists as an extended molecule, but, upon raising 
the temperature above the transition range, the polymer hydrophobically folds into 
dynamic structures called β-spirals that further aggregate by hydrophobic associa-
tion to form twisted filaments (Daniell et al. 2001).

Environmental Contamination Challenge: Perhaps the biggest challenge facing 
protein expression in plants is the concerns around genetically modified (GM) 
crops. Major concerns include the spread of recombinant genes through seed disper-
sal, pollen dispersal, viral transfer, or horizontal transfer; therapeutic proteins get-
ting into the food supply of humans or animals; and adverse effects on organisms in 
the environment (Ma et al. 2003; Obembe et al. 2011). Given an appropriate choice 
of host species, the only way to fully avoid transgene spread from field plants to 
compatible crops and wild species is by contained systems. The containment may 
be physical and based on habitat barriers; for example, growing crops inside appro-
priately managed greenhouses, hydroponic growth rooms, using cell suspension 
cultures, or chloroplast expression system can provide an effective and economical 
means of containing GM plant material (Ma et al. 2003; Obembe et al. 2011). In 
some cases, natural genetic barriers have been exploited. For example, pharmaceuti-
cal production in self-pollinating species (e.g., rice, wheat, pea) or crops with no 
sexually compatible wild relatives near the site of production provides a first level 
of defense gene flow. Similarly, crops with asynchronous flowering times or atypi-
cal growing seasons are useful (Fischer and Schillberg 2004). The use of male ste-
rility in GM plant lines, self-pollinating species, producing of non-germinating 
seeds, and producing of inactive fusion proteins that are activated by post- purification 
processing are also other strategies used to handle this challenge (Daniell et  al. 
2001; Ma et al. 2003; Obembe et al. 2011). Figure 2.2 shows opportunities and chal-
lenges of plant molecular pharming.

2.4  Recent Examples of Recombinant Proteins Produced 
in Plants

As previously described, an important breakthrough was achieved in 2012 when the 
first molecular pharming product was approved for use in humans: Elelyso®, the 
enzyme taliglucerase alfa, a recombinant form of human glucocerebrosidase devel-
oped by Protalix Biotherapeutics for the treatment of the lysosomal storage disorder 
Gaucher’s disease (Grabowski et al. 2014). Then, two clinical trial applications for 
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Fig. 2.2 Opportunities (green color) and challenges (ocher color) of the plant-based systems

plant-derived pharmaceuticals were also approved in the European Union (EU), one 
for insulin produced in safflower (developed by SemBioSys Genetics) and another 
for an HIV-neutralizing monoclonal antibody produced in tobacco; it was devel-
oped by a publicly funded consortium (Pharma-Planta; see also Chap. 14).

Moore et al. (2021) expressed a broadly neutralizing antibody (N6) against HIV 
in glycoengineered line of N. benthamiana plants (pN6) and compared to the mam-
malian cell-expressed equivalent (mN6). pN6 yield was 49 mg/kg (fresh leaf tis-
sue). The binding kinetics of pN6 and mN6, measured by surface plasmon resonance, 
were similar for HIV gp120. pN6 had a tenfold higher affinity for FcγRIIIa, which 
was reflected in an antibody-dependent cellular cytotoxicity assay, where pN6 
induced a more potent response from effector cells than that of mN6. pN6 demon-
strated the same potency and breadth of neutralization as mN6, against a panel of 
HIV strains (Moore et al. 2021). In another study, one plant-derived influenza vac-
cine (QVLP) was tested in a randomized phase 3 trial; the results have shown that 
QVLP vaccine provided substantial protection against respiratory illness and 
influenza- like illness caused by influenza viruses in adults. Moreover, QVLP vac-
cine was well tolerated, and no major safety signal arose in participants (Ward et al. 
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2020). In another randomized trial of a monoclonal antibody cocktail (ZMapp) pro-
duced in N. benthamiana plants for immune treatment against Ebola virus disease 
(EVD), the effect of ZMapp appeared to be beneficial; however, the result did not 
meet the prespecified statistical threshold for efficacy (Davey et  al. 2016). Virdi 
et  al. (2013) designed enterotoxigenic Escherichia coli (ETEC) antibodies; they 
fused variable domains of llama heavy chain-only antibodies (VHHs) against ETEC 
to the Fc part of a porcine immunoglobulin (IgG or IgA) and expressed them in 
Arabidopsis thaliana seeds. In this way, four VHH-IgG and four VHH-IgA antibod-
ies were produced to levels of about 3–0.2% of seed weight, respectively. 
Co-transformation of VHH-IgA with the porcine joining chain and secretory com-
ponent led to the production of light-chain devoid, assembled multivalent dimeric, 
and secretory IgA-like antibodies. In vitro analysis of all the antibody-producing 
seed extracts showed inhibition of bacterial binding to porcine gut villous entero-
cytes. However, in the piglet feed challenge experiment, only the piglets receiving 
feed containing the VHH-IgA-based antibodies (dose 20  mg per pig) were pro-
tected. In February 2022, Canada Government approved Covifenz, a coronavirus 
vaccine developed by Medicago company (Quebec City, Canada). This is a plant- 
based vaccine produced by transient expression in N. benthamiana plants and com-
posed of recombinant spike (S) glycoprotein expressed as viruslike particles (VLPs) 
co-administered with GSK’s pandemic adjuvant. The vaccination regimen calls for 
two doses given intramuscularly 21  days apart. Covifenz is indicated for active 
immunization to prevent coronavirus disease 2019 (COVID-19) caused by severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in individuals 18–64 years 
of age and currently is only authorized in Canada; however, it has been submitted 
for approval by the WHO. All these studies demonstrate to date the potential for a 
plant-based platform to produce recombinant proteins with pharmacology activity 
that can be safe, immunogenic, and effective. More than 100 field trials for the 
large-scale production of plant-derived molecules are currently awaiting approval 
by regulatory agencies (Joshi and Lopez 2005). Table 2.1 shows some examples of 
biopharming companies and their major(s) products. Figure 2.3 shows a schematic 
representation of biopharmaceutical production in plants.

2.5  Future Perspectives

Along with growing human population, the demands of biopharmaceuticals will 
increase considerably. In this sense, plant molecular pharming emerges as an attrac-
tive alternative to answer growing human needs for the treatment of various pathol-
ogies and new threats. Therefore, the production of recombinant proteins in 
plant-based systems for pharmaceutical, veterinary, and industrial purposes is one 
of the most promising challenges of molecular pharming. Compared with the tradi-
tional protein production systems, plants offer crucial advantages including rapid 
scalability, low cost, speed, and reduced risk for human contamination. So far, many 
important biopharmaceuticals have been produced in plant-based pharming 
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Table 2.1 Molecular pharming companies

Company name Location Production platform Major(s) product

Medicago Quebec City, 
Quebec, 
Canada

N. benthamiana, 
transient expression

Seasonal flu vaccine, coronavirus 
vaccine

PlantForm Toronto, 
Ontario, 
Canada

N. benthamiana, 
transient expression

Trastuzumab, antibodies for 
HIV/AIDS, antibodies for Ebola, 
butyrylcholinesterase

SemBioSys Calgary, 
Alberta, 
Canada

Transgenic safflower 
seeds

Insulin, ApoA1

iBio Inc. Newark, 
Delaware, 
USA

N. benthamiana, 
transient expression

Antibodies, growth factors, 
receptors, plasma products

Kentucky 
BioProcessing

Owensboro, 
Kentucky, 
USA

N. benthamiana, 
transient expression

Aprotinin, vaccines, and 
antibodies

Mapp 
Biopharmaceutical

San Diego, 
California, 
USA

N. benthamiana, 
transient expression

ZMapp

Monsanto St. Louis, 
Missouri, USA

Transgenic maize 
seeds

Avidin

Ventria Bioscience Fort Collins, 
Colorado, USA

Transgenic rice seeds Lactoferrin

Protalix 
Biotherapeutics

Karmiel, Israel Transgenic tobacco 
and carrot suspension 
cell cultures

Elelyso®—taliglucerase alfa

TransAlgae Rehovot, Israel Transgenic 
microalgae

High-value products for human 
pharma, animal health, and crop 
protection

Icon Genetics Halle (Saale), 
Germany

N. benthamiana, 
transient expression

Vaccines against infectious 
diseases and neoplasms

Pharma-Planta Europe Transgenic tobacco, 
maize, and other 
plants

Vaccines and antibodies

Samabriva Amiens, 
France

Rhizosecretion and 
root cultures

Recombinant proteins and 
secondary metabolites

systems. Major shortcomings, however, still need to be addressed such as low pro-
duction levels of proteins—at least in systems based on stable transformation, high 
rate of proteolysis, and biosafety and public acceptability issues related to the 
potential dispersal of transgenes to nontarget organisms. Each of these concerns 
needs to be treated on a case-by-case basis involving the host plant and the target 
protein. Due to the lack of information, the public is concerned that drugs obtained 
in plant systems may pose a health risk by triggering allergic reactions. However, it 
should be emphasized that proteins manufactured in plants are subjected to the same 
quality control standards as pharmaceuticals produced in bacterial, animal, or yeast 
systems. Biopharmaceuticals produced in the world, in particular, those approved 

2 Plant Molecular Pharming: Opportunities, Challenges, and Future Perspectives



54

GOIMPRdRp
Choice of expression system 

and vector design
depending on a type and application

of a biopharmaceutical

Stable expression
in transgenic and transplastomic plants or suspension cultures

Transient expression
via agroinfiltration or viroinfection

Biopharmaceutical type

Processing

Plant production

Application

Antibodies
full-size and derivative forms

Virus-like Particles,
viroparticles and protein complexes

Monomeric soluble
proteins

Interleukins
Blood proteins
Growth factors
Hormones
Enzymes

Plant
vaccine

Plant IgG
anti-vir

Plant
IFNγ

Plant
hGH

Plant
BF pills

Plant BF drops

Plant BF aerosol

Antibodies, vaccines, therapeutics
administered via injection or via mucosal membranes

Diagnostics 
and preparation

Biomedical
nanotechnologies

Oral vaccines
and therapeutics

Purification
Extraction, filter press, concentration and separation, 

density gradient centrifugation, gel filtration, chromatography

Physico-chemical
modification,

conjugation, re-assembly
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Fig. 2.3 Overview of plant-based biopharmaceutical production in plants

by the WHO, the EU, or the USA, must meet certain requirements referred to as 
good manufacturing practice (GMP), good laboratory practice (GLP), and finally 
good clinical practice (GCP). The FDA also has domain over human drug and bio-
logical products produced in plant systems. The biopharmaceutical production pro-
cess is strictly controlled at every stage, and what is more, the finished product is 
tested for toxicity or presence of contaminants. Another important aspect that slows 
down the wider use of molecular pharming in the production of biopharmaceuticals 
is the fact that the industry prefers to rely on known and well-established technolo-
gies. To address this constraint, the Pharma Factory project (https://pharmafactory.
org/) was created from EU funds for large-scale commercial use of molecular 
pharming. The main goal of this project is to support innovation in the field of 
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molecular pharming and, above all, to remove technical regulations that hinder pub-
lic acceptance and exit from the laboratory research phase to the market. Considering 
the enormous potential of plants as producers of therapeutic proteins, it seems rea-
sonable that, apart from raising public awareness of this topic, there is a great need 
to support research groups and the pharmaceutical industry in their pursuit of the 
commercialization of as many necessary plant-derived drugs as possible.

2.6  Conclusions

In emergency situations like the recent COVID-19 pandemic, protein production 
capacities become scarce very quickly, because the manufacturing of other drugs 
and diagnostics cannot be stopped or delayed in the face of a new disease. Transient 
expression in plants provides a strategy to close production gaps quickly: the plants 
can be grown while the pathogen’s genome sequence is investigated and are then 
ready for protein production as soon as antigen sequences are available. The extent 
to which molecular pharming can assert itself over other protein production systems 
remains to be seen, but the unique benefits of transient expression should allow 
plants to carve an important niche market for recombinant proteins as diagnostic 
and therapeutic agents against infectious diseases. Overall, transgenic or transplas-
tomic plants will likely be the favorite expression system with proteins that do not 
express well in traditional systems and are given in large doses, for which produc-
tion costs make them too expensive to bring to market, or if option of oral adminis-
tration of a vaccine or other biopharmaceutical is approved. A combination of strong 
and adaptable regulatory oversight with technological solutions is required if the 
twin goals of realizing the full potential of biopharming and safeguarding the food 
system and the environment are to be met.
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Chapter 3
Improving Plant Molecular Farming via 
Genome Editing

Rakchanok Koto and Chalinee Kongsawat

Abstract Once plant genetic modification began in the 1980s, plants have provided 
humans with useful agriculture products, but in the last 30 years, they have also 
been developed as production platforms for economically valuable recombinant 
proteins, including chemical building blocks, polymers, and renewable energy. All 
these applications can be described as “plant molecular farming” (PMF). PMF pro-
vides a low-cost and simple system for the high-value recombinant protein produc-
tion on a large scale. They have numerous advantages in terms of simplicity because 
of no requirement for sterilization, economy for cultivation and processing, safety 
from any human pathogen and bacterial toxins, and applicability to the agricultural 
scale easily. Additionally, plants can perform the posttranslational modifications 
similar to mammalian systems that are required for the bioactivity and pharmacoki-
netics of recombinant therapeutic proteins, and also there is possibility of using 
breeding methods and sexual crosses to obtain active recombinant multichain pro-
teins. In the last decade, the use of genome editing (GE) technologies with site- 
specific nucleases (SSNs) has successfully demonstrated precise gene editing in 
both animal and plant systems, in contrast to the transgenic approach, which leads 
to random insertions and very often random phenotypes. GE technology is equipped 
with a powerful toolbox of molecular scissors to cut DNA at a predetermined site 
with different efficiencies for designing an approach that best suits the objectives of 
each plant breeding strategy. This technology not only revolutionizes plant biology, 
but also provides the means to solve challenges related to plant architecture, food 
security, nutrient content, adaptation to the environment, resistance to diseases, and 
production of plant-based materials. This chapter illustrates how these technologies 
could make plant molecular farming improved, safe, and sustainable.
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Abbreviations

CRISPR/Cas Clustered regularly interspaced short palindromic repeats/CRISPR- 
associated protein

DdCBE DddA-derived cytosine base editor
ER Endoplasmic reticulum
ERAD Endoplasmic reticulum-associated degradation
FucT (1,3)-Fucosyltransferase
HDR Homology-directed repair
IRE1 Inositol-requiring enzyme 1
NHEJ Nonhomologous end joining
PPOs Polyphenol oxidases
RIDD Regulated IRE1-dependent decay
SSNs Sequence-specific nucleases
TALENs Transcription activator-like effector nucleases
TALEs Transcription activator-like effectors
tracrRNA Trans-activating crRNA
UPR Unfolded protein response
XylT β(1,2)-Xylosyltransferase
ZFNs Zinc finger nucleases
ZIP Iron-regulated transporter-like

3.1  Structure and Mechanism of Genome Editing Tools

Genome editing also called gene editing is a method for making specific changes to 
the DNA of organism, such as the insertion, deletion, or replacement of DNA through 
sequence-targeted recombination that has increased the speed, ease, and reproduc-
ibility of DNA changes (Miladinovic et  al. 2021). Based on engineering, genome 
editing technologies have been developed at a rapid pace over the past 10 years and 
have begun to show extraordinary utility in various fields (Cornu et al. 2017).

There are four major types of programmed nuclease-based technologies: meganu-
cleases, ZFNs, TALENs, and CRISPR/Cas9. Nucleases generate targeted nicks in the 
form of double-stranded breakages (DSB) in nuclear DNA, which in turn triggers a 
repair by one of the two major mechanisms that occur in almost all cell types and 
organisms: nonhomologous end-joining (NHEJ) and homology-directed repair (HDR).

One of the first tools in the GE toolbox was the zinc finger nucleases (ZFNs). 
ZFNs, chimeric proteins designed to cut at specific DNA sequences, contain motifs 
capable of binding to specific DNA sequences. This class of nucleases were first 
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discovered as a fragment of the transcription factor IIIa in clawed frog oocytes 
(Miller et al. 1985) and share 30-amino acid-long ZF motifs that form one alpha- 
helix and two antiparallel beta sheets (Pabo et al. 2001). Zinc finger domains can be 
assembled in large modules to recognize longer DNA fragments (multiples of three 
bases) and fused to the nonspecific DNA cleavage domain from the FokI nuclease, 
generating what is known as a zinc finger nuclease (ZFN), to produce DSBs in the 
genome with extremely high specificity (Kim et al. 1996).

The second tool to edit genes, the transcription activator-like effector nucleases 
(TALENs), is composed of transcription activator-like effectors (TALEs) and FokI 
endonuclease. TALE proteins are DNA-binding domains derived from various plant 
bacterial pathogens of the genus Xanthomonas to manipulate host gene transcrip-
tion and promote successful infection. Like ZFNs, TALENs function as pairs in a 
similar way to create a break at a specific DNA sequence recognized by the TALE 
domain. TALENs for DNA recognition use a tandem array of 16 (or more) nearly 
identical protein modules, each of which targets one nucleotide at the DNA target 
site, thus making TALENs highly specific (Christian et al. 2010).

Meganucleases or homing endonucleases are sequence-specific endonucleases 
recognizing cleavage long sequences (typically 18–30 base pairs) that occur only 
once in any given genome and for this reason are rare-cutting enzymes. They gener-
ate DSBs, and the site-specific I-SceI is the prototypical meganuclease that has been 
used as a tool for genome engineering. For genome editing purposes, thousands of 
meganucleases have been redesigned and mutants created with new specificities 
(Silva et al. 2011).

Recently, a novel method for site-directed mutagenesis using an adaptive bacte-
rial and archaeal immune systems has emerged to respond and eliminate invading 
viruses and plasmids, namely CRISPR/Cas (clustered regularly interspaced short 
palindromic repeats/CRISPR-associated protein). In bacteria, CRISPR system pro-
vides protection against DNA from invading viruses and plasmids via RNA-guided 
DNA cleavage by Cas proteins (Sorek et al. 2013). Short segments of foreign DNA 
are integrated within the CRISPR locus and transcribed into CRISPR RNA (crRNA), 
which then anneal to trans-activating crRNA (tracrRNA) to direct sequence-specific 
degradation of pathogenic DNA by the Cas9 protein. CRISPR/Cas system is an 
easier and more efficient genome editing tool than the engineered ZFNs and 
TALENs (Jinek et al. 2012).

3.2  Using Genome Editing in Plants

Genome editing techniques have been developed to introduce precise and predict-
able genomic change into plants to obtain desired traits, and they are giving rise to 
precision breeding techniques that are defining the next generation of plant breeding 
(Chen et  al. 2019). This technique is carried out using programmable sequence- 
specific nucleases (SSNs). SSNs include engineered meganucleases, ZFNs, 
TALENs, and the CRISPR/Cas system. All nuclease proteins generate targeted 
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nicks as double-stranded breakages (DSBs) in genomic DNA, in turn triggering a 
repair mechanism called nonhomologous end joining (NHEJ) in the absence of a 
repair template. The repairing mechanism NHEJ directly rejoins the 5′ end resec-
tion of nicked DNA by either inserting or deleting nucleotides regardless of the 
nucleotide sequence, resulting in gene expression knockout and permanent loss of 
function; it is more prevalent in the G1 phase. Moreover, introduction of two tar-
geted DSBs at the same time may lead to sequence deletions or other chromosomal 
aberrations involving the nuclease recognition and cleavage loci (Iliakis et al. 2004). 
Therefore, to avoid these genetic abnormalities, DSBs can be repaired by using a 
repair DNA template via a process called homologous directed repair (HDR). HDR 
needs the 5′ ends of the DSB to undergo partial 5′–3′ nucleolytic degradation to 
generate 3′ single-stranded overhangs, a process known as 5′ resection (Pâques and 
Haber 1999), in order to start the pair process, and is most frequent during the S and 
G2 phases of the cell cycle after DNA replication since a sister chromatid can serve 
as template for repair (Osakabe and Osakabe 2015).

Meganuclease-, ZFN-, and TALEN-based technologies cleave DNA at specific 
sites through DNA-protein interaction. These modified proteins are required for 
each target sequence; therefore, multiple modified proteins will be required to edit 
multiple target sequences, which is generally expensive in terms of both time and 
cost (Li et al. 2021; Ng et al. 2020). Furthermore, CRISPR/Cas system relies on 
RNA-DNA pairing between specific guide RNAs (gRNAs) and targeted genome 
sites, which offers a simple and efficient method for genome editing (Li et al. 2021). 
Differences between gene editing technologies that rely on meganucleases, ZFNs, 
TALENs, and CRISPR/Cas, along with some advantages and limitations, have been 
summarized in Table 3.1.

Development of genome editing methodologies began ∼20 years ago; four types 
of engineered nucleases are used for genome editing: engineered meganucleases, 
ZFNs, TALENs, and CRISPR/Cas. In particular, TALEN and CRISPR/Cas are now 
used widely in various organisms especially in plants.

3.2.1  Using Meganucleases in Plant

Meganucleases, also known as homing endonucleases, were the first sequence- 
specific nucleases deployed for targeted double-stranded breaks and are found in 
prokaryotes, archaea, and unicellular eukaryotes. They selectively cleave DNA at 
genomic targets with specific nucleotide sequences of 14–40  base pairs (bp) 
(Carroll 2017).

Overall, plant engineering via meganucleases is very accessible and can be suc-
cessfully deployed for targeted genome modification in plants. Moreover, they are 
smaller in size of 40  kDa, making them compatible in some viral vectors with 
shorter coding sequences. But their application is not as widespread as others 
because certain limitations cause the DNA binding and cleavage domain to overlap 
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Table 3.1 Comparison of meganuclease, ZFN, TALEN, and CRISPR/Cas systems (modified 
from Iqbal et al. 2020)

Characteristic 
features Meganucleases ZFNs TALEN CRISPR/Cas

Origin Microbial genetic 
element

Eukaryotic gene 
regulator

Xanthomonas 
bacteria

Adaptive 
bacterial and 
archaeal 
immune 
systems

Core 
components

DNA-binding 
domain and DNA 
cleavage domain

Zinc finger 
domain with 
Fokl nuclease

TALE-DNA-binding 
domain with Fokl 
nuclease

crRNA, Cas 
protein

Dimerization 
requirement

Dimeric Dimeric Dimeric Monomeric

Targeted 
sequence

12–45 bp 18–36 bp 24–59 bp 20–22 bp

Mode of action Single/chimeric 
work mode per 
target

Paired work 
mode per target

Paired work mode per 
target

Single work 
mode per 
target

Catalytic 
domain

DNA-binding site 
contains the 
catalytic domain

FokI catalytic 
domain

FokI catalytic domain RUVC and 
HNH catalytic 
domain

Protein 
engineering 
criteria

Required Required Required Not difficult to 
test gRNA

Cloning 
criteria

Essential Essential Essential Not essential

gRNA 
requirement

Not required Not required Not required gRNA required 
and is easy to 
produce

Genome 
altering

Generates DBS in 
target DNA

Generates DBS 
in target DNA

Generates DBS in 
target DNA

Generates 
single-strand 
nicks or DBS 
in target DNA

Delivery ease Easy in vivo 
delivery; small size 
allows use in a 
variety of viral 
vectors

Easy in vivo 
delivery; small 
size allows use 
in a variety of 
viral vectors

Difficult in vivo 
delivery; large size 
and repetitive nature 
cause unwanted 
recombination events

Moderately 
easy in vivo 
delivery

Target 
recognition 
efficiency

Low to moderate Moderate Moderate High

Mutation rate High Medium Medium Low
Multiplexing Not possible Difficult Difficult Easier
Methylation 
sensitivity

High High High Low

Cytotoxic 
effect

Variable to high Variable to high Low Low

(continued)

3 Improving Plant Molecular Farming via Genome Editing



68

Table 3.1 (continued)

Characteristic 
features Meganucleases ZFNs TALEN CRISPR/Cas

Vector 
packaging

Easy Difficult Difficult Moderate

Cost- 
effectiveness

Not cost effective Not cost 
effective

Moderately cost 
effective

Highly cost 
effective

with each other and sometimes meganucleases are prone to sequence degeneracy, 
which increases the probability of off-target binding (Argast et al. 1998).

3.2.2  Using ZFNs in Plant

ZFNs, chimeric DNA, belong to the foremost generation of genome editing tools 
and are basically zinc finger-based DNA recognition elements coupled with DNA 
cleavage domain of the FokI endonuclease. ZFNs rely upon chimerically engineered 
nucleases that are generated on the basis of functional principles of Cys2-His2 zinc 
finger domain. ZFN monomers have Cys2-His2 domain at the N-terminal and FokI 
DNA cleavage domain at the C-terminal (Kim et al. 1996). By combining various 
zinc finger repeats, the DNA-binding domain can be programmed to recognize a 
specific nucleotide sequence of 9–18 bases. The FokI enzyme can only cut DNA 
when dimerized; a pair of ZFNs that recognize sites in close proximity are used to 
cut DNA at the intended genomic target (Segal et al. 2003). Compared with mega-
nucleases, ZFNs are more flexible site-directed nuclease because they can be 
designed to target any genomic site.

ZFNs had been successfully deployed to modify Arabidopsis thaliana, soybean, 
Nicotiana, petunia, rapeseed, rice, apple, maize, and fig (Ran et al. 2017). The dis-
covery and implementation of ZFNs to plant genomes have transformed the field of 
plant genome editing by manipulating sites of interest. ZFNs are advantageous over 
other genome editing techniques in relation to high efficiency and specificity. 
Moreover, availability of restricted number of target sites makes ZFN application 
sometimes off-target due to nonspecific DNA binding (DeFrancesco 2011).

3.2.3  Using TALENs in Plant

TALENs are chimeric DNA-cutting enzymes formed by coupling of 13–28 tran-
scriptional activator-like effector (TALE) repeats with FokI endonuclease (Miller 
et al. 2011; Zhang et al. 2011). The DNA-binding domain of a TALEN originates 
from the virulence transcription activator-like (TAL) effectors from the bacterial 
plant pathogen Xanthomonas, and its virulence in cotton and rice, and consists of up 
to about 30 near-identical repeats (Bogdanove et  al. 2010). Each TALE repeat 
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targets only one nucleotide, which allows flexible target design, which increases the 
number of potential target sites (Moscou and Bogdanove 2009).

TALENs have been implicated in Nicotiana, Arabidopsis, rapeseed, potato, flax, 
soybean, sugarcane, barley, rice, maize, tomato, and wheat (Ran et al. 2017). This 
technology is still valued for plant genome engineering because of its programma-
bility, efficiency, and target specificity (Gaj et al. 2013). However, there are certain 
disadvantages as the size of the cDNA encoding TALEN is approximately 3  kb 
making it problematic to deliver and express a pair of TALENs in a plant cell.

3.2.4  Using CRISPR/CAS Systems in Plant

Recently, a novel method for site-directed mutagenesis using an adaptive bacterial 
and archaeal immune system has emerged: the CRISPR/Cas system against invasive 
viruses by cutting the viral DNA (Barrangou and Marraffini 2014). When infected 
with viruses, bacteria or archaea capture small part of the viral DNA and particu-
larly insert them into their own DNA in a pattern segment known as CRISPR arrays. 
The CRISPR sequence can accumulate to several hundred small unique sequences 
(~30–40 bp), called protospacers. When the viruses attack again, the CRISPR locus 
is transcribed and processed to generate mature CRISPR RNAs (crRNAs). Each 
crRNA associates with Cas effector proteins that use crRNAs as guides to invader 
to produce DSBs on infected viral DNA, causing to silence foreign genetic elements 
(Jinek et al. 2012).

CRISPR/Cas systems are highly diverse and have been classified into two main 
classes, based on the structural variation of the Cas genes and their organization 
style. Class 1 members all use a multisubunit crRNA-effector complex for CRISPR/
Cas immunity. The members of this class are type I, type III, and type IV systems, 
which are characterized by the presence of Cas3, Cas10, and Csf1, respectively 
(Makarova et al. 2020).

Specifically, class 1 CRISPR/Cas systems consist of multiprotein effector com-
plexes, whereas class 2 systems comprise only a single effector protein. The single 
protein and a tracRNA perform the biological functions of the multisubunit crRNA- 
effector complex for immunity. This class is composed of type II, type V, and type 
VI CRISPR/Cas systems, whose signature proteins are Cas9, Cpf1 (Cas12), and 
Cas13, respectively (Makarova et al. 2020).

3.2.4.1  CRISPR/Cas9 System

The most frequently used is the type II CRISPR/Cas9 system, which depends on a 
single Cas protein from Streptococcus pyogenes (SpCas9) targeting particular DNA 
sequences and is therefore an attractive gene editing tool (Doudna and Charpentier 
2014). These CRISPR arrays along with the spacers are transcribed upon combating 
foreign DNA and are processed to form 40 nt long small interfering crRNAs. They 
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then associate with trans-activating CRISPR RNA (tracrRNA) to stimulate and 
guide the Cas9 nuclease. The different crRNA/tracrRNA duplexes remain together 
after processing and associate with the Cas9 protein, containing PI, REC1, RuvC, 
and NUC domains. The 20 nucleotides at the 5′ end of the crRNA will guide the 
Cas9 to the complementary protospacer target as long as the target contains a PAM; 
in the case of S. pyogenes, Cas9 consists of a 3 nt sequence, 5′-NGG-3′ (N = A, T, 
C, or G) (Gasiunas et al. 2012). The Cas9 protein contains an HNH nuclease domain 
and a RuvC-like nuclease domain that cut the DNA strands into complementary and 
noncomplementary sequence, respectively. The cut is very precise and happens 
between the third and fourth nucleotides upstream from the PAM to create blunt 
ends (Horvath and Barrangou 2010). Following the DSB, DNA-DSB repair mecha-
nisms initiate genome repair. With the CRISPR/Cas9 system, through pathways of 
NHEJ or high-fidelity HDR, targeted genomic modifications, including the intro-
duction of small insertions and deletions (indels), can be made (Ran et al. 2017).

3.2.4.1.1 Using Cas9 as a Nuclease

Engineered CRISPR/Cas9 systems use the same system as the bacteria, but the 
tracrRNA and crRNA molecules are replaced by a single hybrid RNA molecule 
known as single guide RNA (sgRNA) (Cong et  al. 2013). In order to perform 
genome editing, it is necessary to deliver both components to the plant nucleus, 
which is achieved by genetic transformation to integrate a cassette containing the 
Cas9 cDNA and the sgRNA, under the control of strong promoters, such as the 
cauliflower mosaic virus (CaMV) 35S promoter, for dicots and some monocot spe-
cies, or the maize ubiquitin promoter for monocots, into the plant genome. For a 
given target, genetic constructs are extremely simple to assemble by introducing the 
20 bp targeting sequence at the 5′ end of the sgRNA in the CRISPR cassette. After 
the recovery of transgenic lines and verification of the existence of mutations in the 
intended target, the CRISPR transgene can be easily removed by Mendelian segre-
gation in those species with sexual reproduction (Mao et al. 2017). The recognition 
specificity can be easily changed by modifying the variable region of the guide 
RNA, which makes CRISPR/Cas a highly programmable tool (Zhu et al. 2020).

The most direct application of CRISPR/Cas9 system in plants involves the gen-
eration of gene knockouts. These mutants are achieved by incorporating indels 
resulting in frameshift mutations to form premature stop codons. Till date, CRISPR/
Cas9 editing tool has been implemented in rice, maize, grapes, wheat, barley, sor-
ghum, tomato, flax, Camelina, cotton, cucumber, rapeseed, lettuce, grapefruit, 
apple, soybean, oranges, potato, and watermelon (Ricroch et al. 2017).
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3.2.4.1.2 Using Cas9 as a Base Editor

Most important agronomic traits are determined by single nucleotide polymor-
phisms (SNPs) (Zhao et al. 2011), or in some cases, introduction of specific SNPs 
into elite varieties from wild relatives is a long and arduous process, but genome 
editing technologies could greatly accelerate this process. Beyond DSB-mediated 
genome editing, CRISPR/Cas-derived base editors have emerged as powerful tools 
for generating programmable single-DNA base changes. There are two main classes 
of base editors—both of which are based on deamination activities: cytidine base 
editors (CBEs) that convert cytosine (C) to thymine (T) and adenine base editors 
(ABEs) that convert adenine (A) to guanine (G) (Komor et al. 2016).

Base editors are fusions of catalytically impaired Cas9 (nCas9 D10A) nucleases 
with single-stranded DNA (ssDNA)-specific deaminases, such as rAPOBEC1 and 
PmCDA1 cytidine deaminases in CBEs or laboratory-evolved TadA deoxyadenosine 
deaminase in ABEs, which catalyze C·G to T·A or A·T to G·C transitions in the 
ssDNA strand of the R-loop induced by CRISPR/Cas at target sites, respectively 
(Gaudelli et al. 2017; Komor et al. 2016). The base editor systems have been suc-
cessfully applied in several plant species, including Arabidopsis, rice, wheat, maize, 
tomato, and cotton (Mao et al. 2019). Moreover, dual base editors that combine the 
functional domains of CBEs and ABEs can induce simultaneous C·G to T·A and 
A·T to G·C changes at the same target site (Li et al. 2020), further broadening the 
scope of base editing in plants.

3.2.4.1.3 Using Cas9 as Prime Editors

Current base editors are limited to base transitions (C·G to T·A and A·T to G·C), but 
eight DNA base transversion mutations, that is, C → A, C → G, G → C, G → T, A 
→ C, A → T, T → A, and T → G, are not possible to perform accurately until the 
advent of prime editors (PEs). The idea behind PEs is to combine a nickase with a 
reverse transcriptase (RT) and an extended gRNA, the prime editing gRNA 
(pegRNA), containing the genetic information to correct the target sequence. A 
standard prime editor contains an engineered reverse transcriptase enzyme along 
with a Cas9 nickase and a prime editing guide RNA (pegRNA) (Anzalone et al. 
2019). Prime editing has been demonstrated in different plants such as rice, wheat, 
maize, tomato, and potato (Butt et al. 2020; Lin et al. 2020; Jiang et al. 2020; Lu 
et al. 2021).

3.2.4.1.4 Using Cas9 as a DNA-Binding Protein

The CRISPR/Cas9 system efficiently enables targeting of DNA and thus provides a 
tool to address almost any desired site. Through the mutation of both the HNH and 
RuvC catalytic domains of the Cas9 enzyme, it can be converted into a DNA- 
binding protein, called “deadCas9” (dCas9). The ability to direct Cas effectors to 
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precise chromosomal loci using sgRNA molecules can be exploited in a variety of 
ways to alter gene expression patterns (Gao et al. 2014). The dCas9-based transcrip-
tional activation systems have shown a high activation rate are synergistic activator 
mediator (SAM) and Supernova tagging (SunTag) (Chavez et al. 2015).

Plant-based activators such as the EDLL motif found on some ethylene response 
factor/apetala 2 family members (Tiwari et al. 2012) seem to provide stronger gene 
activation when fused to dCas9 (Tiwari et al. 2012; Piatek et al. 2015). Based on the 
SAM system, expression of a dCas9-VP64-T2A-MS2-EDLL polypeptide that 
would ultimately yield two different proteins, a dCas9-VP64 fusion and a MS2- 
EDLL fusion, produced spectacular results with RNA transcript levels reaching up 
to 30- and 34-fold increase in two different targeted genes in both dicots and mono-
cots (Lowder et  al. 2018). The SunTag system has been used in Arabidopsis to 
induce robust and specific activation of several genes in diverse chromatin contexts 
(Papikian et al. 2019). Co-expression of three sgRNAs targeting WRKY30, RLP23, 
and CDG1 successfully achieved activation of all targeted genes in Arabidopsis 
using the CRISPR-TV system. Similarly, transcriptional activation of three rice 
genes (Os03g01240, Os04g39780, and Os11g35410) was achieved using the 
CRISPR-Act2.0 system (Lowder et al. 2018).

3.2.4.1.5 Using Cas9 for Mediated Epigenome Editing

There are many layers for epigenetics to regulate the gene expression, which majorly 
contain DNA methylation, histone modification, and noncoding RNAs. DNA meth-
ylation is a common gene regulation mechanism, where a specific part of DNA 
sequence is methylated or demethylated. Generally, a gene with methylation is usu-
ally silenced. In plants, CG (or CpG), CHG, and CHH (H is A, T, or C) are three 
common sequence contexts with high frequency of methylation (Adli 2018). Thus, 
the CRISPR/Cas system has been approved to be an efficient genome editing tool, 
which attempts to fuse dCas9 with a methyltransferase or a demethylase. Despite 
dCas9 losing catalyzed function, it still tightly binds to the target site, and hence, 
these enzymes can methylate or demethylate the nucleotides. Papikian and col-
leagues (2019) developed a robust CRISPR/Cas9-based methylation targeting sys-
tem for plants by utilizing the CRISPR/dCas-SunTag system with the catalytic 
domain of the Nicotiana tabacum DRM methyltransferase and this system can effi-
ciently target DNA methylation to specific loci in plants.

Histone posttranslational modification is another major factor epigenetically 
controlling gene expression. Thus, employing CRISPR/Cas system to change the 
status of histone proteins will change the epigenetic and genetic features of chroma-
tin and affect gene functions. Even dCas9 has to be fused with p300, to which a 
H3K27 histone acetyltransferase is associated with gene activation, resulting in the 
expression of both histone-modified constructs in Arabidopsis seedlings (Lee 
et al. 2019).
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3.2.4.1.6 Type V CRISPR/Cas12 (Cpf1) System

Cas12 nucleases are the second most widely used Cas proteins in plants; particu-
larly, Cas12a (formerly Cpf1) has been applied in many plant species. Even though 
Cas12- and Cas9-based CRISPR systems have similar principles and action, they 
also exhibit differences that give Cas12 an edge for some applications. Cas12 effec-
tors tend to favor T-rich PAMs, providing additional targeting possibilities (Kim 
et al. 2017). Then, Cas12 systems do not need the intervention of a tracrRNA, using 
a single RNA molecule that can be engineered to a final length of ~42 nt, making it 
more economical to synthesize and easier to use for multiplex editing, instead of the 
~100 nt in Cas9 sgRNAs (Zetsche et al. 2015).

The first demonstration to apply Cas12 systems into plant genome editing was 
performed in tobacco and rice (Endo et al. 2016). A codon-optimized FnCpf1 under 
the control of the parsley ubiquitin promoter was used in combination with six 
crRNAs to target two different tobacco genes, encoding the phytoene desaturase 
NtPDS and the STENOFOLIA ortholog NtSTF1. Furthermore, the FnCpf1 under 
the control of the maize ubiquitin promoter has been used to target the rice drooping 
leaf (OsDL) and acetolactone synthase (OsALS) genes (Endo et al. 2016).

3.2.4.1.7 Type VI CRISPR/Cas13 Systems

The immense amount of sequence information available today has allowed the use 
of data mining to discover putative new CRISPR systems. A very recent and highly 
useful addition to the CRISPR toolbox is Cas13, formerly known as C2c2 and 
C2c6 in case of Cas13a and Cas13b, respectively, which was first identified in 2015 
(Shmakov et al. 2015). It is the first class II effector to have some kind of RNase 
activity, which is catalyzed by its two higher eukaryotes and prokaryotes nucleotide- 
binding (HEPN) domains. Confirmation of such RNase activity came in 2016 when 
it was confirmed that Cas13a can cleave ssRNA using an sgRNA as targeting device 
in a way similar to types II and V CRISPR systems. Even Cas13a can process pre- 
crRNA molecules into individual mature gRNAs by itself as Cas12a (Abudayyeh 
et al. 2016).

Otherwise, obvious application of Cas13 effectors is their potential to be used to 
confer virus resistance. Although CRISPR/Cas9-based strategies can be used to 
control DNA viruses, most plant viruses have RNA genomes. Using a plant codon- 
optimized Cas13a from L. shahii, under the control of the CaMV 35S promoter, 
transient expression experiments in Nicotiana benthamiana used agroinfiltration to 
target a recombinant turnip mosaic virus (TuMV) expressing GFP (Aman et  al. 
2018; see also Chaps. 8 and “Tobacco Plants as a Versatile Host for the Expression 
of Glycoproteins”).
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3.3  Strategies to Achieve Plants via Genome Editing 
for Plant Molecular Farming Applications

In the last 30 years, plants have also been developed as production platforms for 
small molecules and recombinant proteins (Fischer and Buyel 2020). This niche 
area has expanded with the global bioeconomy starting around 2010 to include 
chemical building blocks, polymers, and renewable energy (Buyel 2019). All these 
applications can be described as “plant molecular farming.” Despite its potential to 
increase the sustainability of biologics manufacturing, PMF has yet to be embraced 
broadly by industry (see also Chap. 13). However, an additional important draw-
back is the limited adaptation of plants and plant cells to the requirements of 
industry- scale manufacturing. Limitations to use wild plant and plant cell are the 
following: (1) time consuming to produce stable transgenic plants (Sack et al. 2015) 
and the bottlenecks along the path to biosafety regulatory approval (Ma et al. 2015; 
see also Chap. 14); (2) low-yield protein production; (3) lack of human glycosyl-
ation profiles (Fischer et al. 2018); (4) unwanted product modifications or degrada-
tion that may occur during downstream processing (DSP) due to oxidation or 
proteolysis in the crude extract (Buyel et al. 2015a); (5) secondary metabolite and 
toxic contamination in the extracts, such as nicotine from tobacco (Buyel et  al. 
2015a); and finally (6) codon bias that causes a gene from other organisms to be 
poorly expressed in plant. However, some limitations can be overcome by genome 
editing, which provides complementary toolsets (see also Chap. 4).

3.3.1  DNA-Free Genome Editing/Cas9 Protein RNP 
Complexes In Vitro

The direct use of CRISPR/Cas ribonucleoproteins (RNPs) is the most obvious 
approach to achieve transgene-free genome editing. RNPs can be easily delivered of 
preassembled ribonucleoprotein complexes of Cas9 and in vitro-transcribed sgRNA 
into host cells using chemical or physical delivery methods. Then, efficient single- 
cell regenerated method is a major achievement after delivery (Liang et al. 2017).

3.3.1.1  Protoplast Transformation

Recently, efforts have been made to deliver CRISPR/Cas9  in RNP form into the 
protoplasts of Arabidopsis, lettuce, and tobacco, which revealed subsequent genome 
editing and regeneration from single protoplast cells (Woo et  al. 2015). Even a 
CRISPR/Cpf1 RNP editing method has been recently developed for rice, soybeans, 
and wild tobacco protoplasts (Kim et al. 2017). In most cases, polyethylene glycol- 
calcium (PEG-Ca2+)-mediated cell transfection was the method used to deliver the 
RNPs into plant protoplasts (Andersson et al. 2018). Other useful strategies for the 
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delivery of genes or proteins, electro-transfection of CRISPR/Cas9 RNPs into cab-
bage protoplasts, provided 1.6% increase in efficiency compared to PEG-mediated 
transfection (Lee et al. 2020), and lipofection was demonstrated to transport RNPs 
into negatively charged tobacco BY2 protoplasts by mixing the CRISPR/Cas9 
RNPs with positively charged cationic lipids, resulting in a 6% editing efficiency 
(Liu et al. 2020). However, regeneration from protoplasts is tedious and quite inef-
ficient in most plant species.

3.3.1.2  Particle Bombardment

Particle bombardment can be used to deliver CRISPR/Cas RNPs into various tissue 
types such as leaf discs, immature embryos, cell clump, and calli and is not limited 
by plant-host range (Altpeter et al. 2005). Major cereal crops, such as rice (Banakar 
et al. 2020), maize (Svitashev et al. 2016), and wheat (Liang et al. 2017), have been 
successfully transformed by bombardment with gold particles coated with CRISPR/
Cas RNPs using a helium gene gun. Mutated plants were successfully generated 
from bombarded tissue in 6–8 weeks’ selection (Liang et al. 2019).

3.3.1.3  Zygotes as Delivery Targets

Zygotes and pollen have the potential to avoid protoplast regeneration. Rice zygotes 
are created by uniting isolated egg and sperm cells and then induced gamete fusion. 
Cell walls are immature during the early stages of gamete fusion, allowing Toda 
et al. (2019) to perform PEG-mediated transfection of preassembled CRISPR/Cas9 
RNPs. After 30–40 days of culture, 14–64% of the generated plants from the zygotes 
contained CRISPR-induced mutations (Toda et al. 2019).

3.3.1.4  Nanoparticles for Cargo Delivery

Nanoparticles have been successfully used to deliver DNA, RNA, and proteins into 
plant cells (Demirer et al. 2021). Polyethyleneimine (PEI)-coated Fe3O4 magnetic 
nanoparticles were used to carry exogenous DNA plasmids into the pollen grains of 
several dicot plants, including cotton, pepper, pumpkin, and cocozelle (Zhao et al. 
2017). In mammalian cells, nanoparticle delivery of CRISPR/Cas9 RNPs has been 
accomplished; however, using the conjugated nanomaterials/RNPs as the delivery 
method is an attractive possibility for future research (Ahmar et al. 2021; Demirer 
et al. 2021).
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3.3.2  Targeted Gene Integration Platforms

Conventional plant transformation (usually mediated by Agrobacterium tumefa-
ciens or particle bombardment) generates random transgene insertion events. 
Position effects include transgene integration in genomic regions with different 
chromatin structures (euchromatin or heterochromatin) and in areas that lack the 
proximity of native regulatory elements. Furthermore, epigenetic modifications 
such as methylation at the integration site can reduce the long-term stability of 
transgene expression (Kumar et al. 2015). This limitation is overcome using SSNs 
by introducing a double-strand break (DSB) at a predetermined sequence; SSNs 
enable controlled transgene integration. SSN-mediated DNA insertion has been 
described in a handful of studies in different agronomic species including maize 
(Svitashev et al. 2015), barley (Watanabe et al. 2016), tobacco, rice (Li et al. 2016), 
soybean (Bonawitz et al. 2019), and potato (Forsyth et al. 2016).

Ideally, at least one safe-harbor locus should be identified as the site for targeted 
integration for each plant species and variety used for PMF, which allows sustained, 
high-level expression. Transgene integration would not cause any obvious deleteri-
ous phenotypic effects. Because targeted integration and replacement in plants are 
technically challenging and rather inefficient (Kumar et al. 2016), more endeavors 
have to be made in understanding how to improve the molecular processes before 
they can be routinely exploited, also for PMF purposes.

3.3.3  Improving the Yields of Recombinant Protein

Numerous plant species repurposed as recombinant protein production platforms 
include tobacco, potato, tomato, alfalfa, safflower, carrot, lettuce, strawberry, moss, 
duckweed, maize, wheat, and rice. The ability to tailor the plant system through cel-
lular engineering techniques or process modification for yield improvement has to 
be described.

3.3.3.1  Codon Preferences and tRNA Pools

The phenomenon of codon bias can cause a gene from one (source) organism to be 
poorly expressed in another (host) due to the prevalence of disfavored codons 
(Gustafsson et  al. 2004). Therefore, the yield of recombinant protein can be 
improved by maximizing codon preference, with replacing each codon in the mRNA 
with the preferred codon in the host, or harmonizing codon preference via replacing 
each codon in the mRNA with an equivalent codon in terms of usage frequency in 
the host (Tuller et al. 2010).
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3.3.3.2  Suppression of Gene Silencing

Sequence-dependent RNA degradation or silencing can be directed against RNA 
transcribed from transgenes, thereby reducing the yield of recombinant proteins. 
However, this mechanism can be prevented by the co-expression of viral silencing 
suppressors (Brodersen and Voinnet 2006).

The CRISPR/Cas9 system has been used to knock out RNA-dependent RNA 
polymerase 6 (RDR6) in benthamiana tobacco. This enzyme is accelerating the syn-
thesis of dsRNAs that are subsequently changed into siRNAs (Matsuo and Atsumi 
2019). Interestingly, the N. benthamiana LAB strain from Nicotiana benthamiana 
Genome and Transcriptome Consortium (http://benthgenome.qut.edu.au/) carries a 
natural frameshift insertion in the RDR1 gene that affects its response to viral infec-
tion and makes it an ideal host for viral expression vectors (Yang et al. 2004; see 
also chapter “Plant Viral Vectors: Important Tools for Biologics Production”). 
Genome editing may facilitate the transfer of these useful features of the N. ben-
thamiana LAB strain to other production hosts, including other Nicotiana species 
(Bally et al. 2018).

3.3.3.3  Stress Resilience and Modified Degradation Pathways

The expression of recombinant proteins in plants often causes an imbalance between 
the amount of unfolded protein and the protein folding machinery of the endoplas-
mic reticulum (ER), which induces the ER stress and an unfolded protein response 
(UPR) (Arcalis et al. 2019).

Inositol-requiring enzyme 1 (IRE1) acts as a major signaling hub and comprises 
an endoribonuclease domain and a kinase domain. Moreover, the ribonuclease 
activity of IRE induces regulated IRE1-dependent decay (RIDD) of mRNAs encod-
ing secretory proteins (Chen and Brandizzi 2013) and would be a target for gene 
disruption; the complete knockout of IRE1 is detrimental for plant development 
because the kinase activity of IRE1 plays a key role independent of the ribonuclease 
activity (Wakasa et al. 2012). Today’s genome editing technologies will allow even 
more efficient targeted modifications, making it feasible to generate plant expres-
sion hosts lacking the RNase domain of IRE1 while maintaining its kinase activity 
(see also chapter “Plant Molecular Farming of Antimicrobial Peptides for Plant 
Protection and Stress Tolerance”).

3.3.3.4  Modulation of Chaperone Expression

Chaperones mediate the folding of proteins within the endoplasmic reticulum (ER). 
These chaperones provide stringent quality control and ensure that misfolded pro-
tein is targeted for endoplasmic reticulum-associated degradation (ERAD) (Strasser 
2018). Recombinant protein expression stresses the protein folding machinery and 
also induces UPR, as described above. The modulations of selected chaperones can 
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be used as a strategy to improve recombinant protein production. The subtle adjust-
ment of the ER-associated folding pathway was shown to increase recombinant 
protein yields. For example, in the presence of human CRT, several human viral 
glycoproteins accumulated to much higher levels in N. benthamiana compared to 
hosts with the plant chaperone machinery alone (Margolin et al. 2020).

3.3.3.5  Modulating Endogenous Protease Activity

One of the major problems of PMF is the relatively low yield of target recombinant 
protein compared to established production platforms, with presence of endogenous 
proteases. This enzyme is not only degrading the recombinant protein product in 
planta, in the supernatant of cell suspension cultures, or following the disruption of 
the plant tissue for product extraction, but also interfering with DSP and affecting 
product quality because the degradation products are difficult to remove (Puchol 
Tarazona et al. 2020).

The knockout of protease genes by genome editing is a more effective approach. 
Different proteases can contribute to the degradation of a target protein by attacking 
different regions, so multiplex editing would be required to remove all relevant 
proteases (Schiermeyer 2020).

Interestingly, due to the high throughput of the CRISPR/Cas9 system, it is now 
possible to conduct systematic screens of large numbers of genes, for example to 
identify protease inhibitors that enhance the accumulation of pharmaceutical pro-
teins in N. benthamiana (Grosse-Holz et al. 2018), thereby facilitating their knock-
out and the establishment of a general-purpose expression host plant line.

3.3.3.6  Modulation of Endogenous Oxidase Activity

The extraction of recombinant protein product in plants requires homogenization of 
green leaf material; this process also releases the phenolic compounds. Polyphenol 
oxidases (PPOs) catalyze the formation complexes between the recombinant pro-
tein and the phenol compounds. It can result in the aggregation and precipitation of 
recombinant protein (Twyman et al. 2003). The adoptions of CRISPR/Cas-mediated 
knockout can solve this problem. For example, the application of the CRISPR/Cas9 
system to induce mutations in the StPPO2 gene in potato showed a lower PPO 
activity in the tuber with the consequent reduction of the enzymatic browning. 
Mutations induced in the four alleles of StPPO2 gene led to lines with a reduction 
of up to 69% in tuber PPO activity and a reduction of 73% in enzymatic browning 
(González et al. 2020).
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3.3.3.7  Advanced Genome Editing of Plastid Genomes

Plastids have produced high yield of many proteins (from 5% to 70% of total solu-
ble protein) and hence are an attractive structure for metabolic engineering and 
synthesis of biopharmaceuticals, biofuels, and biomaterials. Moreover, they are 
maternally inherited in most plants, providing natural transgene to environment 
(Daniell et al. 2009). Thus, plastid genome editing represents an important opportu-
nity for plant molecular farming. Methods for editing these genes in organelles are 
in well demand for improving many traits. Regardless of this fact, there are no tar-
geting and PAM site approaches for plastome editing, and homologous 
recombination- based plastid transformation may introduce point mutations (Bock 
2015). Fortunately, Kang et al. (2021) developed a Golden Gate cloning system, 
namely DddA-derived cytosine base editor (DdCBE) plasmids, that is used to pro-
mote point mutagenesis in chloroplast DNA. This DdCBE triggers base editing at 
rates of up to 38% in lettuce or rapeseed chloroplasts (see also Chap. 9).

To improve consumer-specific traits like medicinal/industrial value in crops, 
editing of plastome harbors various biosynthetic pathways, including the shikimate, 
de novo fatty acid synthesis, and methylerythritol 4-phosphate pathways, which 
serves as a precursor for a wide range of commercially important secondary metab-
olites, including tocopherols, pigments, and many phytohormones (Li et al. 2021).

3.3.4  Modifying Posttranslational Modifications 
and Product Quality

3.3.4.1  Specific N-Linked and O-Linked Glycosylation Profiles

Glycosylation is one of the most important posttranslational modifications in the 
recombinant produces of PMF. The structure of sugar residues influences protein 
homogeneity, assembly, immunogenicity, and functionality, such as the ability of 
mAbs to trigger antibody-dependent cellular cytotoxicity (Chenoweth et al. 2020).

Animals and plants also have a glycosylation system but not the same profile; 
however, there are three main differences between the complex glycans of plants 
and humans: (1) plant glycans typically carry core α(1,3)fucose and β(1,2)xylose, 
which are not present in humans; (2) some recombinant proteins produced in plants, 
including human erythropoietin, are modified by adding β(1,3)galactose and α(1,4)
fucose to the terminal GlcNAc residues, forming a structure known as the Lewis a 
(Lea) trisaccharide (Castilho et al. 2013), which occurs only rarely on the glycopro-
teins of healthy adult humans (Parsons et al. 2013); and (3) paucimannosidic-type 
glycans lack the two terminal GlcNAc residues, which are trimmed off by specific 
β-N-acetylhexosaminidases (HEXO). These differences prevent the addition of 
homogeneous humanlike galactosylated N-linked and O-linked glycans on recom-
binant glycoproteins produced in plants (Kriechbaum et al. 2020).
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The modification of the plant metabolism to avoid glycan synthesis is an impor-
tant application of multiplex genome editing (MGE) in molecular farming (Ma 
et  al. 2003). Knocking out the targeted gene that encoded the enzymes, that is, 
β(1,2)-xylosyltransferase (XylT) and (1,3)-fucosyltransferase (FucT), may produce 
a desirable recombinant protein without synthesis of the plant glycan. It was dem-
onstrated that the mutant of N. benthamiana also manufactured a recombinant anti-
body without the synthesis of plant glycans by knockout of the two XylT and four 
FucT enzyme-encoding genes (Jansing et al. 2019). Similarly, CRISPR/Cas9-based 
knockouts of the XylT and FucT genes in tobacco L.cv Bright Yellow 2 (BY2) cell 
suspensions resulted in removal of plant glycans. It is irrefutable that the MGE 
technique offers a promising platform for manufacturing potent biopharmaceutical 
products (Hanania et al. 2017). This may offer an adequate chance to extend poten-
tial targets for genome editing.

Lea epitopes were eliminated by HR-mediated knockout of the β(1,3)galactosyl 
transferase gene achieved using SSNs in higher plants. This improved β(1,4)galac-
tosylation of proteins other than monoclonal antibodies (Strasser et al. 2009).

O-glycans are the second major type of glycosylation that is catalyzed within the 
secretory pathway (Gomord et al. 2010). O-glycans present on viral envelope gly-
coproteins, which are potential vaccine candidates (Wohlschlager et al. 2018). This 
modification is catalyzed by N-acetylgalactosaminyltransferases, which plants lack, 
along with the glycotransferases that are responsible for the elongation and branch-
ing of these O-glycans. The first step towards humanizing plant O-linked glycans is 
knockout of the P4H genes. This is achieved by HR, allowing the production of 
human erythropoietin devoid of nonhuman prolyl-hydroxylation and without obvi-
ous phenotypic modifications. The multiplexing capability of the CRISPR/Cas9 
system makes it the most suitable tool to inactivate multiple P4H paralogs (Schoberer 
and Strasser 2018).

3.3.4.2  Modifying to Avoid Toxic Metabolites or Other 
Disadvantageous Molecules

Nonfood or plants like tobacco may produce toxic compounds, such as the alkaloid 
nicotine in the case of tobacco. The purification steps required for biopharmaceuti-
cal products ensure that small molecules and protein-based impurities are removed 
below the limit of detection (Ma et al. 2015). Developing a chassis for PMF that is 
devoid of such potentially toxic compounds is therefore appealing. In tobacco, this 
goal has been achieved by knocking out both alleles of all six genes coding for ber-
berine bridge enzyme-like (BBL) proteins, which are responsible for the final oxi-
dation step in the synthesis of nicotine (Schachtsiek and Stehle 2019). CRISPR/
Cas9 was used for this approach, resulting in a >99.6% reduction of nicotine levels.

Accordingly, the modulation of secondary metabolism may cause unwanted side 
effects. For example, when a homospermidine synthase was overexpressed in 
tobacco to reduce spermidine levels, the transgenic plants showed a stunted pheno-
type (Kaiser et al. 2002). Instead of manipulating enzyme expression directly by 
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gene knockout or overexpression, corresponding transcription factors can be tar-
geted to control metabolite concentrations in a spatiotemporally regulated manner 
(Hayashi et al. 2020).

The unattractive odor of residual plant biomass can prevent subsequent building 
materials (Buyel et al. 2021). Thus far, many researchers have focused on the intro-
duction of enzymes that enhance the production of aromatics, for example by over-
expressing a monoterpene synthase in tobacco to increase limonene levels (Lucker 
et al. 2004) and thus alter the smell of the plants (El Tamer et al. 2003). PMF appli-
cations could be facilitated by introducing enzymes that degrade odorous volatile 
organic compounds (VOCs) (Hammerbacher et  al. 2019), for example terpenes 
released during harvest and biomass decomposition (Schiavon et al. 2017), elimi-
nating the odor of residual biomass and increasing consumer acceptance if the 
bagasse is used as a byproduct. Genome editing could also be used to terminate 
metabolic pathways at a point where interference with other relevant metabolites is 
limited (Buyel et al. 2015b).

3.3.5  Modification of Plant Habits to Increase Space–
Time Yield

The shape and stature of plants not only affect biomass accumulation but can also 
be adapted to facilitate bioprocessing. For example, stunted growth can increase the 
volumetric productivity of vertical farms, and a high leaf-to-stem mass ratio can 
limit the processing of biomass with low product content (Buyel and Fischer 2012). 
Genetic modifications can also be used to control plant shape and stature; for exam-
ple, the Rht1 and Rht2 genes controlled the wheat dwarfing phenotype responsible 
for ~60% of the increased grain yield during the Green Revolution in the 1960s 
(Khush 2001).

Genes controlling flowering and senescence can also improve the properties of 
PMF hosts by influencing stem elongation and biomass quality. CRISPR/Cas9 was 
used to inactivate the tobacco FT5 gene, which encodes a floral activator; the result-
ing plant would remain in the vegetative state and continue to accumulate biomass, 
providing twin advantages for PMF applications: high biomass production and an 
enhanced biosafety profile due to the absence of pollen and seed dispersal (Schmidt 
et al. 2020). Similar results were achieved when three other FT genes (FT1, FT2, 
and FT3) were overexpressed in tobacco because the corresponding proteins are 
floral repressors, causing the plants to remain in the vegetative growth phase (Harig 
et al. 2012).

3 Improving Plant Molecular Farming via Genome Editing



82

3.4  Conclusions

During the last 30 years, great progress has been made in demonstrating the utility 
of plant production systems for PMF. Genome editing has the potential to alleviate 
many of the shortcomings of earlier genetic manipulation methods because it poten-
tially facilitates the precise rather than random modification of genomes. 
Furthermore, targeted transgene integration at a safe-harbor locus in plants could 
also represent a groundbreaking advance from the regulatory perspective. Together, 
this chapter covers multiple aspects of the genome editing landscape, including sci-
entific and technical characteristics and applications in different PMF contexts that 
must be navigated to use genome editing technologies for research and/or commer-
cial purposes.
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Chapter 4
Recent Genome Editing Tool-Assisted 
Plant Molecular Farming

Kaya İşleyen, Deniz Uras, Beyza Kocaoğlu, and Bahar Soğutmaz Özdemir

Abstract Since ancient times, plant systems have been used to provide useful 
products. In recent years, with the development of modern biotechnological tools, 
plant systems have become factories for small molecules and recombinant protein 
production. For the production of these valuable products, plant systems have 
unique advantages in comparison with mammalian cell systems. Being not able to 
replicate human pathogens makes plants safer than mammalian systems. Large- 
scale production is another advantage as a result of the potential for open-field cul-
tivation by using transgenics, and besides, gram quantities of product might be 
obtained in less than 4 weeks by transient expression. With all these benefits, plant 
molecular farming uses engineered plants to produce large quantity of recombinant 
industrial and pharmaceutical proteins. Although traditional transgenic technolo-
gies have been used for molecular farming so far, a new biotechnological tool, 
genome editing, has been an alternative by providing the ability of targeted genome 
manipulation. Using site-specific nucleases like CRISPR/Cas (clustered regularly 
interspaced short palindromic repeat) systems, plants can be modified for safe pro-
duction of pharmaceutically and economically valuable molecules by overcoming 
the bottlenecks. In this review, this new aspect of science, genome editing applica-
tions, will be discussed in the view of plant molecular farming.
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Abbreviations

AGO2 Argonaute RISC catalytic component 2
AT Adenine-thymine
BR55-2 Anti-Lewis Y recombinant antibody
CHO Chinese hamster ovary
CMV Cucumber mosaic virus
CRISPR/Cas Clustered regularly interspaced short palindromic repeat/Cas
CRISPRa CRISPR activation
CRISPRi CRISPR interference
crRNA CRISPR RNA
CTB Cholera toxin B subunit
dCas9 Deactivated Cas9
DCL2 Dicer-like 2
DCL3 Dicer-like 3
DNA Deoxyribonucleic acid
DSB Double-strand break
dsDNA Double-stranded DNA
FT5 gene Folate transporter 5 gene
G2 Growth 2 phase
GBSS Granule-bound starch synthase
GM Genetically modified
GMO Genetically modified organism
gRNA Guide RNA
HDR Homology-directed repair
hG-CSF Human granulocyte-colony-stimulating factor
HIV Human immunodeficiency virus
IFN-α2b Interferon-alpha 2b
LIG4 DNA ligase 4
LTB Heat-labile enterotoxin
MMEJ Microhomology-mediated end joining
mRNA microRNA
NHEJ Nonhomologous end joining
NUC Nuclear
OsSWEET14 Oryza sativa SWEET14
PAM Protospacer adjacent motif region
PHA Polyhydroxyalkanoate
PHB Polyhydroxybutyrate
PMF Plant molecular farming
PPO Polyphenol oxidase
PVX Potato virus X
REC Recognition
RNA Ribonucleic acid
RNAi RNA interference
RNPs Ribonucleoproteins
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S Synthesis phase
SARS Severe acute respiratory syndrome
scFvT84.66 Single-chain FV antibody
sgRNA Single-guide RNA
siRNAs Small interfering RNAs
SSN Site-specific nucleases
TALENs Transcription activator-like effector nucleases
TALEs Transcription activator-like effectors
TMV Tobacco mosaic virus
tracrRNA Trans-activating crRNA
ZFNs Zinc finger nucleases

4.1  Plant Transgenic Technology: Milestones

A milestone study introduced the DNA recombination technology, which provides the 
transfer of DNA molecules among different species (Cohen et al. 1973). The recom-
binant DNA technology development accelerated genetic engineering studies in vari-
ous areas including agriculture. Modern plant biotechnology applications provided 
many solutions for the drawbacks encountered in conventional plant breeding. 
Adaptation of recombinant DNA technology to plants was followed by development 
of the first transgenic plants in the early 1980s that became a milestone for plant bio-
technology (Zerbini et al. 2014). In 1983, three independent research groups devel-
oped the first genetically modified plants, which were antibiotic- resistant tobacco and 
petunias (Bevan and Chilton 1982; Herrera-Estrella et al. 1983; Fraley 1983). Another 
important example of transgenic plant biotechnology is Golden Rice, which is a vari-
ety of rice (Oryza sativa) engineered to biosynthesize beta-carotene, a precursor of 
vitamin A in the edible part (Ye et al. 2000). Big populations of the underdeveloped 
countries who depend on rice as their main food supply suffer from life-threatening 
diseases related to nutritional obstacles such as vitamin A deficiency.

For plant transgenic technology, two transformation strategies became promi-
nent as Agrobacterium-mediated transformation and particle bombardment (biolis-
tics) (Barampuram and Zhang 2011; Klein et al. 1987). For both strategies, callus 
tissue is widely used in transformation since it can regenerate genetically identical 
plants from callus to the whole plant. As a result of this, optimization of plant tissue 
culture protocols for callus initiation, regeneration, micropropagation, rooting, and 
adaptation of plantlets to greenhouse and field conditions are extremely crucial to 
finalize an accomplished transgenic plant technology (Azegami et al. 2020).

In the last 25 years, the success of transgenic plant technology has been sup-
ported by over a 100-fold increase in production of GM crops with the aforemen-
tioned strategies (Mathur et al. 2017). Plant biotechnology enables increased yield, 
improved nutritional quality, as well as development of plants with abiotic or biotic 
stress-resistant plants. Additionally, transgenic plants can also be developed for the 
production of valuable compounds, which are commonly used in food supplements, 
vaccines, antibodies, industrial enzymes, and therapeutic proteins (Fischer et  al. 
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2013). With the expansion in the global biobased economy starting around 2010, 
this niche area is recognized as plant molecular farming (PMF) (Buyel 2019).

4.2  Genome Editing Technology

In classical transgenic technology, transferred genes are randomly integrated into 
the genome which can cause frameshifts in important genes. Also, the transgene 
copy number cannot be controlled which limits the expression. The main difference 
of genome editing applications is that the integration is targeted and controlled. A 
double-strand break (DSB) created at a targeted region of the genome by utilizing 
site-specific nucleases (SSNs) is one of the key elements of genome editing technol-
ogy. Figure 4.1 shows that upon the formation of a DSB, the cell’s repair mecha-
nisms step in, and either nonhomologous end joining (NHEJ) or homology-directed 
repair (HDR) is used to repair the break. NHEJ is the dominant repair  
mechanism in eukaryotes, which is error prone and often leads to insertions or dele-
tions (indels) of nucleotides. Indels result in frameshift mutations or knockout in the 
targeted gene (Sonoda et al. 2006).

Fig. 4.1 Genome editing process upon creation of a double-strand break (DSB) by utilization of 
site-specific nucleases shown as scissors
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The NHEJ consists of Ku-dependent or Ku-independent pathways. Among them, 
the dominant Ku-dependent pathway of the NHEJ repair mechanism is based on the 
DNA end protection factors known as Ku70/89 proteins, which often results in 
indels. The Ku-independent pathway, also known as the microhomology-mediated 
end joining (MMEJ), is used as the alternative and creates longer deletion regions at 
the DSB (Osakabe et al. 2014). On the contrary, HDR is known to be an error-free 
pathway that is used for the insertion or replacement of genes when there is a donor 
DNA template present. The reason for eukaryotic cells’ dominancy on the NHEJ 
pathway is correlated with the fact that the NHEJ pathway can be used in all of the 
phases of the cell cycle whereas HDR can only work during the late S/G2 phase, 
which limits the occurrence (Sonoda et al. 2006).

So far, there are a few known nucleases that can be engineered to create a tar-
geted DSB, which includes homing endonucleases, zinc finger nucleases (ZFNs), 
transcription activator-like effector nucleases (TALENs), and clustered regularly 
interspaced short palindromic repeat/Cas (CRISPR/Cas) systems. All the mentioned 
systems are currently used and have been demonstrated among various model plants 
as well as crops. However, the recent CRISPR system has been the game-changer 
by making genome editing more easy, feasible, and accessible. Also, one important 
factor that sets CRISPR apart from the other systems is that it utilizes an RNA guid-
ance system, whereas the other methods depend on protein engineering for target 
DNA recognition (Belhaj et al. 2013).

4.2.1  Zinc Finger Nucleases (ZFNs)

Zinc finger nucleases (ZFNs) are one of the first discovered genome engineering 
tools, which simply work by engineering a chimeric protein consisting of two dif-
ferent domains. One of them is DNA-binding domain composed of a zinc finger 
motif, while the other is the endonuclease FokI, a dimeric type IIS restriction 
enzyme, which cleaves the DNA (Urnov et al. 2010). Although ZFNs are recog-
nized as an effective genome editing tool due to its high specificity for the target 
sequence, the disadvantages such as difficulty of design, long process of engineer-
ing, high cost, and low efficiency have reduced its popularity (Ramirez et al. 2008).

Even though the modular construction of ZFNs is complicated, a lot of plant 
gene modification applications were performed in tobacco (Wright et  al. 2005), 
Arabidopsis (Petolino et al. 2010), and crops including canola (Gupta et al. 2012), 
soybean (Curtin et al. 2011), and maize (Ainley et al. 2013). ZFN applications were 
used to establish both abiotic and biotic stress resistance. In tobacco, herbicide 
resistance was performed by Townsend et al. in 2009, and bialaphos-resistant maize 
was achieved by Shukla et al. (2009). Osakabe et al. (2010) promoted a new pheno-
type of Arabidopsis with abscisic acid (ABA) insensitivity.
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4.2.2  Transcription Activator-Like Effector 
Nucleases (TALENs)

Transcription activator-like effectors (TALEs) are effector proteins that are origi-
nally found in a phytopathogen, Xanthomas genus, which transfers these TALEs 
into plant cells after infection. They take a role in regulating specific gene expres-
sions by binding to the promoter regions of the plant genome (Doyle et al. 2013). 
The center of DNA-binding region of TALEs has a modular architecture, and it is 
compromised of the tandem repeats. These TALE tandem repeats can be easily 
reprogrammable, and thus enable the use of TALEs as a genome editing tool (Mak 
et  al. 2012). Even though the TALEN system creates a big diversity for binding 
specificity, it must be engineered specifically for each target. In addition, the neces-
sity of simultaneous binding of two TAL monomers for a successful DSB creates a 
big challenge to this system (Nemudryi et al. 2014). Also, TALENs generally con-
sist of 959–1500 amino acids per pair, which makes it a very-large-sized protein to 
be delivered into the plant cells (Zaman et al. 2019).

The efficiency of TALENs in animals and human cell lines is higher compared 
with plants (Joung and Sander 2013). However, some successful TALEN studies 
can be seen in plants (Sun et  al. 2016). In TALEN studies, mutation induction 
through NHEJ was mostly used and loss of function was created at targeted sites 
(Joung and Sander 2013). Rice cultivars resistant to bacterial blight were produced 
by utilizing TALEN-mutagenized OsSWEET14 gene (Li et al. 2012). Later, a simi-
lar strategy to develop blight-resistant plants was done by using custom engineering 
of designer TALEs (Li et al. 2013a).

4.2.3  CRISPR/Cas Systems

(CRISPR)/Cas9 system is recognized as a milestone for the genome editing tech-
nology among different organisms since its discovery in 2012 (Jinek et al. 2012). 
The CRISPR system is originally found in bacterial cells as a part of their immune 
mechanism against phase and viruses. The firstly discovered and most commonly 
used CRISPR/Cas9 system is classified under class 2 as type II system, which was 
derived from Streptococcus pyogenes. CRISPR/Cas9 working mechanism requires 
two elements, the nuclease Cas9 and a guide RNA (gRNA). The nuclease protein 
Cas9 (CRISPR-associated protein 9) is composed of two lobes: the first being a 
large globular recognition (REC) lobe and the second a small nuclease lobe (NUC) 
(Belhaj et al. 2015; Gasiunas et al. 2012). The single guide RNA (sgRNA), also 
known as guide RNA (gRNA), is a chimeric molecule that consists of CRISPR 
RNA (crRNA) and trans-activating crRNA (tracrRNA). The gRNA contains a 
region to form a complex with Cas9 and a 20 bp homology region, which matches 
with the target DNA.  An important requirement of the CRISPR/Cas9 system is 
protospacer adjacent motif region (PAM), a DNA sequence composed of 2–6 bp 
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located on the upstream of the target DNA region (Jinek et  al. 2012). After the 
gRNA/Cas9 complex is matched with the target, Cas9 nuclease creates a blunt-end 
cleavage at 3–4 bp upstream of PAM, which is followed by the intervention of cell’s 
natural repair mechanisms resulting in a site-specific mutation, deletion, or integra-
tion (Sternberg et  al. 2014). S. pyogenes Cas9 (SpCas9) recognizes only PAM 
regions consisting of the “NGG” sequence, which is seen as one of the important 
limitations of this system. To overcome this problem, many Cas9 variants, as well 
as Cas orthologues, have been explored and utilized as good alternatives to expand 
the target selection with distinctive PAM specifications (Anzalone et  al. 2020; 
Kleinstiver et al. 2016; Zhang et al. 2018).

Off-target activity is one of the critical subjects in CRISPR/Cas systems (Zhang 
et al. 2015). In order to minimize possible off-targets, gRNA specificity must be 
carried out by selecting targets with minimal mismatches. Numerous bioinformatics 
tools have been created for optimizing the target selection process for plants (Kumar 
and Jain 2015). Alternatively, utilizing Cas9 variants or truncated gRNAs, as well as 
adjustment of CRISPR reagents’ exposure levels, has shown to reduce off-targets 
(Osakabe et al. 2016; Zhang et al. 2018).

After CRISPR/Cas9 system, the discovery of type V (class 2) system that utilizes 
Cas12a nuclease has been one of the promising alternatives for genome editing 
tools, especially among plants (Bandyopadhyay et  al. 2020; Zhang et  al. 2018). 
Cas12a, formerly known as Cpf1, requires PAM sequence specificity with “TTTN” 
sequence, which eases AT-rich target region selection. Besides its different PAM 
requirements, Cas12a lacks the HNH domain and thus cleavage occurs only by the 
RuvC-like domain, which creates staggered ends with 5′ overhangs at the DSBs 
approximately 23 nucleotides distal of the PAM region. Also, it requires guidance 
only from crRNA, which shortens the guide RNA sequence and makes it more 
advantageous for multiplexing (Safari et al. 2019).

CRISPR/dCas9 system is another alternative genome editing tool, which is also 
used for functional genomics and system biology studies. In this system, three 
major components are used for transcriptional regulation: a complementary single 
guide RNA to the promoter region of a gene, catalytically inactive dCas9 protein 
and a transcriptional activator for CRISPR activation, and CRISPRa or repressor for 
CRISPR interference, CRISPRi, studies. These three components are bound to each 
other and target the promoter region, thus regulating the transcription of the down-
stream target gene by blocking RNA polymerase for inhibition or triggering tran-
scription by activation. To silence or knock down gene expression, RNAi and 
CRISPRi function analogously with different principles and mechanisms (Boettcher 
and McManus 2015). RNAi method uses posttranscriptional mechanism by destroy-
ing transcribed mRNAs, while CRISPRi prevents DNA-level transcription. The 
field of functional genomics was revolutionized with the advancements of CRISPR/
dCas9 technology since it is an efficient, less expensive, and simple tool for targeted 
gene repression and activation (Xu and Qi 2019).

On the other hand, CRISPRa and CRISPRi application with dCas9 is an alterna-
tive solution to overcome the limitations of GMO regulations since it does not make 
any change in genomic DNA. In addition, the multiplex genome editing property 
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via application of multiple single guide RNAs highlights the CRISPR systems 
(Cong et al. 2013).

4.2.3.1  CRISPR/Cas Applications in Plants

CRISPR/Cas9 is a favored genome editing tool among plant studies as a result of its 
efficiency, simplicity, low cost, and allowing of faster genetic modification. In addi-
tion, the fact that CRISPR systems allow multiplex genome editing via the applica-
tion of multiple single guide RNAs creates a big advantage (Cong et al. 2013). The 
potential of CRISPR systems is incomparable for sustainable agricultural develop-
ment and crop breeding (Toda et al. 2019; Wurtzel et al. 2019).

Several impressive genetic modification achievements were provided by 
CRISPR/Cas9 including abiotic (drought, salt, cold) or biotic (bacterial, fungal, or 
viral pathogens) stress resistance, improved nutritional content, and herbicide resis-
tance. Some examples might be given as thermosensitive genic male sterility which 
was accomplished in wheat (Okada et al. 2019) and maize (Li et al. 2017), herbicide 
resistance (Sun et al. 2016), pathogen resistance (Pyott et al. 2016), and improved 
nutritional properties in sorghum and wheat (Li et al. 2018; Zhang et al. 2018).

In potato plant, granule-bound starch synthase (GBSS) gene was knocked down 
via CRISPR/Cas9 to increase the starch quality in potatoes, which is a highly 
demanded commercial product (Andersson et al. 2017). In cucumber, knockdown 
of elF4E gene with CRISPR/Cas9, a translation initiation factor in eukaryotes, led 
to non-transgenic homozygotic mutant plants, which are resistant to papaya ringspot 
mosaic virus and zucchini yellow mosaic virus and immune to cucumber vein yel-
lowing virus (Chandrasekaran et al. 2016). Genome editing with CRISPR/Cas9 has 
an everlasting potential to achieve disease management for plants with no detected 
resistance before, such as tomato brown rugose fruit virus and maize lethal necrosis 
(Garcia-Ruiz 2018; Luria et al. 2017; Wamaitha et al. 2018; see also chapter “Plant 
Molecular Farming of Antimicrobial Peptides for Plant Protection and Stress 
Tolerance”).

4.2.4  The Role of Functional Genomics Studies

Functional genomics is evaluated as a powerful technique in terms of identification 
of gene functions and assessing cellular phenotypes arising from genome-wide per-
turbations. By collaborating with system biology studies, functional genomics is the 
growing field of science with the growth of bioinformatics tools and omics-based 
technologies. Using these advanced technologies, the roles of specific genes were 
able to be investigated by using tools including RNA interference (RNAi), TALENs, 
and ZFNs. In RNAi, the aim is inhibition of targeted protein translation by using a 
conserved eukaryotic machine of microRNAs (miRNAs) and small interfering 
RNAs (siRNAs) (Lee et  al. 1993). Several crops were treated with RNAi, and 
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tolerance against abiotic stress (Hanly et al. 2020) and biotic stress (Singh et al. 
2020) was achieved. Although RNAi technology is quite popular, there are several 
limitations including difficulties in delivery, potential off-target effects or non- 
specificity, inconsistency, and incompleteness of knockdowns (Mamta and 
Rajam 2017).

Genome editing technologies have rapidly changed the face of biological 
research. With the rapid advancement of this technology, the use of genome editing 
applications has spread to many labs within several years of its initial development. 
As a result of this, genome editing has become more and more popular for func-
tional genomic studies with its opportunities such as being a better alternative to 
RNAi by reducing the off-target effects (Boettcher and McManus 2015).

4.3  Plant Molecular Farming

The rapid developments in biotechnology and the increased world population have 
led to a great demand for industrial enzymes, biopolymers, food supplements, and 
therapeutic proteins such as monoclonal antibodies, growth factors, and cytokines. 
Recombinant protein technology has become a standard method for the bulk pro-
duction of these compounds (Burnett and Burnett 2020; Thomas et al. 2002). The 
increase in the industrial demand for the low-cost and large-scale production of 
recombinant proteins has promoted the emergence of various host organisms such 
as bacteria, yeast, insects, mammalian cells, and plants (Gomes et al. 2016).

Plant molecular farming (PMF) is referred to as the utilization of genetically 
altered plants or plant cells/callus/tissues like biofactories for the large-scale pro-
duction of economically important products. Although PMF has several concerns 
and limitations, plant-based production offers remarkable solutions for bottlenecks 
in the existing production systems in terms of yield, quality, and cost. In 1987, the 
first pharmaceutical protein, human growth hormone, was produced in transgenic 
sunflower and tobacco callus (Barta et al. 1986). This was followed by the produc-
tion of immunoglobulin as the first recombinant antibody in tobacco (Hiatt et al. 
1989). After a decade, avidin (egg protein) became the first protein produced for 
industrial purposes (Hood et al. 1997). In 2012, Protalix Biopharmaceutics devel-
oped the first commercial product produced from plant “Elelyso” for Gaucher’s 
disease (Fox 2012). These developments have taken an initiative role in the usage of 
plants for valuable protein production.

The main steps in the production of compounds via molecular farming consist of 
(1) host plant selection, (2) plant tissue culture technique, (3) selection of the trans-
formation strategy (stable or transient expression of the recombinant protein), and 
(4) downstream processes such as extraction and purification. Over the past few 
decades, numerous plant species have been introduced as a production platform 
including Nicotiana tabacum (tobacco), Nicotiana benthamiana, Zea mays, Oryza 
sativa, Triticum aestivum, Solanum lycopersicum, Solanum tuberosum, and Daucus 
carota (see also chapter “Molecular Farming of Pharmaceutical Proteins in Different 
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Crop Systems: A Way Forward”). Among these, N. tabacum and N. benthamiana 
are considered as the most favorable plant species for PMF due to their optimized 
transformation techniques, high biomass, and inedible plant properties (Spiegel 
et  al. 2018). The production of the desired product can be performed in whole 
plants, organ cultures (i.e., hairy root cultures), callus cultures, or cell suspension 
cultures (Bourgaud et al. 2001; see also chapter “Tobacco Plants as a Versatile Host 
for the Expression of Glycoproteins”).

4.3.1  Plants as Production Systems: Pros and Cons

Industrial enzymes, biopolymers, vaccines, and therapeutic proteins were produced 
so far in both prokaryotic and eukaryotic expression systems. Among host organ-
isms, Escherichia coli was prominently used in recombinant protein production 
since it has a well-defined fermentation process and inexpensive culturing require-
ments (Schillberg et al. 2019). However, E. coli, along with other prokaryotic organ-
isms, is not capable to perform significant cellular functions such as posttranslational 
modifications. Therefore, researchers have focused on especially Chinese hamster 
ovary (CHO) mammalian cells for protein production (Rader 2008). However, these 
cells require a long production period and expensive medium formulations. In addi-
tion, the scale-up process of mammalian cells can be challenging due to their spe-
cific requirements in terms of operational conditions in bioreactors. Also, 
contamination by pathogens such as viruses, bacteria, and prions causes a signifi-
cant risk for the final product (Ma et al. 2003).

Plants have received a lot of interest in recent years as an alternative to expres-
sion systems including bacteria, yeast, and mammalian culture. The advantages of 
plant-based production systems have been summarized in Table 4.1. These advan-
tages can be pointed out as low cost (particularly in high production quantities 
through effective biomanufacturing) and rapid, safe, efficient, and high-quality 
products (Chen and Davis 2016). Plants also eliminate some of the fundamental 
drawbacks of other expression systems, such as contamination risk and lack of post-
translational modifications. Plants are free of human pathogens and do not accumu-
late endotoxins. Plant cells also produce glycoproteins with N-glycan structures that 
only have minor differences compared with mammalian cells (Chen 2016). This 
enables the final product to have the appropriate posttranslational modifications and 
protein folding for manufacturing (see also Chaps. 1 and 2).

4.3.2  Plant Transformation Strategies

Plant molecular farming can be operated by two general strategies: stable and tran-
sient transformation. The transformation strategy generally depends on the purpose 
of the study in terms of cost, time, toxicity, and stability of the product.
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Table 4.1 Comparison of commonly used host systems for recombinant protein production 
(adapted from Shanmugaraj et al. 2020)

Host system Advantages Disadvantages

Plant cell Production of complex proteins
Posttranslational modifications
Similar glycosylation
No contamination by human 
pathogens

Lower growth rate than prokaryotic cells

Bacteria Easy to manipulate
Rapid growth
Easy scale-up

Improper protein folding
Lack of posttranslational modifications
Endotoxin accumulation

Yeast Rapid growth
Easy scale-up
Proper posttranslational 
modifications

Hyperglycosylation

Mammalian 
cell

Proper protein folding
Posttranslational modifications

High cost due to the expensive media 
compositions
Limited scale-up capacity
High risk of contamination

In stable transformation, Agrobacterium-mediated transformation is commonly 
used for delivery of the gene of interest to the host organism. Particle bombardment 
method is another established method that is widely used. These methods integrate 
the transferred gene into the genome, in which the offsprings have the possibility to 
express the desired product. So, stable transformation techniques are predominantly 
used for the long-term commercial production of recombinant proteins. However, 
optimization of transformation, selection of the transformed plants, and regenera-
tion processes can take several months (approximately 6–18 months) depending on 
the species. Additionally, genetic instability and somaclonal variations can restrict 
the potential of stable transformation by creating variation in growth rates, unde-
sired epigenetic changes, and transgene loss, which reduces the protein yield (Bhatia 
and Sharma 2015; Offringa et al. 1990). In such cases, cryopreservation has been 
regarded as a powerful strategy for the maintenance of genetic resources (Cho 
et al. 2007).

Nuclear or plastid transformation also allows stable expression of different pro-
teins. The stable nuclear transformation has been considered as the most common 
transformation strategy in PMF. This method can also be used for the accumulation 
of proteins in the seeds of cereals for the durable storage without protein degrada-
tion (Horn et  al. 2004; see also Chaps. 5 and 6). However, recombinant protein 
production in whole plants has limitations since outcrossing is a major concern for 
biosafety.

Alternatively, stable plastid transformation offers a remarkable solution for bio-
safety issues since chloroplasts are absent in pollens, while they are inherited 
through maternal tissues (Meyers et al. 2010). Also, a single plant cell contains 100 
chloroplasts, each containing 100 copies of the chloroplast genome. Therefore, 
chloroplast transformation provides higher recombinant protein yield compared to 
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nuclear transformation (Daniell et  al. 2001). Until now, the highest recombinant 
protein concentration was observed in tobacco as 70% of total proteins via chloro-
plast transformation (Oey et al. 2009). Plastid transformation is frequently used in 
tobacco species, although there are studies conducted on several plants such as 
Solanum melongena and Solanum lycopersicum (Bock 2007; Singh et al. 2010; see 
also Chap. 9).

In recombinant protein production, transient expression is a valuable strategy in 
which the gene of interest does not integrate into the genome of the plant. This 
strategy can be performed via infiltration of Agrobacterium or viral vectors such as 
potato virus X (PVX), tobacco mosaic virus (TMV), and cucumber mosaic virus 
(CMV) (Lico et al. 2008). Transient expression systems are mostly preferable for 
pilot research since it provides a rapid expression (2–14 days depending on the host 
organism, product, and transformation method) of recombinant proteins. It can also 
be used for the production of toxic compounds in high concentrations such as alka-
loids and tannins (see also chapter “Bioengineering of Cannabis Plants from Lab to 
the Field: Challenges and Opportunities”). However, the time to extract the protein 
must be well determined to maintain the stability of recombinant proteins.

Alternatively, plant cell suspension cultures have emerged for molecular farm-
ing. This system offers the dispersion of single-cell callus grown in liquid. 
Homogeneous liquid cultures can be obtained between fifth and tenth subcultures, 
which is more rapid than callus culture (Mustafa et al. 2011). Moreover, plant cell 
suspension culture enables reproducibility and a high rate of cell growth when com-
pared with other plant tissue culture techniques (Muir and Hansch 1953). Since 
there is no need for the regeneration process, it accelerates protein production, 
which is a significant feature for PMF. The most remarkable feature of suspension 
culture for molecular farming is that it allows the large-scale production of valuable 
compounds, particularly in bioreactors. Plant cell suspension culture, which requires 
similar growth conditions to microbial cells, can be maintained in different types of 
bioreactors such as bubble column, membrane, wave, stirred-tank, and airlift biore-
actors (Su et al. 2019). Besides, extraction and purification processes are easier and 
cost effective in plant cell suspension culture. These downstream processes can 
typically account for 80% of the total production cost (Roque et al. 2004; Schillberg 
et al. 2013). Furthermore, the target protein can be engineered to be secreted extra-
cellularly into the culture medium, facilitating the workflow in downstream process 
(see also chapters “Production of Recombinant Proteins Using Plant Cell Suspension 
Cultures and Bioreactor Engineering: A Short Review” and “Scaling Up the Plant 
Molecular Farming via Bioprocessing of Plant Cell Suspension Culture”).

Some examples include human granulocyte-colony-stimulating factor (hG- 
CSF), interferon-alpha 2b (IFN-α2b), and lignin, which have been successfully pro-
duced in O. sativa, N. tabacum, and Forsythia koreana, respectively (Hong et al. 
2006; Kim et al. 2009; Tabar et al. 2012). Recombinant human glucocerebrosidase 
produced by Protalix from carrot cell suspension culture is one of the most well- 
known pharmaceuticals for the treatment of Gaucher’s disease (Fox 2012).
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4.3.3  Plant Molecular Farming Applications

Plant molecular farming applications provided plants as a platform to produce a lot 
of biological products such as vaccines, edible vaccines, therapeutic enzymes, ther-
apeutic proteins, research enzymes, industrial enzymes, research reagents, feed 
additives, biopolymers, and biofuels. With this wide spectrum of biological prod-
ucts and potential candidates, PMF applications have gained importance and 
become more popular.

4.3.3.1  Therapeutic and Pharmaceutical Molecules

Antibodies or immunoglobulins can recognize specific antigens found on cells of 
foreign organisms and thus provide a defense mechanism against them. Different 
types of antibodies can be used in the diagnosis, prevention, as well as treatment of 
diseases. Plants are capable to produce specific antibodies after the transformation 
of the target DNA sequences. One of the most known antibodies produced in plants, 
avicidin, is an immunoglobulin that is used in the treatment of cancer. It was pro-
duced in transgenic corn by Monsanto. However, it was withdrawn from the market 
due to the side effects of the drug, which was not related to being plant based 
(Fischer and Buyel 2020). CaroRX, developed by Planet Biotechnology, is approved 
for use in the health sector in Europe and is actively used against oral bacterial 
infections in dental treatments (Ma et al. 1998). The ZMapp, an experimental drug, 
has been recognized as a milestone for the utilization of plants in antibody produc-
tion. This drug has been developed for the Ebola virus by expressing three different 
chimeric monoclonal antibodies in tobacco. In the face of the Ebola crisis that 
exploded in Africa in 2014, the American Food and Drug Administration (FDA) 
allowed the emergency use of this drug for people with the disease, bypassing the 
clinical trial stages (Na et al. 2015; see also Chap. 7).

Tobacco is widely used in PMF applications; also, cereal crops are seen as good 
candidates for plant biofactories. 2F5 and 2F12 antibodies of human immunodefi-
ciency virus (HIV) have been produced in tobacco (Floss et al. 2008; Sainsbury and 
Lomonossoff 2008). Brodzik et  al. (2006) have produced BR55-2 antibody for 
human colorectal cancer in tobacco. In wheat and rice, the scFvT84.66 antibody 
was produced as a cancer tumor marker (Stöger et al. 2000). Likewise, 2G12 recom-
binant protein for HIV was produced in rice (Vamvaka et al. 2016).

4.3.3.2  Vaccines

Diseases such as HIV, hepatitis C, SARS, and influenza are still infecting many 
people at an increasing rate and threatening human health. Vaccines are used spe-
cifically to prevent the spread of such infectious diseases by protecting against a 
particular disease. The production of various pharmaceutical proteins used in the 
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treatment or prevention of these diseases via PMF technologies has recently come 
into prominence. N. tabacum and N. benthamiana have been frequently encoun-
tered as model plants in plant-derived vaccines since they offer a rapid and high- 
volume production by using transient expression methods.

A variety of antigens for Ebola, Zika, and influenza have been engineered to be 
expressed in the nucleus and chloroplast of tobacco. In addition, protocol optimiza-
tion was performed for recombinant protein production protocols for fruits and veg-
etables, including potatoes and tomatoes. Infectious bronchitis virus S1 glycoprotein 
was expressed in transgenic potatoes to confer protection against virus for chickens 
(Daniell et al. 2019). Leafy crops including clover, alfalfa, and lettuce were selected 
to succeed in the oral delivery of vaccine antigen. As a result of this, the elimination 
of purification and injection was targeted. Lettuce chloroplast was used to deliver a 
booster vaccine, which includes poliovirus capsid proteins expressed from lyophi-
lized plant cells, and this induced neutralization antibodies to confer protection 
against all polio serotypes (Zhou et  al. 2004; see also chapter “Plant Molecular 
Farming for Vaccine Development”).

Cholera toxin B subunit (CTB) which was used for cholera was successfully 
expressed in tomato, tobacco, and rice (Daniell et  al. 2001; Mishra et  al. 2006; 
Nochi et  al. 2007). For veterinary purposes, vaccines against Newcastle disease, 
avian influenza, enterotoxigenic E. coli, and foot-and-mouth disease were also pro-
duced in plants (Ling et  al. 2010; see also chapter “Plant-Based Veterinary 
Vaccines”). In the transgenic pigeon pea (Cajanus cajan) plant, the hemagglutinin 
protein of rinderpest was produced (Satyavathi et al. 2003). Among carrots, potato, 
and tobacco, one or two of them were candidates for the production of the Norwalk 
virus capsid protein (Mason et al. 1996), L1 protein of human papillomavirus types 
11 and 16 (Giorgi et al. 2010), and H5N1 pandemic vaccine candidate (D’Aoust 
et al. 2010).

The production of edible vaccines that activate the immune system has emerged 
as a valuable alternative to traditional vaccines. Edible plant tissues such as cereals, 
potato, lettuce, and various fruits are preferred in the development of edible vac-
cines. Since edible vaccines can be easily transported to different areas of the world 
without the need for a cold chain, it is considered a great advantage to overcome the 
transportation problem. On the other hand, some doubts arise due to the incomplete 
adjustment of the dose and the possibility of containing different amounts of pro-
teins in the edible vaccines. The first example of plant-derived edible vaccines was 
produced via the transgenic potato producing an antigen against the hepatitis B in 
2000 (Richter et al. 2000). Besides, studies were conducted against diseases such as 
E. coli heat-labile enterotoxin (LTB) and Vibrio cholerae toxin B subunit (CTB) in 
potato, corn, and tobacco (Nochi et al. 2007). To date, vaccines have been developed 
in plants against various diseases such as cholera, influenza, and SARS, but human 
clinical trials have not yet been completed. Plant-based vaccines have also been 
considered for the development of vaccines against the Covid-19 virus, which 
affected the world in 2020 and still persists (Lico et al. 2020; see also Chap. 12).
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4.3.3.3  Biopolymers and Industrial Enzymes

Non-pharmaceutical plant-derived proteins have been on the market for a long time 
and generally consist of industrial enzymes such as trypsin, cellulase, laccase, and 
peroxidase (Basaran and Rodríguez-Cerezo 2008). For the production of this type 
of protein, whole plant, leaf, root, seed, or plant cell suspension culture techniques 
can be preferred according to the production strategy. It has been observed that 
long-term storage and higher yields are obtained when seeds are preferred for the 
industrial enzyme production (see also chapters “Molecular Farming of Industrial 
Enzymes: Products and Applications” and “Plant Molecular Farming for the Bulk 
Production of Industrial Enzymes”).

In addition, plants are considered as a possible platform for biodegradable 
plastic- like substance production to be used in the biofuel industry. Biofuels are 
fuels derived from biomass, and it is highly demanded as an alternative to fossil 
fuels. To date, copolymer production of polyhydroxybutyrate (PHB), cyanophycin, 
and polyhydroxyalkanoate (PHA) was expressed in transgenic plants (Conrad 2005; 
Matsumoto et  al. 2009). In corn, polymer-degrading enzymes, exo-1,4 beta- 
glucanase, ligninase, cellulose, and hemicellulose are products derived from PMF 
to contribute to biofuel production (Park and Wi 2016).

4.4  Utilization of Genome Editing Tools for Plant 
Molecular Farming

The recombinant protein yield might be reduced due to RNA degradation or silenc-
ing (Brodersen and Voinnet 2006). Repression of genes involving small RNA pro-
cessing is considered as a solution for higher recombinant protein production. 
Genome editing is an alternative tool for gene knockouts. Using CRISPR/Cas9 and 
TALENs, DCL2 and DCL3 genes that are used for small RNA processing have been 
repressed in Glycine max and Medicago truncatula (Curtin et al. 2018). Ludman 
et al. (2017) inactivated AGO2 using CRISPR/Cas9 in N. benthamiana, and higher 
expression levels were observed for green fluorescent protein, which suggested that 
CRISPR/Cas9 might be a convenient tool with its gene knockout application to 
increase recombinant protein production.

Phenolic compounds are required in the extraction of PMF products. Polyphenol 
oxidase (PPO) forms covalent complexes between proteins and phenols, which 
leads to protein precipitation, which is harmful to the output (Twyman et al. 2003). 
Using CRISPR/Cas9, the PPO gene was knocked out in potato tubers by 69% 
decrease in expression levels without other phenotypic effects (González et  al. 
2020). This makes CRISPR/Cas9 an alternative strategy in PMF applications to 
overcome the negative impacts of phenolic oxidation.

PMF products might also be impacted by flowering and senescence by influenc-
ing biomass quality and stem elongation. In tobacco, the FT5 gene was inactivated 
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using CRISPR/Cas9, which leads to continuous accumulation of biomass under 
long-day conditions. In addition, since FT5 suppresses pollen and seed dispersal, it 
provides an advantage in biosafety issues (Schmidt et al. 2020). This revealed that 
CRISPR/Cas9 might be applied in tobacco for PMF applications to increase yield.

For manufacturing by-products such as building materials, whole-plant fiber pro-
cessing is considered as a sustainable alternative (Revuelta-Aramburu et al. 2020). 
However, damaging metabolites should be removed from the plant waste to increase 
the acceptability of these materials. In previous studies, alkaloids and odorous com-
pounds were removed from tobacco (Lin et  al. 2016) and garlic, respectively 
(Mirondo and Barringer 2016). Genome editing applications of removing or inacti-
vating the corresponding enzymes might be a good alternative for PMF studies of 
manufactured by-products.

Another strategy suggests that by reducing the endogenous storage protein accu-
mulation, two- to tenfold increase in production of recombinant protein can be 
achieved (Takaiwa et al. 2017). In rice endosperm, an increase in the yield of recom-
binant cedar pollen allergen was achieved by the reduction of 13 kDa prolamins 
(Kawakatsu and Takaiwa 2012). Up to the present, RNAi was used in PMF applica-
tions for the suppression of endogenous seed storage proteins (Yuki et al. 2012). 
Recently, CRISPR system provided an alternative for targeting these genes in wheat 
(Sánchez-León et al. 2018), sorghum (Li et al. 2018), and Camelina (Lyzenga et al. 
2019). For further PMF applications, endogenous storage protein depletion of seed 
crops might be developed via genome editing due to their stable phenotype (see also 
Chap. 3).

4.5  Conclusions

The usage of plants as a platform for valuable molecule production has always been 
evaluated as a system with high potential. However, producing target protein in a 
plant system was restricted because of the limitations of conventional transforma-
tion techniques, which results in random integration of transgene and copy number. 
This situation can cause undesirable knockdown of essential genes or random 
expression levels according to the position of integration. Moreover, a large class of 
mutant lines must be screened to find the most effective transgene integration, which 
is a time-consuming process. At this point, the plant production systems need an 
effective and more manageable way to integrate the transgene. Tools of targeted 
genome editing can be considered as a platform to compete with other systems. The 
fact that the studies of plant targeted genome editing are developing relatively 
slowly compared with other production systems like bacteria and yeast has created 
a big gap for plant production systems. Although different site-specific nucleases 
have been used in plants, the discovery of CRISPR-based systems has been a big 
milestone for plants, with much progress to be made.

As mentioned in the previous sections of this chapter, targeted genome editing of 
plants via CRISPR/Cas systems is a rapidly expanding area, including other wide 
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range of applications via CRISPR tools such as base editing, activation, and repres-
sor. However, in PMF, genome editing has not been a well-established method yet. 
The lack of development of genome editing applications for PMF has many aspects 
that need to be accomplished.

A considerable obstacle in the process of genome editing is the difficulties of 
plant transformation methods. The cell wall that is present in plants complicates the 
passage of genome editing reagents such as dsDNA, plasmids, RNPs, or RNA mol-
ecules by acting like a barrier (Zhang et al. 2018). The commonly used and well- 
established transformation methods like Agrobacterium-mediated transformation or 
biolistics should be optimized for each plant species to obtain higher transformation 
efficiencies. The development of new methods to overcome these limitations will 
surely accelerate the development of genome editing applications in the future, 
especially in the area of PMF (Keshavareddy et al. 2018; Nadakuduti and Enciso- 
Rodríguez 2021).

Another big obstacle is that the transgene insertion into the plant’s genome via 
genome editing is not a well-established area. The knock-in studies utilizing HDR 
pathway have been demonstrated in model plants as well as crop plants like N. ben-
thamiana, O. sativa, and maize; however, the frequency of integration was low 
(Begemann et al. 2017; Li et al. 2013b; Svitashev et al. 2016; Xu et al. 2017). The 
lack of development and low efficiency of knock-in studies are associated with the 
fact that plants generally utilize NHEJ mechanism over HDR for the repair of a 
DSB (Osakabe et al. 2010). Targeted knock-in via HDR pathway shows a low fre-
quency of 0.01–0.1% compared with random integration events (Terada et al. 2007). 
In general, the studies indicate that to increase HDR repair frequency, factors such 
as the donor type and length can be optimized as well as the position of homology 
arms (Davis and Maizels 2014; Zhang et al. 2017). It is known that the donor tem-
plate must be present at the time of the DSB; thus, the synchronization of delivery 
must be adjusted accordingly. The application of dual gRNA has been shown to 
increase HDR frequency (Zhao et  al. 2016). One CRISPR/Cas9 study increased 
knock-in efficiency by creating direct recruitment of donor DNA to the target site by 
placing the target sequence both at the upstream and downstream of the donor DNA 
fragment, which was liberated by Cas9 nucleases (Zhang et al. 2017). Another study 
developed transgenic lines of A. thaliana plants expressing Cas9 under germ line- 
specific promoters, which showed an increase in heritable gene targeting frequency 
(Miki et al. 2018). Schiermeyer et al. (2019) have demonstrated a study with tobacco 
BY-2 cells by using the HDR repair mechanism to insert up to 20 kb DNA sequences. 
In another approach, inhibition of NHEJ repair mechanism either genetically or 
chemically has been suggested to improve HDR frequency. For this strategy, LIG4 
(DNA ligase 4) and Ku70 mutant plants were developed in which the outcome was 
plants with suppressed NHEJ repair pathways (Endo et al. 2016; Qi et al. 2013). In 
some situations, PMF requires multigene constructs for the biosynthesis of proteins. 
Since the insertion of a large construct is difficult via targeted genome editing, it 
may not be the best approach to produce valuable products. However, using genome 
editing tools for transgene stacking has been suggested as an alternative approach 
(Buyel et  al. 2021). Overall, it is suggested that the development of efficient 
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knock-in strategies, especially via CRISPR, is crucial for both plant-based research 
including PMF.
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Chapter 5
Seed-Based Production System 
for Molecular Farming

Fumio Takaiwa

Abstract Seed is an ideal bioreactor for the expression of high-value recombinant 
proteins. High production can be achieved by taking advantage of established seed- 
specific promoters and targeting signal. When they are produced in seeds and are 
deposited in the seed-specific subcellular compartments, large amounts (quantities) 
of expressed recombinant proteins are stably accumulated without degradation even 
if stocked at ambient temperature for several years. Furthermore, when non-purified 
seed-made pharmaceuticals such as vaccines or antibodies are orally administered, 
immune reaction can be more efficiently induced in mucosal and systemic manners 
without expensive downstream processing as compared to the purified naked ones. 
This is mainly attributed to the fact that they can be protected from harsh conditions 
in gastrointestinal tract by bioencapsulation of two barriers of cell wall and protein 
body. Taken together, seed-based manufacturing system provides not only scalable, 
robust, and cost-effective production of various recombinant proteins, but also safe, 
convenient, and effective delivery of biopharmaceuticals and nutraceuticals to gas-
trointestinal tract.

Keywords Seed-specific promoter · Subcellular localization · ER stress · Plant- 
made pharmaceuticals · Protein body · Seed storage proteins

5.1  Introduction

Seeds are inherently natural reservoir of nutrients (proteins, carbohydrates, and lip-
ids) for germinating seedling as well as human and livestock. High amounts of seed 
proteins are synthesized and accumulated during seed maturation. Leguminous 
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seeds accumulate proteins at a level of 20–40% of seed weight, whereas the protein 
content of cereal grains is 7–15%. Majority of these seed proteins are stably depos-
ited as seed storage proteins (SSPs) in the specialized intracellular compartments 
referred to as protein bodies (PBs). Such high protein contents in various seeds are 
in remarkable contrast with 2% or less of green tissues and tubers. Therefore, in 
view of such high protein contents and their stability, seeds have got a lot of atten-
tion as one of the ideal bioreactors for production of recombinant proteins to 
advance molecular farming. Seed production platform has several advantages over 
the conventional mammalian and bacterial production platforms in terms of low-
cost production, high scalability (easy control of production scale), high productiv-
ity, high safety (non-contamination of human pathogens), high stability for several 
years at ambient temperature, and easy administration through oral rout without 
purification (Stöger et al. 2005; Lau and Sun 2009; Boothe et al. 2010; Sabalza et al. 
2013; Wakasa and Takaiwa 2013; Takaiwa et  al. 2017). Numerous industrial 
enzymes, pharmaceutical proteins (vaccines, antibodies, and cytokines), and nutra-
ceuticals (bioactive peptides) have been mainly produced in cereal and leguminous 
seeds. The first commercialized plant-made recombinant proteins were avidin and 
trypsin, which were produced in transgenic maize grains by ProdiGene (Hood et al. 
1997). Aprotinin, β-glucosidase, and several industrial proteins/enzymes (β-1,4-
endoglucanase, cellobiohydrolase, manganese peroxidase, and amylopullulanase) 
have also been marketed. Other cereal grains are also utilized as production hosts. 
Human lactoferrin and human lysozyme are produced for the treatment of acute 
diarrhea and dehydration in transgenic rice cultivated in fields by Ventria Bioscience 
(Huang et al. 2002; Nandi et al. 2005). Human serum albumin (HAS) produced in 
transgenic rice seeds is widely used as a pathogen-free mammalian cell culture 
supplement (He et al. 2011). Over 30 types of human growth hormone and cyto-
kines are produced in transgenic barley grains by ORF Genetics in Iceland, and their 
purified ones are commercialized for diagnostic, research, and cosmetic applica-
tions (Magnusdottir et al. 2013).

As shown in Table 5.1, plant-based production platform is categorized into at 
least five groups based on expression styles (stable expression in nuclear or plastid 
genomes vs. transient expression based on agroinfiltration or plant virus infection), 
production sites of recombinant proteins in plant (seeds, vegetative tissues, chloro-
plasts), and propagation style (plant tissues vs. in vitro culture cells such as cell 
suspension cultures and hairy root cultures). Individual production platform has 
advantages and disadvantages regarding operation cost, production yields, and pro-
duction timescale (see also Chaps. 1 and 2).
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5.2  Seed-Based Production System

5.2.1  Selection of Production Hosts for Seed-Based Platform

The choice of host plant is a critical factor for the success of the plant molecular 
pharming approach. Host plant suitable for seed-based production platform has to 
be determined in view of a broad range of criteria including the nature of the target 
recombinant protein, biomass yield, ease of transformation, posttranslational modi-
fications, scale-up of production, maintenance costs, span of production cycles, and 
downstream processing requirements (Twyman et al. 2003; Sabalza et al. 2013).

It is important to note that recombinant proteins expressed in seeds are remark-
ably stable at ambient temperature. This is associated with the physiological condi-
tions of mature seed such as dormancy, low water content, and relatively high 
content of protease inhibitors. Actually, desiccation after maturation decreases 
activities of proteases in seed cells, resulting in protection of synthesized recombi-
nant proteins from degradation. Therefore, the proteins produced in seeds allow 
long-term storage for at least 3 years at room temperature without detectable loss of 
protein activity or degradation (proteolytic cleavage). Moreover, unlike soybean, 
wheat, tobacco, and peanut containing food allergens or toxic compounds, many 
cereal seeds including rice and maize are generally regarded as safe (GRAS), lead-
ing to reduction of cost required for downstream processing and allowance of oral 
intake (see also Chap. 6).

Maize, rice, barley, and wheat seeds offer good production platforms for high- 
value recombinant proteins such as pharmaceutical proteins (see also chapter 
“Molecular Farming of Pharmaceutical Proteins in Different Crop Systems: A Way 
Forward”). Especially, maize seed is an excellent bioreactor because its grain size is 
larger than other cereal grins. Furthermore, maize not only has the highest biomass 
yield in hectare at the lowest production costs among food crops, but also its trans-
formation is relatively easy. One major drawback is that it is a cross-pollinating 
species, which leads to substantial risk of gene flow. Similarly, rice has several 
advantages in terms of high production yield, ease of transformation, capacity of 
rapid scale-up, and self-pollinating trait, reducing the probability of horizontal gene 
flow. Drawback of rice is that seed protein content (7%) is lower than other cereal 
crops, and its production cost is expensive (see also chapter “The Use of Rice Seed 
as Bioreactor”). Barley is also a self-pollinating crop. Its seed protein content (15%) 
is the highest of cereal crops, but its grain yield is lower than maize or rice. Barley 
is less widely cultivated and is more difficult to transform than them. Biomass yield 
of wheat grain is the lowest of many cereals, and transformation is also difficult and 
protein expression level is relatively low. This is related to the fact that wheat 
genome size (about 17 Gb) is about 7–40-fold larger than that of rice (about 390 Mb) 
or maize (about 2.4 Mb) and its genome structure is complex due to polyploidy 
(allohexaploid). Therefore, wheat may not be suitable for production of recombi-
nant proteins, although it is a self-pollinating crop like barley or rice (Table 5.2).

F. Takaiwa



117

Ta
bl

e 
5.

2 
Pr

op
er

tie
s 

of
 c

ro
p 

se
ed

s 
us

ed
 a

s 
pr

od
uc

tio
n 

pl
at

fo
rm

 o
f 

ph
ar

m
ac

eu
tic

al
 p

ro
te

in
s

Sp
ec

ie
s

2S
 a

lb
um

in
7S

 g
lo

bu
lin

11
–1

2S
 g

lo
bu

lin
Pr

ol
am

in
St

or
ag

e 
tis

su
e

Pr
ot

ei
n/

gr
ai

n 
W

T
B

io
m

as
s 

(k
g/

ha
)

Po
lli

na
tio

n

M
ai

ze
G

lo
bu

lin
-1

 a
nd

 -
2 

(e
m

br
yo

)
Z

ei
n 

(7
0%

):
 α

*,
 β

+
, γ

+
, δ

*
E

nd
os

pe
rm

10
87

0
C

ro
ss

- 
po

lli
na

tin
g

R
ic

e
α-

A
m

yl
as

e 
in

hi
bi

to
r

R
eg

 1
, R

eg
 2

 
(e

m
br

yo
)

G
lu

te
lin

 (
60

–8
0%

);
 

G
lu

A
, G

lu
B

, G
lu

C
, 

G
lu

D

Pr
ol

am
in

 (
10

–2
0%

):
 

16
K

+
, 1

4K
+
,1

3K
*,

 1
0K

+
, 

26
 k

D
a 
α-

gl
ob

ul
in

 (
5%

)

E
nd

os
pe

rm
8

73
0

Se
lf

- 
po

lli
na

tin
g

W
he

at
T

ri
tic

in
 (

5%
)

G
lu

te
lin

: H
M

W
 (

13
%

),
 

L
M

W
 (

37
%

):
 B

+
, C

+
, D

*/
gl

ia
di

n 
(5

0%
):

 α
/β

+
, γ

+
, 

ω* +
 S

 r
ic

h 
70

–8
0%

, *
 S

 p
oo

r 
10

–1
5%

E
nd

os
pe

rm
12

27
0

Se
lf

- 
po

lli
na

tin
g

B
ar

le
y

H
or

de
in

: B
+
, C

*,
 D

, γ
+

+
S 

ri
ch

 8
0%

 (
B

; 7
0%

),
 *

S 
po

or
 1

0–
20

%

E
nd

os
pe

rm
13

31
0

Se
lf

- 
po

lli
na

tin
g

O
at

12
S 

gl
ob

ul
in

 
(7

0–
85

%
)

A
ve

ni
n 

(1
5–

20
%

)
E

nd
os

pe
rm

15
34

0
Se

lf
- 

po
lli

na
tin

g
So

yb
ea

n
β-

C
on

gl
yc

in
in

 
(2

0–
30

%
):

 α
, α

′, 
β 

(C
ys

 le
ss

)

G
ly

ci
ni

n 
(4

0%
):

 G
y1

+
, 

2+
, 3

+
 (

C
ys

 r
ic

h)
 

G
ly

4*
, 5

* 
(C

ys
 p

oo
r)

C
ot

yl
ed

on
40

26
0

Se
lf

- 
po

lli
na

tin
g

Pe
a

V
ic

ili
n,

 c
on

vi
ci

lin
 

(4
0%

)
L

eg
um

in
 (

60
%

):
 

L
eg

A
, E

, J
, S

C
ot

yl
ed

on
25

25
0

Se
lf

- 
po

lli
na

tin
g

C
om

m
on

 
be

an
A

rc
el

in
-5

 
(4

0%
)

Ph
as

eo
lin

 (
50

%
)

C
ot

yl
ed

on
25

24
0

Se
lf

- 
po

lli
na

tin
g

B
ro

ad
 b

ea
n

V
ic

ili
n 

(1
0%

)
L

eg
um

in
 (

80
%

) 
ty

pe
 A

, t
yp

e 
B

 L
eg

4
C

ot
yl

ed
on

29
11

0
Se

lf
- 

po
lli

na
tin

g

(c
on

tin
ue

d)

5 Seed-Based Production System for Molecular Farming



118

Ta
bl

e 
5.

2 
(c

on
tin

ue
d)

Sp
ec

ie
s

2S
 a

lb
um

in
7S

 g
lo

bu
lin

11
–1

2S
 g

lo
bu

lin
Pr

ol
am

in
St

or
ag

e 
tis

su
e

Pr
ot

ei
n/

gr
ai

n 
W

T
B

io
m

as
s 

(k
g/

ha
)

Po
lli

na
tio

n

R
ap

es
ee

d
N

ap
in

 (
20

%
)

C
ru

ci
fe

ri
n 

(6
0%

)
C

ot
yl

ed
on

22
15

0
C

ro
ss

- 
po

lli
na

tin
g

A
ra

bi
do

ps
is

A
lb

um
in

 
(1

0%
)

C
ru

ci
fe

ri
n 

(9
0%

) A
, B

, 
C

C
ot

yl
ed

on
20

N
o 

da
ta

Se
lf

- 
po

lli
na

tin
g

To
ba

cc
o

12
S 

gl
ob

ul
in

E
nd

os
pe

rm
N

o 
da

ta
N

o 
da

ta
Se

lf
- 

po
lli

na
tin

g

* 
S 

po
or

, +
 S

 r
ic

h

F. Takaiwa



119

Legume seeds have high production system for endogenous seed proteins 
because they are rich in proteins ranging from 20% to 40% of total seed weight (see 
also chapter “Legume Seed: A Useful Platform for the Production of Medical 
Proteins/Peptide”). Soybean and pea are self-pollinating crops and thus a low risk 
of contamination of pollens. However, annual grain yields (biomass of seed) are 
lower than maize or rice. Transformation of these leguminous crops is more difficult 
than Arabidopsis or tobacco. Expression levels of recombinant proteins are also 
lower than rice. On the other hand, Arabidopsis or tobacco has been exploited as 
model plants for production of recombinant proteins in dicot seeds (see also chapter 
“Tobacco Plants as a Versatile Host for the Expression of Glycoproteins”). This is 
due to merits of high transformation efficiency, high expression level, and short 
regeneration time (life cycle).

Oil crops (rapeseed, sunflower, safflower) offer another inexpensive platform for 
the expression of recombinant proteins. They have been produced as fusion proteins 
with the oleosin protein localized in surfaces of oil bodies observed in oil crop seeds.

5.2.2  Properties of Seed Proteins Accumulated in Seeds Used 
for Production Hosts

Plant seeds are divided into monocotyledonous seed (cereal seed), endospermic 
dicotyledonous seed (tobacco, castor bean), and non-endospermic dicotyledonous 
seed (legumes, cruciferous). Monocot seeds predominantly accumulate seed pro-
teins in endosperm at levels of 7–15% of seed weight, whereas dicot seed proteins 
are stored in cotyledon and embryo at levels of 20–40%. Seed proteins are divided 
into water-soluble 2S albumin, salt-soluble globulin, alcohol-soluble prolamin, and 
dilute acidic/alkaline-soluble glutelin based on the property of their solubility 
according to the Osborne’s classification. Globulin is the major seed storage protein 
(SSPs) of dicots, while prolamins are predominant in many cereal grains except for 
rice (glutelins) or oat (globulin) (Shewry et al. 1995; Kawakatsu and Takaiwa 2017). 
They are deposited in two types of PBs different in origin. One is ER-derived PB, 
and the other is protein storage vacuole (PSV).

Globulins and 2S albumins in non-endospermic dicotyledonous seeds are depos-
ited in PSVs of cotyledon and embryo, whereas their endosperm tissue is absorbed 
by the cotyledon during the seed development. Globulin SSPs are categorized into 
two groups based on their sedimentation coefficients: 11–12S globulins (soybean 
glycinin, pea legumin, cruciferin of rapeseed, and Arabidopsis) consisting of hexa-
metric subunits with molecular weights (MW) of about 300–450 kDa and 7S globu-
lins (soybean β-conglycinin, pea vicilin, common bean phaseolin) composed of 
trimeric subunits with MW of about 150–200  kDa that lack cysteine residues 
(Table 5.2). Tobacco seed of endospermic dicot mainly accumulates 12S globulin in 
endosperm tissue. 2S albumins have MW of 10–15 kDa. They are synthesized as 
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preproteins, which are posttranslationally processed to give rise to large (8 kDa) and 
small (4 kDa) subunits linked by two interchain disulfide bonds.

Trafficking and deposition of these dicotyledonous SSPs start with the transloca-
tion via N-terminal signal peptide and subsequent assembly in ER lumen. Upon 
trafficking to the Golgi apparatus, the SSPs aggregate in the cisternae and ultimately 
bud off from a trans-Golgi as dense vesicles (DVs). These DVs fuse with other dif-
ferent DVs to become prevacuolar compartments (PVCs)/multivesicular bodies 
(MVBs), from which SSPs are delivered to PSVs. Some SSPs are packaged in 
precursor- accumulating (PAC) vesicles and directly delivered from ER to PSVs in a 
Golgi-independent manner (Zheng et al. 2022). 11–12S globulins are posttransla-
tionally cleaved with Asn-specific vacuolar processing enzyme (cysteine protease) 
into mature acidic (35–40 kDa) and basic (20 kDa) subunits linked by a disulfide 
bond and then assembled to hexametric molecules in PSVs. On the other hand, 
subunit compositions of 7S globulins vary considerably, mainly because of differ-
ences in the heterogeneity in the size of the subunits that comprise the trimeric 
molecules and extent of posttranslational processing (proteolysis and glycosyl-
ation). Vicilin subunits of pea are initially synthesized as precursor with MW of 47 
and 50 kDa, and then posttranslationally proteolyzed and glycosylated, giving rise 
to mature subunits with MW between 12,500 and 33,000. By contrast, common 
bean phaseolin and soybean β-conglycinin (α, α′, and β) differ from pea vicilin, in 
which glycosylation is more extensive but proteolysis does not occur. Trimeric sub-
units with different MW are assembled as 7S globulin in PSVs (Shewry et al. 1995).

On the other hand, prolamins are the major seed protein components of most 
cereal grains (Shewry and Halford 2002). Prolamins of the Triticeae species (wheat, 
barley, and rye) are divided into sulfur-rich, sulfur-poor, and high-molecular-weight 
groups, whereas those of the panicoid cereals (maize, sorghum, and millet) are com-
posed of four groups (α, β, γ, and δ). Rice prolamins are also classified into 16 kDa, 
14 kDa, 13 kDa, and 10 kDa groups. In the panicoid cereals and rice, these prola-
mins are synthesized on the rough ER and form an insoluble matrix (high aggre-
gates) by disulfide bonds and hydrophobic interactions after translocation into ER 
lumen, which are then budded from the ER as discrete round-shaped organelle 
referred to as ER-derived PBs in the cytoplasm. Rice ER-derived PB called PB-I 
consists of 10 kDa prolamin core, 13 kDa prolamin inner layer, 14 kDa and 16 kDa 
prolamin middle layer, and 13 kDa prolamin outer layer (Saito et al. 2012). In the 
maize PB, major Cys-poor α-zein (19 kDa and 22 kDa) comprises most of the core 
with δ-zein (18 kDa and 10 kDa), which is surrounded by a thin layer of β-zein 
(15 kDa) and γ-zein (50 kDa, 27 kDa, and 16 kDa) (Lending and Larkins 1989). By 
contrast, wheat glutens (polymeric glutenin and monomeric gliadins) and barley 
hordeins are first deposited in ER-derived PBs and subsequently transported to PSV 
by autophagy-like system or are transported through endomembrane system to 
PSVs via Golgi apparatus (Levanony et al. 1992). That is, there are two trafficking 
routes to the PSVs, Golgi-mediated and direct pathway route bypassing the Golgi 
apparatus. It should be noted that the same individual protein is trafficked to PSVs 
by either pathway depending on the development stage: Golgi-dependent traffic at 
early stage and direct transport at later stage (Tosi et al. 2009). On the other hand, 
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rice glutelins and oat 12S globulin homologous to dicot 11–12S globulins (about 
35% homology) and rice 26 kDa α-globulin that are expressed in the endosperm are 
transported from the cisternal ER to the PSVs via the Golgi apparatus or directly 
transported from ER to the PSVs via precursor-accumulating (PAC) vesicles 
(Yamagata et  al. 1982; Takahashi et  al. 2005). Rice α-globulin is stored in the 
peripheral matrix region that surrounds the inner crystalloid glutelin-localizing 
region of PSVs. In the maize endosperm, two globulins (legumin-1 and 18  kDa 
α-globulin) sharing high homology to rice α-globulin are found in PSVs. On the 
other hand, the minor 7S globulin (maize globulin 1 and globulin 2, rice Reg 1 and 
Reg 2) is expressed in the embryo and aleurone layer of maize and rice seeds, which 
are deposited in PSVs.

The endosperm and cotyledon act as a storage compartment preserving nutrient 
resources for germinating embryo. The endosperm in cereal grain accounts for 
70–90% of grain weight, whereas cotyledon of dicot seed comprises about 60% of 
seed weight. These tissues are filled with PBs, starch granules (amyloplasts), and 
oil bodies.

5.3  Expression in Seed Production System

5.3.1  Promoters

Expression of recombinant protein is primely determined by the transcription level. 
To maximize the transcript level in seed, reasonable strategy is to utilize the seed- 
specific promoter derived from the major SSP genes in host plant used as bioreactor. 
Seed-specific promoters of the SSP genes have strong promoter activities to direct 
the expression in seed without having any influence on vegetative growth of host 
even though detrimental recombinant products were produced. Most of the SSPs are 
usually coded by multigene family. It is known that individual member is differen-
tially expressed in the temporal or spatial specific manner during seed maturation.

In rice seeds, at least 15 rice seed promoters were isolated and characterized by 
fusing to GUS reporter gene in stable transgenic rice (Wu et  al. 1998a; Qu and 
Takaiwa 2004; Qu et al. 2008). Rice seed protein genes are differently expressed in 
spatial and temporal specific manner (Qu and Takaiwa 2004). Glutelin is the most 
major SSP accounting for about 60% of total seed proteins, which is coded by 15 
multigenes (Kawakatsu et al. 2008). Glutelin promoters (GluA-1, GluA-2, GluA-3, 
GluB-1, GluB-2, and GluB-4) predominantly direct the expression in subaleurone 
layers. Rice prolamin promoters (10 kDa, 13 kDa, 14 kDa, and 16 kDa prolamin 
genes) confer expression in aleurone and subaleurone layers. Glutelin GluC and 
GluD promoters direct expression throughout the whole endosperm. The expression 
of 26 kDa globulin and 14–16 kDa allergen genes is restricted to inner starchy endo-
sperm. 18 kDa Oleosin and embryo globulin promoters exhibit the specific expres-
sion in embryo and aleurone layer. It was demonstrated that promoters from the 
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GluA-2 (Gt1), GluB-1, and GluB-4 glutelins, 26  kDa globulin, and 10  kDa and 
16 kDa prolamins exhibited much higher activities than the others. Furthermore, it 
was shown that 10 kDa and 16 kDa prolamin genes and GluD glutelin gene are 
initially expressed during seed development, which are followed by expression of 
most glutelins and 14 kDa prolamin and then by 13 kDa prolamin.

Based on these findings, glutelin (GluA2(Gt1), GluB-1, GluB-4), 26 kDa globu-
lin, 18 kDa oleosin, and prolamin (10 kDa and 16 kDa) promoters, which exhibit 
difference in spatial and temporal expression pattern, have been utilized for the 
expression of recombinant proteins on a case-by-case basis. A toolbox of seed- 
specific promoters with different spatial and temporal properties is valuable for 
seed-based production of recombinant proteins depending on the purpose.

5.3.2  Regulatory Mechanisms of Seed-Specific Expression

Seed-specific expression is determined by the combinatory interaction of several 
cis-regulatory elements in the promoter. Individual cis-regulatory element is specifi-
cally recognized by cognate seed-specific transcription factor (TF). It has been 
known that seed-specific expression observed in the SSP genes is regulated by an 
ensemble of common cis-elements consisting of GCN4-like motif (G/A)TGA(G/C)
TCA(T/C) or ACGT motif ((C/T)ACGTAG) interacting with basic leucine zipper 
(bZIP) TF, RY motif (CATGCA(C/T)) with alternation of purine and pyrimidine 
nucleotides interacting with B3 domain TF, prolamin (P)-box (AAAG) interacting 
with DNA-binding one finger (DOF) class of zinc finger TF, and AACA-like motif 
((C/T)AACAA(A/C)) interacting with R2R3MYB TF, irrespective of the difference 
in expression site between monocot (endosperm) and dicot (embryo and cotyledon) 
seeds (Vicente-Carbajosa and Carbonero 2005; Kawakatsu and Takaiwa 2010; Yang 
et al. 2023). This finding indicates that seed-specific regulation mechanism is evo-
lutionarily conserved in various SSP genes of higher plants. Therefore, given that 
recombinant proteins were expressed under the control of the selected seed-specific 
promoter, the inherent spatiotemporal specificity observed in such promoter is 
expected to be fundamentally retained even if expressed in any plants. As shown in 
Table  5.3, orthologue genes coding for these bZIP, prolamin-box factor (PBF), 
MYB, and B3 TFs, which bind to cis-elements involved in seed-specific expression, 
have been reported in various crops. For example, the GCN4 motif is recognized by 
bZIP family TF, including maize O2, rice RISBZ1, wheat SPA, and barley BLZ1. 
As other novel bZIP TFs, maize OHP1, OHP2, and bZIP22, rice RITA1 and REB, 
wheat SHP, and barley BLZ2 have been identified to be implicated in seed-specific 
expression of SSPs.

Rice SSP genes contain all or some of the following four types of cis-elements: 
GCN4 motif (TGA(G/C)TCA), prolamin-box (P-box) (TGTAAAG), AACA motif 
(AACAAAC), and ACGT motif (ACGTG) (Washida et al. 1999; Wu et al. 2000). In 
many cereal prolamin genes encoding wheat glutenin and gliadin, barley hordein, 
maize zein, and rye secalin, the highly conserved “endosperm box” consisting of the 
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GCN4 motif and P-box has been characterized to be implicated in the endosperm- 
specific expression (Agarwal et al. 2011).

It has been demonstrated in stable transgenic rice seeds that the GCN4 motif acts 
as a key regulatory element for determining the aleurone- and subaleurone-specific 
expression, since the trimer of the GCN4 motif fused to the core (−46) promoter of 
CaMV 35S could only lead to expression in the outer endosperm of seed and its 
mutation resulted in the complete suppression (Wu et al. 1998b). On the other hand, 
each of the AACA motif, P-box, or ACGT motif did not confer seed-specific expres-
sion, but was instead mainly involved in the quantitative regulation of SSP gene 
expression (Wu et al. 2000). Combinatorial interaction of these cis-elements (pres-
ence or absence of some cis-elements and their arrangements) in the 5′ flanking 
region may play a crucial role in determining promoter activity and spatial expres-
sion pattern (Wu et al. 2000). Enhancement of promoter activity and the desired 
spatial expression could be obtained by arrangement of cis-elements.

Maize Opaque2 (O2) like bZIP and prolamin-box-binding factor (PBF) DOF 
TFs activate the transcription of many cereal SSP genes via binding to the GCN4 
motif and P-box, respectively (Yamamoto et  al. 2006; Kawakatsu et  al. 2009). 
Furthermore, it is important to note that promoter activities are more highly acti-
vated by the combination of O2-like bZIP and PBF than the individual one, indicat-
ing the synergistic or combinatory interaction of these transcription factors 
(Yamamoto et  al. 2006; Zhang et  al. 2016). They have also been reported to be 
involved in the regulation of many starch, lipid, and amino acid metabolic pathway 
genes (Wang et al. 2013a, b; Zhang et al. 2016). Such protein and starch levels in 
seed are known to be influenced by fluctuations in nitrogen (N) availability. It has 
recently been suggested that PBF contributes to carbohydrate and nitrogen assimila-
tion in developing endosperm through an N-dependent mechanism (Ning et  al. 
2023). Notably, temporal and spatial expression of seed proteins is dependent on the 
specificity of these transcription factors because they are regulated in endosperm- 
and maturation-specific manner (Vicente-Carbajosa et  al. 1997; Onodera et  al. 
2001). Recently, NAC and MADS-box TFs have also been shown to be implicated 
in seed-specific regulation of some SSP genes in maize, wheat, and rice (Qiao et al. 
2016; Zhang et al. 2019; Gao et al. 2021; Wang et al. 2020). Seed-specific expres-
sion of rice albumin (16 kDa allergen) genes is regulated by NAC20/26, which was 
activated by interaction with RPBF (Wu et al. 2023). It is noteworthy that maize 
seed O11 TF with a basic helix-loop-helix (bHLH) domain acts as the central hub 
of regulatory network for maize endosperm development and nutrient metabolism, 
since it directly regulates the expression of genes encoding key transcription factors 
(O2 and PBF) involved in nutrient metabolism (Feng et al. 2018). Moreover, the 
recently identified maize ZmABI19 TF with B3 domain is demonstrated to be 
involved in regulating the seed development and grain filling by direct binding to 
the promoters of various TFs (O2, O11, PBF1, bZIP22, NAC130) via the RY motif 
(Yang et al. 2021). Furthermore, this ZmABI19 TF is implicated not only in the 
development of BETL (unique endosperm cell layer) by transactivating the expres-
sion of Sweet4c sugar transporter involved in the nutrient transport, but also in the 
regulation of viviparous-1 (VP1), which plays a role in the cross talk between 
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endosperm and embryo through responding to nutrient status of endosperm and 
scutulum. ZmABI19 also regulates auxin-responsive genes in early seed develop-
ment. It is interesting to note that the ZmABI19 and O11 interact with each other 
and antagonistically regulate the expression of O2.

Regarding the embryo-specific expression of SSP genes in dicot plants, it has 
been reported that the B3 domain TFs, FUSCA3 (FUS3), ABA INSENSITIVE3 
(ABI3), and LEAFY COTYLEDON2 (LEC2), strongly activate the expression of 
many seed maturation-specific genes including SSP genes in a cooperative and syn-
ergistic manner with other TFs (Kagaya et al. 2005; Santos-Mendoza et al. 2008; 
Verdier and Thompson 2008). Especially, LEC1 protein, heme activator protein 3 
(HAP3) family CCAAT box-binding factor, has been demonstrated to be involved 
in regulating the expression of SSP genes in conjunction with ABI3 and FUS3 TFs, 
since loss-of-function mutation of LEC1 downregulated the expressions of ABI3 
and FUS3 and furthermore reduced the accumulation of various SSPs. LEC1 also 
physically interacts with these TFs to regulate a variety of seed developmental pro-
cesses. Taken together, it is concluded that LEC1 acts as a central regulator control-
ling the seed distinct development processes (Jo et al. 2020). Deletion or mutation 
of RY element in “legumin box” conserved in the promoters of various dicot SSP 
genes such as 11S globulins (pea legumin, soybean glycinin, and rape seed cruci-
ferin), 7S globulins (soybean β-conglycinin), and 2S napin has been reported to 
result in loss or significant reduction of seed-specific expression. RY motif has been 
demonstrated to be recognized by ABI3 and FUS3 containing the B3 domains. This 
motif is inevitable for seed-specific expression, but not sufficient for full activity. 
Other cis elements including G-box (CACGTG), ABA-responsive element 
(ACGTG(G/T)(A/C)), AACA motif, or CAAT box have been reported to be involved 
in seed-specific expression of many dicot SSP genes as the combinatory element(s) 
with the RY motif. For example, in the gene expression of Arabidopsis At2S1 albu-
min and CRU3 12S globulin, the G-box in their promoters is bound by O2-like TFs 
(AtbZIP10/AtbZIP25) and was highly transactivated by the combination with ABI3 
TF (Lara et al. 2003). Furthermore, synergistic activation between other bZIP TF 
(ABI5) recognizing the ABA-responsive element and the ABI3 TF was also reported 
to be implicated in the expression of some seed maturation genes (Nakamura et al. 
2001; Carles et al. 2002).

5.3.3  Seed-Specific Promoters Used for Expression 
of High- Value Recombinant Proteins

For production of recombinant proteins in cereal seeds, rice glutelin promoter (Gt1 
(GluA-2), GluB-1, and GluB-4), maize zein promoter (27 kDa γ-zein or 19 kDa 
α-zein), and barley hordein (B hordein) promoter have been mainly utilized. 
Notably, although maize embryo occupies only 10–12% of the seed volume, 
embryo-specific globulin-1 promoter has been preferentially used for the expression 
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in maize grain because the produced recombinant protein stably accumulates in 
embryo. Rice 18 kDa oleosin promoter conferred high expression in embryo and 
aleurone layer.

By contrast, when high-value recombinant proteins have been produced in dicot 
plants, seed-specific promoters from soybean glycinin (A1aB1b (G1)) and 
β-conglycinin (α′ subunit), pea legumin (Leg4), broad bean unknown seed protein 
(USP), common bean arcelin-5 and β-phaseolin, and rapeseed cruciferin genes have 
been utilized in transgenic soybean, pea, tobacco, and Arabidopsis seeds. Arcelin-5 
and β-phaseolin account for about 40% and 50% of total seed proteins in common 
bean seed, so that these promoters have been frequently used for the production of 
pharmaceutical proteins in Arabidopsis and tobacco seeds. These promoters boosted 
the accumulation of a single-chain Fv (scFv) up to 36.5% of the total soluble protein 
(TSP), which was in remarkable contrast with about 1% directed by CaMV 35S 
promoter (De Jaeger et al. 2002).

Constitutive promoters such as enhanced CaMV 35S promoter (2×CaMV35S), 
maize ubiquitin (Ubi) promoter, and rice actin promoter with the first intron in the 
5′ untranslated region have also been used for the production of recombinant pro-
teins. Although recombinant proteins can be produced at relatively high levels in 
seeds, these constitutive promoters sometimes have a detrimental effect on vegeta-
tive growth and seed production yield by their expression in various tissues and 
sometimes induce gene silencing.

5.4  Translational and Posttranslational Regulation

Transcript levels are not always correlated with the accumulated protein amounts. 
To improve production yield of recombinant protein, it is important to stabilize the 
mRNA and to optimize translation because mRNA stability generally parallels with 
translation product (Koziel et al. 1996). At present, it is known that eukaryotic cells 
have mRNA quality control system referred to as “mRNA surveillance” to monitor 
aberrant mRNAs causing premature stop codons, nonstop codon, or structures to 
inhibit translation elongation. To remove such aberrant mRNAs on the ribosome 
during translation, three degradation processes such as nonsense-mediated decay 
(NMD), no-go decay (NGD), and nonstop decay (NSD) are known to involve (Isken 
and Maquat 2007; Shoemaker and Green 2012). Furthermore, protein synthesis by 
the ribosomes is regulated by ribosome-associated quality control pathway, which 
senses translational stalling induced by insufficient amounts of particular amino 
acid or tRNA and faulty mRNA (Brandman and Hegde 2016).
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5.4.1  5′ UTR (Leader Sequence)

It has been reported that addition of monocot Ubi1, Adh1 Sh1, and Act1 introns 
increased the production of the reporter gene in transgenic rice seeds. Such 5′ UTR 
intron acts as transcription enhancer affecting gene expression as well as its transla-
tion. However, Ubi1 and Adh1 introns did not always have any influence on the 
accumulation level of fungal laccase gene in transgenic maize grain (Hood et al. 
2003). Furthermore, several plant virus 5′ noncoding leader sequences (tobacco 
mosaic virus (TMV)-Ω, TMV coat and brome mosaic virus (BMV) coat, tobacco 
etch virus, maize dwarf mosaic virus) have also been used for the purpose of improv-
ing the rate of translation as a translational enhancer. However, such plant viral 5′ 
UTR worked poorly in monocots, as opposed to high translational enhancement 
observed in dicots. Actually, addition of TMV-Ω or TMV coat sequence as leader 
sequence in the 5′ UTR did not have any effect on the production of the sweet pro-
tein brazzein in transgenic maize seeds, when expressed under the control of the 
embryo-specific globulin-1 (Glb-1) promoter (Lamphear et al. 2005). These results 
indicate that the effect of a 5′ UTR may be different between dicots and monocots. 
Furthermore, extensive predicted mRNA secondary structures that might hinder 
translation should be avoided.

5.4.2  Translation Initiation

The coding DNA sequence is known to have efficient control elements for transla-
tion initiation. Therefore, in order to boost the translation, the sequence surrounding 
the initiation codon should be modified to fit the consensus initiation sequence for 
dicot (A(A/C)aAUGGC) and monocot ((A/G)(A/C)cAUGGC) (Joshi et al. 1997). It 
is important to note that a purine at −3 position and a GC at +4 and +5 are highly 
conserved in plant mRNAs, whereas U in position −1 should be avoided. Alanine is 
highly observed to follow the N-terminal methionine in high-expressing plant genes.

5.4.3  Codon Usage

Codon usage of the target recombinant protein gene is highly related to the yield of 
produced protein. That is, difference in codon usage affects an influence on various 
steps of protein production such as RNA processing, protein translation, translation 
fidelity, and protein folding (Webster et al. 2017). Especially, suppressive effect is 
caused by the rare codons and expression-limiting regulatory elements in the 
expressed sequence (Jackson et al. 2014). Therefore, codon optimization is an inevi-
table process to improve the accumulation level of target recombinant protein. 
Various computer programs have been developed to aid the gene sequence 
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optimization process. In order to boost the yield of recombinant protein in seed by 
codon usage optimization, rare codons in recombinant protein gene have to be 
replaced with synonymous counterparts used preferentially in major SSP genes of 
the host plant to avoid ribosomal pausing and attenuation of translation rates. That 
is, yield of recombinant protein is expected to be improved by maximizing codon 
preference or harmonizing codon preference. Codon harmonization requires infor-
mation about codon usage and enlargement of available tRNA pool size because 
there is a strong correlation between the frequency of codon usage and the presence 
of their cognate tRNAs.

It is important to take account of that preferred codon usage that is considerably 
different not only between monocot and dicots, but also among various tissues in 
the same plant (Camiolo et al. 2012). Such difference may be overcome by optimiz-
ing the codons according to the tissues of host plant in which foreign recombinant 
protein genes are expressed. For example, it should be noted that G or C bias at the 
wobble position in many genes expressed in monocot vegetative tissues reaches 
64% or more, whereas those of seed protein genes are not so high. Furthermore, 
undesirable regulatory elements within the coding sequence, such as the A/U-rich 
mRNA destabilizing element (AUUUA)-like sequences, polyadenylation signal 
(AAUAAA), and consensus intron splice sites, should be avoided from the coding 
sequence of the produced recombinant protein.

5.4.4  Stop Codon and 3′ Untranslated Region (UTR)

As stop codon in plants, UAA and UGA are preferentially utilized in plants. The 
avoidance of C and the preference for an A in the +1 position should be selected as 
the base immediately following the stop codon. The 3′ UTR has been implicated in 
determining the stability or instability of an mRNA. Multiple polyadenylation sig-
nals (AAUAAA) are present in the 3′ UTR located downstream of the translation 
stop codon. The poly(A) tail is known to play an important role in determining 
transcript stability. By contrast, some A/U-rich sequence elements which destabi-
lize the mRNA have been identified in the 3′ UTR regions (Rothnie 1996; Gutiérrez 
et al. 1999). Thus, these sequences must be avoided. It was demonstrated in trans-
genic rice seed that use of the rice glutelin GluB-1 3′ UTR containing multiple 
polyadenylation signals enhanced accumulation levels of modified mite allergen 
Der f 2 by about fourfold, when compared to a nopaline synthase terminator fre-
quently utilized as the terminator (Yang et al. 2009). This result indicated that the 
choice of suitable 3′ UTR can significantly contribute to high mRNA stability and 
improvement of recombinant production yield. Potato proteinase inhibitor II termi-
nator has also been reported to increase translation product protein and utilized 
frequently as transcriptional terminator for production of recombinant proteins 
(Hood et al. 2007).
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Fig. 5.1 Schematic overview of trafficking pathways of SSPs in seed cells. (a) SSPs produced as 
secretory proteins are first transported from the ER to the Golgi apparatus via the putative COPII 
machinery and then targeted to PSVs via either the direct DV-to-PSV route or the indirect DV-to- 
PSV route through MVB/PVC as intermediate compartments. Some SSPs such as cereal prola-
mins are directly synthesized and accumulated in the ER, followed by budding off as ER-derived 
PBs. Parts of these PBs are then transported to the PSVs as autophagosomes. Some SSPs are 
directly transported through PAC vesicles from the ER to the PSVs, bypassing the Golgi (Ren et al. 
2022). (b) COPII vesicle formation. Sec23–Sec24 and Sec13–Sec31 heterodimers are formed as 
outer coat of COP vesicles by action of GOT1B and Sar1-GTP. (c) DV and MVE/PVC biogenesis 
and their fusion with PSV.  In the DV-mediated post-Golgi trafficking pathway, GPA3 recruits 
VPS9a to activate Rab5a. The activated Rab5a-GTP recruits its effector GPA5, and GPA5 interacts 
with the CORVET and VAMP727 containing SNARE complex to PSV fusion. In the case of indi-
rect DV-to-PVC trafficking pathway, Rab5a-GTP recruits the MON1-CCZ1 complex. The MON- 
CCZ1 acts as the GEF of Rab7-type GTPase to activate Rab7. HOPS is employed as its tethering 
complex to PSV fusion
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5.5  Trafficking Process

Understanding of endomembrane trafficking process is an essential step to effi-
ciently deliver the expressed recombinant protein to the suitable subcellular com-
partment for stable accumulation. There are two main distinct vesicle-mediated 
pathways for the trafficking of SSPs from the ER to PSVs (Fig. 5.1a). One pathway 
is the Golgi-dependent aggregation sorting route via plant-specific dense vesicles 
(DVs) that are enclosed by a single membrane but devoid of a recognizable protein 
coat. The other pathway is the direct ER-to-PSV insoluble aggregation sorting route 
via precursor-accumulating (PAC) vesicles (Vitale and Hinz 2005).

5.5.1  mRNA-Based Trafficking Mechanism

Localization of mRNAs at the subcellular level is an essential mechanism for spe-
cific protein targeting and local control of protein synthesis (Tian et  al. 2020). 
mRNAs of rice SSPs are asymmetrically distributed in the subcellular manner. For 
example, glutelin mRNAs are localized at cisternal ER, whereas prolamin mRNAs 
are found in PB-ER (Chou et al. 2019a; Tian et al. 2020). Such differences in sub-
cellular localizations of mRNAs have been demonstrated to be determined by zip 
codes (cis-localization elements) on the mRNA. The zip codes were characterized 
to be located at the coding region and the 3′ UTR of glutelin and prolamin mRNAs 
(Hamada et al. 2003; Washida et al. 2009). They contain the information required 
for the transport of the corresponding mRNAs, which are recognized by specific 
RNA-binding proteins (RBPs). Typical RBP possesses one or more conserved 
RNA-binding motifs. Furthermore, mRNAs have been demonstrated to be trans-
ported to their destination sites by co-opting several membrane trafficking factors, 
which form a ribonucleoprotein (RNP) complex. At present, several cytoskeleton- 
associated RBPs involved in SSP mRNA localization have been isolated and char-
acterized (Crofts et al. 2010; Yang et al. 2014; Chou et al. 2019b). Some of the RBPs 
have been identified to play various roles in RNA metabolism including RNA trans-
port and localization, since loss-of-function mutant of RBP resulted in mislocaliza-
tion of mRNAs or formation of abnormal PBs due to reduced RNA binding and/or 
interruption of protein-protein interaction (Tian et al. 2018, 2019). In the transporta-
tion process of mRNAs on microtubules or actin filaments to the target site, RNP 
complexes assembled by multiple cytoskeletal associated RBPs are remodeled by 
changing protein factors to target the RNA to its proper location. Several mRNAs 
encoding proteins implicated in endomembrane trafficking such as Rab5, Golgi 
transporter, or guanine exchange factor (GET) have been detected in moving RNA- 
transporting particles. Loss of function of these endomembrane trafficking factors 
has been reported to result in mislocalization of seed mRNAs in rice. Especially, 
mutation of protein factors involved in the ER-to-Golgi trafficking pathway such as 
Golgi transporter 1 (GOTB1) gave rise to mislocalization of prolamin and globulin 
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mRNAs, whereas loss of function of protein factors involved in Golgi-to-PSV traf-
ficking pathway (Rab5a and GEF) disrupted the proper localization of glutelin 
mRNA (Fukuda et al. 2011, 2013, 2016; Yang et al. 2018). These evidences indicate 
that the association between mRNA transport particles and endomembrane is indis-
pensable to localize the mRNA to the proper site. Co-transport of mRNAs with 
membranous compartments is a common mechanism of mRNA-based trafficking in 
higher eukaryotes, thus indicating that the transport and localization of SSP mRNAs 
depend on the membrane vesicular transport process.

5.5.2  ER-to-Golgi Trafficking

Once proteins are properly folded and packaged (assembled) in the ER, they are 
exported from the ER to other organelles through a vesicle-mediated membrane 
trafficking system. Golgi-dependent pathway requires two transport processes: 
ER-to-Golgi and Golgi-to-PSV (Vitale and Hinz 2005; Zheng et al. 2022; Ren et al. 
2022). Coat protein complex II (COPII) mediates the first step of anterograde trans-
port of newly synthesized proteins from the ER to Golgi apparatus. A group of 
evolutionally conserved proteins (Sar1, Sec23, Sec24, Sec13, and Sec31) constitute 
the basic COPII coat machinery (Fig. 5.1b). In the process of COPII vesicle forma-
tion, GOT1B participates in COPII coat formation at the ER exit sites via interac-
tion with Sec23. The heterodimer of Sec23/24 is recruited by GOT1B and Sar1-GTP 
(activated by Sec12) cooperatively to form the pre-budding complex in which car-
gos are loaded. Then the heterodimeric of Sec13/31 is recruited to form the outer 
coat of the COPII vesicles before vesicle budding and subsequent fusion with the 
cis-Golgi apparatus. When Sar1 and GOT1B expressions were impaired by knock-
down or knockout, export of storage proteins from the ER was significantly 
depressed, resulting in the retention of transported proteins in the ER lumen and 
appearance of novel ER-bounded protein bodies (intracisternal granules) (Tian 
et al. 2013; Fukuda et al. 2016; Wang et al. 2016). These results suggest that Sar 1 
GTPase and GOT1B play an essential role in the formation of COPII vesicles for 
ER-to-Golgi traffic (Tian et  al. 2013). Similar observation was reported in the 
Arabidopsis maigo mutants, in which functions of the tethering factors involved in 
protein export from ER were abolished by knockout mutation (Li et al. 2006).

5.5.3  Golgi-to-PSV Trafficking

Dense vesicles (DVs) involved in PSV trafficking are unique to plants, which deliver 
the cargo proteins including SSPs to PSVs. The formation of DVs is initiated from 
the cis-Golgi, and then DVs traverse Golgi apparatus and bud off from the trans- 
Golgi network (TGN). The TGN acts as a sorting station where various proteins are 
sorted and directed to target site (subcellular compartment) according to the 
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post-Golgi transport pathways (Shimizu and Uemura 2022). DVs directly fuse with 
PSVs, or first fuse with multivesicular bodies (MVBs)/prevacuolar compartments 
(PVCs), which are followed by fusion with PSVs (Fig. 5.1). That is, SSPs in DVs 
are targeted to PSVs either via the direct DV-to-PSV route or via the indirect DV-to- 
PSV route through the MVB/PVC as intermediate compartments. In this process, 
vacuolar sorting receptors (VSRs) or receptor homology region-transmembrane 
domain-RING-H2 proteins (RMRs) in the DVs facilitate the concentration and 
aggregation of soluble storage proteins. Vacuolar sorting is mediated by specific 
protein-protein interactions between the sorting receptors and the cargo proteins. 
Once VSRs bind to cargo proteins via their target signals termed vacuolar sorting 
determinants (VSDs), the receptor-ligand complex is sorted by heterotetrametric 
adaptor protein (AP) complexes that mediate intracellular membrane trafficking 
along endocytic and secretory transport pathways (Shimizu and Uemura 2022). AP 
complexes recognize the cytosolic domain of VSRs, which are required for the for-
mation of transport vesicles and cargo sorting in all eukaryotes. APs are known to 
play critical roles in protein sorting among various post-Golgi pathways through 
recognizing specific cargo protein signal. Five types of AP (AP-1 to AP-5) have 
been identified in eukaryotic cells, each of which is composed of three large sub-
units, one middle subunit, and one small subunit. Individual AP complex is impli-
cated in distinct trafficking pathways. AP-4 is identified as the receptor-mediated 
vacuolar sorting proteins that have participated in the targeting of SSPs from the 
TGN to PSV. Mutations in the AP-4 led to abnormal trafficking of 12S globulin 
precursor in Arabidopsis seed (Fuji et al. 2016).

The Rab family of small GTPases and their common guanine exchange factor 
(GEF) are involved in specifying the vesicular trafficking and the R-soluble 
N-ethylmaleimide-sensitive factor attachment protein receptor (R-SNARE) com-
plex for mediating membrane fusion between Golgi and PSV post-Golgi compart-
ments. Loss-of-function mutation of Rab5a encoding a small GTPase indicated that 
it is implicated in the intracellular transport of SSPs from Golgi to the PSVs (Wang 
et al. 2010; Fukuda et al. 2011). Furthermore, loss-of-function mutation of its GEF, 
vacuolar protein sorting 9a (VPS9a), also disrupted the transport of SSPs, resulting 
in the formation of large dilated paramural bodies (Fukuda et al. 2013). These find-
ings indicated that Rab5a-VPS9a cooperatively functions in regulating post-Golgi 
trafficking of SSPs to the PSVs in rice endosperm (Wang et  al. 2010; Liu et  al. 
2013). Moreover, it was shown that the GPA3 (plant-specific kelch-repeat protein) 
functions as an adaptor protein to recruit VPS9a, which forms a regulatory complex 
with Rab5a by direct interaction with VPS9a (Fig. 5.1c). Actually, mutation of rice 
GPA3 caused mistargeting of DVs containing SSPs and formation of a new struc-
ture named the paramural body in apoplast (Ren et al. 2014).

Rab5 is a core regulator of storage protein trafficking from the trans-Golgi net-
work (TGN) to PSV and participates in different post-Golgi transport pathways by 
employing different downstream effectors, such as GPA5 or MONENSIN 
SENSITIVITY1 (MON1)-CALCIUM CAFFEINE ZINC1 (CCZ1) protein com-
plex. The CCZ1 interacts with MON1 to form dimeric complex (MON1-CCZ1), 
which functions as the effector of Rab5 and serves as the GEF for Rab7-type 
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GTPases, leading to Rab5-to-Rab7 conversion. Activation of Rab7 by MON1- 
CCZ1 is essential for membrane fusion between MVB/PVC and PSV. Mutation in 
either MON1 or CCZ1 resulted in mistargeting of SSPs to the apoplast space (Pan 
et al. 2021). MVB/PVCs acting as intermediate compartment from DVs to PSVs are 
formed by fusion of DVs with small vesicles, which are then delivered to PSVs by 
the homotypic fusion and vacuolar protein sorting (HOPS) (Ebine et  al. 2014; 
Minamino and Ueda 2019). HOPS as the tethering complex interacts with Rab7 and 
R-SNARE, VAMP71, which likely mediates homotypic vacuole fusion (Fig. 5.1c). 
Rab5- and Rab7-dependent pathway modulated by the MON1-CCZ1 complex is 
conserved in various organisms including yeast and animals. The VAMP71- 
containing SNARE complex and HOPS participate in the regulation of membrane 
fusion between the MVB/PVC and PSV. The R-SNARE on the transport intermedi-
ate forms trans-SNARE complex with the Q-SNAREs (SYP22, VTI11, SYP51) on 
the target membrane. The tight binding of SNARE proteins leads to fusion of mem-
branes of the transport intermediate and the target compartment (Zhang et al. 2021; 
Ito and Uemura 2022).

On the other hand, it has recently been demonstrated that loss-of-function muta-
tion of GPA5 (plant-unique phox-homology domain-containing protein), a homolog 
of ENDOSOMAL RAB EFFECTOR WITH PX-DOMAIN (EREX), resulted in 
discharge of its cargo protein into the apoplast due to defective directional targeting 
from DV to PSV (Ren et al. 2020). GPA5 acts in concert with Rab5a and its GEF 
VPS9a to regulate DV-mediated post-Golgi trafficking to PSVs. Furthermore, GPA5 
physically interacts with a class C core vacuole/endosome tethering (CORVENT) 
and plant seed-specific vesicle-associated membrane protein 727 (VAMP727)-
containing SNARE complex required for the membrane tethering and fusion of DVs 
with PSVs. Rab5a and GPA3 are dually localized to both the Golgi/TGN and DVs 
(Fukuda et al. 2011; Ren et al. 2014), whereas GPA5 is only localized to DVs. Thus, 
in the DV-mediated post-Golgi traffic process to PSVs, GPA3 first recruits VPS9a 
to activate Rab5a, and the activated Rab5a recruits its effector GPA5 onto DVs and 
then interacts with the CORVET- and VAMP727-containing R-SNARE complexes 
to execute direct fusion of DVs with PSVs (Fig. 5.1c). This route is plant specific 
and is dependent on the Rab5 only. It is interesting to note that plants use both evo-
lutionarily conserved machinery (such as Rab5, CORVET, and SNARE) and plant- 
unique factors (GPA3, GPA5, and VAMP727) to mediate storage protein transport. 
Understanding of trafficking mechanisms from ER to PSV will provide insight into 
exploitation about effective delivery system of massive amounts of recombinant 
proteins to PSVs.

5.6  Modification to Humanized Glycosylation

Plants attach β-1,2-xylose and α-1,3-fucose residues to the recombinant proteins 
containing the N glycosylation-specific sequence (Asn-X-Ser/Thr), when they are 
synthesized as secretory proteins and transported through Golgi apparatus. In 
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contrast, N glycosylation sites of mammalian glycoproteins such as antibodies are 
modified with α-1,6-fucose, β-1,4-galactose and sialic acid residues (Gomord et al. 
2010). Difference in such N glycosylation patterns is highly associated with phar-
macokinetics and immunogenicities of pharmaceutical proteins. Furthermore, such 
plant-specific N-glycans have been reported to be sometimes immunogenic (Garcia- 
Casado et al. 1996). Therefore, glycoengineering strategies have been developed to 
eliminate plant-specific N-glycans and to enable the incorporation of human-type 
N-glycans with sialic acid into glycoproteins for pharmaceutical use. For this pur-
pose, plant-specific glycosyltransferases have been knocked down by RNA interfer-
ence (RNAi)-mediated suppression or knocked out by mutagenesis, homologous 
recombination, or genome editing using CRISPR/Cas9, while protein sialylation 
has been incorporated by coordinated expression of multiple human genes encoding 
the entire mammalian pathway for sialic acid synthesis, transport, and transfer 
(Castilho et al. 2010; Montero and Steinkellner 2018; Liu and Timko 2022; see also 
Chaps. 3 and 4).

N-glycosylation of secretory proteins is a major posttranslational modification in 
eukaryotes, which starts in the ER by transfer of an oligosaccharide precursor 
N-glycan Glc3Man9GlcNAc2 from a dolichol lipid carrier onto specific Asn residues 
constitutive of the N-glycosylation consensus sequence Asn-X-Ser/Thr (X is any 
amino acid except Pro) in the translating recombinant glycoproteins by the action of 
oligosaccharyltransferase (OST) complex. N-glycosylation has influence on fold-
ing, trafficking, protein interactions, and efficacy of subunit vaccines and other 
biologics.

Targeting of recombinant proteins to either ER-derived PB or PSV leads to a dif-
ference in posttranslational modification by glycosylation. Glycoproteins deposited 
in ER-PBs are modified with high-mannose-type N-glycans in common between 
plants and mammals, whereas those transported to PSV through Golgi apparatus 
possess plant-specific complex-type glycosylation by the N-glycan-processing 
steps mediated by Golgi-resident enzymes. Plant complex N-glycans uniquely con-
tain core α-1,3-fucose (Fuc) and β-1,2-xylose (Xyl) modification and terminal 
Lewis a (Lea) epitopes with β-1,3-galactose and α-1,4-fucose linked to terminal 
N-acetylglucosamine (GlcNAc). When targeted to plasma membrane, apoplast, or 
vacuole, truncated paucimannosidic-type glycans are generated (Strasser 2016; 
Nagashima et al. 2018). These are in contrast with the human complex N-glycans 
modified with α-1,6-fucose and β-1,4-galactose and often sialylation, and further-
more with different epitopes, such as Lewis x, N-acetyllactosamine (LacNc), and 
N,N′-di-N-acetyllactosediamine (LaDiNAc). It is important to note that maturation 
of complex N-glycans is not uniform. That is, complex N-glycan structure is variant 
among plant species or tissues as well as development processes. For example, 
monocot seeds (rice or maize) are devoid of or very poor in the terminal Lewis a 
epitope compared to dicot seeds (peanut, pea, or mung bean). Furthermore, 
N-glycosylation level and its pattern in seed are also lower and simpler than those 
in vegetative tissues. Plant-specific complex N-glycan structures (α-1,3-fucose and 
β-1,2-xylose residues, Lewis a epitope) have been reported to be allergenic in sev-
eral mammals, when exploited as therapeutic proteins for parenteral administration 
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(Gomord et al. 2010). Moreover, plant-derived glycoprotein yet lacks terminal sialic 
acids and galactose residues. Such difference in the posttranslational glycosylation 
results in the alternation of biological functions, such as pharmacokinetics of a bio-
pharmaceutical product (half-life stability in the blood) and immunogenicity in 
humans. Therefore, humanized N-glycosylation has been proceeded by knockout of 
plant-specific complex N-glycans and knock-in of heterogeneous glycosyltransfer-
ases for the production of galactosylated and sialylated N-glycans by replacement 
of pathways involved in the synthesis, transport, and transfer of the glycosylating 
residues with human counterparts and addition of sialic acid residues. Up to date, 
recombinant proteins have been reported to have homologous humanlike sialylated 
glycosylation profiles by introducing multiple human enzyme genes (α-1,6- 
fucosyltransferase (FUT8), β-1,4-galactosyltransferase (β-1,4-GalT), and sialyl-
transferase) involved in the modification of α-1,6-fucose, β-1,4-galactose, and sialic 
acid (Kallolimath et al. 2016; Montero and Steinkellner 2018). Especially, β-1,4- 
galactosylation of N-glycan chain has been known to be a prerequisite for the addi-
tion of terminal sialic acid residues, since β-1,4-galactose residues serve as the 
acceptor substrate for the sialic acid residue N-acetylneuraminic acid (Neu5Ac).

At present, plant-specific β-1,2-xylose and α-1,3-fucose residues on glycopro-
teins are completely removed in N. benthamiana plants, tobacco BY-2 cells, and 
rice culture cells by using CRISPR/Cas9-mediated multiplex XylT and FucT 
knockout mutation technology (Hanania et  al. 2017; Mercx et  al. 2017; Jansing 
et al. 2019; Jung et al. 2021). However, it should be noted that plant-specific Lewis 
a (Lea) epitope was detected in rice cell line even after the complete deletion of 
α-1,3-fucose and β-1,2-xylose residues. This indicates that the double knockout of 
both the OsXylT and OsFucT genes was not sufficient to remove the plant-specific 
complex-type N-glycans on glycoproteins (Jung et al. 2021). Therefore, elimination 
of Lea epitopes could be achieved by knockout of the two genes encoding β-1,3- 
galactosyltransferase gene (β-1,3-GalT) and α-1,4-fucosyltransferase (α-1,4-FucT) 
(Parsons et al. 2012). Furthermore, in order to reduce paucimannosidic-type gly-
cans (two terminal GlcNAc residues), genes encoding the β-N-acetylhexosaminidases 
(HEXOs) were knocked down in A. thaliana and N. benthamiana (Liebminger et al. 
2011; Shin et al. 2017). By the way, it should be noted that elimination of the FuxT 
and XylT by knockout or knock-in of mammalian glycosyltransferase led to reduced 
viability (growth, reproduction), stress response, and appearance of phenotype 
abnormalities in some plants (Strasser 2014; Kaulfürst-Soboll et al. 2021).

Plant and mammalian N-glycans differ in the degree of branching. Plant 
N-glycans are biantennary, while mammalian ones are tri- and tetra-antennary. This 
is attributed to the lack of some genes encoding branching enzymes 
(N-acetylglycosyltransferases, i.e., GnTIII–GtTV) (Castilho and Steinkellner 2012; 
Montero and Steinkellner 2018). Various bisected and multi-antennary structures 
can be generated by introducing the N-acetylglucosaminyltransferases (GnTs) that 
are absent in plants (Frey et al. 2009; Karg et al. 2010; Nagels et al. 2011).

Introduction of β-1,4-GalT and enzymes involved in the human sialylation path-
way results in β-1,4-galactosylation followed by terminal sialylation to multi- 
antennary structures, resulting in the generation of fully sialylated human-type 
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N-glycans (Liu and Timko 2022). Double XylT/FucT knockout line of N. benthami-
ana and a moss triple knockout line of XylT, FucT, and GalT3 were used as bioreac-
tor to produce fully sialylated mammalian glycoproteins by stably expressing seven 
mammalian genes (Kallolimath et al. 2016; Bohlender et al. 2020).

On the other hand, O-glycosylation on Ser/Thr of secretory proteins is funda-
mentally different between plants and humans. In humans, mucin-type 
O-glycosylation is the attachment of a single N-acetylgalactosamine (GalNAc) resi-
due to Ser/Thr amino acids (GalNAcα-Ser/Thr), which is further modified by the 
stepwise addition of different monosaccharides. By contrast, plant O-glycosylation 
is characterized by the attachment of arabinogalactan polysaccharide or arabino- 
oligosaccharides. In this plant O-glycosylation process, proline residues are con-
verted to hydroxyproline in the ER, and then arabinose residues are attached in the 
Golgi body. This conversion is initiated by the action of the prolyl-4-hydroxylase 
(P4H) family, which is followed by decoration with arabinose or arabinogalactan 
residues (Strasser 2016). Therefore, to humanize plant O-linked glycans, the P4H 
genes have been knocked out to prevent this conversion (Schoberer and Strasser 
2018). Next, implementation of humanized mucin-type O-glycosylation was 
achieved in ΔXT/FT knockdown N. benthamiana plants by overexpressing the 
human GalNAc transferase 2 (GalNAcT2) gene, resulting in O-GalNAc synthesis 
on recombinant glycoproteins (Dicker et al. 2016; Montero and Steinkellner 2018). 
This O-linked GalNAc was elongated with β-1,3-galactose by overexpression of 
β-1,3-galactosyltransferase (C1GalT1) and then sialylated with α-2,3- and α-2,6- 
sialyltransferases to generate sialylated O-glycans (Dicker et al. 2016).

5.7  Production of Recombinant Proteins in Seed

5.7.1  Subcellular Localization of Recombinant Protein 
Expressed as Secretory Protein

Accumulation levels, stability, and posttranslational modifications of recombinant 
proteins in transgenic seeds are highly influenced by the intracellular sorting and 
localization (Khan et  al. 2012; Hofbauer and Stoger 2013). Therefore, exploring 
subcellular compartment suitable for deposition of the recombinant protein in the 
selected production host represents a major issue to maximize production level. In 
many cases, much higher yields of recombinant proteins can be generally obtained 
by targeting to secretory pathway using endomembrane system compared to the 
cytosol. This is attributed to an oxidizing environment, few proteases, and sufficient 
amounts of chaperones required for folding and assembly that are equipped in 
ER. Moreover, many pharmaceutical proteins are posttranslationally modified by 
glycosylation and thereby have to be synthesized as secretory proteins using endo-
membrane system via ER/Golgi tracking route. When the recombinant proteins are 
produced as secretory proteins, ER, PB, PSV, and amyloplast (starch granule) are 
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Fig. 5.2 Subcellular targeting of recombinant proteins in seed cells. Recombinant proteins with an 
N-terminal signal peptide (SP) enter the cell secretory pathway in ER and then travel through the 
Golgi system to be secreted in the apoplast, or directed to the PSV, if a vacuolar sorting determi-
nant is present in the protein sequence. Proteins having ER retention signal (KDEL tetrapeptide) at 
the C-termini are retained in ER by retrieval function. When Zera, elastin-like polypeptide (ELP), 
or fungal hydrophobin is fused to the N- or C-termini of recombinant proteins, they are incorpo-
rated into PBs by their aggregation property. Bioactive peptides are highly produced as fusion 
proteins with SSPs such as globulins or prolamins to be deposited into PSVs or PBs. To target 
starch granules (SG), transit peptide is attached at the N-termini of recombinant proteins

expected to be suitable deposition compartments because they are inherent storage 
organs of reserves (sources of nitrogen and carbohydrates during seed germination) 
and provide ample deposition space. On the other hand, physicochemical property 
of the targeted recombinant protein has to be also taken into account. Especially, 
when recombinant proteins detrimental to plant cells such as industrial processing 
enzymes are produced in seeds, they have to be stored outside the cell by secretion, 
such as periplasm (apoplast) between plasm membrane and cell wall (Fig. 5.2).

When recombinant proteins are expressed as secretory protein by attaching the sig-
nal peptide at their N-termini, they are generally secreted into extracellular space (apo-
plast) via the default pathway (bulk flow). When fungal laccase and cellobiose 1 were 
expressed in maize grains under the control of the embryo globulin 1 promoter, they 
were predominantly deposited in apoplast as expected (Hood et al. 2003, 2007; see 
also chapters “Molecular Farming of Industrial Enzymes: Products and Applications” 
and “Plant Molecular Farming for the Bulk Production of Industrial Enzymes”). Many 
recombinant proteins (HA78 mAb, HA78 scFv, 2G12 mAb, human α-l-iduronidase, 
etc.) expressed in Arabidopsis seeds were also transported to apoplast (Loos et  al. 
2011a, b; Downing et al. 2006). By contrast, when Aspergillus phytase was expressed 
in the endosperm of rice, maize, or  wheat  seeds,  it  was  deposited in PSVs and 
ER-derived PBs (Drakakaki et al. 2006; Arcalis et al. 2004, 2010). This result was in 
contrast with that the same Aspergillus phytase was secreted to apoplast of rice and 

5 Seed-Based Production System for Molecular Farming



138

Ta
bl

e 
5.

4 
Pr

od
uc

tio
n 

yi
el

ds
 a

nd
 s

ub
ce

llu
la

r 
lo

ca
tio

ns
 o

f 
re

co
m

bi
na

nt
 p

ro
te

in
s 

pr
od

uc
ed

 in
 v

ar
io

us
 tr

an
sg

en
ic

 s
ee

ds

H
os

t p
la

nt
R

ec
om

bi
na

nt
 p

ro
te

in
A

pp
lic

at
io

n
Pr

om
ot

er
, 5

′ U
T

R
Si

gn
al

L
oc

al
iz

at
io

n
Pr

od
uc

tio
n 

le
ve

l (
yi

el
d)

R
ef

er
en

ce

M
ai

ze
A

vi
di

n
R

es
ea

rc
h 

re
ag

en
t

M
ai

ze
 u

bi
qu

iti
n,

 
ub

iq
ui

tin
 in

tr
on

N
o 

si
gn

al
A

po
pl

as
t, 

em
br

yo
 

(5
7%

)
5.

7%
 o

f 
T

SP
 

(2
.3

%
 o

f 
T

SP
)

H
oo

d 
et

 a
l. 

(1
99

7)

A
pr

ot
in

in
R

es
ea

rc
h 

re
ag

en
t 

(p
ro

te
as

e 
in

hi
bi

to
r)

M
ai

ze
 u

bi
qu

iti
n,

 
ub

iq
ui

tin
 in

tr
on

N
o 

si
gn

al
A

po
pl

as
t

0.
06

9%
 o

f 
T

SP
Z

ho
ng

 e
t a

l. 
(1

99
9)

G
lu

cu
ro

ni
da

se
 (

G
U

S)
M

od
el

 p
ro

te
in

M
ai

ze
 u

bi
qu

iti
n,

 
ub

iq
ui

tin
 in

tr
on

N
o 

si
gn

al
N

A
0.

7%
 o

f 
T

SP
K

us
na

di
 e

t a
l. 

(1
99

8)

B
ov

in
e 

tr
yp

si
n

Pr
ot

ea
se

E
m

br
yo

 g
lo

bu
lin

 1
B

A
A

 S
P

N
A

58
 m

g/
kg

 
G

ra
in

 (
3%

 
of

 T
SP

)

W
oo

da
rd

 e
t a

l. 
(2

00
3)

Fu
ng

al
 la

cc
as

e
In

du
st

ri
al

 e
nz

ym
e

E
m

br
yo

 g
lo

bu
lin

 1
B

A
A

 S
P

C
el

l w
al

l 
(a

po
pl

as
t)

0.
8%

 o
f 

T
SP

H
oo

d 
et

 a
l. 

(2
00

3)
β-

1,
4 

E
nd

og
lu

ca
na

se
In

du
st

ri
al

 e
nz

ym
e

E
m

br
yo

 g
lo

bu
lin

 1
B

A
A

 S
P,

 K
D

E
L

E
R

17
.9

%
 o

f 
T

SP
H

oo
d 

et
 a

l. 
(2

00
7)

β-
1,

4 
E

nd
og

lu
ca

na
se

In
du

st
ri

al
 e

nz
ym

e
E

m
br

yo
 g

lo
bu

lin
 1

B
A

A
 S

P,
 v

ac
uo

le
 

si
gn

al
V

ac
uo

le
16

%
 o

f 
T

SP
H

oo
d 

et
 a

l. 
(2

00
7)

M
an

ga
ne

se
 p

er
ox

id
as

e
In

du
st

ri
al

 e
nz

ym
e

E
m

br
yo

 g
lo

bu
lin

 1
B

A
A

 S
P

N
A

15
%

 o
f 

T
SP

C
lo

ug
h 

et
 a

l. 
(2

00
6)

C
aM

V
 3

5S
B

A
A

 S
P

N
A

3%
 o

f 
T

SP
C

lo
ug

h 
et

 a
l. 

(2
00

6)
C

el
lo

bi
oh

yd
ro

la
se

 1
In

du
st

ri
al

 e
nz

ym
e

E
m

br
yo

 g
lo

bu
lin

 1
B

A
A

 S
P

C
el

l w
al

l 
(a

po
pl

as
t)

17
.8

%
 o

f 
T

SP
H

oo
d 

et
 a

l. 
(2

00
7)

C
el

lo
bi

oh
yd

ro
la

se
 1

In
du

st
ri

al
 e

nz
ym

e
E

m
br

yo
 g

lo
bu

lin
 1

B
A

A
 S

P,
 K

D
E

L
E

R
16

.3
%

 o
f 

T
SP

H
oo

d 
et

 a
l. 

(2
00

7)

F. Takaiwa



139

H
os

t p
la

nt
R

ec
om

bi
na

nt
 p

ro
te

in
A

pp
lic

at
io

n
Pr

om
ot

er
, 5

′ U
T

R
Si

gn
al

L
oc

al
iz

at
io

n
Pr

od
uc

tio
n 

le
ve

l (
yi

el
d)

R
ef

er
en

ce

C
el

lo
bi

oh
yd

ro
la

se
 1

In
du

st
ri

al
 e

nz
ym

e
19

 k
D

a 
Α

ze
in

B
A

A
 S

P
N

A
9%

 o
f 

T
SP

 
(0

.2
25

 g
/k

g 
se

ed
)

R
eq

ue
se

ns
 e

t a
l. 

(2
01

9)

A
sp

er
gi

ll
us

 p
hy

ta
se

In
du

st
ri

al
 e

nz
ym

e
G

lu
te

lin
 G

t1
M

ur
in

e 
Ig

 k
 c

ha
in

 
SP

sh
if

t f
ro

m
 P

SV
 to

 
E

R
-d

er
iv

ed
 P

B
N

A
A

rc
al

is
 e

t a
l. 

(2
01

0)
Ty

pe
 2

 b
ra

zz
ei

n
Sw

ee
te

ne
r

E
m

br
yo

 g
lo

bu
lin

 1
B

A
A

 S
P

N
A

4%
 o

f 
T

SP
L

am
ph

ea
r 

et
 a

l. 
(2

00
5)

2G
12

 m
A

b
H

IV
G

lu
te

lin
 G

t1
G

t1
 S

P,
 K

D
E

L
E

R
-d

er
iv

ed
 P

B
75

 μ
g/

g 
se

ed
 

(5
.7

%
 o

f 
T

SP
)

R
ad

em
ac

he
r 

et
 a

l. 
(2

00
8)

LT
B

 (
he

at
-l

ab
ile

 
en

te
ro

to
xi

n 
B

 s
ub

un
it)

D
ia

rr
he

a 
(e

nt
er

ot
ox

ig
en

ic
 E

. 
co

li
)

27
 k

D
a 
γ-

Z
ei

n
γ-

Z
ei

n 
SP

St
ar

ch
 g

ra
nu

le
N

A
C

hi
kw

am
ba

 
et

 a
l. 

(2
00

3)

LT
B

 (
he

at
-l

ab
ile

 
en

te
ro

to
xi

n 
B

 s
ub

un
it)

D
ia

rr
he

a 
(e

nt
er

ot
ox

ig
en

ic
 E

. 
co

li
)

27
 k

D
a 
γ-

Z
ei

n
B

A
A

 S
P,

 K
D

E
L

N
A

3.
7%

 o
f 

T
SP

C
hi

kw
am

ba
 

et
 a

l. 
(2

00
2)

C
T

B
 (

ch
ol

er
a 

to
xi

n 
B

 
su

bu
ni

t)
D

ia
rr

he
a 

(c
ho

re
ra

)
27

 k
D

a 
γ-

Z
ei

n,
 

T
E

V
N

o 
si

gn
al

N
A

0.
00

14
%

 o
f 

T
SP

K
ar

am
an

 e
t a

l. 
(2

01
2)

S 
pr

ot
ei

n 
of

 
tr

an
sm

is
si

bl
e 

ga
st

ro
en

te
ri

tis
 v

ir
us

 
(T

G
E

V
)

T
ra

ns
m

is
si

bl
e 

ga
st

ro
en

te
ri

tis
 v

ir
us

M
ai

ze
 u

bi
qu

iti
n,

 
ub

iq
ui

tin
 in

tr
on

B
A

A
 S

P
A

po
pl

as
t

13
 m

g/
kg

 
G

ra
in

 2
%

L
am

ph
ea

r 
et

 a
l. 

(2
00

4)

G
 p

ro
te

in
 o

f 
ra

bi
es

 
vi

ru
s

R
ab

ie
s 

vi
ru

s
M

ai
ze

 u
bi

qu
iti

n,
 

ub
iq

ui
tin

 in
tr

on
N

o 
si

gn
al

N
A

25
 μ

g/
g 

G
ra

in
L

oz
a-

R
ub

io
 

et
 a

l. 
(2

01
2)

(c
on

tin
ue

d)

5 Seed-Based Production System for Molecular Farming



140

Ta
bl

e 
5.

4 
(c

on
tin

ue
d)

H
os

t p
la

nt
R

ec
om

bi
na

nt
 p

ro
te

in
A

pp
lic

at
io

n
Pr

om
ot

er
, 5

′ U
T

R
Si

gn
al

L
oc

al
iz

at
io

n
Pr

od
uc

tio
n 

le
ve

l (
yi

el
d)

R
ef

er
en

ce

Su
rf

ac
e 

gl
yc

op
ro

te
in

 F
 

of
 N

ew
ca

st
le

 d
is

ea
se

 
vi

ru
s

N
ew

ca
st

le
 d

is
ea

se
 

vi
ru

s
M

ai
ze

 u
bi

qu
iti

n,
 

ub
iq

ui
tin

 in
tr

on
N

o 
si

gn
al

N
A

3%
 o

f 
T

SP
G

ue
rr

er
o-

 
A

nd
ra

de
 e

t a
l. 

(2
00

6)
H

ep
at

iti
s 

B
 s

ur
fa

ce
 

an
tig

en
H

ep
at

iti
s 

B
 v

ir
us

E
m

br
yo

 g
lo

bu
lin

 1
B

A
A

 S
P

N
A

0.
51

%
 o

f 
T

SP
H

ay
de

n 
et

 a
l. 

(2
01

2)
H

3N
2 

nu
cl

eo
pr

ot
ei

n 
(N

P)
In

flu
en

za
 v

ir
us

27
 k

D
a 
γ-

Z
ei

n
γ-

ze
in

 S
P

N
A

70
 μ

g/
g 

Se
ed

 (
0.

06
%

 
T

SP
)

N
ah

am
pu

n 
et

 a
l. 

(2
01

5)

R
ot

av
ir

us
 V

P6
R

ot
av

ir
us

27
 k

D
a 
γ-

ze
in

γ-
Z

ei
n 

SP
, K

D
E

L
N

A
3.

5 
μg

/m
g 

Se
ed

Fe
ng

 e
t a

l. 
(2

01
7)

W
he

at
H

um
an

 s
er

um
 a

lb
um

in
C

el
l c

ul
tu

re
 a

dd
iti

ve
R

ic
e 

gl
ut

el
in

 G
t1

M
ur

in
e 

Ig
 k

 c
ha

in
 

SP
, K

D
E

L
Pr

ol
am

in
-  

ag
gr

eg
at

e 
(P

B
) 

w
ith

in
 v

ac
uo

le

N
A

A
rc

al
is

 e
t a

l. 
(2

00
4)

A
sp

er
gi

ll
us

 p
hy

ta
se

In
du

st
ri

al
 e

nz
ym

e
R

ic
e 

gl
ut

el
in

 G
T

1
M

ur
in

e 
Ig

 k
 c

ha
in

 
SP

PS
V

 a
nd

 
cy

to
pl

as
m

ic
 P

B
N

A
A

rc
al

is
 e

t a
l. 

(2
00

4)
Pe

a 
le

gu
m

in
Se

ed
 s

to
ra

ge
 e

nz
ym

e
R

ic
e 

gl
ut

el
in

 G
t1

M
ur

in
e 

Ig
 k

 c
ha

in
 

SP
In

cl
us

io
n 

bo
dy

 a
t 

th
e 

pe
ri

ph
er

al
 o

f 
pr

ol
am

in
 b

od
y

N
A

A
rc

al
is

 e
t a

l. 
(2

00
4)

sc
Fv

T
84

,6
6

C
an

ce
r 

(t
um

or
 

m
ar

ke
r)

M
ai

ze
 u

bi
qu

iti
n 

L
PH

SP
, K

D
E

L
N

A
1.

4 
m

g/
g 

Se
ed

St
ög

er
 e

t a
l. 

(2
00

0)
B

ar
le

y
C

ol
la

ge
n 

ty
pe

 I
 (

C
la

 I
 

(f
ul

l)
, 4

5 
kD

a)
St

ru
ct

ur
al

 c
om

po
ne

nt
R

ic
e 

gl
ut

el
in

 
G

lu
B

-1
B

as
ic

 c
hi

tin
as

e 
SP

, 
K

D
E

L
N

A
14

0 
m

g/
kg

 
Se

ed
E

sk
el

in
 e

t a
l. 

(2
00

9)
Fu

ng
al

 x
yl

an
as

e
In

du
st

ri
al

 e
nz

ym
e

R
ic

e 
gl

ut
el

in
 

G
lu

B
1,

 b
ar

le
y 

ho
rd

ei
n 

H
or

2-
4

N
o 

si
gn

al
N

A
12

7 
A

U
/h

 
gr

ai
n,

 
22

 A
U

/h
 

gr
ai

n

Pa
te

l e
t a

l. 
(2

00
0)

F. Takaiwa



141

H
os

t p
la

nt
R

ec
om

bi
na

nt
 p

ro
te

in
A

pp
lic

at
io

n
Pr

om
ot

er
, 5

′ U
T

R
Si

gn
al

L
oc

al
iz

at
io

n
Pr

od
uc

tio
n 

le
ve

l (
yi

el
d)

R
ef

er
en

ce

β-
G

lu
ca

na
se

In
du

st
ri

al
 e

nz
ym

e
B

ar
le

y 
D

-h
or

de
in

 
(H

or
3-

1)
H

or
3-

1 
SP

N
A

54
 μ

g/
m

g 
So

lu
bl

e 
pr

ot
ei

n

H
or

va
th

 e
t a

l. 
(2

00
0)

2G
12

 m
A

b
H

IV
O

at
 g

lo
bu

lin
 1

L
eg

B
4 

SP
, K

D
E

L
E

R
-d

er
iv

ed
 P

B
16

0 
μg

/g
 

Se
ed

 (
0.

4%
 

of
 T

SP
)

H
en

se
l e

t a
l. 

(2
01

5)

Pe
pt

id
e 

L
L

35
 (

hu
m

an
 

ca
th

el
ic

id
in

)
A

nt
im

ic
ro

bi
al

 p
ep

tid
e

B
ar

le
y 

B
1 

ho
rd

ei
n

Z
m

C
K

X
1 

SP
, 

K
D

E
L

E
R

-d
er

iv
ed

 P
B

55
0 
μg

/k
g 

Se
ed

H
ol

ás
ko

vá
 e

t a
l. 

(2
01

8)
R

ic
e

H
um

an
 s

er
um

 a
lb

um
in

C
el

l c
ul

tu
re

 a
dd

iti
ve

G
lu

te
lin

 G
t1

G
t1

 S
P

N
A

2.
75

 g
/k

g 
Se

ed
 (

0.
58

%
 

T
SP

)

H
e 

et
 a

l. 
(2

01
1)

H
um

an
 la

ct
of

er
ri

n
G

as
tr

oi
nt

es
tin

al
 

in
fe

ct
io

n
G

lu
te

lin
 G

t1
G

t1
 S

P
N

A
4.

5–
5.

5 
m

g/
g 

Se
ed

N
an

di
 e

t a
l. 

(2
00

5)

H
um

an
 ly

so
zy

m
e

G
as

tr
oi

nt
es

tin
al

 
in

fe
ct

io
n

G
lu

te
lin

 G
t1

G
t1

 S
P

PB
-I

I
35

0 
μg

/m
g 

T
SP

Y
an

g 
et

 a
l. 

(2
00

3)
A

sp
er

gi
ll

us
 p

hy
ta

se
In

du
st

ri
al

 e
nz

ym
e

G
lu

te
lin

 G
t1

M
ur

in
e 

Ig
 k

 c
ha

in
 

SP
PB

-I
, P

B
-I

I
N

D
D

ra
ka

ka
ki

 e
t a

l. 
(2

00
6)

C
aM

V
 3

5S
M

ur
in

e 
Ig

 k
 c

ha
in

 
SP

A
po

pl
as

t (
ca

lli
, 

le
af

) 
PB

-I
/P

B
-I

I 
(s

ee
d)

0.
5%

 o
f 

T
E

P
D

ra
ka

ka
ki

 e
t a

l. 
(2

00
6)

7C
rp

 T
 c

el
l e

pi
to

pe
Ja

pa
ne

se
 c

ed
ar

 
po

lli
no

si
s

G
lu

te
lin

 G
lu

B
-1

G
lu

B
-1

 S
P,

 K
D

E
L

 
si

gn
al

PB
-I

50
–6

0 
μg

/
gr

ai
n

Ta
ka

gi
 e

t a
l. 

(2
00

5a
)

6C
ha

o 
T

 c
el

l e
pi

to
pe

C
yp

re
ss

 p
ol

lin
os

is
G

lu
te

lin
 G

lu
B

-1
G

lu
B

-1
 S

P,
 K

D
E

L
 

si
gn

al
PB

-I
12

 μ
g/

gr
ai

n
Ta

ka
iw

a 
an

d 
Y

an
g 

(2
01

4)

(c
on

tin
ue

d)

5 Seed-Based Production System for Molecular Farming



142

Ta
bl

e 
5.

4 
(c

on
tin

ue
d)

H
os

t p
la

nt
R

ec
om

bi
na

nt
 p

ro
te

in
A

pp
lic

at
io

n
Pr

om
ot

er
, 5

′ U
T

R
Si

gn
al

L
oc

al
iz

at
io

n
Pr

od
uc

tio
n 

le
ve

l (
yi

el
d)

R
ef

er
en

ce

M
ite

 a
lle

rg
en

 D
er

 f
 2

 
(C

ys
 le

ss
)

M
ite

 a
lle

rg
y

G
lu

te
lin

 G
lu

B
-1

G
lu

B
-1

 S
P,

 K
D

E
L

 
si

gn
al

D
er

f2
 b

od
y

15
–3

0 
μg

/
gr

ai
n

Y
an

g 
et

 a
l. 

(2
01

2a
)

M
ite

 a
lle

rg
en

 D
er

 p
1 

(4
5–

14
5)

M
ite

 a
lle

rg
y

G
lu

te
lin

 G
lu

B
-1

G
lu

B
-1

 S
P,

 K
D

E
L

PB
-I

90
 μ

g/
gr

ai
n

Su
zu

ki
 e

t a
l. 

(2
01

1a
)

M
ite

 a
lle

rg
en

 D
er

 p
 1

 
(C

ys
/A

la
)

M
ite

 a
lle

rg
y

G
lu

te
lin

 G
lu

B
-1

G
lu

B
-1

 S
P,

 K
D

E
L

PB
-I

58
 μ

g/
se

ed
Y

an
g 

et
 a

l. 
(2

00
8)

Sh
uf

fle
d 

C
ry

 j 
2

Ja
pa

ne
se

 c
ed

ar
 

po
lli

no
si

s
G

lu
te

lin
 G

lu
B

-1
 

or
-4

Si
gn

al
 p

ep
tid

e,
 

K
D

E
L

PB
-I

13
 μ

g/
gr

ai
n

Su
zu

ki
 e

t a
l. 

(2
01

1b
)

C
ry

 j 
1 

fr
ag

m
en

t f
us

ed
 

to
 g

lu
te

lin
Ja

pa
ne

se
 c

ed
ar

 
po

lli
no

si
s

G
lu

te
lin

 G
lu

B
-1

G
lu

B
-1

 S
P

PB
-I

80
–2

20
 μ

g/
gr

ai
n

Y
an

g 
et

 a
l. 

(2
00

7a
)

Sh
uf

fle
d 

B
et

 v
 1

 
(T

PC
7)

B
ir

ch
 p

ol
lin

os
is

G
lu

te
lin

 G
lu

B
-1

G
lu

B
-1

 S
P,

 K
D

E
L

T
PC

7 
bo

dy
20

7 
μg

/g
ra

in
W

an
g 

et
 a

l. 
(2

01
3a

)
2×

β-
am

yl
oi

d 
(1

–4
2)

A
lz

he
im

er
G

lu
te

lin
 G

lu
B

-1
G

lu
B

-1
 S

P,
 K

D
E

L
M

od
ifi

ed
 P

B
-I

8 
μg

/s
ee

d
O

on
o 

et
 a

l. 
(2

01
0)

Su
rf

ac
e 

gl
yc

op
ro

te
in

 
N

ew
ca

st
le

 d
is

ea
se

N
ew

ca
st

le
 d

is
ea

se
G

lu
te

lin
 G

t1
N

o 
si

gn
al

N
A

2.
5–

5.
5 
μg

/g
Y

an
g 

et
 a

l. 
(2

00
7b

)
Pr

eS
1 

fu
se

d 
to

 H
B

V
 

su
rf

ac
e 

an
tig

en
 (

SS
1)

H
ep

at
iti

s 
B

 v
ir

us
G

lu
te

lin
 G

lu
B

-4
G

lu
B

-1
 S

P
C

yt
op

la
sm

31
.5

 μ
g/

g
Q

ia
n 

et
 a

l. 
(2

00
8 )

IB
D

V
 V

P2
In

fe
ct

io
us

 b
ur

sa
l 

di
se

as
e

G
lu

te
lin

 G
t1

N
o 

si
gn

al
N

A
4.

5%
 o

f 
T

SP
W

u 
et

 a
l. 

(2
00

7)

C
T

B
 (

ch
ol

er
a 

to
xi

n 
B

 
su

bu
ni

t)
D

ia
rr

he
a 

(c
ho

le
ra

)
G

lu
te

lin
 G

lu
B

-1
G

lu
B

-1
 S

P,
 K

D
E

L
PB

-I
, P

B
-I

I
30

 μ
g/

gr
ai

n
N

oc
hi

 e
t a

l. 
(2

00
7)

A
s1

6 
fu

se
d 

to
 C

T
B

R
ou

nd
w

or
m

G
lu

te
lin

 G
lu

B
-1

G
lu

B
-1

 S
P,

 K
D

E
L

N
A

50
 μ

g/
g

M
at

su
m

ot
o 

et
 a

l. 
(2

00
9)

F. Takaiwa



143

H
os

t p
la

nt
R

ec
om

bi
na

nt
 p

ro
te

in
A

pp
lic

at
io

n
Pr

om
ot

er
, 5

′ U
T

R
Si

gn
al

L
oc

al
iz

at
io

n
Pr

od
uc

tio
n 

le
ve

l (
yi

el
d)

R
ef

er
en

ce

H
um

an
 b

FB
G

C
yt

ok
in

e
G

lu
te

lin
 G

t1
3a

G
t1

3a
 S

P
N

A
18

5 
m

g/
kg

 
gr

ai
n

A
n 

et
 a

l. 
(2

01
3)

H
um

an
 G

M
-C

SF
C

yt
ok

in
e

G
lu

te
lin

 G
t1

G
t1

 S
P

N
A

1.
3%

 o
f 

T
SP

Sa
rd

an
a 

et
 a

l. 
(2

00
7)

H
um

an
 I

L
-1

0
C

yt
ok

in
e

G
lu

te
lin

 G
lu

B
-1

G
lu

B
-1

 S
P,

 K
D

E
L

A
be

rr
an

t 
E

R
-d

er
iv

ed
 P

B
22

0 
μg

/g
ra

in
Y

an
g 

et
 a

l. 
(2

01
2b

)
M

ou
se

 I
L

-4
C

yt
ok

in
e

G
lu

te
lin

 G
lu

B
-1

G
lu

B
-1

 S
P,

 K
D

E
L

E
R

-d
er

iv
ed

 P
B

0.
43

 m
g/

g 
se

ed
Fu

jiw
ar

a 
et

 a
l. 

(2
01

6)
M

ou
se

 T
G

F-
β

C
yt

ok
in

e
G

lu
te

lin
 G

lu
B

-1
G

lu
B

-1
 S

P,
 K

D
E

L
A

be
rr

an
t 

E
R

-d
er

iv
ed

 P
B

11
0 
μg

/g
ra

in
Ta

ka
iw

a 
et

 a
l. 

(2
01

6)
H

um
an

 T
G

F-
β

C
yt

ok
in

e
26

 k
D

a 
G

lo
bu

lin
G

lb
 S

P,
 K

D
E

L
E

R
 g

ra
nu

le
s

45
2 
μg

/g
ra

in
Ta

ka
iw

a 
et

 a
l. 

(2
02

1)
M

ou
se

 I
L

-6
C

yt
ok

in
e

G
lu

te
lin

 G
lu

B
1

G
lu

B
-1

 S
P,

 K
D

E
L

PB
-I

0.
16

 m
g/

g 
se

ed
Fu

jiw
ar

a 
et

 a
l. 

(2
01

6)
sc

Fv
 T

84
.6

6
C

an
ce

r 
(t

um
or

 
m

ar
ke

r)
U

bi
qu

iti
n 

pr
om

ot
er

m
A

bH
 S

P,
 K

D
E

L
PB

-I
, P

SV
30

 μ
g/

g 
se

ed
To

rr
es

 e
t a

l. 
(2

00
1)

G
uy

’s
 1

3 
se

cr
et

or
y 

Ig
A

D
en

ta
l c

ar
ie

s
U

bi
qu

iti
n

N
at

iv
e 

SP
, K

D
E

L
E

R
-d

er
iv

ed
 P

B
, 

PS
V

 (
as

se
m

bl
e)

N
A

N
ic

ho
ls

on
 e

t a
l. 

(2
00

5)
2G

12
 m

A
b

H
IV

G
lu

te
lin

 G
t1

, u
bi

 
in

tr
on

, T
E

V
N

at
iv

e 
SP

PS
V

, (
E

R
-d

er
iv

ed
 

PB
)

34
–4

2 
μg

/g
 

dr
y 

se
ed

V
am

va
ka

 e
t a

l. 
(2

01
6a

)

G
ri

ffi
th

si
n 

(H
IV

 
an

tiv
ir

al
 le

ct
in

)
H

IV
M

ai
ze

 z
ei

n
A

m
yl

as
e3

A
 S

P
PS

V
22

3 
μg

/g
 d

ry
 

se
ed

V
am

va
ka

 e
t a

l. 
(2

01
6b

)
18

 ×
 N

ov
ok

in
in

H
yp

er
te

ns
io

n
G

lu
te

lin
 G

lu
B

-1
G

lu
B

-1
 S

P,
 K

D
E

L
N

uc
le

ol
us

85
 μ

g/
g 

se
ed

W
ak

as
a 

et
 a

l. 
(2

01
1a

)

(c
on

tin
ue

d)

5 Seed-Based Production System for Molecular Farming



144

Ta
bl

e 
5.

4 
(c

on
tin

ue
d)

H
os

t p
la

nt
R

ec
om

bi
na

nt
 p

ro
te

in
A

pp
lic

at
io

n
Pr

om
ot

er
, 5

′ U
T

R
Si

gn
al

L
oc

al
iz

at
io

n
Pr

od
uc

tio
n 

le
ve

l (
yi

el
d)

R
ef

er
en

ce

G
L

P-
1 

fu
se

d 
to

 
26

 k
D

a 
gl

ob
ul

in
Ty

pe
 2

 d
ia

be
te

s
26

 k
D

a 
G

lo
bu

lin
G

lo
bu

lin
 f

us
io

n
PS

V
20

–5
0 
μg

/
gr

ai
n

Su
gi

ta
 e

t a
l. 

(2
00

5)
L

ac
to

st
at

in
 f

us
ed

 to
 

gl
ut

el
in

H
yp

er
ch

ol
es

te
ro

le
m

ia
G

lu
te

lin
 G

lu
B

-1
G

lu
te

lin
 f

us
io

n
PS

V
1.

6 
m

g/
g 

gr
ai

n
W

ak
as

a 
et

 a
l. 

(2
00

6)
A

PL
6 

(c
ol

la
ge

n 
2)

 
fu

se
d 

to
 g

lu
te

lin
A

rt
hr

iti
s

G
lu

te
lin

 G
lu

B
-1

G
lu

te
lin

 f
us

io
n

PS
V

7–
24

 m
g/

g 
gr

ai
n

Ii
zu

ka
 e

t a
l. 

(2
01

4)
A

PL
12

 (
G

PI
) 

fu
se

d 
to

 
gl

ut
el

in
A

rt
hr

iti
s

G
lu

te
lin

 G
lu

B
-1

G
lu

te
lin

 f
us

io
n

PS
V

3.
8 

m
g/

g 
gr

ai
n

H
ir

ot
a 

et
 a

l. 
(2

01
7)

A
PL

12
 (

G
PI

) 
fu

se
d 

to
 

pr
ol

am
in

A
rt

hr
iti

s
Pr

ol
am

in
Pr

ol
am

in
 f

us
io

n
PB

-I
20

0 
μg

/s
ee

d
Ta

ka
iw

a 
et

 a
l. 

(2
01

8)
N

ov
ok

in
in

 f
us

ed
 to

 
gl

ut
el

in
s

H
yp

er
te

ns
io

n
G

lu
te

lin
G

lu
te

lin
 f

us
io

n
PS

V
47

0 
μg

/g
 

se
ed

Y
an

g 
et

 a
l. 

(2
00

6)
H

um
an

 in
su

lin
-l

ik
e 

gr
ow

th
 f

ac
to

r
Ty

pe
 2

 d
ia

be
te

s
G

lu
te

lin
 G

t1
 3

a
G

t1
 S

P
PS

V
, E

R
6.

8%
 o

f 
T

SP
X

ie
 e

t a
l. 

(2
00

8)
A

ra
bi

do
ps

is
M

B
P1

0 
sc

Fv
-F

c
M

al
to

se
-b

in
di

ng
 

pr
ot

ei
n

β-
Ph

as
eo

lin
, a

rc
5-

1 
5′

 U
T

R
2S

2 
SP

, K
D

E
L

E
R

-d
er

iv
ed

 P
B

, 
ap

op
la

st
 

(3
5–

40
%

)

12
.4

%
 o

f 
T

SP
V

an
 

D
ro

og
en

br
oe

ck
 

et
 a

l. 
(2

00
7)

E
H

F3
4 

sc
Fv

-F
c

H
an

ta
an

 v
ir

us
9.

0%
 o

f 
T

SP
H

A
78

 s
cF

v-
Fc

H
ep

at
iti

s 
A

 v
ir

us
7.

1%
 o

f 
T

SP
sc

Fv
G

4
M

od
el

 p
ro

te
in

β-
Ph

as
eo

lin
, a

rc
5-

1 
5′

 U
T

R
2S

2 
SP

, K
D

E
L

N
A

36
.5

%
 o

f 
T

SP
D

e 
Ja

eg
er

 e
t a

l. 
(2

00
2)

PR
R

SV
 g

ly
co

pr
ot

ei
n

Po
rc

in
e 

re
pr

od
uc

tiv
e 

an
d 

re
sp

ir
at

or
y 

sy
nd

ro
m

e 
vi

ru
s

β-
Ph

as
eo

lin
 T

M
V

 
ω

2S
2 

SP
, K

D
E

L
N

A
2.

7%
 o

f 
T

SP
Pi

ro
n 

et
 a

l. 
(2

01
4)

G
lu

co
ce

re
br

os
id

as
e

G
au

ch
er

’s
 d

is
ea

se
A

rc
el

in
-5

-1
ar

c5
-1

 S
P

PS
V

0.
1%

 o
f 

T
SP

H
e 

et
 a

l. 
(2

01
2)

F. Takaiwa



145

H
os

t p
la

nt
R

ec
om

bi
na

nt
 p

ro
te

in
A

pp
lic

at
io

n
Pr

om
ot

er
, 5

′ U
T

R
Si

gn
al

L
oc

al
iz

at
io

n
Pr

od
uc

tio
n 

le
ve

l (
yi

el
d)

R
ef

er
en

ce

H
A

78
 m

A
b

H
ep

at
iti

s 
A

 v
ir

us
β-

Ph
as

eo
lin

2S
2 

SP
A

po
pl

as
t, 

G
ol

gi
 

de
ns

e 
ve

si
cl

es
8.

8 
μg

/m
g 

se
ed

L
oo

s 
et

 a
l. 

(2
01

1a
)

H
A

78
 s

cF
v-

Fc
H

ep
at

iti
s 

A
 v

ir
us

β-
Ph

as
eo

lin
2S

2 
SP

A
po

pl
as

t (
G

ol
gi

 
ve

si
cl

e)
8.

0 
μg

/m
g 

se
ed

L
oo

s 
et

 a
l. 

(2
01

1b
)

2S
2 

SP
, K

D
E

L
E

R
-d

er
iv

ed
 

ve
si

cl
es

, (
PS

V
)

3.
9 
μg

/m
g 

se
ed

2G
12

 m
A

b
H

IV
β-

Ph
as

eo
lin

2S
2 

SP
A

po
pl

as
t (

G
ol

gi
 

ve
si

cl
e)

3.
6 
μg

/g
 

se
ed

L
oo

s 
et

 a
l. 

(2
01

1a
)

2S
2 

SP
, K

D
E

L
PS

V
, (

E
R

)
3.

0 
μg

/m
g 

se
ed

C
aM

V
 3

5S
N

at
iv

e 
SP

A
po

pl
as

t (
E

M
, 

E
N

)
N

A
A

rc
al

is
 e

t a
l. 

(2
01

3)
N

at
iv

e 
SP

, K
D

E
L

PS
V

 (
E

M
)

N
A

2G
12

 s
cF

v-
Fc

H
IV

β-
Ph

as
eo

lin
2S

2 
SP

E
R

-d
er

iv
ed

 
ve

si
cl

es
, n

uc
le

ar
 

en
ve

lo
p

0.
8 
μg

/m
g 

se
ed

L
oo

s 
et

 a
l. 

(2
01

1b
)

2S
2 

SP
, K

D
E

L
E

R
-d

er
iv

ed
 

ve
si

cl
e,

 n
uc

le
ar

 
en

ve
lo

p

0.
8 
μg

/m
g 

se
ed

V
H

H
C

-I
gA

E
nt

er
ot

ox
ig

en
ic

 E
. 

co
li

β-
Ph

as
eo

lin
, ω

 
le

ad
er

 5
′ U

T
R

2S
2 

SP
, K

D
E

L
N

A
3%

 o
f 

T
SP

V
ir

di
 e

t a
l. 

(2
01

3)
G

A
D

67
/6

5m
ut

Ty
pe

 1
 d

ia
be

te
s

β-
Ph

as
eo

lin
, ω

 
le

ad
er

 5
′ U

T
R

2S
2 

SP
, K

D
E

L
PS

V
 (

E
R

 to
 P

SV
)

4.
5 

m
g/

g
M

or
an

di
ni

 e
t a

l. 
(2

01
1)

M
ou

se
 h

IL
-1

0
C

yt
ok

in
e

β-
Ph

as
eo

lin
, ω

 
le

ad
er

 5
′ U

T
R

2S
2 

SP
, K

D
E

L
E

R
-l

ik
e 

m
em

br
an

e
0.

3 
m

g/
g 

se
ed

 (
0.

41
%

 
of

 T
SP

)

M
or

an
di

ni
 e

t a
l. 

(2
01

1) (c
on

tin
ue

d)

5 Seed-Based Production System for Molecular Farming



146

Ta
bl

e 
5.

4 
(c

on
tin

ue
d)

H
os

t p
la

nt
R

ec
om

bi
na

nt
 p

ro
te

in
A

pp
lic

at
io

n
Pr

om
ot

er
, 5

′ U
T

R
Si

gn
al

L
oc

al
iz

at
io

n
Pr

od
uc

tio
n 

le
ve

l (
yi

el
d)

R
ef

er
en

ce

Pr
oi

ns
ul

in
Ty

pe
 1

 d
ia

be
te

s
A

rc
el

in
 5

-1
2S

2 
SP

, K
D

E
L

PS
V

4.
8 
μg

/g
 

(0
00

54
%

 o
f 

T
SP

)

M
or

an
di

ni
 e

t a
l. 

(2
01

1)

H
um

an
 

α-
l-

id
ur

on
id

as
e

Ly
so

so
m

al
 s

to
ra

ge
 

di
so

rd
er

A
rc

el
in

-5
-1

A
rc

el
in

-5
-1

 S
P

A
po

pl
as

t
1.

8%
 o

f 
T

SP
D

ow
ni

ng
 e

t a
l. 

(2
00

6)
Pe

a
sc

Fv
 T

84
.6

6
C

an
ce

r 
(t

um
or

 
m

ar
ke

r)
Pe

a 
le

gu
m

in
 A

, ω
 

le
ad

er
 5
′ U

T
R

L
PH

 S
P,

 K
D

E
L

Pe
a 

co
ty

le
do

n
9 
μg

/g
Pe

rr
in

 e
t a

l. 
(2

00
0)

sc
Fv

 A
B

A
 A

b
A

B
A

U
SP

Si
gn

al
E

R
2%

 o
f 

T
SP

Sa
al

ba
ch

 e
t a

l. 
(2

00
1)

C
ap

si
d 

pr
ot

ei
n 

V
P6

0 
fu

se
d 

to
 C

T
B

R
ab

bi
t h

em
or

rh
ag

ic
 

di
se

as
e 

vi
ru

s
C

aM
V

35
S

SP
, K

D
E

L
N

A
0.

00
1%

 o
f 

T
SP

M
ik

sc
ho

fs
ky

 
et

 a
l. 

(2
00

9)
So

yb
ea

n
H

um
an

 b
as

ic
 fi

br
ob

la
st

 
gr

ow
th

 f
ac

to
r

C
yt

ok
in

e
G

ly
ci

ni
n 

A
1a

B
1b

 
(G

1)
G

1 
SP

PS
V

2.
3%

 o
f 

T
SP

D
in

g 
et

 a
l. 

(2
00

6)

H
um

an
 c

oa
gu

la
tio

n 
fa

ct
or

 I
X

 (
hF

IX
)

B
lo

od
 c

lo
tti

ng
 

(z
ym

og
en

)
7S

 g
lo

bu
lin

 α
′ 

su
bu

ni
t

α-
C

oi
xi

n 
SP

PS
V

0.
23

%
 o

f 
T

SP
 (

0.
8 

g/
kg

 s
ee

d)

C
un

ha
 e

t a
l. 

(2
01

1a
, b

)

H
um

an
 g

ro
w

th
 

ho
rm

on
e

G
ro

w
th

 h
or

m
on

e
7S

 g
lo

bu
lin

 α
′ 

su
bu

ni
t

α-
C

oi
xi

n 
SP

PS
V

2.
9%

 o
f 

T
SP

C
un

ha
 e

t a
l. 

(2
01

1a
, b

)

N
ov

ok
in

in
 f

us
ed

 to
 7

S 
α′

 s
ub

un
it

H
yp

er
te

ns
io

n
7S

 g
lo

bu
lin

 α
′ 

su
bu

ni
t

α′
 s

ub
un

it 
SP

PS
V

0.
1–

0.
2%

 o
f 

T
SP

 
(1

–2
 μ

g/
m

g 
se

ed
)

N
is

hi
za

w
a 

et
 a

l. 
(2

00
8)

H
um

an
 e

pi
de

rm
al

 
gr

ow
th

 f
ac

to
r

G
ro

w
th

 f
ac

to
r

G
ly

ci
ni

n 
A

1a
B

1b
C

hi
tin

as
e 

SP
N

A
12

9 
μg

/g
 

se
ed

H
e 

et
 a

l. 
(2

01
6)

F. Takaiwa



147

H
os

t p
la

nt
R

ec
om

bi
na

nt
 p

ro
te

in
A

pp
lic

at
io

n
Pr

om
ot

er
, 5

′ U
T

R
Si

gn
al

L
oc

al
iz

at
io

n
Pr

od
uc

tio
n 

le
ve

l (
yi

el
d)

R
ef

er
en

ce

C
ya

no
vi

ri
n 

N
 

(m
ic

ro
bi

oc
id

e)
H

IV
7S

 g
lo

bu
lin

 α
′ 

su
bu

ni
t

α′
 S

ub
un

it 
SP

PS
V

35
0 

m
g/

kg
 

se
ed

O
’K

ee
fe

 e
t a

l. 
(2

01
5)

LT
B

 (
he

at
-l

ab
ile

 to
xi

n 
B

 s
ub

un
it)

D
ia

rr
he

a 
(e

nt
er

ot
ox

ig
en

ic
 E

. 
co

li
)

G
ly

ci
ni

n 
A

1a
B

1b
C

hi
tin

as
e 

SP
, 

K
D

E
L

PS
V

2.
4%

 o
f 

T
SP

M
or

av
ec

 e
t a

l. 
(2

00
7)

To
ba

cc
o

H
um

an
 g

ro
w

th
 

ho
rm

on
e

G
ro

w
th

 h
or

m
on

e
r-

K
afi

ri
n 

pr
om

ot
er

K
afi

ri
n 

SP
N

A
0.

16
%

 o
f 

T
SP

L
ei

te
 e

t a
l. 

(2
00

0)
A

sp
er

gi
ll

us
 p

hy
ta

se
In

du
st

ri
al

 e
nz

ym
e

2×
C

aM
V

35
S

M
ur

in
e 

Ig
 k

 S
P

A
po

pl
as

t/P
SV

 
(E

M
),

 P
SV

/
ap

op
la

st
 (

E
N

),
 

ap
op

la
st

 (
le

av
es

)

N
A

A
rc

al
is

 e
t a

l. 
(2

01
3)

H
um

an
 

cy
to

m
eg

al
ov

ir
us

 
gl

yc
op

ro
te

in
 B

 
(H

C
M

V
)

H
um

an
 

cy
to

m
eg

al
ov

ir
us

G
lu

te
lin

 G
t3

G
t3

 S
P

PS
V

70
–1

46
 n

g/
m

g 
pr

ot
ei

n
W

ri
gh

t e
t a

l. 
(2

00
1)

14
D

9 
m

A
b

C
at

al
yt

ic
 a

nt
ib

od
y

7S
 g

lo
bu

lin
 α
′ 

su
bu

ni
t, 

T
E

V
H

C
M

SP
PS

V
 (

m
at

ri
x)

0.
06

%
 o

f 
T

SP
Pe

tr
uc

ce
lli

 e
t a

l. 
(2

00
6)

H
C

M
SP

, K
D

E
L

PS
V

, a
po

pl
as

t
1.

08
%

 o
f 

T
SP

C
aM

V
 3

5S
, T

E
V

H
C

M
SP

A
po

pl
as

t (
le

af
),

 
PS

V
 (

se
ed

)
2.

9%
 (

le
af

),
 

0.
21

%
 o

f 
T

SP
 (

se
ed

)
H

C
M

SP
, K

D
E

L
E

R
 (

le
af

),
 P

SV
, 

ap
op

la
st

 (
se

ed
)

5.
2%

 (
le

af
),

 
0.

41
%

 o
f 

T
SP

 (
se

ed
)

(c
on

tin
ue

d)

5 Seed-Based Production System for Molecular Farming



148

Ta
bl

e 
5.

4 
(c

on
tin

ue
d)

H
os

t p
la

nt
R

ec
om

bi
na

nt
 p

ro
te

in
A

pp
lic

at
io

n
Pr

om
ot

er
, 5

′ U
T

R
Si

gn
al

L
oc

al
iz

at
io

n
Pr

od
uc

tio
n 

le
ve

l (
yi

el
d)

R
ef

er
en

ce

H
B

sA
g 

m
A

b
H

ep
at

iti
s 

B
 v

ir
us

Ph
as

eo
lin

, a
rc

-5
I 

5′
 

U
T

R
2S

2 
SP

, K
D

E
L

PS
V

6.
5 

m
g/

g 
se

ed
H

er
na

de
z-

 
V

el
az

qu
ez

 e
t a

l. 
(2

01
5)

H
B

sA
g 

sc
Fv

H
ep

at
iti

s 
B

 v
ir

us
C

aM
V

 3
5S

, ω
 

le
ad

er
 5
′ U

T
R

Sp
or

am
in

, v
ac

uo
le

 
T

S
PS

V
, a

po
pl

as
t

0.
2%

 o
f 

T
SP

R
am

ir
ez

 e
t a

l. 
(2

00
1)

2G
12

 m
A

b
H

IV
C

aM
V

 3
5S

N
at

iv
e 

SP
A

po
pl

as
t/P

SV
 

(E
M

),
 P

SV
/

ap
op

la
st

 (
E

N
),

 
ap

op
la

st
 (

le
av

es
)

N
A

A
rc

al
is

 e
t a

l. 
(2

01
3)

N
at

iv
e 

SP
, K

D
E

L
PS

V
 (

E
M

, E
N

),
 

E
R

 (
le

av
es

)
N

A

H
A

 H
5N

1
A

vi
an

 in
flu

en
za

 v
ir

us
Ph

as
eo

lin
SP

, K
D

E
L

N
A

3 
m

g/
g 

se
ed

C
eb

al
lo

 e
t a

l. 
(2

01
7)

H
um

an
 g

ra
nu

lo
cy

te
-

co
lo

ny
-s

tim
ul

at
in

g 
fa

ct
or

G
ro

w
th

 f
ac

to
r

C
aM

V
 3

5S
U

bi
qu

iti
n 

+
 

ph
as

eo
lin

 S
P

A
po

pl
as

t (
le

av
es

),
 

PS
V

 (
se

ed
)

2.
5 

m
g/

g 
T

SP
 

(l
ea

ve
s)

, 
1.

3 
m

g/
g 

T
SP

 (
se

ed
)

T
ia

n 
an

d 
Su

n 
(2

01
1)

H
um

an
 

co
m

pl
em

en
ta

ry
 f

ac
to

r 
5a

Se
ps

is
2×

C
aM

V
35

S,
 ω

 
le

ad
er

 5
′ U

T
R

SP
, K

D
E

L
, A

FV
Y

 
va

cu
ol

e 
SP

E
R

 o
r V

ac
uo

le
 

(s
ee

d)
10

.6
 μ

g/
g 

le
af

 
35

.8
 μ

g/
g 

se
ed

N
au

sc
h 

et
 a

l. 
(2

01
2)

N
A

 n
ot

 a
na

ly
ze

d,
 B

A
A

 S
P

 b
ar

le
y 

al
ph

a-
am

yl
as

e 
si

gn
al

 p
ep

tid
e,

 2
S2

 S
P

 s
ig

na
l 

pe
pt

id
e 

of
 t

he
 A

ra
bi

do
ps

is
 2

S2
 S

SP
 g

en
e,

 H
C

M
SP

 h
ea

vy
-c

ha
in

 m
ur

in
e 

si
gn

al
 

pe
pt

id
e,

 L
P

H
 h

ea
vy

-c
ha

in
 le

ad
er

 p
ep

tid
e 

fr
om

 th
e 

T
M

V
, T

E
V

 to
ba

cc
o 

et
ch

 v
ir

us
 le

ad
er

 s
eq

ue
nc

e,
 E

M
 e

m
br

yo
,  

E
N

 e
nd

os
pe

rm

F. Takaiwa



149

tobacco leaf cells, when directed by the CaMV 35S promoter (Drakakaki et al. 2006; 
Arcalis et al. 2013).  It should be noted that it was deposited  to PSVs and apoplast 
in  these transgenic seeds.  Furtheremore,  some antibodies (14D9  mAb  and HBsAg 
mAb) were transported to PSV in tobacco seeds (Ramirez et al. 2001; Petruccelli et al. 
2006). Targeting to PSVs was also observed in transgenic rice and tobacco seeds, when 
2G12 mAb, griffithsin, and human cytomegalovirus glycoprotein B were specifically 
expressed in their endosperm tissues (Wright et al. 2001; Vamvaka et al. 2016a, b). On 
the other hand, when Aspergillus phytase was expressed in seeds and leaves of 
Medicago, it was efficiently secreted to the apoplast as expected (Abranches et  al. 
2008). Thus, these results suggest that the deposition of recombinant protein is highly 
influenced by the expressed seed tissue used as host. It is surprising that the LT-B 
expressed in maize endosperm was unexpectedly detected in amyloplasts as intracel-
lular localization site, although the LT-B with the γ-zein N-terminal signal peptide was 
expressed under the control of the γ-zein endosperm-specific promoter (Chikwamba 
et al. 2003) (Table 5.4).

On the other hand, when the recombinant proteins were expressed in seeds by 
attaching the signal peptide and KDEL ER retention tag at their N- and C-termini, 
various recombinant proteins (7Crp peptide, shuffled Cry j 1 or 2, Der p 1 (45–145), 
shuffled Bet v 1 (TPC7), CTB, TGF-β, and 2×β-amyloid) were transported to 
ER-derived PBs as expected (Takagi et al. 2005a; Nochi et al. 2007; Oono et al. 
2010; Suzuki et al. 2011a, b; Yang et al. 2012b; Wang et al. 2013a; Wakasa et al. 
2013; Takaiwa et al. 2016, 2021). The ER-derived PB structures were sometimes 
distorted depending on their production levels. Aberrant small ER-derived granules, 
new bodies, or giant bodies were formed depending on the individual physicochem-
ical property of the expressed recombinant protein. It is pointed out that such 
ER-derived novel bodies are morphologically similar to Russell bodies found in 
mammalian cells acting as self-protection against overloaded transport-incompetent 
proteins (Arcalis et al. 2019). By contrast, human serum albumin was deposited in 
PSVs in a form of aggregates when expressed in wheat endosperm (Arcalis et al. 
2004). Despite the presence of ER retention signal, vacuolar targeting or secretion 
to apoplast was observed for the production of 14D mAb and HBs mAb, when 
expressed in tobacco seeds (Petruccelli et  al. 2006; Hernández-Velázquez et  al. 
2015). 2G12 mAb was also secreted to apoplast in Arabidopsis seeds. It should be 
noted that MBP10 single-chain variable fragment (scFv)-Fc Ab bearing the 
N-terminal signal peptide and C-terminal KDEL tag was localized in apoplast as 
well as ER-derived PBs in Arabidopsis seeds. This finding suggests that substantial 
amounts of scFv product may lead to direct transportation from ER to the periplasm 
space bypassing the Golgi apparatus. This may be caused by ER saturation effect 
due to high amount of accumulation of scFv. Furthermore, 18  ×  novokinin was 
unexpectedly sequestered to nucleolus in the endosperm cells of transgenic rice 
(Wakasa et al. 2011a). This may be explained by the property that the 18 × novoki-
nin sequence has a property to function as nuclei target signal, since the GFP reporter 
fused to the 18 × novokinin was observed to be transported to nuclei (Table 5.4).

It has been known in rice and maize seeds that incorporation of the expressed 
recombinant protein into ER-derived PBs is attributed to the intermolecular 
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interaction between the recombinant protein and endogenous Cys-rich prolamins by 
disulfide bond formation via free Cys residues (Takaiwa et al. 2009; Peters et al. 
2013). The C-terminal attachment of the KDEL ER retention tag generally resulted 
in two- to tenfold enhancement of accumulation level as compared with the con-
structs lacking this signal (Takagi et al. 2005a; Conrad and Fiedler 1998). This is 
associated with the evidence that ER is a favorable subcellular compartment for 
deposition of expressed proteins. Furthermore, when four polypeptide components 
(heavy chain, light chain, secretory chain, and linker chain) constituting the secre-
tory IgA against Streptococcus mutants surface antigen were co-expressed by 
attaching the N-terminal signal peptide and C-terminal ER retention tag in rice 
seeds under the control of the maize ubiquitin promoter, the assembled chains were 
targeted to PSVs and the non-assembled ones were retained in ER-derived PBs 
(Nicholson et al. 2005). This result suggested that the correctly assembled secretory 
IgA may be allowed to be transported to PSVs (Nicholson et  al. 2005). Similar 
observation was done by co-expression of soybean glycinin A1aB1b and A3B4 sub-
units in transgenic rice seeds. Assembly of these two types of glycinins enhanced 
their accumulation levels and facilitated the transportation of these subunits into 
PSVs, when compared to the transgenic rice seeds, in which individual glycinin was 
independently expressed (Takaiwa et al. 2008). Furthermore, it is interesting to note 
that deposition site is altered during seed maturation process. When 2G12 mAb or 
fungal phytase was produced in maize endosperm, their products were predomi-
nantly localized within the PSVs in young endosperm cells. This intracellular local-
ization was shown to be progressively altered to ER-derived PBs along seed 
maturation (Arcalis et al. 2010; Drakakaki et al. 2006). These findings suggest that 
seed developmental stages are implicated in determining the intracellular traffick-
ing routes.

5.7.2  Targeting to PSV

PSVs are unique to plants, and they function as the main deposition sites of SSPs in 
dicots and some monocots (rice and oat). In order to deposit the recombinant pro-
tein in PSV, one strategy is to utilize the fusion with the globulin SSPs (soybean 
globulins or rice glutelins), which are transported to PSVs. 11–12S globulins or rice 
glutelins have four variable (flexible) regions in their molecules, which are corre-
sponding to exposed regions in their tertiary structures. Especially, the C-terminal 
region of acidic subunit is highly variable. Various small-size polypeptides or bioac-
tive peptides have been introduced into the C-terminal highly variable region of rice 
glutelins or soybean 11S glycinins by substitution insertion (Yang et  al. 2007a; 
Maruyama et al. 2014). When expressed under the seed-specific promoter, modified 
glutelins or glycinins containing the desired sequences were highly produced and 
deposited in PSVs. After most of them were transported to PSVs via Golgi appara-
tus, they were posttranslationally processed into mature acidic and basic subunits 
(Table 5.4).
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The other strategy is to use the vacuolar sorting signals. For transport of cargo 
proteins to PSVs or lytic vacuoles, vacuolar sorting determinant (VSD) in the cargo 
amino acid sequence and vacuolar sorting receptor (VSR) have been known to be 
involved. The VSDs are grouped into sequence-specific vacuolar sorting signal 
(ssVSS), C-terminal vacuolar sorting signal (ctVSS), and physical structure/confor-
mation VSDs (psVSDs) (Neuhause and Rogers 1998; Vitale and Hinz 2005). The 
ssVSSs were found out in barley aleurone, sweet potato sporamin, and castor bean 
ricin and 2S albumin. The conserved Asn-Pro-Ile-Arg (NPIR) motif is identified as 
a core signal sequence. The ssVSSs have been shown to interact with the BP-80 
family sorting receptors. The ctVSSs are rich in hydrophobic residues, which are 
localized within ten amino acids from the C-terminal end of various SSPs such as 
11S and 7S soybean globulins, common bean phaseolin, barley lectin, and rice glu-
telin. Proteins carrying the ctVSS are demonstrated to be targeted to PSVs via DVs 
or PAC vesicles by aggregation-based sorting. These ctVSSs do not have any con-
sensus sequence (Zhang et al. 2021). Given that the ctVSS signals were linked to 
recombinant proteins, they would be targeted to PSV. Actually, when the sequences 
containing the ctVSSs derived from soybean 7S subunit or 11S A1aB1b glycinin 
were attached to the C-terminus of GFP reporter and then their localization was 
examined in soybean maturing seeds by transient expression, they were demon-
strated to be targeted to PSVs as expected (Nishizawa et  al. 2003; Maruyama 
et al. 2006).

The VSDs in cargo protein are recognized by two types of vacuolar  sorting 
receptors, BP-80/VSR family and receptor homology region-transmembrane 
domain-RING-H2 (RMR) protein family. Vacuolar sorting is known to be mediated 
by specific protein-protein interactions between the sorting receptors and the cargo 
proteins, which is implicated in trafficking to PSVs. The BP-80/VSR family recog-
nizes both ssVSDs and ctVSDs in cargo proteins, while the RMRs only interact 
with the ctVSDs. Vacuolar sorting is known to be mediated by specific protein- 
protein interaction between the sorting receptors and the cargo proteins, which is 
implicated in traafficking to PSV. RMRs involved in the vacuolar delivery of SSPs 
are observed to be localized not only in PSVs but also in Golgi apparatus, TGN, and 
MVEs, coinciding with the distribution of SSPs.

Up to date, either efficient targeting of recombinant protein to PSV by using the 
VSD or enhancement of recombinant protein yield by VSD-mediated targeting has 
not yet been reported. Further studies on targeting mechanism from ER to PSV will 
be required.

5.7.3  Protein Fusion Strategy in Seed-Based Production 
for Recombinant Protein

Maize SSP 27 kDa γ-zein plays an important role in initiating and organizing the 
PBs. N-terminal region of γ-zein called Zera is composed of eight repeats of the 
hexapeptide VHLPPP and seven cysteine residues, which is implicated in ER 
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retention and interchain disulfide bond formation, respectively. When a variety of 
recombinant proteins were fused to this Zera sequence, formation of ER-derived 
PB-like structures was induced in eukaryotic cells through aggregation (oligomer-
ization) via disulfide bonds within ER (Llop-Tous et al. 2010). Fusion to this Zera 
sequence gave rise to enhanced accumulation and stability as compared with the 
fusion to the KDEL ER retention signal. When the Zera was fused to common bean 
phaseolin SSP, the fusion protein zeolin accumulated to levels in excess of 3.5% 
TSP (Mainieri et al. 2004).

Formation of PB-like structure via accretion to ER has been observed to be 
induced by fusing the elastin-like polypeptides (ELPs) or fungal hydrophobins 
(HFBs) to recombinant proteins in various tissues, which are involved in the protec-
tion of proteins from degradation (Conley et al. 2011). ELPs comprise numerous 
repeats of a short peptide such as VPGXG, which is reminiscent of the structure of 
the mammalian connective tissue protein elastin. The repeated domains allow self- 
assembly, which confers stability to the fusion partners by packing them. When 
scFv antibody was C-terminally fused to 100 repeats of ELP (VPGVG) and then 
expressed in tobacco seeds under the control of seed-specific Leg4 or USP pro-
moter, accumulation of the scFv/ELP fusion was enhanced to 40-fold higher level 
than the scFv only, resulting in production at a concentration of about 25% of TSP 
(Scheller et al. 2006).

It is generally difficult to stably and highly accumulate the small-size bioactive 
peptide in transgenic seeds. Then, reporter proteins such as GFP or major SSPs have 
been used as fusion partner or carrier to stabilize the peptide or small-size protein.

When amyloid β-peptide with a length of 42 amino acids (Aβ42) was linked to 
GFP reporter, the GFP/Aβ42 fusion product stably accumulated at a level of 
400 μg/g grain in transgenic rice (Yoshida et al. 2011). When three tandem repeats 
of Aβ (4–10) peptide were inserted into three flexible regions of soybean A1aB1b 
glycinin and were then expressed in soybean seeds deficient in major native SSPs, 
the engineered glycinin accumulated at about 0.5% of TSP (Maruyama et al. 2014). 
T cell epitope peptides derived from Japanese cedar pollen allergens (Cry j 1 and 
Cry j 2) or analogue peptide ligands derived from autoantigens (type II collagen, 
glucose-6-phosphate-isomerase, M3 muscarinic acetylcholine receptor) causing 
rheumatoid arthritis and Sjögren’s syndrome could also be accumulated well in 
transgenic rice seeds by inserting into highly variable regions of rice SSP glutelins 
or by attaching to the C-termini of rice prolamins (Takagi et al. 2005b; Iizuka et al. 
2014; Hirota et al. 2017; Takaiwa et al. 2018; Takaiwa 2023). These results indicate 
that small-size peptide can be stably and highly accumulated as fusion with SSPs. 
These transgenic seeds can be utilized as oral peptide vaccine (see also chapter 
“Plant Molecular Farming for Vaccine Development”).

Many bioactive peptides derived from enzymatic hydrolysis of food proteins 
have been reported to be effective as health-promoting agents for lifestyle-related 
diseases (Udenigwe and Aluko 2012). In order to confer new function to seed, these 
bioactive peptides such as glucagon-like peptide (GLP-1) (Sugita et  al. 2005; 
Yasuda et  al. 2006), hypocholesterolemic lactostatin peptide (IIKPW) (Wakasa 
et al. 2006), and an antihypertension novokinin peptide (RPLKPW), (Yang et al. 
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2006) have been accumulated in rice seeds as part of SSPs by expression as fusion 
protein with glutelin or 11–12S globulin in a similar manner as endogenous SSPs. 
These fusion proteins were highly produced and transported to PSVs and then 
assembled like endogenous SSPs in transgenic rice seeds, indicating that they can 
be utilized as a potential carrier for the production of heterogeneous bioactive 
peptide(s). Furthermore, soybean α′ subunit of 7S globulin has also been utilized as 
a carrier to express tandem repeats of novokinin peptide, hypocholesterolemic 
LPYPR peptide, and memory-enhancing rubiscolin (YPLDLF). The modified 7S α′ 
subunits containing functional peptides were expressed up to 0.2% of the total seed 
protein in the best transgenic lines (Yamada et al. 2008; Nishizawa et al. 2008).

It has been investigated how much length of polypeptide can be acceptable as 
fusion carrier by substitutive insertion into highly variable region of glutelin. 
Polypeptide with a length of about 150 amino acids could be inserted into the highly 
variable region of glutelin GluA-2 acidic subunit and be stably and highly accumu-
lated in transgenic rice seeds (Yang et  al. 2007a). Its highest accumulation level 
reached about 15% of total seed protein. However, this fusion product could not be 
transported to PSV-like native glutelin and was retained as aggregates in ER lumen 
through intermolecular interaction with Cys-rich prolamins via disulfide bonds.

Ubiquitin, C-terminal region of rice chaperone luminal binding protein (BiP1) 
(256 amino acids), and cholera toxin B subunit (CTB) have also been utilized as a 
fusion carrier or partner. Ubiquitin has been developed as a fusion partner for 
enhancing the accumulation of recombinant proteins. Ubiquitin fusion to human 
granulocyte-colony-stimulating factor (hG-CSF) resulted in sevenfold and twofold 
enrichment than that without fusion partner in leaves and seeds of tobacco, respec-
tively (Tian and Sun 2011).

When the C-terminal region of BiP1 was also used as a fusion partner of the 
human insulin-like growth factor 1 (IGF-1), this fusion product accumulated at a 
level of 6.8% of TSP in transgenic rice seed under the control of the glutelin Gt13a 
promoter containing its signal peptide (Xie et al. 2008). Oral administration of this 
unprocessed grain reduced blood glucose level by enhancing islet cell survival and 
increasing insulin secretion in mice diabetes model.

Many antigens have been expressed by fusing to the CTB acting as a mucosal 
adjuvant. This is due to the fact that the CTB facilitates transportation of conju-
gated antigen to mucosal immune tissues through the binding to GM1 ganglioside 
receptor present on mucosal epithelium. Therefore, the CTB was fused to the 
hybrid T cell epitope peptide (7Crp) derived from Japanese cedar pollen allergens 
and expressed  as 7Crp/CTB fusion protein in transgenic rice seed. When these 
transgenic rice seeds were orally administered to model mice, oral immune toler-
ance activity (suppression of specific IgE level and sneezing number) was acti-
vated to about 50-fold compared to the control rice containing 7Crp alone (Takagi 
et al. 2008). Furthermore, oral administration of transgenic rice seeds containing 
the CTB/16 kDa antigen from Ascaris suum (As16) resulted in the induction of 
antigen- specific IgG and high protection from pathogen attack (depression of 
lungworm burdens) after challenge with lungworm eggs (Matsumoto et al. 2009). 
When human rotavirus VP7(HRVVP7)/CTB and HRVVP7 antigens were 
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expressed in Arabidopsis seeds and then TSPs from these transgenic seeds were 
orally administered to mice, expressions of antigen-specific systemic IgG and 
mucosal IgA antibodies was more highly upregulated by the HRVVP7/CTB fusion 
protein as compared to the HRVVP7 only (Li et al. 2018). Mice immunized with 
HRVVP/CTB were protected from the challenge with virulent rotavirus.

Oil contents of sunflower, safflower, and rapeseeds are about 50%, 30%, and 
40%, respectively, which are in contrast with 2–5% of many cereal seeds. Oil bodies 
are the organelles that originate from the ER and function to store seed oils. The oil 
body membrane contains high abundant proteins termed as oleosin. Recombinant 
proteins are correctly targeted to oil bodies in seeds when expressed as translational 
fusions with oleosins. The oil bodies and associated proteins can be easily separated 
from the majority of other seed cell components by flotation centrifugation.

Human growth hormone and human insulin have been expressed as fusion pro-
teins by linking to oleosins in Arabidopsis and safflower seeds, which were depos-
ited in oil bodies (Boothe et al. 2010). When they were purified by cost-effective oil 
body-mediated processing, their functions were demonstrated to be bioequivalent 
with the existing commercial products. Furthermore, the recombinant apolipopro-
tein A1 Milano was also expressed as fusion with oleosin in safflower seeds under 
the control of phaseolin promoter (Nykiforuk et al. 2011). ApoAI Milano accumu-
lated at the level of 7.8 g/kg seed. The purified ApoAI Milano was functionally 
equivalent to the marketed one.

5.7.4  Enhancement of Production Yields of Recombinant 
Proteins by Reduction of Endogenous SSPs

Improvement of production yields of recombinant proteins is always required for 
practical purpose in molecular farming. It has been reported that reduction of endog-
enous SSPs by either knockout by mutations and genome editing or knockdown by 
RNA interference (RNAi) gave rise to upregulation of production yields of the for-
eign recombinant proteins in rice, maize, barley, and soybean seeds (Tada et  al. 
2003; Schmidt and Herman 2008; Shigemitsu et al. 2012; Yuki et al. 2012, 2013; 
Yang et al. 2012a, b; Takaiwa et al. 2021; Panting et al. 2021). This effect has been 
explained by the following several reasons: (1) supply of ample vacant deposition 
space for the foreign recombinant protein by the reduction of endogenous SSPs; (2) 
alleviation of competition with the endogenous SSPs in the transcription, transla-
tion, and posttranslation processes in terms of scramble for transcription factors, 
tRNAs, amino acids, and trafficking; (3) mitigation of ER load causing the ER 
stress; and (4) induction of proteome rebalancing to compensate for reduced nitro-
gen levels (Takaiwa 2013b; Herman 2014; Wu and Messing 2014). It is well known 
that seed has a property to compensate for the reduced SSPs by enhancing the pro-
duction of other seed proteins in order to maintain the constant protein content 
(nitrogen and sulfate level) required for germinating seedling (Kawakatsu et  al. 
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2010; Schmidt et al. 2011; Holding 2014; Wu and Messing 2014). Thus, shortage of 
endogenous SSPs is presumed to be recovered by enhanced accumulation of foreign 
recombinant protein(s) in maturing seed to keep the homeostasis of seed protein 
(nitrogen) contents. Taken together, combination of high expression of the target 
recombinant proteins under the control of the strong seed-specific promoter and 
simultaneous suppression of endogenous SSPs is expected to offer powerful pro-
duction tool for boosting the accumulation levels of the desired recombinant 
proteins.

ER quality control within ER lumen may be one of the critical steps determining 
the accumulation level. Unfolded protein response which influences recombinant 
protein production may be alleviated by reduction of ER load through the suppres-
sion of endogenous SSP production. As a result, production of foreign recombinant 
protein can be increased in hosts in which the expression of endogenous SSPs is 
depressed. Especially, this influence on production yield is further enhanced by 
reduction of SSPs stored at the same deposition compartment as the targeting site of 
recombinant protein. Production yields of several cytokines (hIL-10, IFN-γ, mIL-6, 
hTGF-β) (Yang et al. 2012b; Takaiwa 2013b; Takaiwa et al. 2021), antigens (botu-
linum neurotoxin, CTB, shuffled Cry j 1 and Cry j 2, 7Crp peptide) (Yuki et al. 
2012, 2013; Entesari et al. 2018; Takaiwa et al. 2019), antibodies (human norovirus 
VHH) (Tokuhara et al. 2013; Sasou et al. 2021), and human serum albumin (HSA) 
(Pang et  al. 2020) were significantly enhanced two- to tenfold by reduction of 
endogenous SSP production (Table  5.5). Interestingly, expression level of HSA 
gene in the knocked-in line integrated at the seed storage protein locus (glutelin 
GluA1) was much higher than that of the random integration lines (Pang et  al. 
2020). Furthermore, it is important to note that rebalancing of proteome is highly 
influenced by the sulfur level of amino acids included in the expressed recombinant 
proteins as well as the nitrogen level. When methionine-rich 10 kDa δ-zein was 
expressed in the soybean seed of 7S Cys-less β-conglycinin knockdown line, the 
produced maize zein level could not be enhanced (Kim et al. 2014). By contrast, 
when these transgenic plants were grown in sulfur-rich medium, accumulation level 
of the 10 kDa δ-zein increased 3–16-fold. This result suggests that sulfur availabil-
ity rather than proteome rebalancing was crucial for the enriched accumulation of 
heterologous methionine-rich proteins in soybean seeds. Such rebalancing for sul-
fate storage between cysteine and methionine was also observed in knocked-down 
Cys-rich zein transgenic maize (Wu and Messing 2014). When expression of Cys- 
rich γ- and β-zeins were depressed by RNAi-mediated suppression, accumulation of 
the methionine-rich δ-zein was increased (Wu et al. 2012). Conversely, when the 
methionine-rich protein was overexpressed, synthesis of Cys-rich proteins was 
reduced, indicating the presence of rebalancing mechanism between Met-rich and 
Cys-rich proteins regarding the sulfur storage in seeds.

It is well known that reduction of some major SSPs or nitrogen supply by fertil-
izer results in the enrichment of Cys-poor SSPs rather than Cys-rich SSPs. 
Furthermore, it has been sometimes observed that inherent intracellular localization 
of recombinant proteins was altered by the suppression of endogenous SSPs. For 
example, when CTB, botulinum neurotoxin, or norovirus HVV antibody was highly 
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produced in transgenic rice seeds by RNAi-mediated suppression of endogenous 
SSPs, their main subcellular localizations were changed to cell wall and cytoplasm 
from ER-derived PBs (Yuki et al. 2012, 2013; Kurokawa et al. 2014; Sasou et al. 
2021). Moreover, when most of the SSPs (glutelins and prolamins) were severely 
decreased by RNAi-mediated suppression in transgenic rice seeds, it is notable that 
recombinant protein (hTGF-β) was deposited as a major protein in ER-derived ves-
icles and its accumulation level was remarkably increased up to the level of more 
than 30% of total seed proteins (Takaiwa et al. 2021).

Rebalancing between storage proteins and oil (fatty acids) has also been observed 
in oilseeds (rapeseed and sunflower seed). When the SSPs’ expression was knocked 
down by RNAi-mediated suppression, oil content was significantly increased 
(Rolletschek et  al. 2020). Furthermore, cross talk (compensatory rebalancing) 
among prolamin members in the same ER-derived PBs or between 12S cruciferin 
and 2S napin within the same PSVs has also been observed in rice, Arabidopsis, and 
rapeseeds (Kohno-Murase et al. 1994; Goossens et al. 1999; Takaiwa et al. 2018). 
In Arabidopsis seeds, reduction of endogenous 2S napin by RNAi gave rise to 
remarkable enhancement of common bean arcelin-5-1 SSP to the level of more than 
24% of total seed proteins (Goossens et al. 1999).

5.8  Protein Quality Control of Recombinant Proteins

SSPs are synthesized as secretory proteins on rough ER.  After co-translational 
cleavage of the N-terminal signal peptide, SSPs are translocated into ER lumen. 
Before transportation to the destined target site, qualities of synthesized secretory 
proteins have to be checked in the ER lumen according to ER quality control 
(ERQC) system to maintain ER homeostasis whether they are properly folded, 
assembled, and glycosylated (Takaiwa et al. 2017). Many chaperons and folding 
enzymes such as luminal binding proteins (BiPs), protein disulfide isomerases 
(PDIs), calnexin (CNX)/calreticulin (CRT), and co-chaperons (DnaJ) are involved 
in these processes. When recombinant proteins are highly produced as secretory 
proteins in seeds, expression of protein-folding chaperons is induced in order to 
control the quality of synthesized secretory proteins, which is designated as unfolded 
protein response (UPR) (Ron and Walter 2007; Hetz 2012). On the other hand, 
given that the imbalance occurred between the ER-folding capacity and the burden 
of incoming proteins and the level of misfolded proteins overwhelmed the ERQC 
system, ER stress and ER-associated degradation (ERAD) would be elicited as a 
result of accumulation of unfolded and misfolded proteins. Furthermore, severe or 
prolonged ER stress gives rise to cell death as well as damage of ER or cell organ-
elle. In higher plants, the UPR is mediated by two ER transmembrane sensors (UPR 
signaling pathways) to alleviate the ER stress, activating the orthologues of mam-
malian activating transcription factor 6 (ATF6) as a sensing protein and inositol- 
requiring protein 1 (IRE1) as a transducer of the UPR (Liu and Howell 2016). ATF6 
is translocated from the ER to the Golgi through an interaction with the coat protein 
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II (COPII) complex, where it is digested by site-1 proteases (S1P) and site-2 prote-
ases (S2P) to get full function. In Arabidopsis and rice, AtbZIP17, AtbZIP28, and 
AtIRE1a,1b/AtbZIP60 or OsbZIP39, OsbZIP60, and OsIRE1/OsbZIP50 have been 
identified, respectively (Iwata and Koizumi 2012; Liu and Howell 2016). By the 
way, orthologue of protein kinase RNA-like ER kinase (PERK) in mammals, which 
is involved in the attenuation of general protein synthesis through phosphorylation 
of eukaryotic translation initiator 2α (eIF2α), has not been identified in plants.

BiP is an ER-resident HSP70 family protein and serves as a stress sensor that 
activates the UPR cascade. Upon ER stress, IRE1 associates in dimer or oligomers 
after BiP release and activates its RNase domain by autophosphorylation of the 
kinase domain. Furthermore, IRE1 mediates unconventional cytoplasmic splicing 
of AtbZIP60u or OsbZIP50u mRNA by cleavage of two specific points on the dou-
ble stem-loop-forming structure, resulting in a frameshift that is accompanied by 
the production of an activated transcription factor containing nuclear localization 
signal (Deng et al. 2011; Nagashima et al. 2011; Hayashi et al. 2013). This process 
leads to upregulation of many UPR target genes to enhance the protein-folding 
capacity in the ER lumen and ER-associated degradation of misfolded proteins. 
Furthermore, when ER stress is severe, IRE1 degrades the ER membrane-localized 
mRNAs through its RNase activity according to the regulated IRE1-dependent 
decay (RIDD) pathway (Hallien and Weissman 2006; Mishiba et al. 2013; Hayashi 
et al. 2016). That is, RIDD is implicated in quantitative regulation to reduce the 
burden by secretory proteins imported into the ER lumen through degradation of 
ER-localized mRNAs. On the other hand, Arabidopsis AtbZIP17 and AtbZIP28 
(Liu et al. 2007; Iwata et al. 2017) or rice OsbZIP39 and OsbZIP60 (Takahashi et al. 
2012) transcription factors, orthologues of ATF6 transcription factors residing in the 
ER membrane, are translocated to the Golgi apparatus by interaction with Sar 1 
through coat protein II (COPII) formation upon sensing ER stress. In the Golgi 
apparatus, they are cleaved proteolytically twice, firstly by the luminal S1P and then 
in the intramembrane S2P, to release the cytosolic effector portions of these tran-
scription factors, which then enter into the nucleus and then are involved in the 
activation of UPR target genes. The expression of various UPR genes is known to 
be regulated by binding to the cis-elements (pUPREII: GATGACGCGTAC, pUPRE: 
ATTGGTCCACGTCATC, ER stress response element 1(ERSE1): CCAAT-N10- 
CACG) of their promoters not only by the AtbZIP60s or OsbZIP50s, but also by the 
AtbZIP17 and AtbZIP28 or OsbZIP39 and OsbZIP60 (Hayashi and Takaiwa 2013).

High levels of recombinant protein production may impose a heavy load on the 
cellular homeostasis. Presence of unfolded recombinant proteins in the ER lumen 
results in a disturbance of trafficking of secretory proteins. When secretory proteins 
fail to fold correctly, their dislocation from the ER to cytoplasm is followed by 
ubiquitination and final degradation by the proteasome. That is, the misfolded pro-
teins are subjected to polyubiquitination in the ER and then degraded by the 26S 
proteasome in the cytoplasm according to the ER-associated degradation (ERAD) 
pathway (Liu and Li 2014; Strasser 2018). ERAD system is known to involve four 
steps: recognition, ubiquitination, dislocation, and degradation. Based on the differ-
ent subcellular localization of misfolded domain of the ERAD substrate (ER lumen, 
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ER membrane, and cytoplasm), three different ERAD pathways are known to be 
implicated in the elimination of misfolded proteins, although their molecular mech-
anisms are poorly understood in plants. For example, when misfolded proteins are 
aggregated in ER lumen of seed, expression of ERAD-related genes is induced to 
remove misfolded proteins from ER. One of the key members connecting ubiquiti-
nation of misfolded proteins by the Hrd1 ubiquitin ligase complex is Hard3. This is 
based on the finding that aggregation of Cys-rich prolamins was observed to be 
induced in ER lumen without dislocalization, when OsHard3 was specifically sup-
pressed in maturing seed by RNAi (Ohta and Takaiwa 2015). Expression of genes 
associated with the ERAD machinery including homologs of EDEMs (MNS4/5), 
OS9 (EBS6/OS9), Hrd1, Hrd3/Sel1L (EBS5/Hrd3A), and Derlin-1 was activated by 
this process.

The ER stress levels were primarily controlled by the physicochemical proper-
ties of the expressed protein rather than the expressed level. When some peptides 
such as mGLP-1, β-amyloid, and cathelicidin were expressed in transgenic rice 
seeds as secretory products by ligating N-terminal signal peptide and C-terminal ER 
retention tag, ER stress was induced through the activation of IRE1/OsbZIP50 path-
way, resulting in the pronounced high production of various chaperons (BiPs, 
PDILs), irrespective of low levels of recombinant products (Oono et  al. 2010; 
Wakasa et al. 2012). In these transgenic rice seeds, accumulation levels of SSPs and 
starch were severely reduced and grain phenotype was distorted (opaque pheno-
type). Furthermore, when hIL-7 or alpha-antitrypsin was produced, expressions of 
ERAD- or programmed cell death (PCD)-related genes were upregulated (Kudo 
et al. 2013; Zhang et al. 2012). Interestingly, when some recombinant proteins such 
as hIL-10 and house dust mite allergen Der f 2 derivative were expressed as secre-
tory proteins by attaching the N-terminal signal peptide and C-terminal KDEL ER 
retention signal, they mainly self-aggregated in ER lumen and budded from ER by 
forming abnormal ER-derived granules with the size of 0.2–0.3 μm or distorted 
ER-derived PBs (Yang et al. 2012b). Occurrence of such abnormal ER-PBs in trans-
genic rice seeds may play a role in alleviating the toxic effects from improperly 
folded proteins by transporting the insoluble material from the ER to physically 
independent noble PB bodies like Russell body (Arcalis et al. 2019).

Production of sufficient amounts of chaperons and folding enzymes and UPR 
signaling control may improve the production yield of recombinant proteins, since 
the protein-folding capacity is regarded as one of the important bottlenecks in the 
production of secreted proteins. However, trial of improvement of recombinant pro-
tein production by chaperone engineering or URP engineering has not been per-
formed so much in plant cells. To date, there are only a few reports on the effect of 
production level of recombinant proteins by modulating chaperone proteins in 
higher plants. Extreme overexpression of BiP1 resulted in the generation of trans-
genic rice seeds, which displayed an opaque phenotype with floury and shrunken 
phenotype like ER stress (Yasuda et al. 2009). By contrast, PDIL1-1 overexpression 
had no significant effect on grain phenotype, almost the same to the wild type, 
although knockout of this gene (esp2 mutant) leads to morphological changes in 
PB-Is due to aggregation of proglutelin and Cys-rich prolamins via disulfide bonds 
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(Takemoto et al. 2002). Overexpression of the BiP1 altered the morphology of intra-
cellular structure, resulting in generation of abnormal ER-PBs. Furthermore, when 
the BiP1 was either overexpressed or suppressed, the accumulation levels of SSPs 
and starch contents were significantly reduced in most lines. However, it should be 
noted that the total seed protein level was definitely increased in transgenic rice seed 
containing slightly higher level of BiP than the normal one, when many independent 
transgenic rice seeds containing different amounts of BiP1 were used for analysis 
(Wakasa et al. 2013). Therefore, taking it into account that judicious modification of 
chaperons would lead to enhanced production of recombinant proteins, it might be 
critical to finely tune the expression level of chaperons or folding enzymes without 
affecting grain phenotype or grain biomass yield. Recently, it has been demon-
strated in tobacco transient expression system that the production levels of some 
viral glycoproteins such as HIV gp140 were significantly improved by co- expression 
with human calreticulin chaperone protein (Margolin et  al. 2020). These results 
indicate that appropriate tuning of chaperone protein expression levels to alleviate 
ER stress against overexpressed recombinant protein is important to improve their 
production levels.

5.9  Efficacy of Seed-Made Recombinant Proteins

5.9.1  Vaccines

Antigens produced in seeds can be administered as edible (mucosal) vaccine with-
out purification, thus allowing very cost-effective, safer, and painless treatment 
(Peters and Stoger 2011; Takaiwa 2011; Azegami et al. 2015). Furthermore, vaccine 
produced in seed is remarkably stable at ambient temperature, so that there is no 
need for cold chain for storage and transportation (Nochi et al. 2007). That is, seed- 
based oral vaccine cut down the cost required for the storage and transportation. 
Furthermore, expensive downstream purification process can be eliminated, provid-
ing the cost-effective and convenient immune therapy.

The oral route of antigen administration is safe and convenient. However, when 
purified antigen is used, more than 1000-fold amount of antigen is usually required 
to get a similar level of effect to that obtained by the parental administration (Neutra 
and Kozlowski 2006; Streatfield 2006). This is due to the fact that the purified anti-
gen is sensitive to harsh conditions (digestive enzymes and low pH) in gastrointes-
tinal tract. However, when antigens are deposited within ER-derived PBs or PSVs 
of seeds and orally administered without purification, they exhibit resistance to 
harsh conditions, thus resulting in an effective delivery to gut-associated lymphoid 
tissues (GALT) without severe degradation (Takagi et  al. 2010; Takaiwa 2013a). 
This is attributed to the fact that antigens are bioencapsulated by double barriers of 
PBs and cell wall in plant cell (Takaiwa et al. 2015; Schwestka and Stoger 2021). 
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PBs containing antigens were shown to be taken up by M cell- mediated transcytosis 
in Peyer’s patches of GALT (Nochi et al. 2007; Takaiwa et al. 2015).

T cell epitope peptides and hypoallergic derivatives derived from allergens act as 
safe tolerogens for the treatment of various allergy diseases, since side effects can 
be avoided due to lack or destruction of the tertiary structure required for recogni-
tion by the specific IgE by fragmentation, shuffling, or site-directed mutagenesis of 
Cys residues involved in disulfide bonds. When such artificial antigens were pro-
duced as secretory proteins in transgenic rice seeds under the control of the 
endosperm- specific promoter, they could highly and stably accumulate in PBs 
(Takaiwa et  al. 2007). When these transgenic seeds were orally administered to 
mice model and then challenged with the causing antigens, not only antigen- specific 
T cell proliferative activities but also allergen-specific IgG and IgE levels were sig-
nificantly downregulated compared to those fed non-transgenic seeds. Furthermore, 
expression levels of Th2-type cytokine (IL-4, IL-5, and IL-13) and histamine were 
depressed and clinical symptoms such as sneezing number were alleviated, indicat-
ing that antigen-specific immune tolerance was induced by the oral administration 
of transgenic rice seeds containing shuffled JCP Cry j 1 and Cry j 2, shuffled Bet v 
1 (TPC7), fragmented Der p1, and mutagenized Der f 2 (Suzuki et al. 2011a; Yang 
et al. 2012a; Wakasa et al. 2013; Fukuda et al. 2018; Ishida et al. 2021). Recently, 
clinical study using transgenic rice seeds containing the hybrid T cell epitopes (7Crp 
peptide for JC pollinosis) was achieved for JC allergy patients. Allergen-specific T 
cell responses were significantly reduced by oral intake of transgenic rice in a dose- 
dependent manner. However, oral intake of transgenic rice for 20 weeks showed that 
neither medication score nor QOL symptom scores for allergic rhinitis were 
improved during the JC pollen season (Endo et al. 2021).

Cholera toxin B subunit (CTB), E. coli heat-labile enterotoxin B subunit (LTB), 
hepatitis B surface, Norwalk virus coat protein antigen, rotavirus capsid protein 
VP6, and infectious bursal disease virus (IBDV) V2 have been produced in various 
transgenic seeds (Chikwamba et al. 2003; Nochi et al. 2007; Wu et al. 2007; Hayden 
et al. 2012; Feng et al. 2017). When these seed-based subunit vaccines were orally 
administered, protective immune reactions have been observed to be induced by 
production of antigen-specific mucosal SIgA and systemic IgG Abs in experimental 
animal models. For example, oral administration of MucoRice-CTB powder to 
model mice and macaque induced protective immunity comprising antigen-specific 
systemic and mucosal Ab immune responses (Nochi et al. 2007, 2009). Interestingly, 
this vaccine also exhibited cross-reactivity with the LTB in piglets challenged with 
enterotoxigenic E. coli (ETEC) and protected them after its oral administration 
(Takeyama et  al. 2015). Up to date, several plant-based vaccine candidates have 
been advanced into early-phase human clinical trials (Sethi et al. 2021). MucoRice- 
CTB is the first non-purified seed-based vaccine, which has recently been moved to 
phase I clinical trial. It was demonstrated that intake of good manufacturing practice 
(GMP)-compliant MucoRice-CTB induced neutralizing antibodies against diar-
rheal toxins in a gut microbiota-dependent manner, without major adverse events 
(Yuki et al. 2021).
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5.9.2  Antibodies

Passive immunotherapy through oral route of seed-based antibody is one of the 
most promising applications (Juarez et al. 2016). The 2G12 monoclonal antibody 
(mAb) is known to neutralize human immunodeficiency virus (HIV)-1 by binding 
with high affinity to a cluster of high-mannose oligosaccharides on the envelope 
glycoprotein 120 (gp120). This 2G12 mAb has been produced in the endosperm of 
rice and maize seeds (Rademacher et  al. 2008; Vamvaka et  al. 2016a, b). Crude 
extracts from the transgenic rice and maize seeds containing the 2G12 mAb exhib-
ited almost equivalent HIV-binding activities to the purified one. However, the puri-
fied 2G12 mAb with mammalian glycans produced in CHO cells exhibited nearly 
14 times and 4 times higher potential in HIV neutralization activities than those in 
rice or maize grain, respectively, indicating that the difference in glycosylation 
mode is greatly responsible for assembly and virus neutralization activity of anti-
body. These findings suggest the potentiality of cost-effective oral passive immuno-
therapy using non-purified seed-based antibody, given that glycosylation of 2G12 
mAb could be humanized in plant production system.

Llama variable domain of the heavy chain of heavy antibody (VHH) composed 
of heavy-chain dimers is heat- and acid-stable protein with the MW of 15 kDa (one- 
tenth of IgG), thus allowing for oral administration against intestinal infectious dis-
eases (van der Linden et al. 1999). The variable domain of a llama VHH, which 
specifically binds to human norovirus, was expressed in transgenic rice seeds. Oral 
administration of this transgenic seeds to model mice was demonstrated to protect 
diarrhea caused by rotavirus infection through the neutralizing activity via specific 
VHH antibody (Tokuhara et al. 2013). Recently, monomeric VHH (7C6) against 
GII.4 norovirus and heterodimeric VHH (7C6-1E4) against GII.4 and GII.17 noro-
viruses have been highly expressed at the levels of 0.54% and 0.28% of seed weight 
by RNAi-mediated suppression of SSPs in transgenic rice seeds (Sasou et al. 2021). 
These seed-based VHH antibodies blocked the invasion of norovirus into human 
intestinal epithelium cells and exhibited high neutralizing activities against norovi-
ruses. Furthermore, neutralizing activity of the MucoRice VHH (7C6-1E4) was 
shown to be retained even after heat treatment at 90 °C for 20 min.

The secretory IgA (SIgA) antibody is also a reasonable choice for oral passive 
immunotherapy, since secretory IgA (SIgA) specifically neutralizes viruses and pre-
vents bacterial colonization at the mucosal surface. Then, anti-enterotoxigenic 
E. coli (ETEC) antibody, in which Fc part of the porcine IgA was fused to the VHH 
against ETEC, was expressed in Arabidopsis and soybean seeds. It was shown that 
the VHH-IgA antibody was produced at a level of 0.2% of their seed weights. Oral 
administration of these transgenic seeds was demonstrated to protect the diarrhea of 
ETEC-challenged piglets (Virdi et al. 2013, 2019; see also Chap. 7).
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5.9.3  Cytokines

Cytokines are a family of signaling polypeptides involved in intercellular interac-
tions in the process of immune response as well as the regulation of a number of 
normal physiological functions. Various cytokines have been produced in monocot 
and dicot seeds. GM-CSF is a major growth factor for neutrophilic granulocytes and 
monocytes. In the transgenic rice and tobacco seeds, recombinant GM-CSF was 
produced at the levels of 1.3% and 0.03% of the TSP under the control of the rice 
glutelin GT1 and GT3 endosperm-specific promoters, respectively (Sardana et al. 
2007). The biological activity of the purified recombinant GM-CSF was equivalent 
to the existing commercialized product expressed in CHO.

IL-10 is a cytokine that plays an important role in numerous inflammatory and 
immunoregulatory reactions. Human IL-10 (hIL-10) has been produced in trans-
genic rice and Arabidopsis seeds (Fujiwara et al. 2010; Morandini et al. 2011). Its 
production level could be enhanced by proteome rebalancing via RNAi-mediated 
suppression of endogenous prolamins (Yang et al. 2012b). The purified IL-10 com-
prised only noncovalent dimers and showed higher activity than the commercial 
IL-10. Furthermore, it had very low endotoxin contamination (Fujiwara et al. 2010). 
The mIL-4 and mIL-6 were also produced at the levels of 0.43 mg/g and 0.16 mg/g 
grain in transgenic rice seeds, respectively (Fujiwara et al. 2016). These purified 
cytokines exhibited high activity. Furthermore, other several cytokines such as IL-7, 
TGF-β, and IFN-γ were also highly expressed and produced in rice seeds (Kudo 
et al. 2013; Takaiwa et al. 2016, 2021). On the other hand, several human cytokines 
have also been produced in barley seeds and are marketed now. It is interesting to 
note that oral administration of transgenic rice seeds expressing hIL-10 or hGM- 
CSF reduced the severity of colitis developed in IL-10-deficient mice and increased 
the number of leukocytes in non-leukopenic and leukopenic mice (Ning et al. 2008; 
Takagi et al. 2015).

5.10  Prospective

Seed-based vaccines or antibodies are highly stable at ambient temperature and 
allow oral administration, when expressed in cereal and leguminous crops. This is 
attributed to the findings that such seed-made biopharmaceuticals are mainly depos-
ited in PBs of seed cells, which exhibit high resistance to harsh conditions and 
digestive enzymes in gastrointestinal tract (Takaiwa et al. 2015; Kwon and Daniell 
2015). Oral delivery of such proteins is stable and convenient and furthermore does 
not demand sterile injection conditions. Furthermore, they are very cost effective 
due to no need for cold-chain and downstream processing.

In the case of seed-based vaccines, orally administrated vaccines efficiently elicit 
the systemic and mucosal immune responses. This can be attributed to the fact that 
antigens bioencapsulated by two barriers of PBs and cell wall in seed cell can be 
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delivered to mucosal immune tissues in GALT without degradation. After uptake 
via M cells in Peyer’s patch, they are processed by antigen presentation cells such 
as dendric cells and macrophages and then presented to naïve T cells in Peyer’s 
patch and/or mesenteric lymphoid nodes, resulting in the induction of pathogen- 
specific immune reaction or allergen-specific immune tolerance. Production of pro-
tective antigen-specific antibodies (sIgA and IgG) is induced against infection 
diseases, whereas allergen-specific immune tolerance is induced by deletion or 
energy of allergen-specific T cells, induction of allergen-specific regulatory T cells 
(Tr1, Th3, and iFoxP3+CD25+), or allergen-specific blocking antibodies (IgG4 
and IgA).

Up to date, there are only a few plant-made pharmaceuticals which have achieved 
the practical use, although a lot of clinical trials have been ongoing (Sethi et  al. 
2021; Stander et  al. 2022). The first one is the USDA-approved poultry vaccine 
against Newcastle disease virus, and the other is the first FDA-approved recombi-
nant protein “Elelyso” (taliglucerase alfa) used as an enzyme replacement therapy 
for the treatment of Gaucher’s disease (Shaaltiel et al. 2007; Liew and Hair-Bejo 
2015). They were produced in tobacco and carrot cell suspension cultures, respec-
tively. On the other hand, an experimental drug ZMapp, an anti-Ebola antibody 
cocktail of three chimeric monoclonal antibodies produced by transient expression 
in tobacco plants (Nicotiana benthamiana), was used for treatment of patients dur-
ing the Ebola outbreak (Olinger et al. 2012). In 2022, plant-based vaccine against 
COVID-19 expressed transiently in tobacco leaves was officially approved for 
human use in Canada (Stander et al. 2022; see also Chap. 12).

Production of pharmaceutical proteins in transgenic plants used for preclinical 
and clinical trials has to be conducted in accordance with good manufacturing prac-
tice (GMP) guidelines (Fischer et  al. 2012; see also chapter “Production of 
Pharmaceutical Proteins in Genetically Modified Seeds”). Manufacture processes 
for plant-made pharmaceutical proteins using whole plant have been first approved 
for the 2G12 mAb expressed in transgenic tobacco leaves, which were cultivated in 
a specialized containment greenhouse (Ma et al. 2015). On the other hand, non- 
processed intact seeds expressing recombinant protein, which were cultivated in 
open fields or conventional greenhouses, cannot be accepted as pharmaceutical for-
mulation because of quantitative variation of active ingredients included in indi-
vidual seed. Some kinds of processing (partial purified formulation) are inevitably 
required to reduce the variations among seeds. Processing through powdering of 
polished grains or preparation of crude PBs is bare minimum rule to control the 
quality standards required as pharmaceuticals (Wakasa et al. 2015; Yuki et al. 2021).

Plant cells are now approved as a cost-effective production platform of protein 
drugs from the Food and Drug Administration (FDA) when cultivated in GMP facil-
ities. At present, transgenic rice expressing MucoRice-CTB used in phase I clinical 
trial was cultivated in a GMP-grade closed clean hydroponic harvesting facility 
(approved GMP facility) to minimize variations in expression level and to offer high 
quality (Kashima et al. 2016). Powder of polished grains was utilized as drug for-
mulation without purification. Similarly, transgenic carrot cells expressing human 
glucocerebrosidase for Gaucher’s disease have been developed as non-purified 
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pharmaceutical products aiming at oral administration (phase II), which were prop-
agated by in vitro suspension culture in GMP facilities (Shaaltiel et al. 2015). Taken 
together, seed-based pharmaceutical production is expected to provide a promising 
strategy for exploitation of the cost-effective oral pharmaceuticals.
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Chapter 6
Seed-Based Production of Recombinant 
Proteins

Cristiano Lacorte, Amanda Lopes Ferreira, Aline Melro Murad, 
Nicolau Brito da Cunha, and Patricia Valle Pinheiro

Abstract The use of plants to produce recombinant proteins has become a promis-
ing alternative to current expression systems based on microorganisms and cell cul-
tures. Producing recombinant proteins in plants presents advantages such as reduced 
upstream costs, lower probability of infection by mammals’ pathogens, and easy 
scale-up production. Furthermore, plants can make posttranslational modifications 
and express large and complex proteins. Seeds stand out for their intrinsic charac-
teristics among the plant tissues that can be used for recombinant protein produc-
tion. In seeds, recombinant proteins are stored in protein storage vacuoles in the 
endosperm cells. They can be stably maintained for 4–6 years at room temperature 
without significant loss of protein and biological activity. Progress in methods for 
genome editing, alteration of the glycosylation pattern of the recombinant proteins 
produced, and use of protein fusions to aid downstream processes are some trends 
that shall contribute further to make molecular farming an attractive option for 
recombinant protein production. This chapter discusses the potential of seeds as a 
platform for producing recombinant proteins, across the scale-up of the production 
systems, basic approaches for the purification of recombinant proteins from plant 
cells, and biosafety issues.
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Abbreviations

AA Amino acids
APHIS Animal and Plant Health Inspection Service
ELP Elastin-like polypeptides
ER Endoplasmic reticulum
FDA Food and Drug Administration
GFP Green fluorescent protein
HIV Human immunodeficiency virus
ITC Inverse transition cycling
PB Protein bodies
PSV Protein storage vacuoles

6.1  Introduction

The production of high-value biopharmaceuticals and other recombinant proteins for 
diagnosis or industrial application is mainly based on microbial and cell cultures in 
large bioreactors (De Jaeger et al. 2002; Tschofen et al. 2016; Kesik-Brodacka 2018). 
However, research has demonstrated the expression of hundreds of different recombi-
nant proteins in plants over the last decades. Some have reached commercial produc-
tion, confirming the viability and potential of this approach (Schillberg et al. 2019; Liu 
and Timko 2022). The advantages of using plants as an alternative to the other, more 
established systems based on microbial and cell culture are the reduced costs, the lower 
probability of infection by pathogens capable of infecting humans and other mammals, 
and the easy scale-up production (Fischer and Buyel 2020; Schillberg and Finnern 
2021). Biomass production from plants is more sustainable than bioreactor-based pro-
duction once it requires soil, fertilizers, and water, instead of expensive complex cul-
ture media (Obembe et al. 2011). Besides, the technology for cultivation is largely 
available and demands less skilled staff (Fischer and Buyel 2020; Liu and Timko 2022).

Different plant-based systems have been described for the production of recom-
binant proteins (see also chapter “Molecular Farming of Pharmaceutical Proteins in 
Different Crop Systems: A Way Forward”). These include the transient expression 
in leaves and the stable integration of the foreign gene for the expression in seeds, 
leaves, fruits, tubers, roots, aquatic plants, moss, hairy root culture, and cell suspen-
sion culture (Xu et al. 2018). Each of these systems presents advantages and specific 
applications. However, to be competitive, a plant-based system must ensure a high- 
level expression of the recombinant protein. To this end, several factors that can 
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increase both gene expression and protein accumulation in the cell should be con-
sidered. These include the type of tissue or cell; selection of strong promoters and 
enhancer elements; and features of the target protein, subcellular targeting, and 
posttranslational modifications (Streatfield 2007; Ghag et al. 2021). Next, the down-
stream processes must be cost effective, and the final product must be safe, suffi-
ciently pure, and biologically active (Wilken and Nikolov 2012).

This chapter discusses factors involved in producing recombinant proteins using 
seeds as a platform. The advantages, limitations, and challenges of seed-based pro-
duction systems are commented, as well as biosafety issues and general aspects 
associated with the purification of heterologous proteins from seeds.

6.2  Seeds as Bioreactors for Producing and Storing 
Recombinant Protein

Expressing a recombinant protein in seeds has some unique advantages. During 
development, endosperm cells are committed to producing and storing proteins and 
other nutrients (oils, starch, carbohydrates, etc.) to nurture the developing plantlet 
after germination (Li and Berger 2012). Thus, the target protein expressed in the 
seed finds a cellular environment that favors protein accumulation (Robinson et al. 
2005; Khan et al. 2012).

Product yield and protein quality are critical factors for any recombinant protein 
production system. Yield involves the efficiency of biosynthesis (i.e., transcription 
and translation) and the stability of the recombinant protein in the cell (Chen et al. 
2020; Liu and Timko 2022). Quality may include the correct assembly and post-
translational modifications, which are involved in protein turnover processes, 
impacting yield, and are likely necessary for the protein to retain its biological func-
tion (Vitale and Boston 2008; Thomas and Walmsley 2015; Strasser et al. 2021). 
This balance between translation and turnover will affect protein accumulation and 
involves features of the recombinant protein, the subcellular location where it is 
directed, and the metabolic burden associated with transcription and translation of 
this protein (Thomas and Walmsley 2015).

In leaves, very high transcriptional and translational levels of a heterologous 
gene can be achieved, particularly in transient expression assays (Fischer et  al. 
1999; Gleba et al. 2004; Pogue et al. 2010). This high expression of a foreign gene, 
nonessential, may impose a metabolic imbalance on the cell and activate endoge-
nous protection mechanisms that can limit the expression and accumulation of the 
heterologous protein or direct the cell to apoptosis (Thomas and Walmsley 2015). In 
seeds, the transcription level may not be as high as in leaves. Still, it can be steadily 
maintained throughout the developing endosperm and embryo, reducing the meta-
bolic burden on these cells (Boothe et al. 2010). That does not imply that a seed- 
based production system will produce any recombinant protein. According to the 
type of recombinant proteins, some may be poorly expressed while others may not 
even be detected. There will also be differences in the target protein level between 
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different transgenic lines expressing the same gene (Streatfield 2007; Hood et al. 
2012). In any case, transgenic cereals and legume grains have been shown to accu-
mulate high amounts of different types of recombinant proteins at consistent levels 
throughout different generations and batches (Hudson et al. 2014; Mirzaee et al. 
2022). Seed production may take a couple of months. Still, a recombinant protein 
therein is steadily accumulated and stably maintained throughout seed development 
and can be stored for 4–6  years after the harvest, allowing scale-up production 
(Oakes et al. 2009; Boothe et al. 2010).

Once the recombinant protein is stably maintained in the cell, the final yield and 
purity will also depend on the extraction and purification processes (Menkhaus 
et  al. 2004; Janson 2011; Wilken and Nikolov 2012). Optimizing each of these 
aspects is an effort to make molecular farming an increasingly attractive alternative 
for recombinant protein production.

6.3  Setting a Seed-Based Platform for Recombinant 
Protein Production

The production of recombinant proteins in seeds implies that the foreign candidate 
gene is stably integrated into the genome of a transgenic plant and that this gene is 
expressed in the seed and inherited by the progeny. Hence, a key factor in setting a 
seed-based platform for recombinant protein production is the ability to transform 
the candidate crop. For many species, the transformation protocol may be lengthy 
and cumbersome, even intractable, in some cases. However, the years-long plant 
transformation experience has resulted in relatively efficient protocols for species 
with high-protein content seeds, including cereals and grain legumes, such as rice, 
maize, barley, pea, and soybean.

To assure that the candidate gene is expressed in the seed, the usual approach 
includes a seed-specific promoter in the expression cassette used for transformation 
(Fig. 6.1). Several seed-specific promoters have been identified and tested, both for 
monocots and dicots (Furtado et al. 2009; Joshi et al. 2015; Xu et al. 2016; Mirzaee 
et al. 2022). Promoter sequences of storage proteins, for example, follow a tissue-
specific pattern and are strictly regulated in time during embryogenesis (Chen et al. 
1989). Endosperm-specific promoters that have been used for transgene expression 
in cereals include the rice globulin, prolamin, glutelin GluB-4, Gt13a maize zein, 
and barley D hordein (Kawakatsu and Takaiwa 2010). In legume seeds, some endo-
sperm-specific promoters tested are the soybean β-conglycinin α′ subunit, the pea 
legumin, and the arcelin and phaseolin, from common bean (Chen et al. 1989; De 
Jaeger et al. 2002; Mirzaee et al. 2022).

Other features that have also been shown to influence the expression levels in 
transgenic plants include the presence of introns, enhancer sequences, codon opti-
mization, terminator sequence, and other 3′ flanking regions, such as scaffold matrix 
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attachment regions (MARs) (Habibi et al. 2017; Webster et al. 2017; Diamos and 
Mason 2018).

Besides the promoter region, a cassette for protein expression in seeds includes 
a sequence for a signal peptide that will direct the protein to the endoplasmic reticu-
lum (ER) and the secretory pathway (Fig. 6.1) (Arcalis et al. 2014). A signal peptide 
is a fragment of 20–30 amino acids present at the N- or C-terminal end of the target 
protein, which are recognized by specific complexes of RNA and proteins, called 
“signal recognition particles” (SRPs), that mediates the internalization of the target 
protein into the membranous organelles (Jolliffe et al. 2005; Robinson et al. 2005; 
Ashnest and Gendall 2018). Next, the signal peptide is cleaved, leaving the target 
protein at its intracellular destination (Bohnsack and Schleiff 2010). In the absence 
of signal peptides, the protein synthesized in free ribosomes accumulates in the 
cytoplasm, generally an unstable environment with high proteolytic activity 
(Obembe et al. 2011).

In seeds, storage proteins are directed to protein storage vacuoles (PSVs), which 
are derived from prevacuoles detached from the Golgi complex (Figs. 6.1 and 6.2). 
In Poaceae, which includes the cereals, the ER also forms protein bodies (PBs) that 
store mainly prolamin aggregates (Khan et al. 2012; Arcalis et al. 2014; Pedrazzini 
et al. 2016). PSVs are highly specialized vacuoles derived from the rough endoplas-
mic reticulum (Khan et al. 2012; Arcalis et al. 2014) and possibly from embryonic 
vacuoles (EVs), formed during seed development (Feeney et al. 2018). Their lumen 
has a pH close to neutral and practically no aminopeptidases, features that charac-
terize them as a subcellular environment where protein degradation is minimal and 
an excellent target for addressing heterologous polypeptides (Takaiwa et al. 2007). 
In addition to providing a low oxidative environment, PSVs also harbor a high 

Fig. 6.2 Subcellular localization of recombinant FIX by immunocytochemistry in ultrathin sec-
tions of soybean cotyledons. (a) Immunogold-labeled FIX (white arrows) localizes to protein stor-
age vacuoles (PSV) in transgenic soybean seeds. (b) Non-transgenic cotyledon. OB oil bodies. 
(Images: N.B. Cunha)
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concentration of protease inhibitors, which increases their potential as a target for 
protein targeting aiming at increasing protein stability (Jolliffe et al. 2005; Oakes 
et al. 2009).

In cereal grains and legume seeds, the families of storage proteins represent the 
major part of the total seed protein content. For example, the family of glutelins in 
rice comprises 80% of the seed protein content; the glutelins, in wheat, 40%; and 
the zein, in maize, 60% (Kawakatsu and Takaiwa 2010). In soybeans, the globulins, 
glycinin, and β-conglycinin account for up to 80% of the total protein in the seed 
(Hudson et al. 2014). The expression of these storage proteins along the develop-
ment of the seed is highly regulated and might constrain the accumulation of a het-
erologous protein.

A rebalancing of the seed storage protein of soybean was tested by partially sup-
pressing the α/α′ subunit of β-conglycinin, resulting in the increased accumulation 
of glycinin, along with heterologous green fluorescent protein (GFP) regulated by 
glycinin promoter and terminator (Schmidt and Herman 2008). In a similar 
approach, Kim et al. (2014) found that the increase in the recombinant methionine- 
rich 11 kDa δ-zein in soybean was dependent on a sulfur-rich medium supplementa-
tion. In maize, Hood et al. (2012) crossed transgenic lines expressing a recombinant 
cellulase with high protein elite genotypes and selected for lines with higher content 
of cellulase. These approaches demonstrate that seed-based platforms have many 
possibilities to further optimize the production, both in yield and quality of recom-
binant proteins.

6.4  Posttranslational Modification in Plants and Its 
Relevance in Molecular Farming

As eukaryotic organisms, plants have the metabolic pathways for posttranslational 
modifications of proteins—glycosylation, acetylation, and phosphorylation, among 
others. These modifications occur in the ER and Golgi and are relevant for molecu-
lar farming (Fig. 6.1). It is estimated that 50–70% of human proteins are glycosyl-
ated (Walsh and Jefferis 2006). Likewise, about 50% of the biopharmaceuticals 
currently produced are represented by glycosylated proteins (Mizukami et al. 2018; 
Montero-Morales and Steinkellner 2018). Also, glycosylation and other posttrans-
lational modifications are involved in protein stability and turnover, potentially 
impacting the accumulation and, hence, the recombinant protein’s final yield 
(Thomas and Walmsley 2015; Varki 2017; Gupta and Shukla 2018).

The glycosylation pattern of proteins in plants, both N- and O-glycosylation, dif-
fers from that observed in insects, yeast, and animal cells. Glycosylated proteins 
from plants contain xylose, and arabinose residues (in O-glycans), which are not 
found in mammalian proteins. Moreover, plant N-glycans present α(1,3)-fucose, 
which is also present in mammalian cells but in β(1,6) linkage form. Plant glycans 
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lack galactose and terminal sialic acids, which are present in mammalian glycopro-
teins (Fig. 6.1) (Strasser et al. 2021; Bohlender et al. 2022).

In many cases, these differences in the glycosylation pattern may not interfere 
with the biological activity or the functionality of the recombinant protein, particu-
larly in non-pharma proteins. However, glycostructures can influence the pharma-
cokinetics, stability, and immunogenicity for biopharmaceuticals (Gupta and Shukla 
2018; Bohlender et  al. 2022). For example, the presence of nonhuman glycans, 
particularly the fucose and xylose residues, may cause allergies and immunogenic 
responses in humans (Montero-Morales and Steinkellner 2018), and non-sialylated 
glycoproteins are rapidly cleared from serum (Walsh and Jefferis 2006; Bohlender 
et al. 2022).

To circumvent these problems, Nicotiana benthamiana plants were glycol- 
engineered to present a more “humanlike” glycosylation pattern (Fig.  6.1). 
Transgenic N. benthamiana plants expressing β(1-4)-galactosyltransferase were 
successfully tested. The α(1,3)-fucosyltransferase and β(1,2)-xylosyltransferase 
genes were knocked out in the moss Physcomitrella, in transgenic Arabidopsis 
thaliana, and N. benthamiana, which produced N-glycans lacking xylose and fucose 
residues (Strasser et  al. 2004). Next, N. benthamiana plants were modified to 
express the α-1,6-fucosyltransferase and the pathways involved in the biosynthesis, 
activation, transport, and transfer of Neu5Ac to terminal galactose of heterologous 
proteins (Fig. 6.1) (Castilho et al. 2010, 2011; Kallolimath et al. 2016).

Expression platforms that are able to produce proteins with extensively modified 
glycosylation patterns, as for N. benthamiana, for example, have not yet been devel-
oped for cereals or legume seeds. However, in one attempt to engineer the glycosyl-
ation pattern, Wang et  al. (2017) expressed the human α-1,6-fucosyltransferase 
(FUT8) in rice, controlled by an endosperm-specific promoter. After crossing with 
a plant expressing recombinant human 1-antitrypsin, they confirmed the presence of 
α(1,6)-fucose and a reduction of β(1,3)-fucose both in the recombinant protein and 
in globulins. Vamvaka et al. (2016b) demonstrated that recombinant heavy chain of 
the HIV-neutralizing monoclonal antibody 2G12 expressed in rice seeds was pre-
dominantly non-glycosylated, potentially less immunogenic, and more potent in 
HIV-neutralization assays than the 2G12 antibodies produced in Nicotiana taba-
cum. Similar results were reported by Zhang et al. (2012), which found that approx-
imately 70% of their rice-derived recombinant human a1-anti-α-trypsin was 
aglycosylated. Indeed, plants appear to tolerate alterations in the glycosylation path-
ways, not showing phenotypical alterations and being well suited for the production 
of glyco-engineered recombinant proteins. That flexibility was further demonstrated 
by the transient co-expression in N. benthamiana of specific glycosyltransferases 
allowing the production of the glycoproteins omega-1 and kappa-5 of Schistosoma 
mansoni containing the helminth-like glycosylation pattern (Wilbers et al. 2017; see 
also chapter “Tobacco Plants as a Versatile Host for the Expression of Glycoproteins”).

New available technologies, such as targeted genome editing, could be used to 
efficiently knock down β1,2-xylose and core α1,3-fucose residues, for example. In 
any case, developing a glycol-engineered seed-based platform is a promising yet 
challenging process (Buyel et al. 2021; see also Chaps. 3 and 4).
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6.5  Comparison of Current Seed-Based Platforms

6.5.1  Cereals

Cereals are among the most cultivated and consumed crops worldwide, and most of 
them are considered a staple food for many countries. Currently, the main products 
obtained through the production of recombinant proteins in commercially available 
seed-based platforms are amylase, peroxidase, and cellobiohydrolase I (maize); 
growth factors and cytokines (barley); and a variety of enzymes (lactoferrin, albu-
min, transferrin, and lysozyme) and growth factors in rice (Fischer and Buyel 2020; 
Mirzaee et al. 2022).

Maize was the first seed-based platform used to produce an industrial reagent, 
avidin, by ProdiGene Inc. (USA). The product was indistinguishable from its coun-
terpart from hen egg white and presented a high yield (2.3% of extractable protein 
from seed, on average) (Hood et al. 1997; Fischer and Buyel 2020; Moon et al. 2020).

Because maize is a cross-pollinating crop, working with transgenic maize is 
challenging and requires strict biosafety protocols to be followed. Despite that, 
maize has several advantages as a seed-based platform for the production of recom-
binant proteins, such as larger grain size, high yield, and lower production cost 
compared to other cereals. Moreover, maize has a higher endosperm proportion; a 
set of specific promoters for the seeds, which can be used to drive the expression of 
the transgene alone or in combinations; and easy genetic transformation, with estab-
lished protocols (Watson and Ramstad 1987; Hood et al. 1997; Witcher et al. 1998). 
As a result, maize seeds have been used as a platform for the production of indus-
trial reagents, such as enzymes and cosmetics, and also pharmaceuticals, such as 
antibodies to treat human and animal diseases (Rademacher et al. 2008; Egelkrout 
et al. 2020) and vaccines (Nahampun et al. 2015).

On the contrary, rice and barley are self-pollinating crops, making the risk of 
undesirable gene flow very low. The rice transformation system is effective in most 
varieties cultivated worldwide. However, some genotypes may be more suitable for 
producing a high level of recombinant proteins. The amount of proteins in rice seeds 
is 7–15% of the total seed weight (Takaiwa et al. 2007). The productivity of recom-
binant protein in relation to the total weight of the rice seed has reached high levels, 
from 1% of the total seed weight to 20% of dry seed weight (Vamvaka et al. 2016a). 
However, in some cases, the high content of recombinant proteins in rice seeds 
results in grains with an impaired phenotype, indicating that further research is 
required (Kusaba et al. 2003; Tada et al. 2003; Wakasa and Takaiwa 2013). Besides 
that, the ease of processing and scale-up production by well-established cultivation 
systems favor the choice of rice as a platform for producing recombinant proteins.

The rice seed-based platform has been explored for the production of biopharma-
ceuticals, such as vaccines, growth factors, and antiviral proteins (Takagi et  al. 
2005; Xie et al. 2008; Vamvaka et al. 2016a). As one of the main staple foods glob-
ally, it would be useful to exploit the rice seed-based platform to deliver pharmaceu-
ticals as food. Some studies have shown that the recombinant protein produced in 
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rice seeds remains active in the seeds, even after processing them as a fine powder 
or crude extracts, for oral administration to mice or macaques (Takagi et al. 2005; 
Xie et al. 2008; Nochi et al. 2009). In one study, the oral administration of rice seeds 
expressing immunogens, processed as a fine powder, effectively inhibited allergy- 
associated immune responses in mice (Takagi et al. 2005). Another study developed 
a rice-based vaccine that expresses the B subunit of cholera toxin (CT), initially 
tested in mice with positive results. Subsequently, the vaccine was orally adminis-
tered to macaques and induced CT-neutralizing IgG antibodies, confirming its 
effectiveness against cholera in nonhuman primates. This vaccine (MucoRice-CTB) 
has recently passed phase 1 human clinical trials (Nochi et al. 2009; Yuki et al. 2021).

Another interesting example was the use of crude extracts of rice seeds express-
ing a microbicide against human immunodeficiency virus (HIV) in cytotoxicity and 
antiviral assays with human cells (Vamvaka et al. 2016a). Results showed that the 
crude extracts had stronger binding activity to HIV than the wild-type rice seeds, 
similar to the purified protein, and were not toxic to human cell lines. Also, the 
crude extracts expressing the microbicide presented the same oligosaccharide- 
dependent binding properties as the same recombinant protein expressed in 
Escherichia coli. Altogether, these results show that it is possible to administer rice 
seeds expressing biopharmaceuticals without processing or with only minimal pro-
cessing (see also chapter “The Use of Rice Seed as Bioreactor”).

Barley is another cereal species that has been used as a seed-based platform for 
the production of recombinant proteins. The European regulatory agency (EFSA) 
has declared self-pollinating cereals such as wheat and barley as GRAS (generally 
recognized as safe) (Mirzaee et al. 2022; see also Chap. 14). In addition to being 
self-pollinating, barley has other characteristics of interest, such as its ability to 
regenerate, especially the cultivar Golden Promise, in which transformation amena-
bility (TFA) alleles have been identified as responsible for its Agrobacterium trans-
formation efficiency (Hisano and Sato 2016; Orman-Ligeza et al. 2020).

Other cereal seeds have been studied as a platform for producing heterologous 
proteins, however, on a smaller scale. For example, wheat seeds have been used to 
express TM-1 protein as an antigen to be used as an edible vaccine for chronic respi-
ratory disease, a common disease in chickens, resulting in a significant level of 
protection (Shi et al. 2023).

6.5.2  Soybean

Among the plants that are candidates for seed-based stable accumulation of recom-
binant proteins, soybean plants, along with pea plants, present seeds with a high 
protein content (corresponding to approximately 40% of their weight) and, com-
pared to other sources, represent a lower protein cost, due to their high seed yield 
(Mikschofsky and Broer 2012; Hudson et  al. 2014; Vollmann 2016). Besides, 
recombinant proteins stored in soybean seeds were shown to remain stable and 
functional for long periods at room temperature (Oakes et al. 2009; Lobato Gómez 
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et al. 2021). A study showed that the production of a functional subunit vaccine for 
Staphylococcal enterotoxin B in soybean seeds was stable over several soybean 
generations, and biochemically and immunologically similar to commercial recom-
binant forms (Hudson et al. 2014). The expression of cyanovirin-N, a lectin with 
antiviral activity, was demonstrated in soybean seeds at levels up to 10% of total 
soluble protein. Attempts to express this protein in transient assays in leaves of 
N. benthamiana were unsuccessful, demonstrating the potential of soybean as an 
alternative to express and accumulate this recombinant protein (O’Keefe et al. 2015).

From a regulatory point of view, it has a reduced risk of pollen contamination 
since soybean is largely self-pollinated (Paul and Ma 2011; Paul et  al. 2011). 
Furthermore, soybean seeds accumulate proteins in PSV, resulting in optimal condi-
tions for long-term storage of immunogenic and fully active recombinant proteins 
(Fig. 6.2) (Cunha et al. 2011).

Although soybean has not been commercially used for the production of recom-
binant proteins yet, numerous studies show the potential of this plant species for the 
production of pharmaceutical proteins, such as human growth hormone, proinsulin 
antiviral lectins, coagulation factor IX, antigens, antibodies, as well as non-pharma 
proteins (Moravec et al. 2007; Yamada et al. 2008; Cunha et al. 2011, 2014; Hudson 
et al. 2014; O’Keefe et al. 2015). Some of these studies have tested the potential of 
soybean expressing recombinant proteins when administered orally to mice, as seed 
extracts, with promising results (Moravec et  al. 2007; Hudson et  al. 2014). This 
indicates that soybean seeds could be formulated into edible products for oral deliv-
ery of pharmaceutical proteins (Adelakun et al. 2013).

Another important characteristic of this legume is its sensitivity to the photope-
riod, expressed in the temporal modulation of the vegetative phase of its phenologi-
cal cycle as a function of daily time and light intensity (O’Keefe et al. 2015). The 
production of seeds per plant can be greatly increased under controlled conditions 
in a greenhouse reaching up to 1000 seeds per plant. This increase in the production 
scale can be exploited by the molecular farming industry and is particularly relevant 
for biocontainment and more controlled cultivation conditions (Kantolic and Slafer 
2007; see also chapter “Legume Seed: A Useful Platform for the Production of 
Medical Proteins/Peptide”).

6.6  Scale-Up of Seed-Based Production Systems

The commercial success of large-scale seed molecular agriculture depends on tech-
nology, economics, and public acceptance (see also Chap. 15). Factors important 
for the biopharmaceutical industry include the expected reduction in costs and the 
indirect effects on the biopharmaceutical market (Twyman et al. 2003). Seed-based 
platforms can be used to produce recombinant proteins at a significantly lower cost 
compared to other systems such as microbial fermentation and cell cultures 
(Giddings 2001; Hood et  al. 2002; Twyman et  al. 2003). It is estimated that the 
production costs of recombinant proteins in maize, for example, will be threefold 
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higher than that for the production of maize for food use (Mison and Curling 2000). 
Still, the savings in operational expenses can generate a considerable reduction in 
terms of capital investment (about 75–80%) and manufacture (50–60%) compared 
to microbial fermentation and cell culture production (Buyel 2019). In addition, the 
production of proteins that require lower purity, such as industrial enzymes and oral 
vaccines, is significantly reduced compared to other products that require expensive 
purification processes (Nikolov and Hammes 2002; see also chapters “Molecular 
Farming of Industrial Enzymes: Products and Applications” and “Plant Molecular 
Farming for Vaccine Development”).

Field cultivation is the most reasonable option for the large-scale production of 
transgenic seeds. Although production in greenhouses may be feasible for transient 
transformations in short-cycle crops, generation time and space requirements would 
reduce the cost advantages of seed production (Boothe et  al. 2010). The cost of 
production ($/g product) of the same recombinant protein produced in greenhouses 
is estimated as fivefold higher than that produced in an open-field system (Pogue 
et al. 2010). Besides, in terms of equipment for field production (from planting to 
harvesting), there is no difference between those used in conventional commodity 
crops. The existing technologies already meet this demand, enabling good scalabil-
ity compared to other systems limited by the size of the culture reactor, for example. 
Furthermore, the long-term stability of the recombinant protein in the seeds allows 
the harvest to be decoupled from the purification process, generating greater flexi-
bility and better stock management (Boothe et al. 2010).

Another important aspect of scale production is a high level of quality control to 
ensure high protein purity. Therefore, crop management must be carefully con-
ducted, which is also necessary for biosafety reasons. Crops must provide high- 
quality seeds, which must present stable expression levels, and homogeneous 
products (e.g., glycosylation pattern and degradation levels) over generations and 
cultivation places to meet the established quality standards.

Finally, approximately 60–70% of the production cost of seed-based recombi-
nant proteins is associated with downstream processing, so it is essential to develop 
techniques to improve it and make it increasingly efficient, reducing its cost (Dyr 
and Suttnar 1997). Therefore, understanding the conditions that affect the product’s 
quantity and quality is essential to meet the market standards and competitiveness. 
An overview of the methods currently used for protein purification is presented in 
the following section.

6.7  Basic Approaches for the Purification of Recombinant 
Proteins from Plant Cells

The choice of an expression system should consider the particularities of the target 
protein to be purified. Expression based on the bacteria Escherichia coli, for exam-
ple, could be advantageous in terms of production time and costs (Rosano and 
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Ceccarelli 2014; Lozano Terol et al. 2021). However, the lack of posttranslational 
modifications and contamination with bacterial endotoxins represent limitations for 
using this popular expression system (Sahdev et  al. 2008). On the other hand, 
expression based on mammalian, yeast, and insect cells allows posttranslational 
modifications. However, these expression systems based on large bioreactors pres-
ent a high upstream cost (Schillberg and Finnern 2021).

The production of biomass from plants requires soil and fertilizers, whereas bio-
reactor cultures demand complex media. That makes plant-based biomass produc-
tion more sustainable than microbe and cell culture expression systems (Buyel et al. 
2021), requiring fewer investments and demanding less specialized staff.

Downstream processes, independently of the expression system utilized, are 
critical in terms of cost and quality of the final product. It is estimated that down-
stream processing may represent 50–80% of the total costs, depending on the yield, 
recovery efficiency, and purity grade (Schillberg et al. 2019). Besides the costs, if 
purification of the recombinant protein is needed, one may be facing a technical 
challenge. Indeed, purification of a specific protein, either recombinant or endoge-
nous, is generally not trivial, as each protein will have its specific physical charac-
teristics. Plus, in the case of a recombinant protein, there will likely be no available 
protocol for purification from plant tissues. However, information on the purifica-
tion method of the target protein from other expression systems may be helpful. 
Some factors do favor the downstream processing and purification of proteins from 
seeds since they are presented as a comparatively homogeneous starting material, 
have reduced water content, lack chlorophyll pigments and alkaloids, and confer 
high stability of the target protein stored in the seed storage vacuoles.

The source of the material to be processed needs to be handled carefully—plants 
need to be well cultivated so that the collected tissues are healthy. Next, some basic 
protein analyses are needed to confirm the presence of the heterologous protein and 
evaluate the expression level. These can be done from total extracts (i.e., tissues 
ground in extraction buffer), using well-established protocols for total protein quan-
tification and detection, such as Western blot or ELISA. Finally, the amount of the 
recombinant protein can be expressed as a percentage of the total protein in the 
extract, or of the seed dry weight, as weight per mass of fresh or dry tissue (e.g., 
mg/g fresh leaves, μg/g dry seed weight).

The seed composition varies among species and requires specific extraction con-
ditions regarding the contents of proteins, starch, oil, etc. For soybean seeds, for 
example, due to large amounts of oil (about 18–22% of seed weight), the material 
often requires homogenizing the seed meal with solvents, such as hexane. 
Furthermore, to ensure that the protein of interest maintains its stability and that its 
extraction process is efficient, it is essential that the extraction solutions present the 
appropriate pH and ionic strength (Robić et al. 2010). Hence, the extraction condi-
tions consider pH, saline buffers, chaotropic agents/detergents, protease inhibitors, 
etc. (Janson 2011). Once extracted from the seeds, the target protein may be further 
purified by chromatography.
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6.7.1  Non-affinity Absorption and Affinity Techniques 
to Purify Proteins

Proteins are made of amino acids (AAs) as basic building blocks assembled in a 
chain via amide bonds (peptide linkages). The 20 L-AAs found in proteins have 
four different ligand groups (an amino group, carboxyl group, hydrogen, and 
R-group). These groups and their interactions within the protein give unique bio-
chemical characteristics and functions and influence their physiological and bio-
logical activities. The R-group of the 20 AA commonly found in proteins varies 
widely, especially their polarity at a biological pH (around pH 7.0), from polar and 
hydrophilic (water soluble) to nonpolar and hydrophobic (water insoluble) (Wu 
2009). These physical properties can be exploited to aid the protein isolation and 
purification process.

In aqueous solutions, functional AA groups from folded proteins contribute sig-
nificantly to the protein surface charge in a pH-dependent way. According to exter-
nal pH, the overall charge may vary from positive (at low pH) to negative (at high 
pH). Therefore, separating a complex sample of proteins based on their surface 
charge helps purify a protein-rich sample with similar physicochemical characteris-
tics in a reduced volume compared to the initial volume before separation (Bonner 
2018). The purification may be optimized by using various techniques to exploit 
differences in the target protein’s charge and biospecificity. Several successful cases 
in the literature explore these methodologies for efficient protein separation from 
seeds. For example, Zhang et al. (2012) purified the human alpha-antitrypsin pro-
tein expressed in transgenic rice seed using different anion exchange columns. In 
another work, cellobiohydrolase I was expressed in transgenic corn seeds and puri-
fied with ammonium sulfate precipitation (a fractionation technique also used to 
isolate proteins from a complex sample) together with both cationic and anionic 
exchange chromatography, yielding 63% of pure protein (Hood et al. 2014).

It is a common strategy to engineer the recombinant protein with affinity tags to 
facilitate affinity-based purification procedures. The most common examples found 
in the literature are proteins containing polyhistidine tails (6×His or 10×His) 
(Valdez-Ortiz et al. 2005). The sequence of six (or ten) consecutive histidine resi-
dues is currently one of the most used strategies worldwide to purify recombinant 
proteins for biochemical and structural studies.

Unlike ion exchange chromatography, affinity chromatography does not explore 
the physicochemical characteristics of proteins. The affinity chromatography tech-
nique is based precisely on the unique biospecificity of the protein engineered for 
isolation from a complex sample of proteins. Biospecificity involves the interaction 
between two immiscible phases, that is, the reversible interaction between a ligand 
(which can be a small molecule, enzymes, among others) immobilized on a resin 
(known as the stationary phase) and the recombinant target protein inserted into a 
solute (mobile phase) (Janson 2011). Menkhaus et  al. (2004) compared various 
techniques, such as precipitation with polyethyleneimine cationic polyelectrolyte 
(PEI), anion/cation exchange, diafiltration (molecular exclusion), and immobilized 
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metal ion affinity chromatography (IMAC) for the purification of histidine-tagged 
β-glucuronidase from transgenic pea seeds. They observed an increased recovery of 
pure protein and higher enzyme activity when utilizing affinity chromatography 
(Menkhaus et al. 2004).

In some cases, proteins from the host can be present as contaminants in samples 
purified by affinity purification. To remove these contaminants, denaturation and 
refolding steps of proteins are sometimes necessary. Fujiwara et al. (2010) observed 
the need for two steps of affinity purification combined with a denaturation step 
with 6 M guanidine to remove protein contaminants from rice seed in the purifica-
tion of IL-4 and -6 cytokines (Fujiwara et al. 2016). Similar results were previously 
obtained by Fujiwara et al. (2010) during the purification of human interleukin-10 
(IL-10), also expressed in rice seeds. These results demonstrate the efficiency of 
combining different chromatographic and purification techniques to remove con-
taminants and consequently increase the yield and purity of the recombinant pro-
teins obtained (Fujiwara et al. 2010).

6.7.2  Chromatography-Free Protein Purification

Another approach for recombinant protein purification is based on fusion proteins 
(FPs). The idea is to exploit the unique properties of the fusion partner, allowing an 
increase in stability and facilitating the purification process (Viana et al. 2013; Ki 
and Pack 2020). Examples of these fusion partners include the synthetic peptide 
elastin-like polypeptides (ELPs) (Ciofani et al. 2014), γ-zein (Torrent et al. 2009), 
and hydrophobin (Lahtinen et al. 2008).

Derived from its soluble precursor, tropoelastin, elastin has a hydrophobic motif 
composed of a repeated sequence of hydrophobic amino acids alanine (Ala) and 
valine (Val), in addition to the presence of other residues in significant amounts, 
such as glycine (Gly) and proline (Pro) (Partridge et  al. 1955). At temperatures 
below 25 °C, the protein remains soluble; however, when the temperature is raised 
to 37 °C, a precipitated protein known as coacervate is observed. This process is 
fully reversible upon returning the protein to room temperature (Urry et al. 1969). 
Based on these properties, synthetic peptides were developed, known as the elastin- 
like polypeptides (ELPs), composed of the canonical sequence of the pentapeptide 
(Val-Pro-Gly-Xaa-Gly)n.

When investigating the strategy of using FP in conjunction with scalable purifi-
cation processes, Phan et al. (2014) observed an enhancement in expression levels 
(about tenfold higher) of the avian influenza virus (H5N1) hemagglutinin subtype 5 
(H5) protein fused with ELP at the C-terminus in transgenic tobacco seeds. The 
enhanced accumulation of HA, which is the major antigen of the influenza virus, by 
ELP-FP resulted in high concentrations of the ELPylated target protein in the aque-
ous crude extract. Further purification was facilitated by using optimized processes 
involving inverse transition cycling (ITC). In comparison with another strategy, also 
using FP (fungal hydrophobin I—HFBI), the same authors observed that only 
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ELPylation was able to increase HA expression in seeds, resulting in high-purity 
protein (Phan et al. 2014), demonstrating the efficiency of using ELPylated proteins 
in the processes of expression and purification simply and inexpensively (Khan 
et al. 2012).

In contrast, in another study, Yang et al. (2021) showed that the γ-zein system, a 
member of the major prolamin storage family in maize, was more efficient for the 
accumulation of GFP in immature soybean seeds than the ELP system. In addition, 
the use of the γ-zein system provided a 3.9-fold increase in the accumulation of 
fused GFP in comparison with unfused GFP protein, demonstrating that the γ-zein 
system is a promising FP for future enhancement in the expression and purification 
of recombinant proteins in plants.

Although fusion proteins are generally non-immunogenic and biologically com-
patible, they may interfere with the activity of native proteins (Shamji et al. 2007; 
Viana et al. 2013). That implies the removal of the FP, which is done after purifica-
tion by specific proteolytic enzymes that recognize cleavage sites placed at the junc-
tion of the target protein and the fusion partner. This additional step for recombinant 
protein purification may result in unspecific degradations of the target protein, 
reducing the final yield and impacting downstream costs (Tian and Sun 2011).

A promising alternative to proteolytic enzymes for the removal of FP is the use 
of inteins (Viana et al. 2013; Ki and Pack 2020). These proteins can catalyze their 
self-cleavage and, through amino acid substitution, can be regulated to cleave at 
either the N- or the C-terminus in response to reducing agents or changes in solution 
pH (Xu and Perler 1996; Perler 1998; Gillies et  al. 2009). Therefore, the self- 
cleavage property of inteins can be applied to replace the traditional proteolytic 
cleavage. By fusing the intein (Eitag) with the ELP-FP, for example, the recombi-
nant proteins can be purified by applying both ITC followed by autocatalysis by 
changing the pH of the solution. Tian and Sun (2011) explored the use of the ELP- 
intein system to increase the accumulation of the recombinant lectin fused with ELP 
in transgenic rice and tested the capacity of autocatalysis of intein after ELP extrac-
tion from seeds. Furthermore, the presence of Eitag  +  ELP did not alter the 
N-glycosylation patterns of the recombinant protein, demonstrating the potential 
application of the ELP-intein fusion system for the expression and purification of 
recombinant proteins in plants, especially in seeds.

6.8  A Brief Overview of Biosafety and Risk Assessment 
of Seed-Based Expression Systems

The technology for the production of recombinant proteins using these platforms is 
developing fast and focuses on two product lines: pharmaceuticals and non- 
pharmaceuticals. Despite intense research on developing biopharmaceutical pro-
duction, most plant-based products currently available on the market belong to the 
non-pharma field, mainly because regulation processes are faster and less expensive 
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for non-pharma products. These include products for the diagnosis, industrial 
reagents, and cosmetics, among others.

The biological safety assessment to produce recombinant proteins in seeds is an 
important issue. Biosafety involves several relevant issues, such as choice of plant 
platform, transgenic plants, field production, handling, harvesting, and transport. 
Therefore, one must consider plant biology from the perspective of productivity and 
how it impacts the environment, food security, and human health. Therefore, the 
best material based on technical aspects (e.g., seeds with better processing capacity, 
high protein content, stability, etc.) may not be the best choice if considering the 
regulatory issues of biosafety (Sparrow and Twyman 2009).

The use of seeds as a “bioreactor” has its risks of propagation in nature, contami-
nating non-transgenic plants, and being potentially hazardous to people and animals 
if used unintentionally as food and for insects and soil microorganisms (Lee et al. 
2003). Most of the steps required to avoid mixing these seed-derived biopharmaceu-
ticals in the food chain are relatively simple, such as meticulous planning and exe-
cution. The plants must be cultivated in an isolated area to avoid genetic and 
mechanical mixing of seeds containing biopharmaceuticals with those intended for 
food. Likewise, small-scale and large-scale field trials must be isolated from con-
ventional practices with crops to avoid cross-pollination. Although these risks apply 
to all transgenic crops grown in the field, plants cultivated for molecular farming 
deserve special attention due to the nature of the recombinant proteins (i.e., biophar-
maceuticals), consequently, with unpredictable, potentially hazardous outcomes 
(Basaran and Rodríguez-Cerezo 2008). Achieving an effective isolation level to 
avoid wind and insect pollination is challenging. If the plants are cultivated in con-
finement, the risks and threats to the environment would be reduced and would 
imply less strict regulatory issues.

Appropriate mitigation measures for recombinant protein-producing seeds will 
depend on several factors, including properties of the molecule, biology of the crop, 
and characteristics of the environment where it is being produced. Approaches of 
containment methods include identity preservation—using varieties that are visu-
ally distinct from traditional varieties (such as purple maize or black soybeans)—
and use of marker genes, such as a fluorescent protein, barrier crops, and temporal 
barriers aiming to minimize undesirable crosses (Sparrow and Twyman 2009).

In general, regulatory guidelines for the production of recombinant proteins are 
similar across countries, but some specificities may apply. For example, in the 
United States, the production of biopharmaceuticals on transgenic plants is regu-
lated by two agencies. The US Department of Agriculture (USDA), Animal and 
Plant Health Inspection Service (APHIS), focuses on the containment of these seed 
producers of protein. In contrast, the Food and Drug Administration (FDA) focuses 
on the manufacture of the drug or vaccine. APHIS reviews production license appli-
cations, assessing probable environmental impacts of these releases (Basaran and 
Rodríguez-Cerezo 2008). In the European Union, authorizations involve all mem-
ber states and the European Commission (Breyer et al. 2009). In Brazil, GMO stud-
ies are only allowed in research institutions after authorization by the National 
Biosafety Technical Commission (CTNBio) (Mendonça-Hagler et al. 2008).
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6.9  Conclusions and Perspectives

The demand for biopharmaceuticals continues to grow as new products are approved. 
To couple with this demand, a general trend for the production of recombinant pro-
teins has been to increase yield and optimize upstream and downstream processes 
to reduce costs. In addition, bioequivalence is also very relevant for the biopharma-
ceutical industry, which pursues products that are as similar as possible to the origi-
nal product.

As discussed in this chapter, several aspects of plant molecular farming are 
aligned with these demands. Producing recombinant protein in plants demands sub-
stantially lower costs for upstream processes as compared to the expression systems 
based on microorganisms and cell cultures. Concerning posttranslational modifica-
tions, efforts for glyco-engineering of plants have also achieved amazing progress. 
Although still restricted to model plants and transient assays using N. benthamiana, 
efforts toward a seed-based glyco-engineered platform are in progress. It is reason-
able to consider its viability and availability before long.

As experience accumulates, methods for protein purification will become more 
efficient. These may compensate for limitations on the expression level, which can 
be very low, depending on the target protein. For seed-based expression, the final 
yield could be increased by applying more efficient extraction and purification, 
involving, for example, fusion proteins and fusion tags. Seed-based platforms, for 
their advantages in terms of protein content and long-term stability of the recombi-
nant protein stored therein, offer great potential for new ideas to be implemented 
(see also Chap. 5). The progress witnessed in the last decades confirms the potential 
of molecular farming as an alternative system for expressing recombinant proteins 
and represents a field of opportunities.
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Chapter 7
Plant-Based Antibody Manufacturing

Gregory P. Pogue, Kelsi Swope, Joseph Rininger, Lauren Schoukroun-Barnes, 
Josh Morton, Steve Hume, Krystal Hamorsky, Josh Fuqua, Joshua M. Royal, 
Michael H. Pauly, Max Brennan, Larry Zeitlin, Kevin Whaley, Sean Stevens, 
and Barry Bratcher

Abstract Plant-based manufacture of antibodies and other biologics is a rapidly 
growing area of interest to the biopharmaceutical industry. The use of plants can 
significantly accelerate biologics production, with relatively lower infrastructure 
costs, compared with mammalian cell-based manufacturing. Improvements in 
genomics, bioinformatics, and genome engineering tools have contributed to the 
generation of more efficient and productive plant strains. Novel technological 
approaches have streamlined expression, extraction, and purification of biologics 
from these plants and resulted in biologics, which have successfully been used in 
clinical trials and treatment of patients. In this chapter, we discuss the progress and 
remaining challenges for plant-based manufacturing of biologics, with a focus on 
the use of Nicotiana benthamiana for production of antibodies.
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Abbreviations

ADCC Antibody-dependent cell-mediated cytotoxicity
AEX Anion exchange chromatography
CAM-Cys Carbamidomethyl-cysteine
CFU Colony-forming unit
CHO Chinese hamster ovary cells
COVID-19 SARS-CoV-2 virus
Cys Cysteine
Da Dalton
DF Diafiltration
DP Drug product
DS Drug substance
DSP Downstream process
ELISA Enzyme-linked immunosorbent assay
EU Enzyme units
Fc Constant fragment
Fuc Fucose
Gal Galactose
GlcNAC N-acetylglucosamine
GMP Good manufacturing practices
HC Heavy chain
HC-DNA Host cell DNA
HCP Host cell protein
HEK Human embryonic kidney cells
HIV Human immunodeficiency virus type 1
HSV Herpes simplex virus
icIEF Imaged capillary isoelectric focusing
IEX Ion-exchange chromatography
IV Intravenous
LC Light chain
LC-MS Liquid chromatography-mass spectrometry
Lys-C Lys-C protease
mAb Monoclonal antibody
Man Mannose
MW Molecular weight
NSO Murine myeloma cells
PD Pharmacodynamics
PK Pharmacokinetics
PMP Plant-made pharmaceutical
PVX Potato virus X
SDS-PAGE Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
SEC-HPLC Size-exchange-high-pressure liquid chromatography
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TFF Tangential flow filtration
TVCV Turnip vein clearing virus
U.S.P. U.S. Pharmacopeia
UF Ultrafiltration
US FDA U.S. Food and Drug Administration
USP Upstream process
UV Ultraviolet light wavelength
WHO World Health Organization
Xyl Xylose

7.1  Introduction

Since the first monoclonal antibody (mAb) was approved by the US FDA in 1986 
(Lu et al. 2020), the global market has rapidly expanded to more than $188.18 bil-
lion by the end of 2022 (ReportLinker 2021). The high specificity of therapeutic 
antibodies combined with their ability to leverage the functions of the immune sys-
tem provides powerful tools to target a variety of diseases. There are more than 300 
antibody therapeutics currently marketed for anti-inflammatory (Antibody Society 
2022) anti-infective, anticancer, and other indications. Antibody manufacturing has 
historically relied upon mammalian cell-based production using cell lines, such as 
Chinese hamster ovary (CHO), murine myeloma (NS0), or human embryonic kid-
ney (HEK) cells (Moussavou et al. 2015). However, use of mammalian cells requires 
methods and infrastructure that can be cost prohibitive for many companies, which 
has created a large interest in alternative hosts for biologics manufacturing. Plant- 
based manufacturing is of growing interest due to key attributes including (Bio 2014):

 1. Improved methods for extremely rapid and efficient expression of mAbs
 2. Sophisticated engineering to reproduce humanlike posttranslational modifica-

tions necessary for antibody effector functions and half-life (Merlin et al. 2014; 
Sack et al. 2015; Chen and Davis 2016)

 3. Reduced facility and production costs compared with mammalian cell culture 
methods, in part due to the ability to grow plants without the sterile conditions or 
bioreactors typical for mammalian cells (Buyel and Fischer 2012; Ecker et al. 
2015; Ma et al. 2013; Tusé and McDonald 2014; Walwyn et al. 2015; Nandi et al. 
2016; Alam et al. 2018; Mir-Artigues et al. 2019)

 4. More rapid and less complex scale-up of plant-based production to meet clinical 
trial and market demands

 5. Improved safety of plant-based production compared with mammalian systems, 
through avoidance of potential culture contamination by adventitious viral agents 
and mycoplasma (Barone et al. 2020; Gregersen 2008; Sack et al. 2015)

This chapter illustrates these key advantages while clarifying key features of plant- 
based manufacturing of mAbs using a case-based assessment of lot-to-lot consistency 
(Medicago 2022), homogeneity and consistency of protein N-glycosylation, stability 
of recombinant products, logistics surrounding production systems  compared with 
mammalian-based systems, and opportunity for campaign manufacturing.
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7.2  Background

7.2.1  Examples of Plant-Based Pharmaceuticals

Over the past 10 years, plants have been successfully used to produce protein-based 
vaccines and biotherapeutics (Table  7.1). The earliest example of a plant-made 
pharmaceutical (PMP) was Protalix’s Elelyso, a recombinant enzyme for the treat-
ment of Gaucher’s disease, which is the first plant-expressed protein therapeutic to 
receive FDA approval. Protalix has three additional enzyme products in their devel-
opment pipeline made using their plant-based manufacturing process, ProCellEx 
(Protalix Biotherapeutics, 2022). Medicago is another company that has demon-
strated the ability to utilize plants to produce pharmaceutical products, including 
Covifenz, which was recently approved by Health Canada for the prevention of 
COVID-19 (Medicago 2022; see also Chap. 12). While these products are not yet 
approved for use by the US FDA, they demonstrate the ability of PMPs to progress 
into development as potential products for the prevention or treatment of human 
disease.

KBio and ZabBio have developed a variety of plant-produced monoclonal anti-
bodies (mAbs) for Ebola, HSV, HIV, and contraception. KBio and collaborators 
have initiated trials in more than six indications (Table 7.2), including FDA fast- 
track approval of the ZMapp plant-derived trivalent mAb cocktail for Ebola and 
experimental use in Africa for the 2014–2016 outbreak (Centers for Disease Control 
and Prevention 2019).

7.2.2  Overview of Manufacturing 
of Plant-Based Pharmaceuticals

Plant-based biologics manufacturing typically starts with insertion of the sequence 
of interest into a plant virus-based expression vectors, which are transfected into 
Agrobacterium and cultured to provide material for plant infiltration. In parallel, 
plants are seeded and grown to an appropriate size for infiltration. A solution con-
taining the Agrobacterium with the desired expression constructs is used to infiltrate 

Table 7.1 Clinical stage 
companies with plant-based 
manufacturing

Company name Platform

Protalix Cell-based Daucus 
carota L. and Nicotiana 
tabacum

Ventria Oryza sativa L.
Medicago Nicotiana benthamiana

KBio/ZabBio Nicotiana benthamiana

Bayer Nicotiana benthamiana

G. P. Pogue et al.
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Table 7.2 KBio plant-based biologics with varying regulatory interactions

Company Product Latest stage of regulatory interaction

KBio/ZabBio Trivalent mAb 
cocktail

US Phase I/II 

KBio/ZabBio MB66 Phase I
KBio/ZabBio ZB-06 Phase I
University of 
Louisville/KBio

Griffithsin Phase Ia

KBio Quadrivalent 
influenza vaccine

Phase I

KBio COVID-19 vaccine Phase I
a To date, three separate phase I trials have been performed

plants under vacuum. Soon after infiltration, the plant tissues transformed by 
Agrobacterium-mediated insertion express the gene(s) of interest at high levels. 
After incubation for additional plant growth and expression and accumulation of the 
gene of interest, the plant biomass is harvested, followed by extraction, purification, 
and formulation of the antibody of interest. After purification, analytical tests for 
drug substance release are conducted to verify product identity, purity, safety, and 
other parameters as required to verify activity and potency (Table 7.4) (Swope et al. 
2021). The bulk drug substance may then be stored for future use or directly trans-
ferred to drug product manufacturing. While the finer details of the plant-based 
manufacturing process may vary depending upon the specific biomolecule to be 
expressed, the general steps outlined are typical for most antibody therapeutics and 
are compared in Table 7.3 to mammalian cell-based manufacturing processes (Song 
et al. 2020).

7.2.3  Overview of Expression System Attributes

As shown in Table 7.3, there are a variety of differences between plant- and mam-
malian cell-based manufacturing processes. Each platform possesses a number 
positive and negative attributes, such as the following:

• Yield: Mammalian cells typically produce upwards of 6 g of antibody per liter of 
culture, with some published examples as high as 10 g/L. Plants have been shown 
to produce up to 2 g of antibody per kilogram of biomass. Although a strict com-
parison of protein production per cell is difficult to calculate, there is some evi-
dence that the larger size of plant cells may allow for greater productivity 
compared with mammalian cells. Further enhancement of plant cell production 
through the reduction of intracellular vacuoles via alteration of cell osmolality 
and genome engineering of plant strains to increase protein expression on a per 
cell basis may be possible (Song et al. 2020).
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Table 7.3 Differentiation of mammalian cell- and plant-based mAb/protein production systems

Characteristics Mammalian cells (CHO, HEK) Plants

Protein yield Up to 10 g/L of culturea (LONZA 
2020)

Up to 2 g/kg of biomass (Buyel et al. 
2017)

Glycosylation Mammalian N-glycosylation 
pattern (Buyel et al. 2017)

Plant or mammalian N-glycosylation 
pattern

Purification Harvest
Filtration
Protein A antibody purification
Low pH hold
Intermediate polish
Final polish
Buffer exchange/concentration
Analysis (Buyel et al. 2017)

Harvest
Homogenization
Filtration
Protein A antibody purification
Intermediate polish
Final polish
Buffer exchange/concentration
Analysis (Buyel et al. 2017)

Safety Typically requires viral clearance Viral clearance step may not be 
required

Biological activity Generally equivalent
Production duration 90-day cell bank

14–28-day fed batch
4 (Diamos et al. 2020) to 14 (Hiatt 
and Pauly 2006) days from genes to 
full-length protein

Campaign 
manufacturing 
capability

Multiproduct, changeover is 
required, cannot turn over within 
the same day

Multiproduct, turnover is not product 
specific, within the same day

a Higher yields are possible with optimization of cellular culture processes

• Glycosylation: Plants exhibit glycan modifications distinct from mammals due 
to endoplasmic reticulum and Golgi processing, such as the inclusion of β1,2- 
linked xylose and α1,3-linked fucose (Sack et al. 2015). Interestingly, detailed 
evaluation of clinical safety and efficacy endpoints indicated that although anti- 
plant glycan antibodies are produced in the patient, these antibodies do not affect 
the safety or efficacy of taliglucerase alfa (Elelyso®). This study indicates that 
anti-plant glycan antibodies are not necessarily detrimental for the therapeutic 
use of plant-manufactured proteins (Tusé 2011; Rup et al. 2017). However, the 
use of a combination of genome engineering and transient expression techniques 
has successfully eliminated plant-specific glycosylation and demonstrated the 
ability to generate mammalian cell-specific glycosylation (see also Chaps. 
3 and 4).

• Purification: Unlike mammalian cells, protein extraction from plant cells 
employs mechanical disruption followed by clarification. Once the clarified plant 
extract is obtained, the manufacturing process follows traditional GMP schemes 
similar to mammalian cell-based manufacturing (e.g., affinity, intermediate pol-
ish, final polish). However, unlike mammalian production, extended acidic pH 
treatment and purification to remove endogenous viruses are not required, which 
further streamlines plant-based manufacturing compared with mammalian cell 
processes.

• Safety: As mentioned above, mammalian cell culture carries the risk of viral 
contamination that is absent in plant-based manufacturing. Mammalian 
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 cell- based platforms have experienced 18 incidents of viral contamination since 
1985 (Barone et al. 2020; Gregersen 2008; Sack et al. 2015). Due to the increased 
availability of plant-based manufacturing platforms, the World Health 
Organization (WHO) recently released (Medicago 2022), on October 12th, 2021, 
a guideline for the safe production and quality control of monoclonal antibodies 
for use in humans, which has specific areas focused on plant-based manufactur-
ing considerations.

• Biological Activity: While there have been individual examples of protein activ-
ity being greater or lesser depending upon the cell type used for expression, there 
is no evidence of clear superiority of mammalian cells over plant cells. Several 
studies have demonstrated equivalent function of a variety of proteins expressed 
in each system, supporting the broad potential for plant-based production (Bardor 
et al. 2003; Dubald et al. 2009).

• Production Timeline: From sequence identification to a full-length protein gen-
eration, mammalian and plant manufacturing processes differ, ranging from 14 
to 28 days or 4 to 14 days, respectively. However, this does not account for cell 
banking, which is required for mammalian cell manufacturing and causes an 
increase in time to GMP product by approximately 6 months. As will be shown 
in this chapter, the use of established Master Seed Banks for Nicotiana plants 
coupled with transient protein expression system allows gene to cGMP-ready 
production in as little as 3 months.

Campaign Manufacturing: Plant-based manufacturing requires growth spaces 
that are much less complex and costly than production using mammalian cell cul-
ture. Plant growth spaces do not require sterile conditions, and the environmental 
(light, temperature, humidity, etc.) controls are much less stringent than those nec-
essary for mammalian cells. In addition, mammalian cells are typically grown using 
fed-batch approaches, where batches are typically a single continuous bioreactor 
process, whereas plant-based manufactured batches can include multiple infiltra-
tions over a set period of time. For example, KBio’s plant manufacturing campaign 
can consist of weekly production of 0.25–1 kg of product with current infrastruc-
ture, followed by lot blending to produce a final product for clinical testing or prod-
uct launch.

7.3  Plant-Specific Expression System Characteristics

7.3.1  Manufacturing Upstream Process

In order to have a reproducible process, a controlled environment is required to 
ensure healthy and consistent plant growth. Thus, plants are grown indoors, without 
ground contact, to enable the greatest level of temperature, humidity, lighting, and 
other environmental factors and to limit the exposure of external elements and 
adventitious agents.

7 Plant-Based Antibody Manufacturing
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The upstream process (USP) in Fig. 7.1 begins with seeding to start the plant 
growth process. Seeds from a qualified seed bank are placed on top of soilless 
growth media and provided with water, fertilizer, and light to initiate germination. 
After the initial seeding, preparation of the Agrobacterium tumefaciens vectors used 
to express the homologous proteins begins. The gene of interest is inserted into a 
plant viral vector, such as potato virus X (PVX) or turnip vein clearing virus 
(TVCV), using typical molecular biological protocols (see also chapter “Plant Viral 
Vectors: Important Tools for Biologics Production”). In the case of antibodies, vec-
tors are designed to separately express either a heavy or a light chain, using a codon- 
optimized version of the desired antibody sequence. The two vectors are transfected 
into the Agrobacterium via electroporation, and the resulting transformed 
Agrobacterium is grown in liquid culture medium to a volume appropriate for the 
number of plants to be infiltrated. The plants seeded and grown in parallel are 

UPSTREAM PROCESS: Plant growth, agrobacteria 
culture, infiltration, and biomass extraction

UNIT OPERATION 1:
Seeding

UNIT OPERATION 2A:
Pre-infiltration plant growth

UNIT OPERATION 2B:
Preparation of Agrobacterium 

cultures

UNIT OPERATION 3:
Agro-infiltration

UNIT OPERATION 4:
Post-infiltration plant 

maintenance

UNIT OPERATION 5:
Plant harvest

UNIT OPERATION 6:
Extraction of agro-infiltrated 

biomass

UNIT OPERATION 7:
Clarification of plant extract

Filter Press Filtrate

IN-PROCESS SAMPLES

Green Juice

Filter-press Filtrate

Fig. 7.1 Upstream plant-based manufacturing process for monoclonal antibody production 
(Swope et al. 2021)
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inverted inside of a plant infiltration chamber filled with the Agrobacterium culture. 
A vacuum is applied while the aerial portions of the plants are submerged in culture 
media, which removes air from the stomata and into the solution. Upon release of 
the vacuum, the infiltration solution is forced into the plant cells through the sto-
mata, taking the place of the previously expelled air. At the completion of infiltra-
tion, the plants are removed from the chamber, allowed to remain inverted to dry, set 
upright to recover, and grown for another 6–8 days to maximize antibody expres-
sion. The presence of cell walls and insoluble matrix materials in plants necessitates 
the substantially different purification methods compared with mammalian cells 
(Schillberg et al. 2019). Plants are harvested, and the biomass is extracted using a 
mechanical disintegrator to rupture the cells in the presence of solution containing 
antioxidants and chelating agents. The fiber and cellulose are then separated from 
the liquid using a hydraulic screw press. The liquid extract is collected, and clarifi-
cation is done using either a plate and frame depth filter in combination with a filter 
aid or a continuous centrifugation. The filtrate and supernatant can be sampled at 
this point for initial analysis and further purification.

7.3.2  Manufacturing Downstream Process

Upon completion of the upstream process, the manufacturing process is continued 
within an ISO7 clean room suite, which constitutes the GMP process for plant- 
based manufacturing. Initial capture chromatography, polishing, and formulation of 
plant-based extract are substantially similar to that of mammalian cell-based pro-
cesses (Schillberg et al. 2019).

The downstream process (DSP), shown in Fig. 7.2, begins with antibody capture 
using protein A affinity chromatography. The protein A-linked resin binds a con-
served epitope in the Fc region of the antibody heavy chain and is common to most 
antibody purification processes. The KBio manufacturing process includes further 
purification by anion exchange (AEX) chromatography and multimodal chromatog-
raphy to separate monomeric protein from other product-related impurities. Finally, 
the material is formulated according to application-specific needs using a tangential 
flow filtration (TFF) system. Excipients, such as polysorbate, may be added post- 
diafiltration to increase the stability of a molecule. This results in the final bulk drug 
substance product.

7.3.3  Campaign Manufacturing

Campaign manufacturing is defined as the manufacture of product batches in paral-
lel or in temporal series. Plant-based campaign manufacturing may have advantages 
compared with mammalian cells including more efficient changeover between dif-
ferent products and lack of cleaning validation requirements, potentially allowing 

7 Plant-Based Antibody Manufacturing
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Fig. 7.2 Downstream manufacturing process for plant-based monoclonal antibody production

for more rapid production of more and different antibody products within the same 
facility.

Campaign manufacturing has been demonstrated with the production of DP2, a 
trivalent mAb cocktail, via the processes outlined in Figs. 7.1 and 7.2. Approximately 
800 kg of biomass was grown and infiltrated with one of the three target antibodies 
(Strasser et al. 2008). Additional harvests were scheduled for lower expressing anti-
bodies and were considered “sub-lots,” which were pooled at unit operation 11: 
ultrafiltration/diafiltration (Fig.  7.2). This created individual antibody bulk drug 
substances, which were characterized individually as described in Sect. 7.3.1.

To further evaluate the lot-to-lot consistency of antibodies produced using their 
plant platform, KBio carried out a number of detailed tests for two DP2 lots, each 
comprised of two lots each of mAb2, mAb3, and mAb4 (Tables 7.4 and 7.6). Two 
tests illustrate the consistency in product manufacturing: glycan analysis and 
potency measurements using Biacore. Lot-to-lot consistency of a single antibody in 
the DP2 trivalent cocktail has been previously described.

KBio has demonstrated campaign manufacturing via the production of bulk drug 
substance for eight antibodies. Specific results for each antibody are presented in 
Table 7.4, detailing release test outcomes for the bulk drug substance. Key compara-
tive outcomes include the absence of multimeric antibody aggregates and protein 
purity by various tests of >98%. Furthermore, process-related impurities such as 
endotoxin, host cell DNA, host cell protein, small molecules, and bioburden are 
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uniformly low and meet specifications. All bulk drug substance lots passed release 
criteria as specified in the Certificate of Analysis (Table 7.4) and could be formu-
lated for drug product release depending on the route of administration, infusion 
(formulation 2), or vaginal film (formulation 1) (Table 7.4). One difference of note 
is the osmolality, which is due to difference in buffer formulation and presence of 
sodium chloride for the infused forms of formulations 2, 3, and 4 (Table 7.4).

Critical to campaign manufacturing of products for clinical use are methods to 
effectively test lot-to-lot purity, potency, activity, and safety of products. The key 
analytical tests described here are generally applicable to all antibodies, with the 
exception of potency and activity testing that is molecule dependent. These tests are 
described in Table 7.4.

Several tests provide general information concerning the visible stability and key 
in-solution characteristics of the product. These include visible appearance, pH, and 
osmolality. Product quantity in formulation is measured by UV absorbance to deter-
mine protein content, reported in milligrams of product per milliliters of solution.

Product identity is established by ion-exchange chromatography (IEX), which 
allows separation of native proteins, in the absence of solvents, based on net surface 
charge. Each antibody exhibits a characteristic chromatogram that allows compari-
son with a characterized standard for confirmation of identity.

Purity is determined by several methods, including separation by reducing or 
nonreducing sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE) and Coomassie Brilliant Blue staining. These separations allow quantitation 
of antibody aggregates, free heavy and light chain, as well as other host cell protein 
impurities. Size-exclusion high-pressure liquid chromatography (SEC-HPLC) pro-
vides size-based separation of purified antibody product, fragments, and impurities 
for measurement using orthogonal testing approaches.

The safety of the antibody products is principally determined by measuring the 
amount of endotoxin and bioburden using standard U.S.  Pharmacopeia (U.S.P.) 
methods. Key process impurities are also measured, including residual protein A 
from the purification process, host cell protein and DNA levels, and several small- 
molecule impurities. Potency testing is evaluated by individually developed enzyme- 
linked immunoassay (ELISA) methods, with specific ligands for each antibody. 
Criteria for acceptance of each test method are summarized in the Certificate of 
Analysis Table (Table 7.5).

7.3.4  Glycosylation Patterns

Glycosylation is the addition of sugar moieties to proteins as part of the posttransla-
tional modification process of the endoplasmic reticulum and Golgi apparatus. 
Glycosylation plays an important role in processes such as protein stability and 
antibody-mediated immune effector functions. Glycosylation can be categorized 
based on the sugar-peptide bond and the oligosaccharide attached, which are often 
termed N-, O-, or C-linked depending upon the specific residue linkage (Gomord 
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Table 7.5 Model Certificate of Analysis for Nicotiana-produced mAb

Test parameters Test method Target specification

General Appearance—particulates Clear liquid, no visible particulates
General Appearance—color Without color
General pH 6.5 ± 0.5
General Osmolality mOsm/kg 10–100 mOsm/kg
Protein 
concentration

UV absorbance mg/mL 15–25 mg/mL

Identity IEX Chromatogram conforms to standard
Purity SEC-HPLC >90% monomer; <5% high-molecular- 

weight species
Purity SDS-PAGE nonreducing >90% main band
Purity SDS-PAGE reducing >95% monomer (sum of heavy and light 

chains)
Safety Endotoxin EU/mg

USP <85>
<5 EU/mg

Safety Bioburden CFU/mL
USP <61>

<1 CFU/mL

Impurities Residual host cell protein 
ng/mg

<100 ng/mg

Impurities Residual protein A ng/mg <100 ng/mg
Impurities Host cell DNA pg/mg <10 pg/mg
Impurities Nicotine μg/mL Perform and report
Impurities Heavy metals Perform and report
Potency Potency ELISA 100 ± 50% of reference

et  al. 2010). N-linked glycosylation is one of the best characterized and critical 
modifications of antibodies; however, O-linked and other glycosylation types have 
been detected.

Glycosylation in the Fc region of antibody heavy chains can significantly affect 
the pharmacokinetics (PK) and pharmacodynamics (PD) of the molecule in vivo 
(Liu 2015). In addition, the presence or absence of specific glycans directs antibody 
binding to Fc receptors found on various cells in the body, generating specific cel-
lular responses or “effector functions” (Liu 2015). For example, the lack of fucosyl-
ation in the Fc region leads to enhanced antibody-dependent cell-mediated 
cytotoxicity (ADCC), which can be highly desirable for therapeutic antibodies 
designed to induce and target cell clearance in oncology. Furthermore, aberrant gly-
cosylation may result in poorly active or immunogenic products (Fig. 7.3).

Plant-specific protein glycosylation includes two glycans not found in mamma-
lian cells, α1,3-fucose and β1,2-xylose, which can be immunogenic in patients 
(Bakker and Jan 2010). The specific elimination of these glycans can be accom-
plished by knockdown or knockout of their cognate xylose and fucosyl transferase 
genes (see Fig. 7.3). These genetic ablations have shown to reduce or eliminate the 
inclusion of plant-specific glycans and thus reduce the immunogenicity of plant- 
produced molecules in mammals. While these methods have reduced or eliminated 
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GlcNAc

Man

Gal

Neu5Ac

Fuc

Xyl

Human Plant
(tobacco)

GlcNAc

Man

Gal

Neu5Ac

Fuc

Xyl

Human Plant
(tobacco)

GlcNAc

Man

Gal

Neu5Ac

Fuc

Xyl
Mannose3 + NG0

N-Acetyl

Mannose5 G1b

Fig. 7.3 Difference between native human glycans and those deriving from plants, such as 
Nicotiana

plant-specific glycosylation, they do not address the need for recreation of 
mammalian- specific glycosylation, which may be desirable for antibody function. 
The introduction of mammalian pathways for N-glycosylation (Gomord et al. 2010) 
has been demonstrated in plant cells (Ramírez-Alanis et  al. 2018), including the 
improvement of target amino acid specificity (Larsen et  al. 2020; Margolin 
et al. 2021).

KBio has previously used Nicotiana benthamiana transgenic lines with RNAi- 
based knockdown of fucosyl- and xylosyl-transferases. These seed lines exhibit 
very low accumulation of plant-specific xylose and fucose linkages, leaving the core 
human “G0” glycosylation patterns. Table 7.6 shows an example of characterization 
of N-linked glycosylation patterns present on each DS (antibody) component of 
DP2 for two separate DP lots. The primary glycoforms present on each antibody in 
both lots was the G0 form, or GlcNac(2)-Man(3)-GlcNac(2). mAb4 and mAb2 both 
show >90% abundance of this G0 form, whereas mAb3 shows >80% abundance. 
High-mannose structures, varying from Man5 to Man9, are also observed. Man9 is 
a non-processed endoplasmic reticulum (ER) glycan addition, and each truncated 
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Table 7.6 Quantitative analysis of glycan structures for three antibodies in two drug product 
(DP2) lots

% Abundance % Abundance
Lot Lot 1 Lot 2
Antibody mAb4 mAb3 mAb2 mAb4 mAb3 mAb2

Man3 + N 0.8 0.6 0.7 1.2 0.7 0.7
G0 92.5 83.6 93.9 90.3 80.7 91.1
Man5 BQL 0.6 BQL 1.1 0.8 BQL
G1b 1.1 0.7 0.6 1.2 0.7 0.6
Man7 0.6 1.9 0.6 0.7 2.3 0.7
Man8 1.8 5.9 2.2 1.3 6.7 2.7
Man9 1.9 4.8 2.0 1.2 5.4 2.5

BQL below level of quantitation

form represents incomplete enzymatic processing, generally thought to be affected 
by steric factors. mAb4 showed <5% high mannose abundance, and mAb2 showed 
<6% abundance of incompletely processed high-mannose forms. Lot 2 showed 
higher abundance, <16%, of various high-mannose chains. In each case, variation in 
glycan structure abundance varied less than 2% overall, with a high degree of gly-
cosylation consistency between two distinct production lots of the three different 
antibodies. In addition to KBio, various groups have produced recombinant proteins 
using genetically modified Nicotiana lines exhibiting knockdown of the majority of 
fucosyl- and xylosyl-transferase activity that appears suitable for clinical testing.

7.3.5  Analytical Analysis

7.3.5.1  Additional Analytics

We further characterized two lots of a single antibody, mAb2, for the following 
properties:

 1. Tryptic peptide mapping
 2. Free cysteine presence
 3. LC-MS molecular weight determination
 4. Isoelectric focusing profile
 5. Disulfide mapping

Each lot of mAb2 was subjected to reducing conditions and tryptic digestion, 
followed by LC-MS separation and molecular weight analysis. Weights were com-
pared with deduced amino acid sequence from heavy and light chains for identity 
confirmation. Each lot showed >96% coverage of predicted tryptic peptides. 
Sequences confirmed deduced amino acid composition completely matched with 
the peptides obtained. Peptides lacking in analysis were held in common between 
both lots.

G. P. Pogue et al.
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Using sequential Lys-C and trypsin digestion, non-reduced samples from each 
lot of mAb2 were analyzed by LC-MS for disulfide bond occupancy. All expected 
disulfide linkages were identified in each sample. Some expected disulfide-bonded 
peptides were found in multiple variants due to incomplete proteolytic cleavages 
during digestion. Scrambled disulfide-linked peptides are comparable to the most 
abundant of the possible corresponding non-scrambled disulfide-linked peptides. 
The relative abundance of each scrambled disulfide-bonded peptide was determined 
relative to the sum of the scrambled and the most abundant corresponding non- 
scrambled disulfide-linked peptides. Minor levels (~1.5%) of scrambled disulfide- 
linked peptides were observed.

To determine free cysteine composition, non-reduced samples from each lot of 
mAb2 were subjected to alkylation prior to sequential Lys-C and trypsin digestion. 
This treatment is expected to alkylate any free cysteines, resulting in a unique resi-
due, carbamidomethyl-Cys (CAM-Cys), which is detected by LC-MS analysis. 
Less than a 2.7% difference in free cysteines was detected at each potential site 
when comparing both lots, showing high-fidelity protein folding in plant-expressed 
molecules.

The intact lots of mAb2 were subjected to LC-MS as non-reduced samples, to 
view molecular weight patterns of the intact drug substance. In Fig. 7.4, the full 
mass spectrum and zoomed views of the main peaks are shown for both protein lots.

The results show virtually identical major peak molecular weights for mono-
meric and dimeric forms of HC-LC heterodimers ranging from 144,429 to 
155,788 Da and 298,967 to 297,757 Da, respectively. Variation in glycoforms cor-
relates with the observed molecular weight differences. Some free heavy chain at 
MW 73,657–75,167 Da is also observed. (Note that the detection of free chains is 
not possible using SDS-PAGE and Coomassie Brilliant Blue staining.)

Charge heterogeneity in two lots of mAb2 was determined by imaged capillary 
isoelectric focusing (icIEF) and was performed using a ProteinSimple iCE3 system. 
Major charged forms were virtually identical with primary peaks identified at pI’s 
of 8.3, 8.4, and 8.5. Some variations in minor forms between pI of 8.1 and 8.28 were 
observed. Overall, these data show high conservation in protein charge of different 
drug substance lots (Fig. 7.5).

Taken together, these results show a high degree of consistency between lots 1 
and 2 of mAb2 manufactured at KBio including glycosylation, amino acid composi-
tion, disulfide mapping, intact protein molecular weight, and surface charge reten-
tion. Thus, the plant production systems are comparable to mammalian cell-based 
platforms in their ability to produce consistent lots of therapeutic molecules (Liu 
et al. 2016; Sifniotis et al. 2019).

7.4  Transition from Drug Substance to Final DP

Bulk drug product (DP) is produced from the bulk drug substance (DS) and takes 
into account concentration, delivery, formulation, and application. In the case of 
DP2, three individual antibodies (drug substances: mAb2, mAb3, mAb4, Table 7.3) 
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Fig. 7.5 icICF analysis of mAb2 drug substance lots

with the same formulation were compounded into one trivalent cocktail (drug prod-
uct) containing equal ratios of each antibody. In the case of DP1, a single antibody 
(drug substance: mAb1, Table  7.3) was ultraconcentrated and formulated into a 
polymer-based dissolvable vaginal film (drug product) as a human contraceptive. In 
the case of DP3, two antibodies (drug substances: mAb5, mAb6, Table 7.4) were 
each ultraconcentrated and then combined into a polymer-based dissolvable vaginal 
film delivering equal amounts of each anti-sexually transmitted disease antibody 
(drug product). DP1 and DP3 followed the same formulation into a vaginal film. 
DP4 and DP5 are each made up of a single antibody (drug substances: mAb7 and 
mAb8, respectively, Table 7.3). For DP4 and DP5, bulk drug substance is stored at 
ultralow temperature for long-term storage. Upon need, bulk DS is removed from 
storage, distributed into vials for administration, and held at common storage tem-
perature as drug product. The drug products included in Table 7.7 are examples 
produced by KBio demonstrating the flexibility of formulation and route of delivery 
of plant-produced antibodies. In addition to intravenous administration and dissolv-
able vaginal films, other viable routes for delivery of PMPs under evaluation include 
intramuscular (Medicago, Covifenz) and oral (Ventria, VEN120) (Politch et  al. 
2021). KBio has carried out a series of stability studies of the drug products in 
Table 7.7, demonstrating stability over 12 and in some cases in excess of 12 months.
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Table 7.7 DP quality characteristics

DP name DP1 DP2 DP3 DP4 DP5

DS name mAb1

mAb2, 
mAb3, and 
mAb4

mAb5 and 
mAb6 mAb7 mAb8

Route of 
administration

Vaginal film IV Vaginal film IV IV

Appearance—
particulates

Homogenous, 
opaque, square 
piece of film

Clear liquid, 
no visible 
particles

Homogenous, 
opaque, square 
piece of film

Clear 
liquid, no 
visible 
particles

Clear liquid, 
no visible 
particles

pH 6.0 5.8 5.3 6.0 5.50
Osmolality 
(mOsm/kg)

42 367 45 321 348

UV absorbance 22 mg/film 23 mg/mL 20 mg/film 20 mg/mL 19 mg/mL
Identity by IEX Matches 

standard
Matches 
standard

Matches 
standard

Matches 
standard

Matches 
standard

SEC-HPLC 96% Monomer, 
4% aggregate

97.5% 
Monomer, 
1.3% 
aggregate

96% Monomer, 
2% aggregate

100% 
Monomer

97% 
Monomer, 
1% 
aggregate

SDS-PAGE 
(NR)

>99% >99% >99% >99% >99%

SDS-PAGE (R) >99% >99% >99% >99% >99%
Endotoxin <26 EU/film 0.21 EU/mg <26 EU/film 0.03 EU/mg <0.3 EU/mg
Bioburden 
(CFU/mL)

<1 <1 <1 <1 <1a

a Based on DS results. DP5 was tested for sterility and passed

Despite slight increased aggregation over time, the overall purity continues to 
fall within the acceptable ranges for DP1 vaginal films after 26 months stored at 
2–8 °C. DP3 vaginal films were also found to be stable at 2–8 °C, but stability test-
ing was concluded after 12 months. DP2 trivalent cocktail was found to be stable for 
24  months stored at −20  °C.  DP4, a single antibody therapeutic, was stable for 
6 months at 2–8 °C, and DP5, also a single antibody therapeutic, was found to be 
stable for 18 months at −20 °C as shown in Table 7.8. Further, the high consistency 
from lot to lot (shown here and in Swope et al. (2022)) allows for multiple lot blend-
ing and other approaches to ensure that sufficient drug is available for both develop-
ment and clinical testing.

The consistency in manufacturing conditions and the high quality of product 
emerging from the KBio system allow for dramatic truncation in development times 
for biotherapeutic products (Table 7.9), as shown by the production of the ZMapp 
trivalent antibody product (Swope et al. 2022). In response to the West Africa Ebola 
outbreak that began in December 2013, three candidate antibodies were obtained, 
and within 1 month, small quantities of each antibody were produced to support a 
pilot study in nonhuman primates. Initial experiments demonstrated a cocktail of 
three antibodies that protected rhesus macaques from lethal challenge when 
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Table 7.8 Drug product stability

Product

Final time 
point 
(months)

Storage 
temperature 
(°C)

Initial % 
monomer

Initial % 
aggregate

Final % 
monomer

Final % 
aggregate

DP1 24 2–8 96 4 96 4
DP2 26 −20 99 1 97 2
DP3 12 2–8 96 2 94 3
DP4 6 2–8 100 0 98 2
DP5 18 −20 97 <1 95 2

Note: Some stability programs are ongoing

Table 7.9 KBio-manufactured antibodies in preclinical and clinical phases

Monoclonal 
antibody

Final drug product 
formulation Purpose Phase

Clinical trial 
ID

DP1 Vaginal film Contraception Clinical 
phase 1

NCT04731818

DP2 I.V. delivery Ebola 
treatment

Clinical phase 
1/2

NCT02363322

DP3 Vaginal film HSV treatment Clinical 
phase 1

NCT02579083

DP4 I.V. delivery SARS-CoV-19 GLP Pharm/
Tox

N/A

DP5 I.V. delivery Enterovirus 68 GLP Pharm/
Tox

N/A

administered 3, 4, or 5 days postinfection (Qiu et al. 2014). This cocktail was named 
ZMapp and provided to patients through expanded access/compassionate use in 
August of 2014, just 8 months after the antibody sequences were provided to KBio. 
ZMapp was tested under investigational new drug (IND) clinical trials beginning in 
February 2015, only 12 months from the first purified protein product at R&D scale.

7.5  The Plant Advantage: Speed to IND

Speed to the clinic is a significant advantage offered by plant-based manufacturing. 
Aside from the time-critical needs of pandemic responses, rapid assessment of can-
didate therapeutics in early-stage clinical trials improves the speed of decision- 
making and provides a competitive advantage for biopharmaceutical companies 
(Bolisetty et al. 2020; Sun et al. 2022).

The timelines in Fig. 7.6 show typical durations of an ideal manufacturing pro-
cess from identification of a therapeutic protein sequence to IND submission for 
both plant- and mammalian-based production systems. The more rapid production 
of GMP materials using plant-based manufacturing not only supports more rapid 
entry into the clinic, but also reduces the timeline and costs compared to 
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Fig. 7.6 Timeline from antibody sequence identification to IND

mammalian cell-based production. For example, mammalian manufacturing pro-
cesses require roughly 18 months for cell expression selection and an additional 
6 months of time for cell banking, whereas plant-based systems require as little as 
3 months of time from initial screening to production of material for nonclinical 
studies. Furthermore, financial modeling suggests that plants may be superior to 
other platforms when comparing manufacturing costs as a function of regulatory 
process and and product overall costs (Farid et al. 2020; Scott 2020).

7.6  Conclusions

Production of biologics using plants has evolved over the past decade, resulting in 
commercialization of therapeutics for different indications in different countries 
(Tables 7.1 and 7.9). Ongoing research with plant-based manufacturing platforms is 
demonstrating improvements in yield, mammalian-like posttranslational modifica-
tions, and efficacy. As discussed here, plant-based GMP manufacturing of antibod-
ies has a significant speed advantage, with lower capital investment, compared to 
traditional mammalian cell culture-based platforms, creating products with equiva-
lent physical and functional characteristics compared with those from mammalian 
cells. Multiple plant-made therapeutics have been studied in human clinical trials 
and been shown to be safe and efficacious. Recent WHO guidance includes consid-
erations for plant-produced therapeutics, indicating the growing acceptance of 
plant-based manufacturing by the global regulatory community. As more clinical 
data is generated and additional products are approved for the market, plant produc-
tion systems will likely play a significant role in the future of biotherapeutics.
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Chapter 8
Turnip Mosaic Virus Nanoparticles: 
A Versatile Tool in Biotechnology

Daniel A. Truchado, Sara Rincón, Lucía Zurita, and Fernando Ponz

Abstract Within plant molecular farming (PMF), the use of viruses and virus-like 
particles (VLPs) is increasingly gaining momentum due to the vast array of possibili-
ties they offer. In addition to the wide application of viruses as vectors of genes for 
their transient expression in plants, viral particles are being exploited as natural 
nanoparticles amenable to production in plants and functionalization with very differ-
ent purposes. One important group of plant viruses exploited in this context is formed 
by viruses with flexuous elongated virions of a high aspect ratio. One of these viruses 
is turnip mosaic virus (TuMV), a potyvirus. TuMV virions and VLPs have been pro-
duced in plants in different functionalized manners for an ample range of applications. 
They have also been chemically functionalized “in vitro” after purification of their 
natural unmodified forms. The chapter describes and discusses the work carried out so 
far for the development and applications of TuMV in PMF nanobiotechnology.

Keywords Turnip mosaic virus · Viral nanoparticles · Plant nanobiotechnology · 
Virus functionalization
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GFP Green fluorescent protein
LTP Lipid transfer protein
TuMV Turnip mosaic virus
VEGFR-3 Vascular endothelial growth factor receptor 3
VLPs Virus-like particles 
VNPs Viral nanoparticles

8.1  Viral Nanoparticles in Molecular Farming

During the last three decades, plant molecular farming has become a useful tech-
nology for the production of recombinant proteins (Fischer and Buyel 2020; Horn 
et al. 2004; Schillberg and Finnern 2021). The main reasons why plant molecular 
farming has become so extended are its low cost, its greater scalability, and its 
greater biosafety for humans compared to other platforms such as mammalian cell 
cultures since plants do not allow the replication of mammalian viruses (Fischer 
and Buyel 2020). One of the products of molecular farming gaining popularity 
over the last few years is viral nanoparticles (VNPs), which are subsequently used 
as biotechnological tools (Chung et al. 2020; Rybicki 2020; Shukla et al. 2014, 
2018; Wu et al. 2022). Viruses, as naturally occurring nanoparticles, present many 
interesting characteristics for their use as biotechnological tools, such as biocom-
patibility, self- assembly, different shapes (icosahedral, flexuous, rod-shaped, etc.), 
their easily modifiable composition, or their selective permeability to small com-
pounds (Jeevanandam et al. 2018). Among all VNPs with biotechnological interest, 
plant viruses offer an especially safe alternative because they lack tropism towards 
mammalian tissue. Thus, there are currently several plant VNPs being developed 
as biotechnological devices with interest in nanomedicine (Chung et  al. 2020; 
Rybicki 2020). One of these plant viruses is turnip mosaic virus (TuMV), whose 
versatility as a platform for the development of different biotechnological tools 
will be discussed along this chapter (see also chapters “Plant Viral Vectors: 
Important Tools for Biologics Production” and “Medical Applications of Plant 
Virus Nanoparticles”). 

8.2  Turnip Mosaic Virus Nanoparticles

TuMV is a well-known plant pathogen of the family Potyviridae. Since it was first 
reported in 1921 (Gardner and Kendrick 1921; Schultz 1921), TuMV has been 
found to be infecting more than 300 species distributed globally, including mono- 
and dicotyledonous plants (Nellist et al. 2022). Due to the economic impact of its 
infections on agriculture, TuMV was classified as one of the most important patho-
gens of field-grown vegetable crops (Tomlinson 1987).
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Fig. 8.1 Schematic representation of the different TuMV-based nanoparticles developed so far 
and their potential application in different fields of biotechnology 

However, what makes TuMV attractive to nanobiotechnology is not its epidemi-
ology but its structure. Like other potyviruses, TuMV is a non-enveloped, elon-
gated, and flexuous virus of around 720 nm long and 12 nm wide. TuMV virions 
consist of approximately 2000 copies of the capsid protein surrounding the genomic 
RNA in a helical fashion, creating a flexuous tube. The capsid protein molecule 
exposes its N-terminal region to the exterior of the virion, while the C-terminal 
region is projected towards the inner part of the tube (Cuesta et al. 2019; Nellist 
et  al. 2022). Despite not having the genomic RNA, TuMV  virus-like particles 
(VLPs) keep this structure, although they seem to be more variable in length than 
virions (Cuesta et al. 2019). This structure of TuMV VNPs provides two main char-
acteristics that make them appealing to be exploited as biotechnological tools. First, 
the great number of copies of capsomeres per VNP and its known spatial arrange-
ment facilitate their functionalization by chemical conjugation or genetic engineer-
ing (Yuste-Calvo et al. 2019). Second, the high aspect ratio of TuMV VNPs is a 
major advantage in processes such as drug delivery in tumors, where elongated viral 
nanoparticles perform better than their spherical counterparts (Chung et al. 2020). 
This was explained by the fact that elongated nanoparticles present enhanced tumor 
homing, tumor retention, and permeability through tissues and membranes when 
compared with spherical viral nanoparticles (Lee et al. 2013). Therefore, the func-
tionalization of TuMV VNPs provides a wide variety of tools with potential interest 
in different fields of nanoscience (Fig. 8.1).
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8.3  Applications of TuMV Nanoparticles

8.3.1  Theranostics

During the last decades, the importance of diagnostics, therapy, and relationship 
between them has been a central point in medicine. Research on TuMV nanoparti-
cles has contributed to improving the diagnostics and the therapy in three different 
fields of theranostics: immunotherapy, antibody detection, and cancer therapy.

8.3.1.1  Immunotherapy

For immunotherapy, TuMV VLPs were functionalized by gene fusion to create an 
allergen-coated nanoparticle for the treatment of food allergy. Food allergy is an 
adverse immune response whose prevalence is estimated to be increasing in the last 
years, especially in developed countries, where 5–10% of children and 3–4% of 
adults are allergic to some type of food (Sampath et al. 2021; Sicherer and Sampson 
2010). The molecules responsible for allergy triggering are called allergens and are 
frequently lipoproteins (Breiteneder and Mills 2005; Scheurer et al. 2021). One of 
such allergens is Pru p 3, a small lipid transfer protein (LTP) present in peaches 
which represents one of the most important allergens in the Mediterranean region 
(Pazos-Castro et al. 2022). Since Pru p 3 has also become a good model for studying 
LTP allergy, TuMV VLPs were genetically functionalized with Pru p 3 via gene 
fusion to develop a nanotool for allergen-specific immunotherapy. Gene fusion has 
long been used in biotechnology for the obtention of recombinant protein products 
(Uhl et al. 1992). In the context of VNP functionalization, gene fusion allows the 
production of capsid proteins (CPs) containing a recombinant amino acid sequence 
of interest in a desired region. In the case of TuMV, this region is the N-terminal as 
it is exposed to the solvent. Gene fusion has the advantage of ensuring one copy of 
the protein of interest per CP. However, sometimes, it seems to affect VNP assem-
bly, and genetic constructions turn out to be unsuccessful (Yuste-Calvo et al. 2019). 
This was not the case of TuMV-Pru p 3, whose production by molecular farming 
took place successfully. TuMV-Pru p 3 VLP production started with a gene con-
struct containing the CP of TuMV fused to Pru p 3 through a flexible linker. This 
gene construct was cloned in pEAQ as an expression vector and was subsequently 
agroinfiltrated in Nicotiana benthamiana plants using Agrobacterium tumefaciens. 

TuMV-Pru p 3 VLPs resulted to be nontoxic both in vitro and in vivo and were 
transported by Caco-2 cells without affecting epithelial integrity, showing the pos-
sibility of being delivered orally for immunotherapy. The administration of TuMV- 
Pru p 3 VLPs in previously sensitized mice significantly reduced sIgG2a levels in 
allergic specimens in almost a twofold ratio, and also, a downward tendency in sIgE 
levels was observed (Pazos-Castro et  al. 2022). These results support the use of 
functionalized TuMV VLPs in allergen-specific immunotherapy as well as in other 

D. A. Truchado et al.



239

immune-based pathologies (see also chapter “Antigen-Specific Immunotherapy for 
Allergic and Autoimmune Diseases Using Plant-Made Antigens”).

8.3.1.2  Immunization and Antibody Sensing

Gene fusion was first used in TuMV to functionalize VNPs with a small peptide 
derived from the human vascular endothelial growth factor receptor 3 (VEGFR-3) 
for immunization and peptide-directed antibody sensing. The use of peptides for 
immunization and antibody sensing has several advantages when compared to com-
plex proteins. For immunization, peptides provide more simplicity, and the antibod-
ies produced against them are practically monoclonal. However, they are poorly 
immunogenic, and its use implies several technical problems (Sánchez et al. 2013). 
One solution to get round these problems is the use of viruses as nanoscaffolds for 
peptide presentation, and, as aforementioned, TuMV provided an attractive struc-
ture for this purpose. In the case of antibody sensing, peptides have shown to suc-
cessfully detect antibodies directed to a given epitope in complex serum samples 
(Andresen and Grötzinger 2009; Larman et  al. 2011). Nevertheless, the use of 
peptide- functionalized VNPs for this purpose had not been addressed until TuMV- 
VEGFR- 3 VNPs were deployed (Sánchez et al. 2013).

The production of TuMV-VEGFR-3 VLPs started with a synthetic DNA frag-
ment containing the sequence encoding the first amino acid of the CP of TuMV, then 
the sequence of VEGFR-3, and, finally, the sequence of the rest of TuMV CP. This 
fragment was subsequently cloned in vectors p35Tunos-vec01 and p35Tunos-vec0- 
Nat 1 (Touriño et  al. 2008), and plants of the species Arabidopsis thaliana and 
Brassica juncea were inoculated with them. The functionalized VNPs were purified 
through a protocol using a CsCl gradient (Sánchez et al. 2013).

To assess the immunization potential of the VNPs, three different groups of five 
8-week-old male BALB/c mice were inoculated with 10 μg of wild-type or chimeric 
purified VNPs or with 0.7 μg of free VEGFR-3 (as this was the amount of peptide 
carried by the chimeric VNPs). Analyzed sera from immunized mice showed that 
those inoculated with TuMV-VEGFR-3 VNPs had significantly higher titers of anti- 
VEGFR- 3 antibodies than those inoculated with the free peptide. Moreover, 
increased anti-VEGFR-3 sensing properties of the VNPs were shown as higher dilu-
tions of sera resulted to be positive in ELISA assays when plates were coated with 
TuMV-VEGFR-3 VNPs as compared with those coated with the free peptide. Both 
results demonstrate the potential of these chimeric VNPs in the field of immunol-
ogy, the first case reported in plant virus VNPs until then (Sánchez et al. 2013).

8.3.1.3  Anti-tumor Therapy

Plant-derived polyphenol interest has been increasing over the years due to their 
biological activities, such as their antimicrobial and antibiofilm properties against a 
vast array of microorganisms, including bacteria, fungi, and viral pathogens (Hui 
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et al. 2017). In addition, epidemiological studies and associated meta-analyses have 
suggested that these compounds have a wide range of health-promoting traits in 
humans, like protection against cardiovascular diseases, cancer, or diabetes (Pandey 
and Rizvi 2009). One of the major sources of polyphenolic compounds for pharma-
ceutical and medical applications are the flavonoids present in green tea (Camellia 
sinensis). In fact, the purported health benefits of green tea are usually thought to 
derive from the chemopreventive activity of its high concentrations of catechins.

Epigallocatechin gallate (EGCG) is the most abundant and studied of them all, 
constituting about 50% of the catechin pool and accounting for between 100 and 
200 mg in a cup of brewed green tea (Gopal et al. 2016). Its role in disease manage-
ment is partly attributed to the number of hydroxyl groups and the presence of 
structural groups characteristic of catechins, which have a major impact on their 
antioxidant activity (Pradhan and Dubey 2021). Furthermore, this flavonoid has 
been reported to be responsible for most of the therapeutic benefits either in clinical, 
animal, or cell culture studies and to have the most potent antiproliferative effects 
targeting biochemical and genetic functions that are unique to cancer cells (Du et al. 
2012; Hastak et al. 2003).

Although the extent of EGCG interaction mechanisms at the molecular level is 
still not well understood, in vitro studies in mouse models have shown that it induces 
a decreased risk of cancer development through binding to several key proteins and 
downregulation of the expression of other pathways (Luo et al. 2017; Rady et al. 
2018; Wei et al. 2018), followed by growth inhibition due to apoptosis or suppres-
sion of angiogenesis and metastasis (Fujimura et al. 2012; Tachibana 2011), protec-
tion of DNA from damage and/or methylation in normal cells, and inhibition of 
oncogenic gene expression (Chen et  al. 2011). Moreover, the chemoprotective 
activities of EGCG have been observed at different stages of the cell cycle, which is 
one of the main results found in preclinical studies.

Despite the numerous properties and promising outcomes of this compound, its 
applicability as an alternative to chemotherapy has proved to be limited due to inef-
ficient systemic administration and bioavailability (Mereles and Hunstein 2011). 
The limiting factor of EGCG, and catechins in general, is their instability in their 
free form; being highly reactive molecules, they are susceptible to autoxidation and 
very sensitive to changes in temperature and pH, with the latter being the most criti-
cal factor for their stability under certain conditions. EGCG degrades in neutral 
solutions (pH 6.5–7.8), and other factors such as oxygen or protein concentration, 
antioxidant levels, or presence of metal ions affect its polymerization and decompo-
sition (Zeng et al. 2017), making it easily degradable or metabolizable after injec-
tion or oral ingestion.

For this reason, designing a vehicle that maintains the effects attributed to EGCG 
is an attractive strategy to overcome its lack of stability in its free form. Nanoparticle- 
based delivery systems are believed to be plausible options to protect EGCG against 
adverse conditions, and consequently, they would open the way for the development 
of its numerous beneficial activities. In this context, protein-based nanoparticles are 
a very favorable platform for nanoscale drug delivery since they lack the toxic 
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effects of metal-based nanoparticles (avoiding tissue accumulation and unspecific 
interactions with proteins and DNA) while presenting no environmental drawbacks.

As mentioned above, the structure of TuMV is highly modifiable and symmetric, 
and the outward arrangement of multiple copies of capsid protein subunits on the 
surface makes them versatile nanoparticles and very useful for functionalization 
with a wide range of molecules (Yuste-Calvo et al. 2019). Chemical conjugation of 
EGCG to the lysine residues of the capsid protein by the Mannich condensation 
reaction yields EGCG-TuMV nanoparticles with a high number of available mole-
cules concentrated within a relatively small area (Velázquez-Lam et al. 2020). This 
functionalization also allows the EGCG molecule to be exposed to the external 
environment, which is important since negatively charged EGCG binds to the outer 
surface of positively charged cell membranes, thus damaging or fragmenting the 
lipid bilayer (Das et al. 2014). This makes TuMV-NPs rapidly and efficiently inter-
nalized by normal human and tumor cells in vitro.

Recent results have shown for the first time the potentiation of a drug effect by 
the use of functionalized TuMV nanoparticles for cancer therapy. The administra-
tion of this flavonoid via VNPs enhanced the antiproliferative effect and cytotoxic 
efficacy of EGCG in cell lines of different types of tumors, including lung, colorec-
tal, breast, and head and neck cancer (Velázquez-Lam et al. 2022), which has laid 
the groundwork for future work in targeting chemotherapeutic drugs specifically to 
tumor cells by conjugating molecules that recognize tumor-specific components 
with TuMV-NP for early diagnosis or reduction of side effects of chemotherapeu-
tic agents.

8.3.2  Tissue Engineering

The field of tissue engineering emerged more than 40 years ago as an alternative to 
organ transplantation, as the latter implied two important problems to overcome: 
shortage of organ donors and immune rejection. Tissue engineering offers a good 
alternative because it allows the regeneration of the patient’s own tissues and organs 
by developing artificial organs that are highly biocompatible and functional. The 
regeneration of new tissues involves three basic components: cells, a scaffold, and 
growth factors (Ikada 2006). Alternatively, tissue engineering has recently been pro-
posed as a tool to create the so-called clean meat, which consists of an animal-free 
option based on artificial skeletal muscle tissue (Ben-Arye and Levenberg 2019).

One of the most important aspects to take into account in tissue engineering is 
the creation of the proper environment for cells to grow successfully and promote 
tissue regeneration. Functionalized VNPs have been used to this end thanks to their 
biosafety, their spatial arrangement, and their amenability to be chemically conju-
gated to growth factors. Thus, scaffolds containing VNPs in tissue improved cell 
adhesion and cell orientation (Zhao et al. 2015).

In this context, TuMV VNPs functionalized with the epithelial growth factor 
(EGF) were developed as a new platform for muscle tissue regeneration. EGF was 
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chemically conjugated to lysine residues present in the TuMV CPs via the Staudinger 
reaction using phosphine and azide linkers (González-Gamboa et al. 2022). Then, 
TuMV-EGF VNPs were used as an additive to engineer gelatin methacryloyl 
(GelMA) hydrogels for enhanced attachment, proliferation, and alignment of fibro-
blasts in artificial muscle fibers. Increased proliferation and adhesion rates were 
observed in fibroblast cultures on TuMV-EGF-GelMA compared to those cultures 
on TuMV-GelMA and EGF-GelMA (González-Gamboa et al. 2022). Fibroblasts on 
TuMV-EGF-GelMA continued to proliferate rapidly after adhesion to the gel, which 
indicated that TuMV-EGF worked both as a nano-carrier for EGF and as a physical- 
mechanical cue for cells. These results showed that TuMV-EGF can be used as an 
additive to GelMA-based bioinks for tissue engineering since it creates a microen-
vironment, which promotes the adhesion and proliferation of fibroblasts (González- 
Gamboa et al. 2022).

8.3.3  Industrial Biotechnology

Application of enzymes is continuously increasing in the manufacture of different 
products in many fields such as food, textile, and pharmaceutical industries or even 
in biosensor production. Unlike free enzymes in solution, immobilized enzymes 
provide several advantages, the main ones showing more stability and a higher 
resistance to environmental disturbances (Homaei et  al. 2013). However, some 
types of enzyme immobilization can lead to a loss of enzyme-specific activity 
(Sheldon and van Pelt 2013).

One form of enzyme immobilization is attachment to nanoparticles. In particular, 
protein nanoparticles stand out because they share the same nature with enzymes 
and give a desirable chemical homogeneity to the complexes. Also, protein nanopar-
ticles have an improved biocompatibility when compared to their inorganic counter-
parts and provide a wide variety of groups to which the enzymes of interest 
chemically conjugate (Cuenca et al. 2016). VNPs are a special type of these protein-
aceous nanoparticles, as they combine some properties of inorganic and some oth-
ers of organic nanoparticles. During the last years, VNPs, and in particular, plant 
VNPs, have been used as nano-carriers for enzymes (Cardinale et al. 2012; Eiben 
et al. 2019). In some cases, not only did enzyme immobilization using plant VNPs 
provide robustness but also increased catalytic activity compared to controls with 
the same amount of free enzyme (Koch et al. 2015).

The elongated and flexuous geometry of TuMV VNPs makes them good candi-
dates for enzyme immobilization, so the enzyme lipase B from Candida antarctica 
(CAL-B) was selected to be immobilized in TuMV nanonets using glutaraldehyde 
as a two-headed conjugating agent. CAL-B is commonly used in the pharmaceutical 
and chemical industries because it is one of the best catalyzers in the production of 
nitrogen-containing compounds (Gotor-Fernández et  al. 2006; Villar-Barro et  al. 
2017), so its immobilization was very interesting from the standpoint of industrial 
biotechnology (Idris and Bukhari 2012). TuMV-based nanonets as a platform for 
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enzyme immobilization were obtained for the first time in this study (Cuenca et al. 
2016). Large aggregates of CAL-B could be observed on those nanonets, and, more 
interestingly, CAL-B showed higher specific activity than the enzyme in its free 
form. These results showed that, although CAL-B had been previously immobilized 
on different supports (Cipolatti et  al. 2014), TuMV-based nanonets were a good 
alternative that even increased the catalytic activity of the enzyme (Cuenca 
et al. 2016).

8.3.4  Agricultural Applications

In the agricultural sector, antimicrobial control is becoming a growing global prob-
lem due to a number of factors such as increasing food demand, climate change, or 
regulatory constraints on plant protection products, leading to a reduction in the 
effectiveness of current approaches to attack infections (see also chapter “Plant 
Molecular Farming of Antimicrobial Peptides for Plant Protection and Stress 
Tolerance”).

Antimicrobial resistance happens naturally and is a dynamic threat. The develop-
ment of this risk is accelerated by the emergence of multiresistant bacteria, the lack 
of new drugs, or the environmentally damaging effects of certain control methods. 
All these aspects lead to economic, ecological, and life losses, so there is a need for 
novel and powerful agents to replace or enhance existing antimicrobials (Coates 
et al. 2002). Biofilm formation is another critical area to consider when discussing 
antimicrobial resistance, as bacteria within these multicellular aggregates show 
increased resistance.

As previously mentioned, the chemical functionalization of EGCG to TuMV 
viral nanoparticles allows an enhancement of the intrinsic properties of this reactive 
flavonoid, including its reported antimicrobial and antibiofilm effects (Blanco et al. 
2005). Studies over the past 20 years have shown that polyphenolic catechins from 
green tea can inhibit the growth of a wide range of Gram-positive and Gram-negative 
bacterial species with moderate potency (Jeon et al. 2014).

Conjugation of EGCG with TuMV was also shown to promote the ability of 
TuMV to act as an antimicrobial agent (Velázquez-Lam et al. 2020). EGCG works 
by affecting bacteria in different ways, such as inhibiting enzymes which affect 
DNA (Das et al. 2014), causing oxidative stress (Cui et al. 2012), or binding to pro-
teins and phospholipids of the lipid bilayer, damaging the cell membrane and 
increasing its permeability (Papuc et al. 2017). Although it was shown that TuMV 
VNPs functionalized with this flavonoid by chemical conjugation to lysine resi-
dues not only maintained EGCG activity, but also showed a remarkable enhance-
ment, further studies are needed to understand the specific mechanism to know 
whether they are able to cross the membrane and act internally.
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8.4  Future Prospects

So far, many TuMV-based nanotools have been developed by two main functional-
ization techniques: chemical conjugation and genetic engineering. However, a third 
method for functionalization has been successfully applied to TuMV VNPs: the 
SpyTag/SpyCatcher technology, which combines a first gene fusion followed by a 
chemical conjugation. This technology is based on intramolecular isopeptide bonds 
occurring in cell surface adhesion proteins of Gram-positive bacteria (Hae et  al. 
2007). More specifically, SpyTag and SpyCatcher are peptides derived from the 
division of the CnaB2 domain of the Streptococcus pyogenes fibronectin-binding 
protein FbaB (Zakeri et  al. 2012). Within this domain, a spontaneous isopeptide 
bond takes place between the amine of Lys31 and the carboxylic group of Asp117. 
This reaction is resistant to a wide spectrum of pH, temperature, and buffer condi-
tions. Taking this into account, a novel technology for protein coupling was devel-
oped by splitting the CnaB2 domain into two peptides that would eventually 
reconstitute via this spontaneous isopeptide bond: SpyTag, a small 13-amino acid 
sequence bearing the Asp117, and SpyCatcher, with the rest of the protein (Zakeri 
et al. 2012). By genetically fusing SpyTag and SpyCatcher to either the N-terminus 
or the C-terminus of two proteins of interest, they will later bind to each other 
robustly and with a high yield.

The SpyTag/SpyCatcher technology was tested in TuMV using the green fluores-
cent protein (GFP) as a protein of interest for coating the VLPs. GFP had been 
previously selected to decorate VLPs of an icosahedral virus by using SpyTag/
SpyCatcher (Peyret et al. 2020), but, to our knowledge, this was the first attempt to 
coat flexuous VNPs with this protein coupling technology.

Four different synthetic genes were designed, so all the possible combinations 
between the two peptides (SpyTag and SpyCatcher) with TuMV CP and GFP were 
represented. Transient expression of the constructs was carried out by agroinfiltra-
tion of transformed Agrobacterium tumefaciens strains in Nicotiana benthamiana 
plants. Fluorescence analysis revealed the production of GFP and its correct folding 
in the correspondent agroinfiltrated leaves. Western blot analyses of protein extracts 
showed that all constructs were produced in plants. Moreover, we observed that the 
interaction between SpyTag and SpyCatcher took place in vivo in the two combina-
tions co-agroinfiltrated (SpyTag-CP  +  SpyCatcher-GFP and 
SpyCatcher-CP + SpyTag-GFP), with this being the first time a flexuous VNP is 
functionalized using this technique (Truchado et al. 2023).

Among all the uses SpyTag/SpyCatcher technology has been applied to, the 
functionalization of VNPs seems promising as it occurs in a very efficient manner 
compared to other alternatives. The successful results regarding the coating of 
TuMV VLPs with GFP open new doors to a large number of fields in which TuMV 
VNPs can be implemented, such as the creation of potential novel vaccines (Peyret 
et al. 2020; Tan et al. 2021), cancer therapy (Wang et al. 2019), or functionalization 
of VNPs with a wide variety of other peptides of interest (Hatlem et  al. 2019; 
Reddington and Howarth 2015).
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In summary, TuMV is a good platform for the creation of novel tools in biotech-
nology via molecular farming in Nicotiana benthamiana plants. TuMV VNPs offer 
an interesting architecture for their functionalization, and, once derivatized by 
chemical conjugation or genetic engineering, they have been reported to be applied 
successfully in multiple fields in nanoscience. Moreover, a novel protein coupling 
technique called SpyTag/SpyCatcher offers a promising method for a more robust 
and efficient functionalization of TuMV VNPs. This reveals that not only have 
TuMV-derived nanoplatforms proved their versatility, but also there is still a huge 
potential to be developed in the following years for these functionalized VNPs.
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Chapter 9
Targeting Chloroplasts for Plant Molecular 
Farming

Kiran Saba, Fatima Ijaz, Muhammad Suleman Malik, Neelam Batool, 
Andreas Gunter Lössl, and Mohammad Tahir Waheed

Abstract Chloroplast transformation has emerged as a promising platform for the 
development of modified transplastomic plants expressing many useful products 
including pharmaceutical drugs, enzymes, biomaterials, and products related to the 
agriculture industry. Due to high copy number of chloroplasts in green plants, it is 
an attractive technology for the high mass production of expressed foreign proteins. 
Moreover, multiple genes can be expressed into plants in a single transformation 
event without any epigenetic effects because of operon system of chloroplasts like 
prokaryotes. Plastid transformations solve the problem of expressed transgene con-
tainment, gene silencing, and minimum pleiotropic effects, which are predominant 
in nuclear transformation. In this chapter, we have discussed the benefits of chloro-
plast transformation in plant molecular farming, different methods used for plastid 
transformation, application of chloroplast bioengineering in difference fields of sci-
ence, and advantages and limitations of chloroplast transformation for plant molec-
ular farming.

Keywords Plant molecular pharming · Chloroplast transformation · Total soluble 
protein (TSP)
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Abbreviations

CNT Carbon nanotube
DW Dry weight
GFP Green fluorescent protein
HIV Human immunodeficiency virus
HPV Human papillomavirus
LEEP Lipid exchange envelope penetration
ND Not determined
PCR Polymerase chain reaction
PEG Polyethylene glycol
PHAs Polyhydroxyalkanoates
PHB Polyhydroxybutyrate
TCP Total cellular protein
TSP Total soluble protein
UV Ultraviolet
YFP Yellow fluorescent protein

9.1  Introduction

9.1.1  Chloroplast Transformation

Commercial production of recombinant products through manipulation of plastome 
of algae and plants is described as “transplastomics,” which is an increasingly active 
field (Maliga 2004; Rascón-Cruz et al. 2021). A number of current studies have shown 
that by utilizing tobacco chloroplasts, significant amounts of recombinant protein can 
be obtained; in some cases, the proteins have been accumulated, achieving 5–40% of 
total soluble protein (TSP) (Ruhlman et al. 2010) and up to 70% of total soluble pro-
tein in leaves of tobacco plants (Wang et al. 2018; Corigliano et al. 2019; Morgenfeld 
et  al. 2020). The chloroplast was genetically transformed about two decades ago 
(Boynton et al. 1988; Svab et al. 1990). Apart from having the potential of a high-level 
production of foreign proteins, other charms of the chloroplast transformation are its 
effectiveness as a highly precise genetic engineering technique (due to integration of 
transgene through homologous recombination), nonexistence of gene silencing mech-
anisms and epigenetic effects in plastids, ease of stacking multiple transgenes under a 
single operon system, and containment of transgene due to the maternal mode of 
inheritance in chloroplast, which eliminates chloroplasts (and thus plastid transgenes) 
from transmission through pollens (Saba et al. 2019; Latif et al. 2022).

Chloroplasts are involved in various ceullular functions such as: biosynthesis of 
fatty acids, Vitamins, purines, pyrimidines, isoprenoids, starch and pigments. 
Chloroplasts are also implicated in the metabolism of nitrogen and amino acids, and 
phytohormones such as cytokinins, abscisic acid, and gibberellins. Thus, as a result, 
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any interruption of its normal metabolism can be lethal in plants (Farquhar 
et al. 2011).

9.1.2  Chloroplast Transformation and Molecular Farming

Development of transgenic plants as expression factories for the production of bio-
pharmaceuticals is an area generally considered as molecular farming and is recently 
getting great attention (Raskin et al. 2002; Rascón-Cruz et al. 2021). Researchers 
are interested in the development and synthesis of plant-based antibodies, edible 
vaccines, industrial enzymes, and human therapeutic proteins. Reduced costs of 
production and delivery, ease of scale-up, and high safety standards (referring to 
extremely reduced risk of product contamination by endotoxins and human patho-
gens) are the main attractions of utilizing plants as platforms for producing pharma-
ceuticals (Scotti et al. 2012; Ahmad and Mukhtar 2013; Saba et al. 2020; Latif et al. 
2022). Due to the greater ability of the chloroplast for expression and accumulation 
of foreign proteins, it seems particularly attractive to exploit plastids for the produc-
tion of proteinaceous pharmaceuticals, such as antimicrobials, antigens, and anti-
bodies. Researchers (Daniell et al. 2009; Lössl and Waheed 2011; Maliga and Bock 
2011; Scotti et al. 2012; Ahmad and Mukhtar 2013) have reported several advan-
tages and limitations regarding chloroplast-based plant molecular farming. 
Currently, there are many available drugs which have been derived from the plants. 
Plants are also manipulated to increase the production of food and different com-
pounds. Until the nineteenth century, all improvements in crops were brought by 
plant breeding techniques (Chemat et al. 2019).

The first chloroplast-based product that proved to be immunologically active in 
experimental animals was a candidate subunit vaccine against Clostridium tetani, 
the agent causing tetanus (Tregoning et al. 2003). Recently, numerous promising 
steps have been taken in this direction. So far, majority of efforts have been made 
for the increased production of antigens to be used as vaccines and their tests for 
immunological efficacy in animal studies. Encouraging progress has been made 
with the development of a chloroplast-based vaccine against many infectious dis-
eases (Saba et al. 2020).

9.2  Methods of Chloroplast Transformation

Introduction of required and new foreign genetic material into the host or targeted 
cells is known as the transformation. Generally, transformation of plants can be 
performed via direct or indirect gene transfer, both of which have different working 
principles. Physical or chemical reactions are involved in the direct gene transfer 
approach, while biological vectors are utilized in the indirect gene transfer method 
to introduce genes into the targeted cell/tissue (Low et  al. 2018). The indirect 
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method in chloroplast transformation is a novel technique, whereby alteration must 
be performed on the VirD2 protein of Agrobacterium that plays a major role in 
Agrobacterium-mediated transformation (Matsuoka 2015). The following sections 
discuss the commonly used approaches in chloroplast transformation.

9.2.1  Biolistic Method

The most reliable and efficient method for the introduction of DNA into the chloro-
plast is microparticle bombardment. The biolistic method is not something com-
pletely new in the world of genetic engineering. It was first recognized and applied 
to the field in the late 1980s, where it was primarily tested on plants for transforma-
tion studies. The term “biolistic” originated from the term biology, and ballistics 
refers to its mode of action that is similar to a gun. The entire concept of biolistic 
method is dependent on high pressure, whereas the desired DNA is projected into 
the host via gene gun at high speed with the help of pressurized helium gas (Jinturkar 
et al. 2011; Matsumoto and Gonsalves 2012; Bhatia et al. 2015; Carter and Shieh 
2015; Yu et al. 2020).

The microparticles used in the bombardment process are made of either tungsten 
or gold; despite gold being more expensive, it is the preferred material. Gold is 
preferred because (1) the gold particles have more uniform size; (2) they are bio-
logically inert in nature as compared to tungsten; and (3) tungsten has a tendency to 
catalyze the slow degradation of DNA bound to it. The biolistic process initiates 
with the purification of gold or tungsten particles that are used as the delivery vector. 
The selected particles are purified through the treatment of isopropanol and glycerol 
to obtain the purest form of the particle. This step ensures that the particles are free 
of contaminants to prevent the DNA construct from being affected during the pro-
cess. The DNA construct is coated on metal particles, using the precipitation prin-
ciple. This step uses calcium chloride and isopropyl to form DNA-tungsten/gold 
complex. The complex formed is kept on the macro-carrier known as a plastic bul-
let. The micro-carrier is loaded into the chamber, where it is located around 7 in. 
away from the rupture disk. After the macro-carrier is loaded into the biolistic 
chamber, the petri dish containing the desired chloroplast to be transformed is 
placed at the bottom of the biolistic chamber and the pressure within the chamber is 
reduced to the desired level. The pressure applied varies depending on the type of 
cells used and the distance between the rupture disk and the petri dish (Ramesh 
et al. 2011; Lacroix and Citovsky 2020).

After this setup, the bombardment process can take place. Generally, two meth-
ods are used for the bombardment: one involves charged electricity, and the other 
involves pressurized gas. It is common to use helium gas, where pressurized helium 
gas is applied on the macro-carrier to transfer the DNA complex into the chloroplast 
at high speed. After the bombardment, the DNA construct is incorporated into the 
desired cells followed by 2 weeks of incubation for the healing of the cells, and 
further process is carried out once the callus is formed (Jinturkar et al. 2011; Carter 
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Fig. 9.1 Schematic diagram showing major steps involved in the generation of transgenic plants 
using biolistic bombardment method

and Shieh 2015; Matsuoka 2015; Lacroix and Citovsky 2020). The major steps 
involved in biolistic gene method are shown in Fig. 9.1.

The biolistic approach has been applied on Artemisia annua to obtain a higher 
yield of artemisinin for a drug against malaria infection (Raskin et  al. 2002). In 
another study, the chloroplast genome of potatoes has been transformed through the 
biolistic DNA delivery approach. This study was performed to analyze the effi-
ciency of transformation of macro-chloroplast, and the amount of the heterologous 
protein being produced was higher as compared to the conventional approach 
(Occhialini et al. 2020).

9.2.1.1  Advantages of Biolistic Method

The biolistic method is largely applied in plant transformation because it is not lim-
ited to a certain species or plant cells. It is the most favorable approach for embryo-
genic callus. Another factor that the biolistic method is frequently used is because 
of its capability to successfully transform stable desired plastid gene, other than 
only focused on nuclear transformation. Other than that, in the biolistic method, the 
introduction of the desired genes to the target cells is carried out by bypassing the 
cell wall barrier, and the gene transferred is not attacked or interrupted by any other 
cellular components on the cell surface, as the gene is directly introduced to a spe-
cific location of the desired cell (Jinturkar et al. 2011; Bhatia et al. 2015; Carter and 
Shieh 2015).
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9.2.1.2  Disadvantages of Biolistic Method

Even though biolistic approach is the most widely used method, it has certain draw-
backs such as the cost involved is pretty high due to equipment and chemicals being 
used. Besides, the chances of the targeted cell damages are high due to penetration 
of the desired gene via high pressure. Above all, due to the capability of transform-
ing multiple genes at once within the targeted cell, the gene gun or biolistic method 
might lead to gene silencing (Jinturkar et al. 2011; Ramesh et al. 2011; Bhatia et al. 
2015; Carter and Shieh 2015). Regardless of all these advantages and disadvan-
tages, the choice of using the biolistic approach for gene introduction in desired cell 
target is still very much dependent on the results of the study.

9.2.2  Polyethylene Glycol (PEG) Method

Polyethylene glycol (PEG)-mediated transformation is the second most commonly 
used plant transformation approach. PEG is normally utilized when the target cell 
for transformation is protoplast. It is one of the renowned protoplast or chloroplast 
transformation techniques due to its straightforward utilization of equipment and 
minimal cost (Liu and Friesen 2012). The method involves simple and easy steps 
that can even be performed in any laboratory setting, with the presence of a bio-
safety cabinet. Due to its efficacy and ability to give an expected outcome, this 
technique has become one of the preferred protoplast transformation techniques. 
PEG-mediated transformation introduces the gene of interest to the targeted cell 
through the disruption of the cell membrane’s dynamic by raising the permeability 
of the cell membrane. In this process, the chloroplast is co-cultured with PEG, 
where the desired DNA construct is passed through the cell membrane in the form 
of vesicles to transform the chloroplast (Mathur and Koncz 1998; Liu and Vidali 
2011; Low et al. 2018; Yu et al. 2020).

Recent studies showed that PEG has not shown considerable evidence in promot-
ing the synergy between the DNA construct and the cell membrane; therefore, the 
function and process of PEG-mediated transformation remain unclear. However, it 
has been hypothesized that the osmotic condition of protoplast can be controlled by 
PEG, which assists in the uptake of the DNA construct. The whole process of PEG- 
mediated chloroplast transformation involves three basic steps, i.e., (a) isolation of 
protoplast, (b) introduction of DNA construct into the chloroplast, and (c) regenera-
tion of protoplast. The PEG-mediated transformation starts with the acquisition of 
protoplast suspension through various enzymatic treatments of the plant cells. The 
protoplast suspension is then allowed to undergo a centrifugation process (Liu and 
Vidali 2011; Liu and Friesen 2012). The protoplast pellet obtained from the cen-
trifugation of suspension is mixed with the desired DNA construct that is incorpo-
rated with a selectable marker such as GFP. This is followed by the introduction of 
60% PEG solution to the mixture and further incubated for a specific time. The 
concentration of PEG solution and the incubation period depend on the quantity of 
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chloroplast and DNA construct used. After 3 days of introducing PEG to the mix-
ture, the protoplast is grown in selectable conditions such as in the presence of 
antibiotics and antifungals, to avoid the growth of bacteria and fungi. The transfor-
mants are monitored by the expression of the selectable marker incorporated in the 
DNA construct, and the transformation efficiency is also identified. Further confir-
mation on the identification of the transformants is performed by using PCR. After 
the screening of the transformants, the transformed chloroplast is treated with 
osmotic buffer and sorbitol followed by the culturing of transformant on regenera-
tion medium for recovery process (Liu and Vidali 2011; Liu and Friesen 2012; 
Masani et al. 2014; Nanjareddy et al. 2016; Rehman et al. 2016; Díaz et al. 2019; 
Zienkiewicz et al. 2019).

9.2.2.1  Advantages and Disadvantages of PEG

The main advantage of PEG-mediated transformation is that a large-sized DNA 
construct can be taken up by the protoplast without causing any physical damages 
to the cell membrane or the protoplast. Studies have also shown that PEG-mediated 
transformation has higher transformation efficiency in protoplast (Matsumoto and 
Gonsalves 2012). However, the main drawback of PEG-mediated transformation is 
the production of a large amount of transient transformants that normally lead to 
retrieval of a huge amount of active protoplast (Liu and Friesen 2012).

9.2.3  Carbon Nanotube Carriers

Carbon nanotube carriers (CNTs) are documented as a delivery system for transport 
of biomolecules and drug components to their targeted location. The physical prop-
erties and unique structure of CNT enable them to be a successful transporter (Son 
et al. 2016). Nanoparticles of 10–20 nm in size and having a positive charge are 
used for transport of plasmid DNA (pDNA) into the chloroplasts with higher effi-
ciency as the charged nanoparticles have been proven to move across the chloroplast 
envelope. This uptake was considered as the lipid exchange envelope penetration 
(LEEP), and the charge on nanoparticles is the major contributor to this hypothesis 
(Newkirk et al. 2021). But it has also been stated that the nanoparticles designed to 
target the chloroplast using peptide did not stick to the LEEP mechanism. However, 
this is only seen in leaf mesophyll cells of Arabidopsis with greater than 75% suc-
cess rate (Newkirk et  al. 2021). It is important to consider that CNT should be 
designed with the ability to take up and subsequently deliver the pDNA to the chlo-
roplast selectively. The delivery process using CNT as demonstrated by Kwak et al. 
is relatively straightforward, in which designed CNT was incubated together with 
mesophyll protoplast of Arabidopsis thaliana allowing the uptake of pDNA. The 
transformed protoplast was then identified via the expression of the yellow fluores-
cence protein (YFP) in the chloroplast. This delivery approach utilizing CNT is 
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economical that does not require any specialized complex equipment (Kwak 
et al. 2019).

9.2.4  UV Laser Microbeam

UV laser microbeam-mediated gene delivery is an attractive delivery system due to 
its huge spatial control over the laser beam produced by the optical fiber. There are 
four types of laser-assisted gene delivery methods which are (a) optoinjection, (b) 
photochemical internalization, (c) transfection via laser-induced waves, and (d) 
selective cell targeting with light-absorbing particles. The UV laser beam is being 
directed to the cell causing the cell perforation and formation of a hole on the cell 
membrane (Yao et  al. 2008). The hole formed is approximately 0.5  μm in size, 
which can self-heal and recover within 5 s. During this process of membrane open-
ing, the external DNA or the plasmid DNA is taken up by the cells resulting in the 
transformation event to happen. Weber et al. used UV laser microbeam approach to 
introduce DNA into the chloroplast of Brassica napus protoplast. Fluorescence 
microscopy was used to verify the uptake via this approach (Weber et al. 1988). 
Nevertheless, this approach is not broadly used due to the high cost of the equip-
ment that can generate a laser beam having the dimensions of 100 nm. Above all, 
there is also risk of damage to the cell and chloroplast by the UV laser radiation 
(Rivera et al. 2012). Till now, there are only few chloroplast transformation studies 
that have been utilizing this approach. Therefore, more studies are needed for under-
standing the efficacy of this approach.

9.2.5  Agrobacterium-Mediated Transformation

Agrobacterium-mediated transformation is based on one of the Agrobacterium spe-
cies, i.e., A. tumefaciens. This is one of the most recommended gene delivery sys-
tems, which is noninvasive as A. tumefaciens is capable of simulating the natural 
plant transformation process. In this technique, the pathogen infects and subse-
quently transfers the gene of interest into the chloroplast of the host plant. This 
approach involves five steps where it begins with (a) signal recognition, (b) T-DNA 
processing, (c) T-DNA movement to host cell, (d) T-DNA integrating with the host 
genome, and (e) expression of T-DNA (Pratiwi and Surya 2020). A. tumefaciens 
would attach to the plant cells and the gene products within the pathogen, which 
would be transferred to the T-DNA found in the tumor-inducing (Ti) plasmid. The 
T-DNA would integrate with the chloroplast genome via nonhomologous recombi-
nation. After the integration of the gene of interest, the chloroplast further regener-
ates and proliferates (Pratiwi and Surya 2020). De Block et al. have successfully 
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transformed the chloramphenicol-resistant genes into the chloroplast genome using 
the Agrobacterium-mediated transformation technique (De Block et al. 1985).

9.3  Plants Transformed by Chloroplast Transformation

Although plastid transformation is >20 years old, it has been successfully achieved 
in relatively few species. Plastid transformation is a tissue culture-dependent pro-
cess because exposure of plastids (cells) to the selective agent and gradual replace-
ment of plastid genome copies can be best accomplished in the cell culture 
environment. Sustained plant regeneration capability is an important characteristic 
because it allows selective elimination of wild-type plastid genome copies before 
plant regeneration. The main crop species used for plastid transformation are in the 
Solanaceae, including tobacco, tomato (S. lycopersicum), potato (S. tuberosum), 
pepper (Capsicum annuum), and eggplant (S. melongena). Plastid transformation 
has also been reported in other important crop species, including lettuce (Lactuca 
sativa, Asteraceae), soybean (Glycine max, Fabaceae), cotton (Gossypium spp., 
Malvaceae), cauliflower (Brassica oleracea var. botrytis, Brassicaceae), carrot 
(Daucus carota, Umbelliferae), rice (Oryza sativa, Poaceae), and bitter squash 
(Momordica charantia, Cucurbitaceae). Until now, the plastids of over 20 flowering 
plants have been transformed. In addition to the crops mentioned above, recent suc-
cesses in plastid transformation have been reported in the plant species bitter melon 
(Narra et al. 2018), and the medicinal plant sweet wormwood (Artemisia annua) 
(Kaushal et  al. 2020) and licorice weed (Scoparia dulcis) (Muralikrishna et  al. 
2016; Kota et al. 2019a). The list of species in which plastid transformation has 
been achieved is given in Table 9.1.

9.4  Applications of Plastid Transformation

For the production of plant-based recombinant proteins and the improvement of 
crop yield, chloroplast engineering has its promising significance. Due to specific 
integration of transgene into chloroplast genome of the plants, it shows high copy 
number, and expression level of foreign protein will be high as compared to nuclear 
transformation (Meyers et al. 2010). There are various applications of this technol-
ogy including better understanding of structure and function of plastids, metabo-
lism, and evolutionary relationship with ancient ancestors; enhancement of the 
quality and performance of the plants to survive in the extreme conditions; and 
expression of the beneficial and economical agriculture traits and metabolic path-
ways to improve the quality of applied research in the field of biotechnology (Bock 
2007). Following are some significant applications of plastid transformation.
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9.4.1  Applications in Basic Science

Chloroplast transformation was first reported in 1988  in Chlamydomonas rein-
hardtii (Boynton et  al. 1988), and the normal function of plant was restored by 
replacing the mutant gene of chloroplast with the normal wild-type gene. Since 
then, this technique has been used significantly to study and better understand dif-
ferent metabolic pathways and function of plastid genes, which play an important 
role in functional genomics of plants (Bock 2001; Daniell 2002; Maliga 2004). 
Different studies have been carried out including site-specific mutagenesis; replace-
ment, deletion, and insertion of gene; high expression of foreign and native proteins 
of the plants; study of the plastid metabolic pathways; and structural and functional 
genomics and proteomics (Maliga 2004; Bock 2007; Koop et al. 2007).

9.4.2  Antigen Vaccines and Protein-Based Drugs

Protein-based drugs produced in transplastomic plants may solve many of the asso-
ciated issues without compromising the drug efficacy and rise in cost (Adem et al. 
2017). Many vaccine antigens and biopharmaceuticals have been successfully pro-
duced from the chloroplasts of flowering plants. Unlike microorganisms, plant chlo-
roplasts can perform posttranslational modifications of protein-based drugs and 
promote their proper folding: phosphorylation and disulfide bond formation 
(Řepková 2010). Human coagulation factors made from plants have also been 
shown to improve immune tolerance in hemophilia murine and canine models 
(Herzog et al. 2017; Kwon et al. 2018). In addition, high-level expression of vaccine 
antigens and therapeutic proteins has been achieved in plant chloroplasts (leaves 
and roots) or chromoplasts (fruits) for antigens associated with the plague, tetanus, 
human immunodeficiency virus (HIV), cholera, malaria, Alzheimer’s disease, and 
hemophilia (Tregoning et al. 2003; Herzog et al. 2017). Table 9.2 provides a partial 
list of vaccine antigens and drug proteins expressed in the plant’s chloroplast.

9.4.3  Industrial Enzymes and Biomaterials

Several industrial enzymes and biomaterials have been expressed in plastid genomes 
of different plants. The most important biodegradable polyester biopolymer is poly-
hydroxyalkanoate (PHA), which is naturally synthesized by microorganisms that 
can be used as an alternative to petroleum-based plastics (Dobrogojski et al. 2018). 
The most well-known and studied PHA is polyhydroxybutyrate (PHB). To date, 
however, the highest level of PHB accumulation was achieved in tobacco plastids, 
with levels of 18.8% of dry weight (DW). The tobacco system was based on an 
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Table 9.2 Vaccine antigens and biopharmaceuticals engineered via chloroplast genome of 
higher plants

Traits Expression Host plant References

Insulin 14.3% TSP Tobacco Kwon et al. (2013)
Hemophilia B 3.8% TSP in tobacco Tobacco Verma et al. (2010)
HIV 7–8% TSP Tobacco Scotti et al. (2009)
HPV 3–8% TSP Tobacco Morgenfeld et al. 

(2014)
Cholera 7.3% TSP

13.2% TSP
Tobacco
Lettuce

Davoodi-Semiromi 
et al. (2010)

Tuberculosis 1.2–7.5% TSP Tobacco Lakshmi et al. (2013)
Tuberculosis >0.035% TSP Carrot Permyakova et al. 

(2015)
Dengue virus 0.8–1.6% TSP Tobacco Gottschamel et al. 

(2016)
Polio virus 4–5% TSP Tobacco Lakshmi et al. (2013)
Bacterial phage lytic 
protein

>70% TSP Tobacco

Interferon-α2b 
(IFN-α2b)

21% TSP Tobacco Wang et al. (2015)

Basic fibroblast 
growth factor (bFGF)

0.1% TSP Tobacco Morgenfeld et al. 
(2009)

TSP total soluble protein

operon extension strategy to synthesize high PHB levels by introducing a bacterial 
operon, consisting of three genes encoding enzymes necessary for PHB biosynthe-
sis, into the tobacco chloroplast genome (Bohmert-Tatarev et al. 2011). The high 
amounts of PHB produced in this system stem from the high flux of the PHB bio-
synthetic precursor acetyl-CoA released during fatty acid biosynthesis (Snell and 
Peoples 2009). Typical examples of industrial enzymes and biomaterials obtained 
through plastid transformation are given in Table 9.3.

9.5  Limitations of Chloroplast Transformation in Plant 
Molecular Farming

Undoubtedly, plastid genetic engineering holds great promise for plant biotechnol-
ogy; however, certain challenges should be considered before the technology can 
reach its full potential. Of utmost significance is the need to extend the range of 
crops for plastid transformation. Although progress has been made in developing 
plastid transformation for some important crops (Ruf et  al. 2001; Kumar et  al. 
2004b), still there is a lack of workable protocols for cereal species, including the 
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Table 9.3 Industrial enzymes and biomaterials expressed in chloroplast genome of tobacco

Traits Gene Expression Host plant References

Cellulases bgl1C, cel6B, 
cel9A, xeg74

5–40% TSP Tobacco Petersen and Bock 
(2011)

CelA, CelB 22–23 mg/g 
TSP

Tobacco Espinoza-Sánchez et al. 
(2016)

Elastin-derived 
polymer

eg121 ND Tobacco Guda et al. (2000)

Endo-1,4-beta- 
glucanase

celA 10.7% TSP Tobacco Gray et al. (2009)

Exo- 
cellobiohydrolase

celB 3% TSP Tobacco Yu et al. (2007)

Fibronectin extra 
domain A

EDA 2% TCP Tobacco Farran et al. (2008)

Monellin monellin 2.5% TSP Tobacco Roh et al. (2006)
p-Hydroxybenzoic 
acid

ubiC 13–18% TSP Tobacco Viitanen et al. (2004)

Polyhydroxybutyrate phb operon 18.8% DW Tobacco Bohmert-Tatarev et al. 
(2011)

Xylanase xynA 6% TSP Tobacco Leelavathi et al. (2003)
xyn 35% TSP Tobacco Castiglia et al. (2016)

β-Glucosidase Bgl1 20 mg/g TSP Tobacco Espinoza-Sánchez et al. 
(2016)

celB 60–70% TSP Tobacco Castiglia et al. (2016)
Endo-glucanase Endo ≤2% TSP Tobacco Castiglia et al. (2016)
Superoxide 
dismutase

Cu/Zn SOD 9% TSP Tobacco Madanala et al. (2015)

TCP total cellular proteins, TSP total soluble proteins, ND not determined

main staple foods of the world. Most likely, it demands major investments in opti-
mization of the currently available protocols of tissue culture, regeneration, and 
selection, before plastid transformation could become a reality (Dufourmantel et al. 
2004). So far, majority of studies utilizing transplastomic technology have been car-
ried out in tobacco, mostly limiting the analysis of transgene expression to leaf 
chloroplasts. If the technology is to be broadly applied in food crops, a better under-
standing is needed for gene expression and its control in nongreen plastid types 
found in most fruits, tubers, and seeds.

Chloroplast transformation is normally significant in dicotyledonous plants and 
especially the members belonging to Solanaceae family. The main reasons of limi-
tation of plastid transformation in monocotyledonous plant species is the recalci-
trant nature of these plants and the fact that it could not regenerate in artificial 
conditions of tissue culturing (Lee et al. 2006). These plants are also resistant to 
antibiotics used for chloroplast transformation, e.g., spectinomycin, kanamycin, 
chloramphenicol, and ampicillin (Li et al. 2011). It has been reported that plastids 
have the potential to move among the cells, and hence it has the ability of grafting 
donor plant tissue containing transformed plastids on to a recipient untransformed 
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plant tissue; thus, it has the ability to transfer transformed plastids into untrans-
formed plants (Stegemann et al. 2012).

Transformation of plastid compartment of plants offers many advantages like 
transgene containment and high protein levels that have increased the interest of 
scientists (Maliga 2004). Mostly, plants are transformed by constitutive expression, 
but many times, constitutive expression has deleterious effects on plants after the 
expression of transgene product either due to the interference with the metabolic 
pathways of plants or sometimes due to their toxic effects on the plants (Daniell 
et al. 2001; Lössl and Waheed 2011). Hence, constitutive promoters cannot be used 
for the transgene product whose low or high production has harmful effects on 
plants. Transgene products could interact with metabolism at different stages and 
thus could lead to phenotypic alterations in the transformed plants. The solution of 
this problem is the use of inducible expression systems. With the use of this system, 
it becomes possible to regulate gene expression in transgenic plants. Moreover, the 
use of an appropriate promoter-targeted transgene expression could be restricted to 
a particular plant organ (Gatz and Lenk 1998). There are several inducible systems, 
and the main requirement of activating a promoter is achieved by different chemi-
cals like ethanol, steroids, pesticides, antibiotics, phytohormones, and metallic ions 
(Mühlbauer and Koop 2005; Tungsuchat et  al. 2006; Verhounig et  al. 2010; 
Emadpour et al. 2015). Some other factors are also used like light, pathogen infec-
tion, and stress (Johnson et al. 2003).
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Chapter 10
Plant Molecular Farming for Developing 
Countries: Current Status and Future 
Perspectives

Muhammad Suleman Malik, Neelam Batool, Fatima Ijaz, Kiran Saba, 
Andreas Gunter Lössl, Muhammad Sameeullah, 
and Mohammad Tahir Waheed

Abstract Plant molecular farming is a nascent but promising biotechnology-based 
industry. It is an alternate system for the development of pharmaceutical and non- 
pharmaceutical products cost-effectively in a bulk amount and in short timescale as 
compared to already established expression systems. This chapter covers the differ-
ent strategies used for plant molecular farming (PMF) such as stable or transient 
transformation methods and what advantages they offer, how PMF can help the 
developing countries to eradicate the different health-related problems they face, 
what problems are encountered during the establishment of plant molecular pharm-
ing as local industry, and what steps should be taken to solve them. We also discuss 
how PMF helped and is helping the world in different sectors of life globally. 
Further, the current status of the products that are made via PMF is also discussed, 
including antibodies, enzymes, growth factors, other pharmaceutical products, and 

M. S. Malik · N. Batool · F. Ijaz · M. T. Waheed (*) 
Department of Biochemistry, Faculty of Biological Sciences, Quaid-i-Azam University, 
Islamabad, Pakistan
e-mail: tahirwaheed@qau.edu.pk 

K. Saba 
Department of Biochemistry, Faculty of Biological Sciences, Quaid-i-Azam University, 
Islamabad, Pakistan 

Department of Biochemistry, Shaheed Benazir Bhutto Women University, Peshawar, Pakistan
e-mail: kiransab@sbbwu.edu.pk 

A. G. Lössl 
Department of Applied Plant Science and Plant Biotechnology, University of Natural 
Resources and Life Sciences (BOKU), Vienna, Austria
e-mail: andreas@lossl.de 

M. Sameeullah 
Center for Innovative Food Technologies Development, Application and Research, Bolu 
Abant Izzet Baysal University, Bolu, Turkey

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-4859-8_10&domain=pdf
https://doi.org/10.1007/978-981-99-4859-8_10
mailto:tahirwaheed@qau.edu.pk
mailto:kiransab@sbbwu.edu.pk
mailto:andreas@lossl.de


274

non-pharmaceutical or industrial products, which have the greatest impact on health, 
economy, poverty, and industry of developed and developing countries.

Keywords Plant molecular farming · Stable transformation · Transient 
transformation · Pharmaceutical products · Cost-effective

Abbreviations

Bt Bacillus thuringiensis
CAS CRISPR associated
CRISPR Clustered regularly interspaced short palindromic repeats
EPI Exocrine pancreatic insufficiency
ETEC Enterotoxigenic Escherichia coli
FAO Food and Agriculture Organization
Gb3 Globotriaosylceramide
GDP Gross domestic product
GM Genetically modified
GMOs Genetically modified organisms
GOI Gene of interest
GRAS Generally recognized as safe
IGg Immunoglobulin
IP Intellectual property
mAB Monoclonal antibody
PEG Polyethylene glycol
PHA Polyhydroxyalkanoate
PHB 3-Hydroxybutyrate
PMF Plant molecular farming
Ri Root inducing
SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2
ScFv Single-chain variable fragment
SDGs Sustainable Development Goals
SRL Socially responsible licensing
Ti Tumor inducing
VLPs Viruslike particles

10.1  Plant Molecular Farming

Plant molecular farming (PMF), the latest branch of plant biotechnology, involves 
the genetic engineering of plants to make and produce large quantities of recombi-
nant pharmaceuticals and industrial proteins. This technology rests on the genetic 
transformation of plants, which can be accomplished by the methods like stable 
gene transfer (gene transfer to nucleus and chloroplasts) and unstable gene transfer 
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methods (viral vector) (Gupta et al. 2017). The increase in search for biomedicines 
has been associated with factors such as high costs and inefficient production sys-
tems (insect cells, bacterial, microbial eukaryotes, mammalian cells, and transgenic 
animals). Thus, a much safer and cost-effective production system is required 
(Bhatia 2018). Transgenic plants have the potential to produce safe recombinant 
proteins (vaccines, enzymes, growth factors, antibodies, etc.) and also attribute to 
large-scale, low-cost production system. Hence, they have been the subject of con-
siderable attention (Alireza and Nader 2015).

Currently, there are many available drugs, which have been derived from the 
plants. Plants are also manipulated to increase the production of food and different 
compounds. Until the nineteenth century, all improvements in crops were brought 
by plant breeding techniques (Chemat et  al. 2019). After the nineteenth century, 
advancements in genetically modified plants were made by introduction of different 
methods. One of the two main such methods includes plant’s organs, tissues, cells, 
and protoplast in the tissue culture, and the second is the recombinant DNA technol-
ogy involving manipulation of genes. These two fields became an important part of 
biotechnology in the past few decades. Recombinant DNA technology has great 
contribution to the development of plant biotechnology and has been used for a 
wide variety of plants with precise manipulation of genetic material (Chawla 2011).

10.2  Plant Transformation Strategies

Genetic transformation is an important development in plant organ and tissue cul-
ture, which permits the transfer of foreign genes with desirable traits into the host 
plant, and as a result, only transformed plants are selected (Hinchee et al. 1988). 
Prevention from biotic and abiotic stresses, improved quality, higher yield, resis-
tance to diseases and pests, and other horticulture traits are the significant character-
istics which can be engineered into plants via genetic transformation (Parmar et al. 
2017). This method is extremely helpful in the transgene integration from not only 
the unrelated plants but also genes from bacterial, viral, fungal, and animal genomes 
(Ow et al. 1986; Spörlein and Koop 1991; Onouchi et al. 1991; Huang et al. 2003; 
Wang et al. 2009), thus improving the quality and yield for the future world.

Techniques of plant improvement are revolutionized upon the integration of clas-
sical breeding methods of plants with recent discoveries in the area of protoplast 
and recombinant DNA technology. In plant cells, DNA is present in nucleus, plas-
tids, and mitochondria (Oldenburg and Bendich 2015). Plant cells can also be trans-
formed either by transfer of naked DNA into protoplast (vector-independent 
methods) or via vector containing pieces of DNA (vector-dependent methods). 
Vector-independent methods are microinjections, liposome fusion, silicon carbide, 
and electroporation (Potrykus et al. 1985; Deshayes et al. 1985; Klein et al. 1987). 
Vector-dependent methods are Agrobacterium-mediated and high-velocity micro-
projectile bombardment method. Many different approaches have been tried for 
transformation, and among them, three are widely used, i.e., Agrobacterium- 
mediated transformation, biolistic gene gun, and direct DNA transfer method via 
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PEG-mediated transformation, and are of great importance in plant transformations 
(Dale et al. 1993). Transformation results in the expression of foreign gene in host 
organism, which can be either stable or transient.

10.2.1  Transient Expression

To develop the improved genetic transformation methods and to study different 
metabolic processes, transient expression method is much appropriate because in 
this method expression of transferred gene can be studied in a very short period of 
time (Gheysen et al. 1998). In transient expression system, there are no position 
effects because foreign genes cannot be integrated into the host genome as well as 
cannot be transferred to the next progeny. Extrachromosomal transgene expression 
can be observed within 3  h after DNA incorporation, and expression reaches to 
maximum within 2 days and remains for 10 days (Whitham et al. 2015).

10.2.2  Stable Transformation

In stable transformation, foreign genes are stably integrated into the host plant 
genome and are heritable. It is used to transform both nuclear and chloroplast DNA 
of different plants (Daniell et al. 2016). Though stable transformation is time con-
suming, there are different advantages of stable transformation as it gives high 
expression of transferred genes. It provides a stable and continuous genetic source 
in the form of transformed seeds. Stable transformation is not much costly as it 
requires investment for the first time for developing transgenic plants. After that, 
with the availability of transformed seeds, it becomes quite easy to grow trans-
formed plants (Waheed et  al. 2015). According to Keshavareddy (Keshavareddy 
et  al. 2018), Agrobacterium-mediated transformation and particle bombardment 
method are the two most important and frequently used methods of plant transfor-
mation. Genes responsible for the production of vaccines can be expressed in trans-
genic plants via different stable transformation strategies like nuclear transformation 
(Hammond and Nemchinov 2009) and chloroplast transformation (Daniell 
et al. 2009).

10.2.2.1  Agrobacterium-Mediated Nuclear Transformation

Transformation through Agrobacterium has become a popular method in plants. 
This technique has been widely used for the introduction of desired genes in plant 
genome and successful regeneration of transgenic plants. This is the most effective 
way of nuclear transformation in plants under laboratory conditions. Naturally, 
Agrobacterium tumefaciens is a plant pathogen that infects wound sites in 
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dicotyledons and causes tumor in plants (Binns and Thomashow 1988). Virulent 
strain has a tumor-inducing ability due to the presence of Ti-plasmid (tumor induc-
ing). There are many strains of Agrobacterium containing different mega plasmids, 
e.g., in A. tumefaciens and A. rhizogenes, and their Ti-plasmid and Ri-plasmid cause 
crown gall and hairy root disease, respectively (Klee et al. 1987). For the purpose of 
stable transformation, the Agrobacterium-mediated transformation is considered 
better over the other methods of direct gene transfer because it results in the reduc-
tion of copy number of integrated gene in transgenic species, thereby decreasing the 
problems caused by transgene’s co-suppression behavior, therefore resulting in a 
more stable expression of foreign gene by using a simplified technology with low 
cost (Hansen and Wright 1999).

Agrobacterium has the ability to transfer and integrate specific DNA segment 
(T-DNA) of Ti-plasmid in the genome of host cells and take over host cell’s machin-
ery for its beneficial processes. In infected cells, T-DNA is transcribed by using host 
machinery, and its protein causes tumor production (Bandurska et  al. 2016). In 
T-DNA, there are two types of genes: genes for opine synthesis and oncogenic 
genes. Opines are synthesized by condensation of amino acids and carbohydrates 
and consumed by Agrobacterium as nitrogen and carbon source. Oncogenic genes 
are involved in the production of cytokines and auxin leading to tumor formation 
(Hooykaas and Schilperoort 1992). In Ti-plasmid, genes involved in T-DNA trans-
fer and opine catabolism are located outside the T-DNA segment (Zupan et al. 1996).

10.2.2.2  Chloroplast Transformation

The chloroplast, also known as plastid, is one of the organelles in plant cells and 
eukaryotic algae. Due to the presence of chlorophyll, chloroplasts are the site of 
photosynthesis and a source of world’s food (Verma and Daniell 2007). It is a self- 
replicating organelle like DNA and mitochondria with genome size of ~120–150 kb. 
There are more than 100–300 plastids per cell in most plant species, accounting for 
1000–10,000 copies of plastomes (Boffey and Leech 1982). In the field of biotech-
nology, plastid transformation has great potential as compared to nuclear transfor-
mation because of many advantages (Meyers et al. 2010). One of the most important 
advantages of chloroplast transformation is that the plastid transgene expression can 
be very high and desired protein product may account for up to 70–72% of the total 
leaf or soluble protein (Ruhlman et  al. 2010). The reason behind this fact is the 
polyploidy of the plastid genome with up to 10,000 copies of the chloroplast genome 
in each plant cell, so a high amount of transgenic protein is produced in each cell. 
In higher plants, maternal inheritance of plastid genes takes place like in most 
angiosperm species (Hagemann 2004), so the transgenes are not dispersed into the 
environment by pollen. Transgene containment thus makes plastid transformation a 
valuable technique due to the lower risk of environment contamination for the pro-
duction of genetically modified plants (Svab and Maliga 2007).
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10.2.2.2.1 Biolistic or Gene Gun

Chloroplast transformation is mainly obtained by using biolistic approach, and the 
first successful chloroplast transformation was reported in Chlamydomonas rein-
hardtii via bombardment method by Boynton (Boynton et al. 1988). This technique 
was first described in plants as a gene transfer method (Klein et  al. 1987). This 
direct method of gene transfer is suitable for many biological systems. This method 
has the potential to surpass physical barriers for genetic transformation in many 
cells, e.g., cell wall in plant cells. This technique can be applied for transient expres-
sion as well as for generation of stable transformants (Christou 1992).

In the biolistic method, expression cassette of transgene is inserted into the chlo-
roplast genome through homologous recombination of flanking sequences (Maliga 
2003). It is a physical technique of transformation in which subcellular sized, high- 
density small gold or tungsten particles (microprojectiles) are coated with the DNA 
plasmid vector containing GOI and antibiotic resistance gene. Then microprojec-
tiles are fired against retaining mesh by a strong pressure wave of helium gas under 
vacuum gaining speed of several hundred meters per second. Then microprojectile 
decelerates and particles are thrown off from the surface microprojectile due to their 
momentum and small size. Eventually, particles enter the target tissue. This tech-
nique allows the transformation of cells within a tissue because particles can pene-
trate several layers of cells (Zhang et al. 2014). In plastid transformation, transgene 
expression cassette integrates via homologous recombination between the plastid 
genome and the transformation vector.

This method has several advantages over others. Once this technique is estab-
lished in the laboratory, it is easy to handle. A single shot can provide many hits. 
This method does not require protoplasts; rather, it has the ability to act directly on 
tissues or cells. It is applicable in studying transient gene expression in differenti-
ated tissues (Klein et al. 1987). This technique works on not only dicots but also 
monocots, i.e., wheat or maize. However, this technique has certain drawbacks, e.g., 
in embryonic tissue, bombardment affects regeneration capacity and causes sterility 
or inactivation of transgene (Mubeen et al. 2016; see also Chap. 9).

10.3  Developing Countries and Their Problems

Developed and developing countries are present around the globe (shown in 
Fig. 10.1). The independent and prosperous countries are called developed coun-
tries, while the countries at the dawn of industrialization are called developing 
countries. Further, developed countries have a much higher GDP compared to 
developing countries. Some of the problems associated with developing countries 
include population growth, soaring debt, poverty, export marginalization, climate 
vulnerability, and poor healthcare systems. All these major problems need immense 
attention.
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Fig. 10.1 World map showing the developed, developing, and least developed countries

10.3.1  Population Growth

Overpopulation has been linked to poverty. In the last few decades, increase in 
global population has been associated with developing countries. Higher birth rates 
have been observed in such countries. Also, with an increase in population, the 
demand of food increases (Nabi et al. 2020).

10.3.2  Poverty

Poverty, as described by Sen (1982), is “a matter of deprivation.” It has often been 
associated with overpopulation.

10.3.3  Climate Vulnerability

Developing countries have not been associated with climate change (Kirtman et al. 
2013). 79% of the carbon emissions are due to developed countries (CGD 2015). 
Owing to changes in climate, these countries may face challenges in adapting to it. 
In 2012, a report by Climate Vulnerability Monitor showed that in such countries, 
change in climate, on an average, causes 400,000 deaths each year because of hun-
ger and contagious diseases (Climate vulnerability monitor report 2012). These 
effects have been quite harsh for the poorest countries of the world.
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10.3.4  Healthcare Systems

In developing countries, access to healthcare facilities is quite low (Alhaji and Alam 
2019) with people having much lower life expectancy than the people in developed 
countries (Rogers and Wofford 1989). Further, cases of infectious diseases (Fauci 
2001), infant mortality (Molitoris et al. 2019), child mortality, and maternal mortal-
ity (Girum and Wasie 2017; Declercq and Zephyrin 2020) are much higher in such 
countries. Additionally, developing countries have quite little access to health ser-
vices (Peters et al. 2008). Even though vaccine equity is of immense importance to 
tackle pandemics, still these countries are less likely to have the required resources 
for buying/producing and administering vaccines (Hotez and Bottazzi 2021).

10.4  Developing Countries and Plant Molecular Farming

Plant molecular farming has the potential to change the life standards of poor, espe-
cially in developing countries. It was recognized that it would have major impact on 
the health around the world by producing the cost-effective modern medicine 
(Twyman et al. 2005; Ma et al. 2013). Improving global health and decreasing the 
poverty have been discussed since the establishment of this field by making the 
global access to modern medicines at a lower cost. Developed countries have been 
helping the developing countries through donations, necessities, and manufacturing 
pharmaceuticals in established pharmaceutical industries to resolve the global 
health needs. But there is a need for alternative approach to address the health and 
financial problems of developing and low-income countries (Tschofen et al. 2016). 
Plant molecular farming offers various solutions in this respect. Cost-effectiveness 
of PMF attracts the governments of developing and commercial entities to invest in 
this technology for the production of potential targets associated with health and 
industry. This will help in improving the standards of living in developing countries 
(Ma et al. 2013; Rappuoli et al. 2002; Cohen et al. 2016; Murad et al. 2020).

PMF is still a nascent technology but has the potential to transform the pharma-
ceutical industry. PMF offers some benefits such as cost-effectiveness, scalability, 
and highly skilled labor, which are attractive points for developing countries to 
invest in the establishment of plant molecular industries. It is the engrained fact that 
the plant molecular farming results in the reduction of manufacturing costs as it 
involves growing of plants. The downstream processing and purification costs are 
still a major concern associated with plant molecular farming, and it offers limited 
savings (Fischer and Buyel 2020). However, plant molecular farming still has sig-
nificant financial advantage as it saves the huge investment associated with the 
establishment of infrastructure and early stages of product development through 
cell fermentation systems (Ma et  al. 2013). Another important benefit that PMF 
offers is production scalability. Developing countries need any industrial and phar-
maceutical products in large quantities due to overpopulation. In many developing 
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countries, the production facilities cannot meet such huge demands, which is a main 
reason why the developing countries face health issues and poverty. There is need 
of new technology, which answers this issue. PMF could be the potent alternative to 
solve the product scalability problem by production of desired product at unlimited 
scale (Shanmugaraj et al. 2020). The third most attractive benefit associated with 
the PMF is that it does not require highly skilled labor as it involves plant cultiva-
tion. Around the globe, the basic agriculture skills are widely available, which 
makes the transfer of the technology to developing countries easy. These benefits 
could be attractive points to stimulate the developing countries and commercial 
entities to establish a local industry (Ma et al. 2013; Murad et al. 2020; see also 
Chap. 11).

10.5  Issues Faced by Developing Countries for Adopting 
PMF as Local Industries

In developed countries, plant molecular farming is advancing, but the approach of 
developing countries towards this new technology is different. The risk/benefit anal-
ysis is different in developing countries as compared to developed countries. 
Developing countries have high debts, slow-growing economy, and limited budget 
related to health (Ma et al. 2013). By keeping in view these things, the governments 
of developing countries raise some questions before investing in new ventures. 
These questions are (Murad et al. 2020) the following:

 1. Why a country with limited industrial infrastructure should invest in PMF, rather 
than upgrade the already present system, which decreases the risk of loss?

 2. Which products to be prioritized as they have limited financial sources to invest 
and avoid risk of failures?

 3. How could they get extra finances to invest in this new venture? Who would be 
the partner if needed?

 4. How the skillful labor will be developed to work in a new industry?
 5. How new regulatory methods and bodies will work efficiently in a developed 

country?

Poor and developing countries face many barriers for investing in new ventures like 
PMF such as lack of local government to prioritize the health of its people over 
other needs and limited budgets for each sector especially for the development of 
new industries. Therefore, developing countries need the financial and other techni-
cal support of developed countries to develop molecular farming technologies by 
addressing the abovementioned questions. Also, developed innovative technologies 
of developing countries provide opportunities to invest for the development of PMF 
and increase their accessibility to local and international markets. The above prob-
lems associated with the development of plant molecular farming can be solved by 
the below-mentioned steps (Ma et al. 2013; see also Chap. 13).
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10.5.1  Selection of the Potential Targets for PMF

Vigilant assortment of products to be produced via PMF is very perilous in develop-
ing countries. Many factors affect the decision of making the product that is com-
mercially beneficial, but global needs are different which are not mostly addressed 
during such decision-makings, especially for developing countries (Rybicki 2010). 
For molecular farming to have a huge impact, the product that has a high demand 
should be focused, especially in the field of medicine and which should provide 
motivation for commercial investors. Cost and scalability are benefits of PMF, but 
nowadays, other advantages are also associated with it. Transient expression is the 
fastest method to develop a desired product (Landry et al. 2010). Plants have the 
ability to produce complex proteins with proper posttranslational modifications, 
which are not achievable via other established methods. Moreover, the use of edible 
plant as the expression system enables the oral delivery of vaccines and other phar-
maceutical products, which may suppress the need of post-purification processes, 
delivery systems, skilled labor, transport, risk of contaminations, disposal of used 
items, and storage needs, ultimately affecting the cost (Arntzen and Ahoney 2004; 
see also Chap. 1).

The collaboration of both developed and developing countries is needed to select 
a candidate, by mutual integration of scientists from both sides, to be produced via 
PMF, which should benefit the developing countries in many ways. Also, there is 
need to include the opinion of commercial partners by keeping in mind the financial 
benefits. This will help in selecting a handful number of products to be targets and 
decreasing the risk of failure. These benefits and steps taken can be possible answers 
to the first two questions of why the developing countries should invest in PMF, and 
the chances of risk of failures are limited and less costly (Ma et al. 2013; see also 
Chap. 2).

10.5.2  Support to Developing Countries 
in Technology Transfer

Young scientists from developing countries learn molecular farming in the research 
institutes of developed countries. But upon their return to native countries, due to 
lack of infrastructure, they cannot benefit their country with the new technology 
learnt. Especially, the field of molecular pharming, as other fields of plant biotech-
nology associated with the development of resistant crops and production of biofu-
els, can easily get grants at both national and international levels (Ma et al. 2013). 
Producing skilled labor, increasing capacity, and transfer of technology are logical 
steps that would help the developing countries establish PMF industries. For this to 
happen, the developing countries have to introduce flagship projects and facilities 
for new technology to be established; for this purpose, the developing countries 
require funding from developed countries for the betterment of their people. Also, 
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developing countries need to produce a resolution at national level on the need of 
molecular farming technology to lay out a clear strategy for the investors and col-
laborators at both national and international levels.

10.5.3  Need of Regulatory Bodies and Framework

PMF technology is matured now in developed countries, and they have national 
regulatory bodies. To ensure the early effect of any development in PMF technology 
on developing countries, the coordination between the regulatory bodies of both 
developing countries and developed countries is necessary. A number of low-income 
countries such as Argentina, Brazil, and South Africa have gained extensive exper-
tise in this technology and management of risks associated with technology, such as 
control of genetically modified crops and their environmental risks and assessments, 
as compared to other developing countries. However, these countries too lack the 
regulatory framework for plant pharming (Rybicki et  al. 2012). The regulations 
present for GM crops are not always suitable for plant molecular pharming, which 
is an emerging industry that can play an important role in the healthcare system. 
Therefore, extensive workout and collaboration are required by both developed and 
developing countries to regulate the products produced by plant molecular farming 
and plant molecular pharming (Sparrow et al. 2007; see also Chap. 14).

10.5.4  Encourage Suitable Intellectual Property Management 
and Socially Responsible Licensing

Handling universal health and poverty outcomes for developing countries is linked 
with policies of intellectual property resources management. Filing a patent strategy 
is both bad and good by creating delay to access or likely for promotion of certain 
products. For developing countries, this may not be appropriate because filing a pat-
ent may not be of value in certain regions where markets are nonprofitable. But 
there may be chance that if the patent is not filed, nearby countries or other devel-
oped countries may acquire the technology or innovation for its benefits or import 
the product to its country as it is cost effective. Another risk associated with not 
filing a patent is that the industries will not take up the technology at the risk of 
financial losses, especially in developing countries, where there is need to incentiv-
ize the local industries to invest in this new technology. Issuing patent and IP rights 
to local companies enables the licensor to implement the conditions for technology 
availability in other potential markets (Ma et al. 2013).

Another strategy that has to be implemented by developing countries for the suc-
cess of PMF is socially responsible licensing (SRL). In SRL, the licensing of intel-
lectual assets is discussed and managed in a conductive way by providing access to 
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necessary drugs and other life-improving products globally. It is also social respon-
sibility to not affect the economic objectives especially in developing countries as 
the developed countries are affected much by such implementations (Mimura 2007). 
The main objectives of SRL should be the following (Busang et al. 2011):

• To ensure the benefits of society due to the product that has to be produced by 
publicly funded projects

• To make sure that the product market price is appropriate, economic, and acces-
sible to community by keeping in view all the investment done on the project

• To implement the statutory requirements and help in the commercial social 
investment

• To enhance the reputation of product by making it safe and accessible
• To upsurge the approval of technology universally and to generate substitute 

models of commercialization

An intensive and synchronized struggle is now required to ensure that the vision 
of establishment of PMF is taken into practice. This may need to be led from public 
funded organizations and by the collaborations of industrial associates with the gov-
ernments of developing countries especially (see also Chap. 15).

10.6  Benefits Achieved So Far Via PMF

The different benefits so for achieved globally via plant molecular farming are 
numerous. These benefits mostly help developing countries to get rid of problems 
associated with them such as food security, hunger, low-quality diet, poverty, health, 
and economy (Shanmugaraj et al. 2020). Plant molecular farming may have pro-
vided solutions to these questions (Fig. 10.2). Some benefits achieved via molecular 
faming are briefly described below:

10.6.1  Poverty, Food Shortage, and Hunger

Extreme poverty can be eliminated, and world without hunger is possible only if 
enough food is produced and evenly distributed. Most of undernourished and poor 
people live in developing countries. Different studies have shown that extreme pov-
erty can be reduced only by strengthening the smallholder farmers that implies that 
improvement in the agricultural field is necessary for a strong economy of develop-
ing countries (Cai et al. 2017). Around the world, according to the FAO report pub-
lished in 2019, more than 800 million are chronically hungry and around 2 billion 
people are micronutrient deficient. For most of the various infectious diseases, other 
mental and physical impairments, and far too high figure of premature deaths, mal-
nutrition is one of the causes. Huge health problems can be caused by low dietary 
quality and food insecurity. Therefore, according to SDGs, to reduce the hunger 
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Fig. 10.2 Advantages of plant molecular farming and benefits offered by it to developing countries

around the world, the goal of “zero hunger and improved nutrition” has been put on 
second after “no poverty”. Since the beginning of agriculture, the growing of enough 
food has been a challenge which has not yet overwhelmed. For this goal to be 
achieved, the major step is transformation in global food systems. Import roles can 
be played by agriculture technologies and strategies (Qaim 2016; Meemken and 
Qaim 2018; Springmann et al. 2018; Zaidi et al. 2019).

A new horizon has been opened for the agriculture field with GMOs. Recombinant 
DNA technology is helpful in the introduction of individual desired genes in the 
plants without any undesired effects on the genetic makeup of plant (Qaim 2016). 
The traits introduced so far in the plants are to make plant tolerant to herbicides, 
diseases, and pesticides. The first GM insect resistance crop was Bt-cotton having 
foreign gene from Bacillus thuringiensis. Other traits introduced in different species 
of crops are fungal, bacterial, and viral resistances via gene editing (Oliva et  al. 
2019). Introduction of such traits in plants reduced the use of chemical pesticides 
and prevented their drastic effect of plant itself and environment (Qaim and 
Zilberman 2003; Bailey-Serres et al. 2019). Other agronomic traits on which the 
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work is going on by different research groups include resistance to abiotic stresses 
such as drought, heat, flooding, and soil salinity to make crops more tolerant to 
continuously changing climate, which is becoming more harsh due to global warm-
ing and water scarcity increasing day by day. Research is also in progress to develop 
nutrient-rich and high-yielding crops to combat nutrient deficiency, especially in 
infants in developing countries via increasing the growth and photosynthetic effi-
ciency of plants (Bailey-Serres et al. 2019; Wu et al. 2019). The quality of several 
fruits and vegetables has been improved in North and South America through the 
use of CRISPR/Cas technology, which helps to prevent the loss and wastage of fruit. 
Other methods followed to get a positive effect on the quality of fruit are changing 
the composition of fatty acid in oil-producing crops, reducing wheat gluten content, 
and/or increasing important micronutrient contents in different fruits (De Steur 
et al. 2012; Modrzejewski et al. 2019). Different methods have been in use from the 
beginning of advancement in agriculture to get that breed which has higher yield. 
For this purpose, re-domestication is an efficient option in helping to get crops of 
higher genetic diversity and making the crop more locally adapted, resistant to cli-
mate, and less dependent on chemical usage in the form of pesticides or fertilizers. 
For re-domestication of already domesticated plants and to reintroduce the local 
genes of resistance from wild species that has been lost or never fully integrated, 
gene editing can be used (Qaim 2020). This introduction of traits to get resistance 
crops, improving the quality of crops through gene mutations and reducing their 
dependency on different chemical inputs, reduces the energy use which benefits 
especially the developing countries to stabilize their economy (Fischer et al. 2015).

In the mid-1990s, the use of GMOs had begun for commercial purposes. From 
that time, boost for technology has started. In developing countries, since then, this 
technology has been rapidly spreading. Since 2011, the area grown with GMOs in 
developing countries has been larger than the area in industrialized countries. 14% 
of the total worldwide cropland had been planted with GM plants in 2018. These 
192 million ha of lands were cultivated by 17 million farmers in 26 countries. 
Majority of these countries belong to South and North America followed by Asian 
countries. A very few countries have adopted GMOs in Europe due to their non- 
acceptability by their community. The countries with the shares of the total GMO 
area in 2018 were Pakistan (1%), South Africa (1%), Paraguay (2%), China (2%), 
India (6%), Canada (7%), Argentina (12%), Brazil (27%), the USA (39%), and a 
number of other countries (Qaim 2016, 2020).

10.6.2  Medicine and Health

In developing countries, the mortality rate is more than 45% due to infectious dis-
eases and one-third of deaths are caused by the infectious agents (Kumar et  al. 
2013). Vaccines have great importance in the prevention of infectious diseases. 
Vaccines provide immune protection by producing antibodies in animals and 
humans. Unavailability of vaccines for many life-threatening diseases is a dilemma 
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that needs the development of safer, cheaper, and effective ways of vaccine produc-
tion (Doherty et al. 2016). Several reasons count for the unavailability of vaccines 
against several diseases. The production of some vaccines is costly, and some patho-
gens cannot grow in exogenous media. Another reason could be conversion of 
pathogens from attenuated form to virulent form in vaccines, so that proper storage 
and distribution are required, which affects the cost of vaccines (Glick and Patten 
2017). Higher costs of vaccines are mostly related to the costly fermenter-based 
production systems needing costly media, technical handling, stringent purification 
due to potential endotoxin contaminations, and low scalability (Lössl and Waheed 
2011). For the development of next-generation vaccines against many infectious 
diseases, cost-effectiveness of the produced vaccines needs to be taken into account, 
considering the fact that the disease burden largely lies in developing countries.

Dr. Arntzen and colleagues gave idea to produce and deliver subunit vaccine in 
transgenic plants to overcome limitations in conventional procedures of vaccine 
production and delivery (Mason and Arntzen 1995; Haq et al. 1995). Plants can be 
used as alternate production platforms for valuable and effective products of phar-
maceutical importance (Bock 2015; Sack et al. 2015). Plant molecular farming has 
been very well established over the past two decades. Induction of immune response 
through the administration of plant-derived antigens orally, subcutaneously, or 
intramuscularly is reported in the literature (Permyakova et al. 2015). Many plant- 
based vaccines have been developed, and some are in clinical trials (Naderi and 
Fakheri 2015; see also chapter “Plant Molecular Farming for Vaccine Development”). 
Plants offer several advantages directly related to cost-effective vaccine production. 
These include high scalability, low cost of production, ease of manipulation, high 
biomass, high protein yield, co-expression of two or more coupled antigens together 
as fusion proteins, and less stringent purification requirements because plants are 
not host to human pathogens, contrary to bacterial fermenter-based production sys-
tems (Lössl and Waheed 2011; Hoelscher et al. 2018; Saba et al. 2019). In addition 
to that, plants can be grown at sites where the production is needed, which mini-
mizes the need of cooling chain and results in less or no transportation-related costs 
(Buyel et al. 2015; Hoelscher et al. 2018; Yang et al. 2018). In the form of seeds, 
vaccine source can be stored for a longer period at room temperature and trans-
ported worldwide easily (Sack et al. 2015). Due to eukaryotic nature of plants, post-
translational modifications of foreign proteins can be carried out, which is essential 
for their proper folding and function (Lössl and Waheed 2011).

Today, the biopharmaceutical products made through plants have become a real-
ity. The pandemic caused by SARS-CoV-2 virus (COVID-19) has a huge impact on 
the health of humans and on the social, economic, and global relations. By August 
2020, it affected the lives of more than 24 million people and  800,000 deaths 
throughout the world (Sharma et al. 2020). Such scenarios demand the productions 
of potent antibodies, drugs, and vaccine at high speed. These kinds of situations 
have a drastic effect on low-income and developing countries. The most efficient 
way to fight against the emerging pandemics or bioterrorism is by manufacturing of 
vaccines in a short time that can be achieved through PMF (see also Chap. 12). PMF 
has helped in producing pharmaceutical products against infectious and chronic 
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diseases that was not possible through other technologies before. So far, through 
plant molecular farming, the highly medicinal valuable proteins such as antibodies, 
enzymes, hormones, and vaccines have been produced (Stoger et al. 2014; Rosales- 
Mendoza 2020). Different pharmaceutically important proteins have been produced 
through PMF that can help to combat infectious diseases. For production of proteins 
of medicinal importance or potent vaccines, edible plants are preferred because they 
were given the status of GRAS (generally recognized as safe) such as banana, let-
tuce, potato, and tomato (Schillberg and Finnern 2021).

Many studies have been done on the recombinant proteins produced via PMF for 
their functionality through different biological assays, but proteins of medicinal 
importance need additional testing, that is, animal trials. For example, E1E2 het-
erodimer protein of hepatitis C virus produced in lettuce has shown immunogenic 
properties in mice model (Clarke et  al. 2017). Similarly, domain III of envelope 
protein of West Nile virus expressed in tobacco plant has also shown immune 
response in mice when challenged with lethal infection of West Nile virus (Sun and 
Chen 2018). A strong antibody response was induced in mice when they were given 
tobacco co-expressing dengue structural proteins and truncated nonstructural RNA- 
dependent RNA polymerase in the form of viruslike particles (VLPs) (Lai et  al. 
2018; Ponndorf et al. 2021). One plant that produced medicinal important product, 
taliglucerase alfa, has completed human clinical trials and reached the market for 
treatment of Gaucher’s disease (Hollak et al. 2010; Zimran et al. 2018). Other plants 
have produced products that are in later stages of clinical trials including pegunigal-
sidase alfa, a recombinant form of human globotriaosylceramide (Gb3), for the 
therapy of Fabry disease, a plant-derived vaccine for seasonal influenza (van der 
Veen et al. 2020; Ward et al. 2020). ZMapp is a monoclonal antibody that has been 
transiently expressed in tobacco plant used as treatment for Ebola patients in West 
Africa in 2014 (Park and Wi 2016; Pettit et al. 2016). Two publicly funded projects 
are in progress for the production of HIV-neutralizing antibodies in tobacco for 
clinical trials, and also in the seeds of maize for production of potent antimicrobial 
products for the developing countries (Hefferon 2013; see also chapter “Plant 
Molecular Pharming to Overcome the Global Impact of Neglected Tropical 
Diseases”).

Other proteins produced in plants that are under clinical trials are gastric lipase 
for cystic fibrosis, insulin for diabetes, interleukin for Crohn’s disease, and gluco-
cerebrosidase for Gaucher’s diseases (Einsiedel and Medlock 2005; Yao et al. 2015; 
Spiegel et al. 2018). Oral vaccine has also been tested on humans. Potato expressing 
VLP proteins of Norwalk virus was given to humans who volunteered, and they 
developed immune response to antigen. As the acidic environment destroys most of 
the plant tissue before reaching lymphoid tissues, high level of protein-expressing 
plants are required with strong encapsulations to counter the acidic environment of 
stomach to develop strong immune responses (Tacket et al. 2000; Arevalo-Villalobos 
et al. 2020; Kurup and Thomas 2020).

Another important most advanced category that attracts the researchers is the 
direct production of monoclonal antibodies via plant machinery. Monoclonal anti-
bodies are large multimeric glycoproteins that bind to respective antigens and help 
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the immune system to fight against the disease. The high increase of demand for 
antibodies exerts pressure for their production in bulk amount at reasonable costs 
(Frigerio et al. 2000; Chargelegue et al. 2004; Wieland et al. 2006). Different plant- 
made monoclonal antibodies are in different phases of clinical trials. Various ScFv 
antibody fragments against non-Hodgkin’s disease, Rhino Rx for treating respira-
tory syncytial diseases, and IgG antibody for prevention of common cold are in 
Phase I of clinical trials, whereas CaroRx for blocking the adherence of bacteria that 
causes cavities and IgG, an antibody against cancer, are in Phase II of clinical trials. 
Recently, a plant-based ScFv mAB product got approval to be produced as vaccine 
at a large scale in Cuba (Pujol et al. 2005).

Animal vaccines also have crucial importance for better health of animals, 
humans, and economy of developing countries. Plants are suitable for production of 
veterinary vaccines because animals feed on plant or crude extract of the plant that 
can easily be given to them. By this, the downstream purification of protein from 
transgenic plants is not needed, which decreases the cost of vaccine productions, 
which in turn benefits the developing countries by directly feeding the animals with 
transgenic vaccine-producing plants (Phan et  al. 2020). Piglets were immunized 
against enterotoxigenic E. coli (ETEC) by feeding on transgenic Arabidopsis thali-
ana seeds expressing anti-ETEC antibodies. Also, immunogenic response was 
reported in chickens when they were given crude extract of tobacco expressing H5 
trimer of avian influenza virus (H5N1) (Virdi et al. 2013; Topp et al. 2016). These 
research findings show that plants are good factories for production of vaccines and 
other biopharmaceutical products (see also chapter “Plant-Based Veterinary 
Vaccines”).

10.6.3  Industrial Products and Economy

As explained earlier, the plants are commercially economic system for production 
of pharmaceutical and non-pharmaceutical products. The production of non- 
pharmaceutical products via PMF has outnumbered the pharmaceutical product 
production showing the growth of such products due to less development time and 
regulatory burden as compared to production of pharmaceutical products. This 
helps in cost reductions and higher scalability due to requirement of less costly 
downstream processes in comparison to pharmaceutical products (Tschofen 
et al. 2016).

A number of non-pharmaceutical products have been produced via PMF. The 
enzymes which are involved in the conversion of biomass are required in higher 
quantities, so they must be produced very expensively. This group includes hydro-
lases, glycosidases, laccase, and proteases. So, these enzymes are potent candidates 
to be produced via PMF (Hood et  al. 2003; Bailey et  al. 2004). Different plant- 
derived proteins such as avidin, aprotinin, β-glucuronidase, lactoferrin, lysozyme, 
thyroid-stimulating hormone receptor, trypsin, peroxidase, laccase, and cellulase 
have reached the market (see also chapters “Molecular Farming of Industrial 
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Enzymes: Products and Applications” and “Plant Molecular Farming for the Bulk 
Production of Industrial Enzymes”). Avidin is primarily used as diagnostic reagent 
and was first time produced in corn via genetic transformation (Basaran and 
Rodríguez-Cerezo 2008; Obembe et  al. 2011). GUS β-glucuronidase, β-d- 
glucuronide glucuronosohydrolase, is a homotetrameric hydrolase, first produced in 
corn at a commercial level having same properties as the original source of protein 
possess. Trypsin is used in different commercial applications and has significant 
market value. It has been genetically produced in maize for commercial uses. 
Trypsin in name TrypZean reached the market produced in transgenic maize (Horn 
et al. 2004). An inhibitor of chymotrypsin, kallikrein, trypsin, and pepsin known as 
aprotinin has also been produced in maize with different transgene technologies. It 
has high demand in medical site as wound healer. Collagen is another commercially 
important non-pharmaceutical protein used in the form of gelatin as biomaterials in 
the medical, pharmaceutical, and cosmetic industries. It has been expressed in trans-
genic tobacco as achieved via stable transformation (Ruggiero et  al. 2000; Horn 
et al. 2004). Human gastric lipase is a protein that is important for the digestion of 
food lipids whose deficiency leads to special condition known as exocrine pancre-
atic insufficiency (EPI). A research is in progress to develop maize-produced mam-
malian lipase by a French company and to bring it to clinical trials. In another 
research, the gastric lipase from canine source has been expressed in tobacco 
(Gruber et al. 2001; Horn et al. 2004). Another product produced via plant machin-
ery through gene modifications is human lactoferrin produced in tobacco, rice, and 
maize (Samyn-Petit et al. 2001; Nandi et al. 2002). Fungal enzymes such as peroxi-
dases and laccases have important usage in the paper industry, so they are needed in 
high quantities. They have been expressed in maize (Basaran and Rodríguez-Cerezo 
2008). The demand for fuel is increasing day by day, and its price is increasing 
continuously as well. So, the production of biofuel from plants is getting enormous 
importance. The enzymes cellulases, hemicellulases, ligninases, and xylanases have 
important value in the field of biofuel. The important enzyme cellulase is required 
to break down the long chains of cellulose to produce cellulosic ethanol. The cel-
lulase has been expressed in maize to be produced in larger quantities for industrial 
use (Sticklen 2008; Mei et al. 2009; Chatterjee et al. 2010). Plastic usage has drasti-
cally affected the ecosystem of the world. Biodegradable plastics are environmen-
tally friendly alternative to petrochemical polymers. Polyhydroxybutyrate (PHB) is 
the first plastic-like product produced via PMF in 1992. Other biodegradable 
plastic- like compounds such as cyanophycin, poly (3-hydroxybutyrate) (PHB), and 
polyhydroxyalkanoate (PHA) copolymer have been optimized for production via 
PMF. Spider silk proteins and elastins have also been expressed in transgenic plants 
(Christou et al. 2004; Scheller and Conrad 2004; Scheller et al. 2004; Conrad 2005; 
Matsumoto et al. 2009).
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10.7  Conclusions

In view of all the above reports and data, it can be concluded that the plant molecu-
lar farming has a great potential for playing a significant role in the economic uplift-
ment of the developing countries. The decision-making bodies at government level, 
and also the public-private industries and/or entrepreneurs, could opt for the novel 
platforms and technologies offered by modern biotechnology for the production of 
industrial products that are cost effective and affordable for people.
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Chapter 11
Plant Molecular Farming: A Boon 
for Developing Countries

Tamlyn Shaw, Sandra Jordaan, Tarin Ramsaroop, Francisco Pera, 
and Maribanyana Lebeko

Abstract  Developing countries are often at the back of the queue to receive much- 
needed vaccines and diagnostics. This chapter discusses the diseases prevalent to a 
handful of these countries and how plant molecular farming can be an effective, feasible, 
and timely solution to these challenges. The chapter has a strong focus on health care, 
particularly diagnostic and vaccines/therapeutic proteins as the main contribution. The 
chapter suggests that PMF could be a tool to uplift, empower, and build capability 
within developing countries. Instead of relying on foreign “aid” from the developing 
world, these countries can take matters into their own hands, with homegrown solutions. 
A case study of the author’s own molecular farming company in Cape Town, South 
Africa, is presented as proof of concept. From edible vaccines to the One Health con-
cept, the chapter explores how the plant-based platform is a boon for developing nations. 

Keywords Plant molecular farming · Developing country · Recombinant proteins ·  
Africa · LMIC · Developed country · Diagnostic · Health · Therapeutics · Vaccines ·  
Nicotiana benthamiana
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11.1  Introduction 

Plant molecular farming (PMF) is the production of recombinant proteins in plants 
for a variety of uses, including as research reagents, diagnostic proteins, therapeu-
tics, and vaccines. PMF is on the rise and is well aligned to assist with meeting 
many of the UN Sustainable Development Goals accepted and published in 2015 
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(Cookson and Stirk 2019) (United Nations: Department of Economic and Social 
Affairs, accessed in 2022 through https://sdgs.un.org/2030agenda). 

This chapter will be a literature consolidation of the field (if the reader would 
pardon the pun), as well as including examples and anecdotes from our very own 
proof-of-concept PMF company. At the time of writing, the group consists of the 
primary enterprise, Cape Bio Pharms, and a manufacturing subsidiary, Cape 
Biologix Technologies, South Africa (Fig. 11.1), as well as the future cGMP R&D 
and manufacturing facility in Mauritius, Cape Biologix Technologies, Mauritious.  

A “boon” refers to something that is helpful or beneficial, also described as a 
timely blessing. The aim of this chapter is to showcase how plant molecular farming 
represents a boon for developing countries, particularly in light of the numerous 
health crises of an epidemic or pandemic nature faced by such countries over the 
last century and which they were comparatively poorly equipped to contend with on 
a technological level. 

There is an African proverb that states: “If you want to go fast, go alone. If you 
want to go far, go together.” It is this spirit of Ubuntu, another African concept, 
meaning “I am because we are,” that emphasizes the value of sharing ideals, com-
mon initiatives, and collaborating to bring ideas into fruition. 

Among many other health challenges, the recent COVID-19 pandemic has fur-
ther highlighted that countries operating in isolation are not protected from global 
threats, but that environmental, economic, and health-related phenomena affecting 
one nation will impact many, if not all, in one way or another. There, therefore, 
needs to be a drastic shift in our thinking to combat some of the challenges we now 
face as a global collective. 

The worldwide COVID-19 pandemic response initiatives further demonstrated 
how crucial and impactful collaboration between stakeholders is in working towards 

Fig. 11.1 Cape Biologix’s multi-level indoor hydroponic grow room growing Nicotiana ben-
thamiana plants in Cape Town, South Africa   
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a common goal. Scientists working together and focused on one shared objective 
resulted in the fastest vaccine rollout in history. Developing countries, in particular, 
would benefit from collaborating with each other to change the current narrative of 
suffering and victimhood that has been attached to them by the developed world. 

It has become all too much of a cliché to assume that developing countries need 
help or aid from developed countries. Historically, it has been accepted as the duty 
of developed countries to “rescue” these nations, in part due to their role in coloniz-
ing them (Nations 2020). This chapter does not serve to point out the failings of 
more advanced nations in coming to the aid of developing countries, but rather, 
through a case study of our own proof of concept in South Africa, to suggest that 
plant molecular farming could be a way for developing countries to not only become 
self-sufficient in producing and supplying recombinant proteins, but also conse-
quently thrive as experts in such technologies and contribute towards the global 
biopharmaceutical industry. Utilisation of inherent environmental attributes and 
human capacity is one tool whereby developing countries can help themselves to 
overcome these challenges. 

A developing country is defined as a sovereign state with a less developed indus-
trial base and a relatively low Human Development Index (HDI) (O’Sullivan and 
Sheffrin 2003). This is still not a universally agreed-upon term, and there is debate 
on precisely which countries fit this definition. Low- and middle-income countries 
(LMICs) is a term that is used interchangeably with “developing countries,” while 
the latter description is based purely on the economies of these countries. For the 
purposes of this chapter, the term developing countries will be used and the focus 
will be on the agreed-upon countries in this category. A list of LMIC countries can 
be found at the World Bank website, https://data.worldbank.org/income- level/Low- 
and- middle- income, and the list of developing countries we will be sampling from 
is found here: https://www.isi- web.org/resources/developing- countries. 

11.2  A General Look at Developing Countries 

So-called developing countries tend to have the following socio-economic charac-
teristics in common:

• They generally have high levels of unemployment, poor sanitation, and high pol-
lution levels (Ferronato and Torretta 2019). 

• Access to safe drinking water, sanitation, and hygiene services is limited 
(Johnston et al. 2011). 

• There are high levels of infectious and tropical diseases that are compounded by 
vulnerable living conditions (De Rycker et al. 2018). 

• Widespread government corruption hinders progress to address these issues 
(Damoah et al. 2018).   

Developing countries worldwide are often the last in the queue to receive much- 
needed medicines, diagnostics, and healthcare advances, in general, which are 
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largely manufactured and distributed by developed nations (Chamas et al. 2022). 
This has been shown in real time as the COVID-19 vaccines were stockpiled in 
developed countries, while those in most developing regions were left without 
access to them or had them in short supply (Padma 2021). This highlights the cru-
cial need for developing countries to generate their own manufacturing capabilities 
and not rely on the “charity” of developed countries to protect and treat their own 
populations. It is time for developing countries to, where possible, no longer rely on 
“aid” and instead build their local capacity to uplift themselves and thrive (Amon 
and Torreele 2021). 

One of the areas to start with is the local production of recombinant proteins. 
Such proteins play a pivotal role in scientific research to find treatments and vac-
cines against local diseases. They are also used as raw materials for producing diag-
nostic tests to detect illnesses and can be used both as vaccines to prevent and 
therapeutics to treat diseases. An economy cannot thrive if the population is con-
tinuously fighting against and frequently succumbing to preventable/treatable dis-
eases (Huber et al. 2018; Smith et al. 2019). 

In addition, molecular farming also has untapped potential to contribute to 
advances in building materials, biofuels, and multiple other  industries (Tschofen 
et al. 2016). These other uses will also be discussed further in this chapter. 

Developing countries face many healthcare challenges, which are often over-
shadowed by other higher priority governmental crises. Corruption is also common 
in developing countries; therefore, budgets that are well intentioned to address the 
above challenges can also be mismanaged (Damoah et al. 2018; Onwujekwe et al. 
2018). In addition, the cost of medicines can be outside of LMIC budgets if those 
medicines are patented and imported (Islam et al. 2019; Bhatt et al. 2022). Local 
production of key treatments and vaccines is only recently becoming a reality for 
many LMICs. 

The findings of the 2018 Lancet Series on Pathology and Laboratory Medicine 
(PALM) in low-income and middle-income countries highlighted that although 
diagnostics is central to health care, access to diagnostic testing in PALM countries 
is poor and inequitable in many parts of the world (Fleming et al. 2021). This is 
exacerbated in the cities of developing countries, as the movement of people from 
rural to urban centers causes rapid expansion of these urban centers. As a result, 
slums develop on the outskirts of these cities and become disease hotspots due to the 
lack of structured sanitation and overcrowding (Wang’ombe 1995). 

Global access to health is now identified as a critical international goal (Cookson 
and Stirk 2019). In 2022, the WHO presented their new open-access resource data-
base aimed at helping all countries provide healthcare services to all populations. In 
their words “the COVID-19 pandemic has revealed urgent gaps in countries’ current 
ability to locate health facilities, impeding progress to provide equitable access to 
therapeutics, diagnostics, and vaccinations through the ACT-Accelerator and other 
initiatives.” The recent/ongoing COVID-19 pandemic highlighted the disparities 
that were already existing and motivated more urgency in addressing them (WHO 
Global Health Facilities Database, accessed at https://www.who.int/news/
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item/10- 03- 2022- who- global- health- facilities- database- ensuring- access- to- 
primary- healthcare- and- uhc). 

11.3  Common Diseases of Developing Countries 

As the list of developing countries is extensive, this section of this chapter aimed at 
finding overarching commonalities, as well as sampling certain countries from the 
list and taking a quick snapshot of their highest-ranking health issues. This is cer-
tainly not comprehensive or prioritized, and it does highlight that each country 
should focus its effort on targeting the country’s own unique disease profile. There 
is no “one-size-fits-all” solution for developing countries; however, PMF could be a 
boon for a large majority of this list, including both communicable and noncom-
municable diseases (see also Chap. 10). 

People living in developing countries are more likely to die of a communicable 
disease than a noncommunicable disease. Diarrheal diseases remain a significant 
health challenge, remaining in the top ten causes of death in LMICs and the top five 
in low-income countries. Deaths and illness due to diarrheal disease are, however, 
decreasing (WHO: the Top Ten Causes of Death, access at https://www.who.int/
news- room/fact- sheets/detail/the- top- 10- causes- of- death). Malaria, tuberculosis, 
and HIV/AIDS are consistently found in the top ten; however, all are decreasing 
significantly. The so-called lifestyle diseases are on the opposite trend and are 
increasing in developing countries, particularly in the cities (Arokiasamy 2018; 
Bigna and Noubiap 2019). These include diabetes, cancers, and ischemic heart dis-
ease (Katzmarzyk et al. 2022). 

There are a handful of diseases that are responsible for 90% of deaths worldwide 
and predominantly affect developing countries. These include malaria, dengue, 
HIV/AIDS, tuberculosis, hepatitis, pneumonia, and liver and cervical cancer 
(Waheed et al. 2016). Considering the vast number of people affected by these core 
diseases, it is obvious that, to date, the PMF products selected for manufacture are 
not focused on “need,” but rather on economics. One exception to this is the Pharma 
Planta Initiative, a publicly funded European consortium focusing on producing an 
HIV microbicide. For this statistic to change, developing countries need to produce 
proteins themselves, which are focused on their own populations’ needs. 

The human population in Africa is expected to double from 1.1 to 2.3 billion by 
2050 (Kaneda et  al. 2021). This will amplify the current healthcare issues and 
requires forward planning both to meet basic healthcare needs and to mitigate 
healthcare challenges. Communicable diseases account for two-thirds of all deaths 
in Africa, with the other third being non-communicable and injuries (Gide 2014). 

Africa, like other developing regions, is at the beginning of the wave of non- 
communicable diseases (NCDs) and needs to know how to treat/prevent cancers, 
diabetes, heart disease, cardiovascular diseases (CVDs), and chronic obstructive 
pulmonary diseases (COPDs). In 2014, the WHO estimated that by 2020, NCDs 
will account for 80% of the global burden of disease, causing seven out of every ten 
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deaths in developing countries, where half of these will be premature, i.e., under the 
age of 70. In the year 2016, more than three-quarters of NCD deaths happened in 
LMICs with almost 46% of deaths occurring in those below the age of 70 years. 
Tobacco use, poor diet, physical inactivity, and alcohol are the four most common 
modifiable risk factors for NCDs. Mental health conditions have only recently been 
categorized by the WHO as a NCD (Islam et al. 2014). In India, the percentage of 
total deaths from NCDs is rising; in 1990, the deaths made up 53.6%, whereas these 
increased to 61.8% in 2016 (Thakur et al. 2020). Therefore, if we are to prepare for 
what is coming, molecular farming efforts will need to include the production of 
vaccines and treatments for cancers and diabetes, and other NCDs if possible, in its 
arsenal. 

Malaria is another major cause of death in many countries and has the highest 
disease burden in Africa, where 90% of all malaria-related deaths occur. The mor-
tality rate among children is very high in this region—approximately one child dies 
of malaria every minute (Davoodi-Semiromi et al. 2010). There is drug resistance 
reported for Plasmodium, against chloroquine and other chemotherapeutic drugs. 
Multiple antimalarial drugs are therefore needed to effectively treat this disease—a 
costly exercise for those in developing countries. 

India has focused huge efforts on developing manufacturing capabilities; how-
ever, many people still do not have access to these medicines. The main communi-
cable diseases affecting the population also include malaria (as the eighth highest) 
as well as pneumonia, diarrhea, tuberculosis, COVID-19, hepatitis (B and C), and 
HIV/AIDS among the top causes of death (Chandranand 2021). 

During the 1960s/1970s, the rural population in Brazil experienced high levels of 
malnutrition, lack of sanitation, and proper hygiene. There were resulting high lev-
els of parasitic infectious diseases, mainly mansonic schistosomiasis, Chagas dis-
ease, and malaria. Vaccine-preventable diseases were also prevalent during this 
time, such as measles and poliomyelitis. In 1989, the country eliminated polio, and 
measles since 2001, thanks to a country-wide campaign. Recently, some diseases 
have been re-emerging, such as dengue fever and yellow fever in 2010 and chikun-
gunya and Zika since 2014 (Waldman and Sato 2016). 

According to a World Bank Report entitled “The Global Burden of Disease: 
Generating Evidence, Guiding Policy: Middle East and North Africa Regional 
Edition,” non-communicable diseases such as heart disease (up by 44%), stroke (up 
by 35%), and diabetes (up by 87%) in the Middle East and North Africa are causing 
more premature death and disability than they did in the past (Human Development 
Network, The World Bank, Institute for Health Metrics and Evaluation 2016). Novel 
emerging and re-emerging infectious diseases have been a huge health concern 
recently. In Asia alone, Zika virus and Nipah virus in Southeast Asia have occurred 
on an epidemic scale, not to mention SARS-CoV-2, which originated in Asia 
(Hu 2020). 

In Russia, as in many other countries, emerging natural focal infectious diseases 
(EIDs) are on the increase, including tick-borne encephalitis, ixodid tick-borne bor-
reliosis, hemorrhagic fever with renal syndrome, Crimean–Congo hemorrhagic 
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fever, West Nile fever, Astrakhan spotted fever, leptospirosis, and tularemia 
(Malkhazova et al. 2020). 

Over 95% of new cases of TB and deaths occur in the developing world. 
Treatment of multidrug-resistant TB is becoming increasingly difficult, and new 
strategies are therefore crucial. The only current approved vaccine is the BCG vac-
cine, which is effective in childhood but has questionable efficacy in adults. 

Neglected tropical diseases (NTDs) predominantly affect the world’s poorest and 
receive very little attention from the EU and other high-income countries. The big 
killers such as HIV/AIDS often overshadow NTDs. However, the death rates of 
NTDs, and the effects they have on the quality of life and the economies of develop-
ing countries, are alarming. Blindness, mental retardation, and diverse disability 
conditions that result as a consequence of having NTDs affect millions in Africa and 
Latin America (Boutayeb 2007). Sadly, these diseases could be treated if enough 
focus was directed towards their research. The profits and motivation for it, how-
ever, are lacking. Public spending on drugs is less than US $6 in sub-Saharan Africa 
compared to an estimated US $240 spent in countries of the Organisation for 
Economic Co-operation and Development (OECD) (Trouiller et al. 2002). 

Access to diagnostics has a long way to go in many developing countries. 
Diagnostic tools make the treatment of disease and management of outbreaks eas-
ier, as they allow appropriate direction of resources. According to John Nkengasong, 
the director of the Africa Centres for Disease Control and Prevention (CDC) in 
Addis Ababa, Ethiopia, “Lack of access to diagnostics is Africa’s Achilles’ heel” 
(Nkengasong 2020). It is clear from the list of neglected diseases and diseases rel-
evant to developing countries that attention and focus are required to tackle these 
global health challenges that may seem not to hold economic value to developed 
nations and big pharmaceutical companies. A “for the people, by the people” 
approach is needed, as well as capacity building within developing countries to 
empower them to solve their own challenges—as “aid” is not coming. 

11.4  The Plant Molecular Farming Platform 

After identifying this need for self-sufficiency in the supply of diagnostics and ther-
apeutics, the next step is to consider what platforms and technologies would best 
serve the unique requirements of these countries. Modern medicine underwent a 
revolution in the 1980s with the unveiling (and subsequent FDA approval) of syn-
thetic insulin, expressed in bacteria, for the treatment of diabetes. As gene sequenc-
ing technologies matured, synthetic (recombinant) protein technology has been 
catapulted to the forefront of disease therapeutics, generating a myriad of synthetic 
hormones, enzymes, signaling peptides such as growth factors, immune system 
components such as antibodies, and, at the heart of vaccine development, antigens. 
Recombinant proteins are designed to mimic the properties of a protein occurring 
naturally in one species (typically the species they are intended to treat); however, 
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their DNA is modified to possess genetic elements which allow their expression in 
host organisms, which can be prolifically cultivated for protein production. 

Many different types of recombinant proteins are created to be used as reagents 
in basic scientific research, often to study disease and contribute to the development 
of future treatments and vaccines. These “reagents” require a low compliance level, 
such as good laboratory practice (GLP), to produce as they are not intended for 
ingestion/injection in human subjects, nor for diagnostic testing of patient samples. 
Another rung up the compliance ladder are diagnostic proteins used in medical 
devices: these should ideally be produced under ISO 13485 compliance due to their 
potential, but indirect, impact on human health. Finally, at the top rung of the ladder 
are therapeutic proteins and vaccines, which are intended for direct administration 
to human patients and therefore require current good manufacturing practice 
(cGMP), including stringent and controlled quality processes. In addition, these 
proteins must enter and pass preclinical (nonhuman) and clinical (human) trials in 
order to win health authority approval, allowing their injection into or consumption 
by humans. 

Host organisms frequently employed for recombinant protein expression include 
bacteria, yeast, insect cells, live animals, or mammalian cell culture. Each of these 
expression platforms is associated with unique biosafety and bioethical implica-
tions and considerations. The capital expenditure in terms of infrastructure, as well 
as the operational running costs associated with the production of protein reagents, 
diagnostics, or therapeutics, is notoriously high. This is largely due to the special-
ized equipment, building infrastructure, and sterile working environment required 
for the cultivation of microorganisms and mammalian cells. The overhead expenses 
associated with producing recombinant proteins under sterile conditions are further 
inflated by the necessity for specialist skills required both in upstream cultivation 
processes and in downstream processing for recombinant protein recovery. 
Furthermore, the susceptibility of microbial and mammalian cell cultivation to con-
tamination or infection, which frequently results in potentially catastrophic work- 
in- progress losses, poses a significant financial risk at an industrial level. 

Taken together, the above-mentioned challenges have, for the most part, held the 
biopharma industry mostly out of reach for developing economies, save for a select 
few government-funded and academic institutions, and limited such recombinant 
protein technology primarily to research scale. 

As mentioned, there are multiple platforms that can be used to produce recombi-
nant proteins, such as mammalian cell culture, insect cells, bacteria, yeast, and even 
live animals. 

Plants represent the “new kid on the block,” although the technology has been in 
development for over 30 years. Molecular farming is the production of recombinant 
proteins in a plant host. 

The alternate spelling is “molecular pharming,” in reference to the pharmaceutical 
applications of recombinant proteins. The production of recombinant mammalian pro-
teins in plants was first demonstrated in 1989, with the successful expression of func-
tional full-sized antibodies in transgenic tobacco (Hiatt et al. 1989; see also chapter 
“Tobacco Plants as a Versatile Host for the Expression of Glycoproteins”), followed 
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quickly in the 1990s with human serum albumin (HSA) produced in transgenic (sta-
ble) tobacco and potato plants (Sijmons et al. 1990). The field gained traction and 
established itself by the early 2000s with the successful production of therapeutics, 
recombinant enzymes, and human and veterinary vaccines (Twyman et al. 2003). 

Slowly, leading biotech companies have evolved from this early work and have 
produced promising results for several clinical conditions such as cystic fibrosis and 
non-Hodgkin’s lymphoma (European et al. 2005). Plant molecular farming (PMF) 
is picking up steam worldwide (Fischer and Buyel 2020), with the big players—
who are cGMP compliant—mainly focusing on producing therapeutic proteins and 
vaccines. This growth is evident based on the growing attendance of the interna-
tional society of plant molecular farming (ISPMF) conferences. The 2021 confer-
ence, which was held online in lieu of the global COVID-19 pandemic, reached its 
record high attendance to date (http://www.ispmf.org/events). The recent confer-
ence, from 26 to 28 September 2022  in Rome, was limited to 100 people that 
allowed to register for safety reasons, and this trend could therefore unfortunately 
not be confirmed for this year. 

In the beginning, the focus of PMF was mostly on expressing proteins in trans-
genic or stable plants. With the advent of the transient expression system using the 
A. tumefaciens vacuum infiltration and deconstructed viral vectors in the early 
2000s (see also chapter “Plant Viral Vectors: Important Tools for Biologics 
Production”), PMF has really taken off as a viable protein production platform. 
Transgenic plants can take months to develop and are suitable for the production of 
proteins needed in high volumes. Transgenic plants containing the genes of interest 
for proteins that are needed on a large scale in developing countries could be grown 
in the field, and farming skills can be repurposed for their cultivation provided that 
the necessary controls are put in place to ensure that these GMO crops are contained 
(Rhodes and Mandivenyi 2020). 

This chapter is not just theoretical envisioning; in fact, PMF is in the late stages 
of developing and producing products in developing countries from continents as 
distant as Brazil, South Africa, Argentina, and Thailand. All these countries have a 
high level of expertise in the area, connections with local research and veterinary 
centers, and focus on region-specific ailments (Rybicki et al. 2013). There are many 
lab-scale proofs of concept of protein production available that are relevant to devel-
oping countries. A great example is the laboratory that Cape Bio Pharms and Cape 
Biologix Technologies spun out of, namely the University of Cape Town’s Bio 
Pharming Research Unit (BRU). This unit, led by Professor Ed Rybicki, is respon-
sible for producing an impressive range of proteins, largely focused on developing 
country diseases. 

Argentina, alongside South Africa, has also been one of the top developing coun-
tries in molecular farming advancement. The National Institute of Agricultural 
Technology (INTA) in Argentina has gained expertise in producing plant-based pro-
teins as vaccine candidates. Both countries have had a large focus on veterinary 
vaccines and diagnostics. This is due to the high need for these products, and their 
essential role in animal production, coupled with the lower regulatory requirements 
(Rybicki et al. 2013). The focus of both countries’ choices of products includes rab-
bit hemorrhagic disease virus (RHD), foot and mouth disease virus (FMD), bovine 
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viral diarrhea virus (BVDV), bovine rotaviruses, Newcastle disease virus (NVD), 
rabbit and human papillomaviruses, bluetongue virus, and psittacine beak and 
feather disease virus (PBFD) (Rybicki et al. 2013; see also chapter “Plant-Based 
Veterinary Vaccines”). 

Molecular farming efforts are also blossoming in Brazil. The country has identi-
fied PMF as an investment area, and a US $180 million investment has been made 
into a facility, which started building in 2017 and was expected to open its doors in 
2022. Part of the investment into the facility was a collaboration with the Israeli 
company, Protalix Biotherapeutics, with an agreement to establish their plant cell 
culture platform in Brazil to produce taliglucerase alfa as a product (Murad et al. 
2020; see also chapters “Scaling Up the Plant Molecular Farming via Bioprocessing 
of Plant Cell Suspension Culture” and “Production of Recombinant Proteins Using 
Plant Cell Suspension Cultures and Bioreactor Engineering: A Short Review”). 

In Thailand, the government has recognized biopharmaceuticals as a growth 
engine to focus on. Baiya Phytopharm is a success story in the country and is pro-
gressing towards vaccines and therapeutics by producing cosmetic and diagnostic 
proteins. In fact, similarly to Cape Biologix in South Africa, Baiya Phytopharm 
produced diagnostic antigens and antibodies for the COVID-19 pandemic, and their 
plant-made proteins were incorporated into approved diagnostic test kits 
(Rattanapisit et al. 2021a, b; see also Chap. 12). 

PMF technology allows for research and development (R&D), as well as produc-
tion hubs to be built quickly and affordably in developing countries, so that these 
nations may produce their own supply of proteins for diagnostics, reagents, as well 
as vaccines and therapeutics. To this purpose, Cape Biologix has secured a European 
Investment Bank Facility to allow for future construction of large-scale diagnostic 
and cGMP facilities in Mauritius. 

In some instances, the exact same protein can be used for all the above applica-
tions, provided that the required compliance level is met, for example GLP for pro-
tein reagents, ISO 13485 (medical devices) for diagnostic protein materials to 
comply with test kit manufacturer requirements, and finally, cGMP to produce 
therapeutic proteins and vaccines. 

For this PMF technology to prosper and fulfill its potential of leveling out the 
healthcare needs for developing nations, regulatory agency swiftness will need to 
parallel these advancements. It would be a travesty for regulatory red tape to hold 
back the development of such a crucial and versatile technology. 

Plant molecular farming has a range of untapped potential, including producing 
biomaterials such as spider silk protein (Weichert et al. 2014; Scheller and Conrad 
2005), biofuels, cosmetic proteins, and food proteins. Plant matter has long been 
recognized as a source of sugars for fermentation to biofuels and other biomaterials. 
However, the tough plant cell wall is resistant to microbial and enzymatic break-
down and blocks access to the sugars within the plant fibers. This resistance has 
been termed “biomass recalcitrance.” This is a barrier to the cost-effectiveness of 
using plants for fuel; however, plant molecular farming may just be the solution. 
Expression of key proteins by transient expression within the plants that allow ease 
of breakthrough into the cell wall or ease of extraction of sugars could open a huge 
potential for developing countries to grow their own, cost-effective fuel. 
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Fig. 11.2 Images from Cape Biologix’s grow room at their Cape Town facility  

One particular protein of relevance is leghemoglobin, the active ingredient in the 
Impossible™ Burger and other meat replacement products (Impossible Foods 
2016). As one of the large contributors to global warming, the meat industry requires 
alternatives. In 2019, Cape Bio Pharms proved that Nicotiana benthamiana plants 
can express this protein; however, functionality tests were paused due to the shift to 
focus on proteins relevant to the pandemic (Cape Bio Pharms internal reports). And 
finally, PMF could provide affordable building materials to replace the makeshift 
“shacks” of the slums, thereby providing dignity to those living in informal settle-
ments, as well as small dwellings for the homeless. 

The setup of molecular farming platforms in developing countries will be very 
different from those in the developed countries. For instance, one of the aims of 
building these facilities is to offer employment to unskilled and semiskilled work-
ers. The ideal place for this is in the plant growth rooms and in the infiltration pro-
cess. At Cape Biologix Technologies, a molecular pharming start-up based in Cape 
Town, South Africa, plant cultivation was intentionally not automated, such that all 
seeding, transplanting, watering, and infiltration are performed by hand by a team 
of “grow room keepers” (Fig. 11.2).  

11.5  Advantages of the PMF Platform 

In developing countries, one of the greatest challenges in terms of biopharmaceuti-
cal manufacturing capacity is the shortage of specialized skills among the working 
population. Traditional protein production platforms involve the need for advanced 
technician and specialist skills throughout both upstream and downstream pro-
cesses. In contrast, the technical expertise required for upstream plant cultivation is 
not as niche as that of mammalian or bacterial cell culturing. Many developing 
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countries have extensive agricultural sectors, and the skills related to this industry 
may be effectively transferred to molecular farming. The job creation alone for 
unskilled and semiskilled workers in the large grow rooms of molecular farming 
facilities would contribute to addressing high unemployment rates often found in 
developing countries. Cape Biologix Technologies may be used as a case study for 
job creation by skill transference, in that 15–20 unskilled workers were employed 
and successfully trained in plant cultivation techniques such as seeding, watering, 
transplanting, and infiltration of hydroponic plants. 

Production scalability is another advantage of the plant-based platform, which 
greatly impacts the profitability of manufacturing to meet market demands. In a 
plant-based facility, upscaling source biomass requires an expansion of grow room 
space to accommodate more plants, as well as a relative increase in infiltration 
capacity. Increased capital investment, in terms of equipment and infrastructure, for 
scaling up production comes into play primarily in downstream processing. This is 
particularly beneficial for developing countries, where site costs are relatively low, 
and expansion of building infrastructure is less costly than upscaling sophisticated 
upstream technologies. In comparison to other bioprocessing platforms, PMF 
upstream processes require less stringent manufacturing practices, and cGMP for 
plant-produced biopharmaceuticals only becomes crucial in the downstream pro-
cesses (Twyman et al. 2003; see also chapters “Molecular Farming of Pharmaceutical 
Proteins in Different Crop Systems: A Way Forward” and “Molecular Farming for 
the Production of Recombinant Pharmaceutical Proteins in Plants”). 

In terms of profitability and scaling, investment in large batch processing equip-
ment would further benefit the profit margin for biopharmaceutical production in a 
developing economy, as the input costs for batches would not be significantly 
higher, and, in turn, larger batches would generate greater revenue without costing 
much more to produce. Epidemic-level diseases such as HIV, TB, malaria, and 
Ebola are wreaking havoc in developing countries, and addressing this medical need 
would translate into generating 103–106 g of diagnostic and therapeutic proteins per 
year (Ma et al. 2013). 

For therapeutics, the plant-based system is ideally suited to producing plant- 
derived proteins that are toxic to other organisms or species. Plant-derived protein 
toxins, such as ricin (found naturally in castor beans), can be combined with disease- 
targeting antibodies and applied for the treatment of biomarker-characterized dis-
eases such as cancer (Sehnke et al. 1994). 

Another significant benefit of the PMF transient expression platform is speed to 
market. The time between protein molecular design and protein delivery ranges 
from several weeks to 1–2  months, depending on the accessibility of molecular 
services for protein design phases. This is particularly important for new vaccines 
and for producing proteins swiftly for novel diseases. 

Transgenic plants ultimately offer the most cost-effective strategy to address the 
issue of global access to healthcare. This is due to the economy of scale and low 
technical and scientific expertise required; the medicines could be homegrown by 
local farmers (Paul et al. 2013). The cultivation of plants in greenhouses or open 
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field is indeed significantly less expensive and more scalable than fermenter sys-
tems (Twyman et al. 2003). 

11.6  Boosting Molecular Farming Efforts 

Now is the perfect time for change, as the system is ripe to produce proteins at the 
scale that has been identified as critical for LMICs. The commercial aspect must 
focus not only on what is profitable, but, more importantly, on what is needed by the 
world—and perhaps governments and regulatory agencies need to play a stronger 
role incentivizing this shift. 

Ma et al. (2013) suggest a few actions to aid this reprioritization. Cape Biologix 
Technologies has already followed a similar line of thinking, i.e., (1) prioritize 
important targets for molecular farming in LMICs and (2) support LMIC partners to 
develop expertise, assist in technology transfer, and build capacity, exemplified by 
the Bio Pharming Research Unit (BRU) at the University of Cape Town, who were 
taught in and exposed to molecular farming by scientists at the Fraunhofer Institute 
in Germany. The BRU then developed this technology, and it was eventually com-
mercialized with the inception of Cape Bio Pharms, in Cape Town, in 2018. This 
was made possible by local government grant funding, and subsequent international 
grant and investor funding. (3) Increased collaboration between international regu-
latory bodies and developing of national regulatory frameworks in LMICs. The 
authors also mention that South Africa, Brazil, and Argentina are in a good position 
for regulatory approvals of molecular farming products due to their existing experi-
ence with GMO crops. (4) Appropriate intellectual property management and 
socially responsible licensing are also promoted. 

Many of those in molecular farming transitioned from an academic background 
and had developing country solutions in mind when doing so. The platform has 
always been viewed as beneficial for poor socio-economic environments. The 
above-mentioned authors also did a case study on the partnership between a local 
not-for-profit entity, the Council for Scientific and Industrial Research (CSIR) in 
Pretoria, South Africa, and Kentucky BioProcessing in Texas, USA. 

This was deemed a successful model of technology transfer and collaboration 
between entities residing in a developed and a developing country. 

11.7  Cape Bio Pharms/Cape Biologix Technologies: 
An African Story 

Cape Biologix Technologies (CBT) is a subsidiary of Cape Bio Pharms (CBP). 
CBT was formed in response to the COVID-19 pandemic as the manufacturing arm 
of CBP, focused exclusively on SARS-CoV-2 proteins, and has evolved to also 

T. Shaw et al.



313

manufacturing a variety of other reagents and diagnostic proteins. CBP opened its 
doors in 2018 and remains the primary research and intellectual property holding 
company. 

Since inception, this start-up has moved swiftly from successfully producing and 
selling reagents to the local South African research market to the development and 
production of diagnostic proteins—one of which has already been incorporated into 
a SAHPRA-approved antibody lateral flow device. SAHPRA (South African Health 
Products Regulatory Authority) is the regulator for medical devices and medicines 
in the country. When the COVID-19 pandemic hit, CBP was able to quickly pivot 
from producing reagents to SARS-CoV-2 spike proteins and antibodies for diagnos-
tic test kits. Samples of these proteins were sent to local diagnostic test kit manufac-
turers, and cooperative R&D between the kit manufacturers and the protein producer 
has resulted in the successful production of antibody and neutralizing antibody test 
kits, with antigen kits currently in development, at the time of writing. As the mar-
ket shifted away from COVID test kits, these kits were not pursued in order to focus 
on more relevant reagents. A range of other diagnostic proteins are also in the pipe-
line, including those for Ebola, malaria, dengue, HIV, and yellow fever. 

During late 2020, CBT was fortunate enough to receive grant funding from the 
Foundation for Innovative New Diagnostics (FIND) to scale up their facility (some 
images of the facility after scale-up can be seen in Fig. 11.3). This included expand-
ing the facility from one small single-layer plant grow room to a 24-layered plant 
grow room and 25-layered incubation, a lab expansion with large-scale equipment, 
and a team growing from 7 staff to over 40 employees. The facility was able to 
increase its protein production capacity from 100 mg to 20,000 mg/month in the 
space of a few months. This exercise really demonstrated the “walk the talk” as it 
was seen in real time how rapidly the plant-based system could respond to a chal-
lenge by being agile and flexible in shifting products and scaling up as needed.  

However, it has not always been smooth sailing for the molecular farming start-
 up in South Africa. Long lead times for other imported reagents and materials 
needed for production can cause huge delays, as well as regulatory hurdles and 
backlogs delaying entry to the market. In addition, energy supply shortages in the 
country lead to scheduled electricity blackouts (termed loadshedding) that need to 
be combatted with the installation and use of large, expensive generators and UPS 
systems to prevent protein stocks from thawing. 

Getting a start-up off the ground during a global pandemic is a challenge in itself. 
The Department of Trade and Industry (DTI)’s Technology and Human Resources 
for Industry Programme (THRIP) can be seen as the catalyst that allowed the busi-
ness to begin, giving a much-needed grant to allow commercialization of this tech-
nology from the University of Cape Town’s Biopharming Research Unit (BRU), led 
by Prof. Ed Rybicki and managed by Prof. Inga Hitzeroth and Dr. Ann Meyers. The 
start-up honors these incredible IP founders. BRU trained scientists, Scott de Beer 
and Francisco Pera were part of the founding team of the start-up and have done an 
amazing job of bringing this technology from the lab to commercial scale, and 
building the scientific side of the business. CBP was also seeded by UCT’s own 
investment group, the Evergreen Fund; however, once seed funding allows the 
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Fig. 11.3 Some images from Cape Biologix’s Cape Town R&D and manufacturing facility after 
scaling up  

building of the business, it takes time to create a product-market fit and begin mak-
ing sustainable sales. This “valley of death” of most start-ups was brutal, and inves-
tor funding, as well as the continued support of the local university, the University 
of Cape Town, helped CBT to cross this valley. They now have a rapidly growing 
pipeline of products in R&D for various customers. One such customer, Mologic 
Ltd., has just transitioned from a for-profit company into a social enterprise model 
now trading as Global Access Diagnostics (GADx). Their goal is to target neglected 
diseases for developing countries. Led by George Soros’ Economic Development 
Fund with support from the Bill & Melinda Gates Foundation, the venture is aimed 
at expanding affordable access to medical technology in LMICs. It is collaborations 
with organizations such as these that will allow molecular farming to be used as a 
tool to effectively contribute to solving the many health issues in developing coun-
tries that have historically been ignored. 

11.8  Products of Molecular Farming 

The products that have been commercially produced to date in the plant-based sys-
tem, however, have largely not been geared towards developing countries or LMIC 
needs. The first commercial product to come out of the plant-based system was for 
the rare Gaucher’s disease. There are currently 6000 people living with Gaucher’s 
in the United States. The treatment consists of a recombinant form of the enzyme 
human β-glucocerebrosidase (GCD), termed ELELYSO, which became the first 
plant-derived biologic that was FDA approved for use in humans (Maharjan and 
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Choe 2021). This pharmaceutical therapeutic protein was developed by Protalix 
Biotherapeutics in Israel. 

ZMapp, a plant-produced monoclonal antibody cocktail, was approved for emer-
gency use for Ebola in the 2014–2016 Ebola outbreak in West Africa (Arntzen 
2015; Davey et al. 2017). According to the Director-General of the WHO, Margaret 
Chan, “… Ebola has historically been confined to poor African nations … A profit- 
driven industry does not invest in products for markets that cannot pay” (Murad 
et al. 2020). 

The other products produced to date have been utilizing the speed of the platform 
to produce seasonal vaccines and treatments for orphan diseases in the American 
and Canadian markets (see also chapter “Plant Molecular Farming for Vaccine 
Development”). 

Medicago Inc., for instance, is a Canadian molecular farming company focused 
on producing seasonal flu, norovirus, rotavirus, and pandemic flu vaccines. It has 
also produced a COVID-19 VLP vaccine. iBio Inc., based in California (R&D) and 
Texas (Manufacturing), has a pipeline focused mainly on oncology and fibrotic dis-
eases. Since the time of writing, this company has since ceased operations, how-
ever the authors wish to recognise the contribution to the field of PMP made by the 
company.  

11.9  Plant-Made Proteins Already Combatting Developing 
Country Diseases 

A range of vaccine candidates, diagnostic proteins, and research reagents have been 
produced worldwide, in developing countries and developed countries, targeting 
diseases mainly affecting developing countries. 

The BRU at UCT has produced an impressive range of proteins in plants, aimed 
at developing country diseases. These include human papillomavirus virus-like par-
ticles (HPV VLPs) (Naupu et al. 2020), rift valley fever virus N proteins (Mbewana 
et  al. 2018), a host of animal proteins for African horse sickness (Dennis et  al. 
2018), porcine circovirus (Gunter et al. 2019), and various other diagnostic reagents 
and vaccine candidates (Meyers et al. 2008; Rybicki et al. 2012; Huddy et al. 2018; 
Dennis et al. 2018). 

In addition, BRU has developed a variety of subunit vaccine candidates for 
human immunodeficiency virus (HIV). HIV-1 subtype C is the most prevalent vari-
ant of the virus and has, therefore, been the focus of vaccine development (Meyers 
et  al. 2008). HIV has infected more than 40 million people worldwide. Most of 
these infections have occurred in sub-Saharan Africa. The BRU and similar insti-
tutes could be tapped for licensing agreements to manufacture and commercialize 
these reagents in bulk for LMICs. 

Cape Bio Pharms and Cape Biologix Technologies have licensed and are in the 
process of licensing products from the BRU pipeline for manufacture. The Cape 
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Town facility received their ISO 13485 certification in 2022, and is already produc-
ing research and diagnostic reagents. The list of over 19 proof-of-concept proteins 
produced at CBP to date includes antibodies and antigens to HIV, SARS-CoV-2, 
cytokines, malaria, Ebola, serum proteins, and many more  the company has also 
since released over 35 new antibodies in 2023 alone.  

To list and discuss only a few proteins produced in plants targeting diseases 
mainly affecting developing countries will highlight the flexibility and agility of the 
platform. 

Dengue fever, a neglected tropical disease affecting various developing coun-
tries, has also been the focus of plant-made VLPs. Co-expression of dengue virus 
structural proteins and truncated nonstructural RNA-dependent RNA polymerase in 
N. benthamiana resulted in the formation of virus-like particles (VLPs), which 
induced a strong antibody response in mice (Ponndorf et al. 2021; see also chapter 
“Plant Molecular Pharming to Overcome the Global Impact of Neglected Tropical 
Diseases”). 

Hepatitis C virus E1E2 heterodimer produced transiently in lettuce triggered 
immune responses in mice (Clarke et al. 2017). Hepatitis B VLPs were produced in 
transgenic plants as early as the 1990s. The hepatitis B vaccine was initially pro-
duced in yeast, and Arntzen and Mason were able to successfully produce it in 
plants (Mason et al. 1992). 

Domain III of the West Nile virus envelope protein was produced in N. benthami-
ana and protected mice against lethal West Nile virus infections (Stander et al. 2021). 

Various TB antigens as vaccine candidates have been expressed successfully in 
plants. These include Ag85B, ESAT-6, Mtb72F, MPT83, and MPT64 (Rosales- 
Mendoza et al. 2015). An effective subunit vaccine would consist of multiple anti-
gens, in a cocktail, in order to activate multiple aspects of the immune system. 

11.10  Edible Vaccines 

The unrealized boon of molecular farming for developing countries is “edible” vac-
cines. These would remove the need for trained personnel for the administration of 
injections, cold chain for transport which is often a huge challenge in Africa, and 
storage of the proteins substantially reducing the overall costs of these medicines. 
Molecular farming is ideally suited to producing animal vaccines and diagnostics, 
as the cost of these made in plants can be very competitive. Animals can be fed or 
injected with crude plant extracts, saving production costs substantially. 

Edible or oral vaccines have also been tested in humans (Kurup and Thomas 
2020). Plants such as tomato, lettuce, and banana have been selected because they 
have been granted GRAS (generally recognized as safe) status. Bananas offer an 
additional advantage because their tough skin protects the vaccine-containing fleshy 
fruit from damage. Edible vaccines also produce high levels of IgA, or mucosal 
antibodies, as the epithelial lining of the bronchial system and the gut are the sources 
of these antibodies. These represent the body’s first line of defense against 
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pathogens. The highly acidic pH of the stomach, however, can easily denature and 
degrade proteins—as is its function. Contrary to this, plant tissues are able to protect 
plant- made proteins/vaccines from degradation in the gut. Edible vaccines have 
been proven to cause antibody responses. Volunteers who ate raw potato tubers 
peeled and cut into bite-sized chunks, in all cases, were seen to have antibody 
responses indicating mucosal immunization (Arntzen et al. 2005). In this study by 
Arntzen et al., 14 volunteers ate bite-sized pieces of raw potato that had been geneti-
cally engineered to produce a non-virulent version of the toxin secreted by E. coli 
causing diarrhea. Ten out of 11 volunteers (91%) who consumed the transgenic 
potatoes had a fourfold increase in serum antibodies after immunization, and 6 out 
of 11 (55%) also showed fourfold increase in intestinal antibodies (Ravi et al. 2013). 

This edible vaccine technology could be useful to produce animal vaccines; how-
ever, the cGMP requirements for human vaccines call for uniform plant-by-plant 
dosages, and the controls needed to ensure exact dosages are expensive and are a 
huge impediment to the actualization of this technology. In addition, Arntzen (2015) 
points out that high levels of antigen are needed to accumulate in the plant tissue to 
equate to a reasonable amount of plant matter to ingest to attain immunity, and this 
is not possible with existing systems. Purified vaccine candidates from plants are far 
simpler for regulatory approvals and quality control as the end product is then com-
parable to proteins produced in other, more established production systems 
(Arntzen 2015). 

11.11  Regulatory and Government Involvement 

As mentioned earlier in this chapter, it would be a pity for regulations to lag behind 
the implementation of this technology in developing countries. The South African 
Government has made a concerted effort to promote molecular farming through 
government grants. Notably, the THRIP program from the Department of Trade and 
Industry was what allowed Cape Bio Pharms to begin, to enable commercialization 
of BRU’s IP portfolio. As the company has focused initially on research reagents 
and diagnostic proteins, regulatory approval has not been an issue thus far. The only 
regulatory issues have been for the final products (lateral flow diagnostic test kits) 
that contain the plant-made proteins. Regulatory red tape may become an obstacle 
when producing therapeutic proteins and vaccines in plants. An example, albeit not 
from a developing country, is the Medicago Inc. SARS-CoV-2 VLP vaccine pro-
duced in tobacco plants. The WHO rejected Medicago Inc.’s application for the 
emergency use of their plant-based vaccine, Covifenz, due to the company being 
owned, in part, by the cigarette manufacturer, Philip Morris International. This, 
coupled with the negative connotations attached to GMO crops, can give PMF a bad 
image, which can slow progress in approvals and in governmental buy-in to embrace 
the technology for the boon that it can be. 
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11.12  One Health 

The world is currently facing a health crisis due to drug-resistant pathogens. 
Currently, many vaccines are made from live attenuated viruses. This impacts the 
cold chain of the vaccines, which is an added expense to maintain, particularly in 
developing countries that tend to have warm climates like Africa, India, Brazil, and 
Asia. In addition, this poses a risk of infection for immunocompromised patients as 
well as those who are malnourished. There is a need for next-generation vaccine 
development, as well as prophylactic treatment (see also chapters “Delivery of 
Drugs and Vaccines Through Plant Molecular Farming” and “Development of Oral 
Prophylactic and Therapeutic Vaccines Against HPV on the Basis of Plant 
Expression System”). 

The One Health concept, promoted by Prof. Rybicki and his lab, is that the health 
of humans is interconnected with that of the animals, plants, and environment in 
which we live. It is crucial to focus on all three aspects for a holistic picture of 
health. This can be clearly seen with zoonotic diseases, which “jump” from one spe-
cies to another, such as HIV, SARS-CoV-2, and Ebola viruses to name a few. These 
viruses are also transmitted from wild animals to domestic animals and livestock. 
According to the One Health website (accessed at https://onehealthinitiative.com/
about/), the One Health concept is:

 A worldwide strategy for expanding interdisciplinary collaborations and communications 
in all aspects of health care for humans, animals and the environment. The synergism 
achieved will advance health care for the 21st century and beyond by accelerating biomedi-
cal research discoveries, enhancing public health efficacy, expeditiously expanding the sci-
entific knowledge base, and improving medical education and clinical care. When properly 
implemented, it will help protect and save untold millions of lives in our present and future 
generations.    

Indeed, the One Health concept is already assisting Brazil to improve the surveil-
lance of venomous animal injury and vector-borne and zoonotic diseases (de Souza 
Leandro et al. 2021). 

The plant-based system is well poised to achieve the One Health vision. The 
drawback of some of the other systems is that they are expensive to set up and main-
tain, as well as being not easily scalable (Rybicki 2017). Plant systems can be set up 
at a fraction of the cost—our facility, Cape Bio Pharms, established a pilot facility 
for less than R10m and scaled up for less than R50m. To scale up, one simply adds 
more plants, or another greenhouse/grow room. CBP’s scale-up to CBT comprised 
of the addition of another indoor hydroponic grow room with the capacity of 20,000 
plants and was completed in under 2 months. 
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11.13  Conclusions 

In conclusion, molecular farming is a tool that allows for affordable, rapid, versatile, 
and large-scale production of recombinant proteins for developing countries. These 
proteins can be utilized as diagnostic reagents, scientific research reagents, vac-
cines, therapeutic proteins, as well as in industry as enzymes, biofuel, and a host of 
other applications. 

However great the tool or platform, it will be hampered by a lack of integration 
into regulatory language and continent-wide harmonization/connection. Each R&D 
and manufacturing facility needs to be located within the region it serves and the 
product base focused on the needs of the people surrounding it. This will require 
political will or grant funding to initiate mechanisms to ensure economic sustain-
ability for these platforms. As an old Chinese proverb states, “The best time to plant 
a tree was 20 years ago. The second-best time is now.” 
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Chapter 12
Plant Molecular Pharming: A Promising 
Solution for COVID-19

Maribanyana Lebeko, Tamlyn Shaw, Sandra Jordaan, Tarin Ramsaroop, 
and Francisco Pera

Abstract Plant-based systems, particularly plant molecular pharming of therapeu-
tically relevant proteins, that could be used as subunit vaccines, antigens (in rapid 
antigen test kits), as well as antibodies, especially therapeutic and/or diagnostic 
monoclonal antibodies and antibody cocktails, offer a promising solution for coro-
navirus disease 2019 (COVID-19). To date, out of almost 40 vaccines, there is only 
one FDA-approved vaccine against COVID-19 produced in plants. Similarly, there 
are only a few monoclonal antibody therapies derived from plant-based expression 
systems in preclinical development, with none approved even for emergency use. 
The lack of a solid footprint of plant molecular pharming in combating the debilitat-
ing effects of SARS-CoV-2 implores the feasibility of using a plant expression sys-
tem as a suitable platform to produce effective, safe, and affordable SARS-CoV-2 
vaccines and therapeutics. This chapter seeks to unpack significant efforts placed in 
exploring the possibility of utilizing such systems as alternative quick, adaptable, 
and low-cost strategies for the production of therapeutics against SARS-CoV-2.
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Abbreviations

ACE-2 Angiotensin-converting enzyme 2
API Active pharmaceutical ingredient
BAT British American Tobacco
bFGF Basic fibroblast growth factor
BY-2 Tobacco bright yellow-2
CDC Centers for Disease Control
COVID-19 Coronavirus disease 2019
CpG Cytidine-phospho-guanosine
FDA Food and Drug Administration
FIND Foundation for Innovative New Diagnostics
GCD β-Glucocerebrosidase
GD Gaucher disease
GM-CSF Granulocyte-macrophage colony-stimulating factor
HC Heavy constant
HIV Human immunodeficiency virus
IL-1 Interleukin-1
IL-6 Interleukin-6
KBP Kentucky BioProcessing
LC Light constant
LMIC  Low- and middle-income countries
mAb Monoclonal antibody
NAb Neutralizing antibody
PAVM Partnerships for African Vaccine Manufacturing
RBD Receptor-binding domain
RNA Ribonucleic acid
SAHPRA South African Health Products Regulatory Authority
TB Tuberculosis
UN United Nations
VLP Viruslike particle
WHO World Health Organization

12.1  Introduction

Since the first reported case in Wuhan, China, in December 2019 (Chen et al. 2020), 
the novel coronavirus that causes severe acute respiratory syndrome (SARS-CoV-2) 
has become a pandemic with over half a billion confirmed positive cases, and a 
resultant 6.5 million deaths due to coronavirus disease 2019 (COVID-19)-related 
complications (Worldometer 2022).

The first confirmed case of COVID-19  in Africa was from Egypt in February 
2020 (Africa CDC 2020; African Union and Africa CDC 2021). Africa now accounts 
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for approximately 2.11% of the cumulative global infections, with over 257,000 
deaths to date (Worldometer 2022). South Africa alone contributed to 33% of the 
cumulative cases in Africa (Worldometer 2022).

12.1.1  Structure of SARS-CoV-2

Coronaviruses (Fig. 12.1) are single-stranded (ss), positive-sense, enveloped RNA 
viruses with a diameter of 80–120 nm and genome length of approximately 27–34 kb 
(Lu et al. 2020; Sipulwa et al. 2016). Four strains of coronaviruses have been identi-
fied (α-CoV, β-CoV, γ-CoV, and δ-CoV), which mainly affect vertebrates. SARS- 
CoV- 2 is a member of the beta genera of coronaviruses. This novel coronavirus 
contains four structural proteins, namely spike (S), envelope (E), membrane (M), 
and nucleocapsid (N) proteins. The name “corona,” meaning crown in Spanish, is 
derived from the spike proteins that protrude outward from the virus’ surface, which 
resemble a “crown” when viewed under the microscope. Aside from these structural 
proteins, the genome codes for many nonstructural proteins whose functions include 
replication and viral assembly processes (Naqvi et al. 2020).

The viral life cycle begins when the S1 portion of the spike protein binds to host 
ACE-2 receptors, allowing entry of the virions into host cells. Once through the cell 
membrane, the SARS-CoV-2 ssRNA genome attaches to host ribosomes, resulting 
in the production of a large polyprotein that is then proteolytically cleaved by 
enzymes into smaller peptides for the folding and assembly of new virions (Yan 
et al. 2020).

Most patients recover from the viral infection within 1–3  weeks; however, a 
small proportion (~5%) develops severe illness that can progress into acute respira-
tory distress syndrome (ARDS), which can lead to death. An overactive, hyper- 
inflammatory immune response with excess release of cytokines is the main driver 
of disease development and of tissue damage in these patients (Vanderbeke 
et al. 2021).

Fig. 12.1 Illustration of SARS-CoV-2 virus. (Reference: Adobe bought Stock image)
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12.1.2  The Global Impact of SARS-CoV-2

The pandemic has significantly impacted the global economy, affecting more than 
200 countries worldwide, thereby prompting leaders to reassess existing crisis 
response and management strategies. Likewise, vaccination has proven to be a 
promising approach to curbing the COVID-19 pandemic at individual and popula-
tion levels. To date, 175 vaccine candidates are in the clinical trial stages, with 33 
vaccines already approved for emergency use in at least one country (Basta and 
Moodie 2020). The World Health Organization (WHO) has fully approved 10 vac-
cines for global use (Basta and Moodie 2020; WHO 2022). As of January 2022, 
over 9.6 billion vaccine doses were administered globally, with almost 60% of the 
world’s population having received at least one dose of the vaccine (Our World in 
Data 2020).

12.1.3  The Impact of SARS-CoV-2 Vaccine Equity 
on the African Continent

Despite the significant strides in vaccine development, there still exist problems 
associated with lack of vaccine equity, and active pharmaceutical ingredient (API) 
manufacturing capacity in low–middle-income countries. For instance, Africa has, 
to date, fully vaccinated only 21% of its population and 6% have received at least a 
single dose (Our World in Data 2020). This will have a direct impact on Africa’s 
return to normal; therefore, appropriate strategies must be put in place to mitigate 
these shortcomings in pandemic readiness. Taking this into account, the Africa 
Centres for Disease Control (CDC) has proposed an initiative aimed at accelerating 
access to vaccines in Africa. This can only be achieved if we produce our own vac-
cines. The Partnerships for African Vaccine Manufacturing’s (PAVM) vision is to 
manufacture 60% of its vaccines in the continent by 2040 (African Union and Africa 
CDC 2021). The PAVM has made considerable progress in leveraging pan-African 
and global partnerships to scale up vaccine manufacturing in several African coun-
tries. Their efforts include (1) an accord to finance vaccine production at Institut 
Pasteur de Dakar, Senegal; (2) establishing the South African consortium compris-
ing Biovac, Afrigen Biologics and Vaccines, a network of universities, and the 
Africa CDC to establish the first COVID-19 mRNA vaccine technology hub in 
Africa (SAMRC News 2021; Sawahel 2021); (3) partnering several pharmaceutical 
companies in Morocco with the Swedish pharmaceutical contract development and 
manufacturing organization company, Recipharm; (4) an agreement between 
Holding Company for Biological Products and Vaccines (VACSERA) in Egypt and 
Sinovac; and (5) partnering with Algeria and Russia to produce the Sputnik V 
COVID-19 vaccine (Africa CDC 2021).

Given these strategies by PAVM, its vision is to manufacture 60% of its vaccines 
in the continent by 2040. We strongly believe that alternative vaccine and biologics 
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manufacturing not be limited to already existing platforms but be expanded to those 
platforms that are more agile and adaptive to the rapid changes inherent to pandem-
ics. Considering these, the chapter introduces plant-molecular pharming as a suit-
able alternative, complementary platform to address not only vaccine equity 
challenges in Africa, but also production of biologics more rapidly, at a large scale, 
and at more affordable rates.

12.2  Why Plant-Based Platforms?

Since it was discovered in the 1980s that plants can be genetically manipulated to 
produce proteins from other organisms (Barta et al. 1986; Barton et al. 1983), plants 
have been gaining traction as an alternative protein manufacturing platform, a tech-
nology that is today called “molecular pharming/farming.” In “molecular pharm-
ing,” conventional bioreactors are replaced with plants. In effect, each plant is a 
mini bioreactor. This simple, yet powerful, concept gives molecular pharming cer-
tain advantages that have yet to be rivaled by more traditional systems (see also 
Chap. 1).

However, it is important to understand that molecular pharming should not 
replace other expression systems, but rather complement them. For several years, 
the biotechnology industry focused on using a small number of production plat-
forms. Bacteria (mostly E. coli) was first used for producing simpler proteins 
(Johnson 1983). Yeast species and, eventually, a selection of insect and mammalian 
cells were used to achieve efficient production of more complex molecules (Brondyk 
2009; Cereghino and Cregg 1999; Sanchez and Demain 2012). Each of these sys-
tems has their own advantages and disadvantages; therefore, selection of expression 
system/s must be done on a case-by-case basis. The demand for increasingly diverse 
and complex proteins is on the rise, but no single expression system is a one-size- 
fits-all. It is natural to see the benefit of having a diverse arsenal of possible expres-
sion systems to choose from. Taking this into account, we can ask the question: 
What advantage does molecular farming bring to the protein manufacturing 
industry?

Cultivation of plants is one of humanity’s oldest practices. Compared to bioreac-
tor fermentation, growing plants is a relatively simple process that has and contin-
ues to be extensively studied throughout many different fields. Plants do not require 
complex and expensive growth media that is often required in cell cultures. Plants 
are also inherently safe to work with as they do not support the growth of human 
pathogens, resulting in a low risk of process-related contamination. Furthermore, 
since plants can rely on their innate immune system, there is also no need for creat-
ing a sterile environment, allowing the setup of plant protein manufacturing facili-
ties to be simpler, and ultimately more cost effective than bioreactor-based platforms 
(Buyel 2019).

It is important to note that these advantages relate mostly to the upstream activi-
ties of molecular pharming and that downstream processing can be comparable to 
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other expression systems. Nevertheless, a simpler and more cost-effective system 
lowers the entry barrier for those who want to venture into the recombinant protein 
manufacturing space. This is particularly relevant for developing countries who 
want to produce their own vaccines and therapeutics and reduce their dependence 
on developed countries (see also Chap. 11).

In the context of preparedness for events such as epidemics and pandemics, 
where protein manufacturers must rapidly shift and ramp up their routine produc-
tion schedules to accommodate the large amounts of specific recombinant proteins 
that are sporadically required for research, diagnostic, and therapeutic use, plants 
may again offer unique advantages in terms of safety, speed, flexibility, and scale-up 
potential (Kelly-Cirino et al. 2019).

Using transient expression in plants, it is possible to achieve recombinant protein 
production from 6 to 8  weeks after receiving the physical DNA gene sequence. 
Furthermore, since each plant can be considered as a “mini bioreactor,” producing 
different proteins in parallel becomes relatively easy, which allows for the high- 
throughput screening of numerous construct variants and simple upstream linear 
scalability potential from research-scale (e.g., 100–500 g biomass) to large-scale 
manufacturing (e.g., >500 kg biomass). Having a platform that has short develop-
ment timelines and that is flexible enough to easily allocate some of its production 
capacity towards new products in a rapid and cost-effective way is crucial for pre-
venting outbreaks like the recent SARS-CoV-2 pandemic (see also Chap. 2).

12.2.1  A Brief Account of Our Story as Cape Bio Pharms

What follows is a brief story of our first-hand experience at Cape Bio Pharms work-
ing with the plant-based platform. Cape Bio Pharms is a private small South African 
company dedicated to producing plant-based proteins to be used as reagents and 
diagnostics to benefit global health. Before SARS-CoV-2, our focus at Cape Bio 
Pharms was on producing different antibodies and antigens to supply the African 
continent with alternative sources of these research reagents. As SARS-CoV-2 
began to spread in China and gain momentum, we decided to order the DNA coding 
for the spike protein, anticipating that it could be useful as a diagnostic reagent for 
research and positive serum screening. We received the DNA constructs in the 
beginning of March 2020, before the WHO declared it as a pandemic. Because we 
had no idea of how the protein would fold or express, we designed the protein in 
such a way that it could be truncated and fused at several key regions that were 
extrapolated from previously reported SARS and MERS spike proteins.

By the end of April, we had identified two main conformations of the spike pro-
tein that could be successfully expressed in our Nicotiana benthamiana plants 
(Fig. 12.2) and could be detected by positive serum (Makatsa et al. 2021). From 
these two proteins, one received immense interest from test kit manufacturers to 
create a lateral flow device that could detect positive serum.
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While the test kits were being formulated and validated, we worked on scaling 
up our production capacity to cope with the possible demand for the spike protein. 
By the end of 2020, we had increased our plant biomass capacity from about 1 kg a 
week to 100 kg. However, we faced a bottleneck in purification because we could 
not source large enough chromatography columns due to the lockdown restrictions. 
We believe that both the scale-up time and purification challenges could have been 
addressed faster if it was not for the lockdown constraints. Nevertheless, by the end 
of 2020, we could produce enough recombinant protein to supply test kit manufac-
turers with enough reagent to produce test kits in the order of millions.

By that time, antibody sequences against SARS had been discovered, and 
research was shifting towards developing second-generation diagnostics that could 
detect the presence of antigen instead of positive serum. To respond to this, we also 
produced several antibodies against both the spike and the nucleocapsid protein, as 
well as the ACE2 receptor protein fused to an fc region, which are currently selling 
to test kit manufacturers. Eventually, as the COVID market became saturated with 
test kits and reagents from all over the world, we decided to start producing reagents 
against other diseases.

Overall, in little under 2 years, we have radically shifted production strategies to 
address the market demand. We were able to do this gradually and almost effort-
lessly thanks to the plant system. Similarly, in their publication, Diego-Martin et al. 
(2020) explain how it would be possible to scale up the production of recombinant 
antibodies from milligrams to gram amounts in little more than 6 weeks using little 
infrastructure requirements and N. benthamiana as a production platform.

Fig. 12.2 Nicotiana benthamiana plant close-up picture. (Source: Cape Bio Pharms Photo library)
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We hope that our story was able to demonstrate the flexibility of molecular 
pharming and its place in fighting outbreaks like the recent SARS-CoV-2 pandemic. 
The next section therefore describes the available plant-based expression systems 
for addressing COVID-19.

12.3  Available Plant-Based Platforms to Produce 
Recombinant Vaccines and Biologics

The plant-based platform for recombinant vaccines and biologics production began 
with the use of a multitude of different plant species, including tobacco, algae, 
tomatoes, maize, and many others (see also chapter “Molecular Farming of 
Pharmaceutical Proteins in Different Crop Systems: A Way Forward”). After some 
time, the platforms have converged on a few key species. One of the most popular 
of these, Nicotiana benthamiana, is used by Medicago Inc., Kentucky BioProcessing, 
Icon Genetics, iBio, and UniBio, as well as others (Nosaki et al. 2021). During its 
evolution in the Australian desert, N. benthamiana adapted to its environment by 
sacrificing its pathogen defense for an accelerated reproductive cycle (Bally et al. 
2018; see also chapter “Tobacco Plants as a Versatile Host for the Expression of 
Glycoproteins”).

Transgenic plants were the pioneers of plant-based platforms in recombinant 
protein production. The process involves stably transforming the gene of interest 
into the genome of the plant at the nuclear, chloroplast, or plastid levels. Stable or 
transgenic plants require longer development times (approximately 4–6 months, or 
longer) compared to transient systems; however, the major advantage is that its 
upstream management only involves growing the plants that contain the gene of 
interest (Ghag et al. 2021). This method is useful for producing large volumes of a 
single vaccine or therapeutic and is ideal for most large-scale production platforms. 
However, the yields of product from stable transgenics can also be lower than tran-
sient systems.

There are two types of transient expression systems, those based on viral plant 
vectors (see also chapter “Plant Viral Vectors: Important Tools for Biologics 
Production”) and those based on Agrobacterium tumefaciens infiltration/agroinfil-
tration. Transient expression has the advantage of being fast and flexible and can 
conveniently be used to confirm that the gene product is translated appropriately, 
and is functional, before upscaling transient production (Fischer et al. 1999).
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12.3.1  Plant Cell Suspension Cultures

The first licensed recombinant pharmaceutical protein made in plants, taliglucerase 
alfa (Elelyso®), was produced in carrot  cell suspension cultures by Protalix 
Biotherapeutics (Grabowski et al. 2014). The production system used consists of 
novel bioreactors that were designed in-house. Large polyethylene bags filled with 
media and supplied with sterile air are used to produce recombinant human 
β-glucocerebrosidase (Tekoah et al. 2015). The setup and its running costs are more 
affordable than those of mammalian systems (Nosaki et al. 2021). The regulatory 
requirements, however, are comparable to mammalian cell cultures, which makes 
for a smoother approval process. Cell suspension cultures are based on classical 
fermentation technology and are therefore relatively straightforward to scale up 
(Santos et al. 2016).

The technology of producing proteins from plant cell suspensions is now more 
than 25 years old (Sijmons et al. 1990). Recent significant yield increases in plant 
cells could create a boom for this technology again. Currently, whole plants and 
transient expression have taken center stage.

The plant cell types typically used for therapeutics, vaccines, and pharmaceutical 
proteins are carrot cells and tobacco BY-2 cells. The plant cell culture media con-
sists of simple plant nutrient media, salts, and no added proteins. Therefore, those 
proteins excreted into the media become relatively easy to purify with no contami-
nating proteins from the media (Ghag et al. 2021). This platform is ideal for proteins 
required in large quantities (see also chapters “Scaling Up the Plant Molecular 
Farming via Bioprocessing of Plant Cell Suspension Culture” and “Production of 
Recombinant Proteins Using Plant Cell Suspension Cultures and Bioreactor 
Engineering: A Short Review”).

12.3.2  Transient Expression Systems

Plant molecular pharming does offer a promising solution for COVID-19. This 
expression platform, with its variations, is ideal for a fast response to pandemics and 
for producing novel proteins. Potentially, a combination of transient expression sys-
tems can determine if proteins can be expressed, and if they are conformationally 
and posttranslationally suited to combat a certain virus, and subsequently if trans-
genic cells or whole plants can produce a given therapeutic or vaccine en masse at a 
fraction of the cost. A prime example of this is Medicago’s recently approved VLP 
vaccine against SARS-CoV-2, that was a success despite the Food and Drug 
Administration’s (FDA) initial apprehension (Medicago Vaccine 2022; see also 
chapter “Medical Applications of Plant Virus Nanoparticles”).

One of the major challenges of plant-produced therapeutic protein and vaccines 
is the presence of plant-specific glycans. This can be overcome by genetic engineer-
ing of plant host glycosylation machinery as well as other methods. The 
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co-expression of a Leishmania major oligosaccharyltransferase can also be used to 
improve the glycan occupancy of plant-derived proteins (Castilho et al. 2018).

12.3.3  Vaccines

In 2012, the first plant-derived biopharmaceutical was approved by the US Food and 
Drug Administration (FDA). Protalix Biotherapeutics, based in Karmiel, Israel, uti-
lized the transgenic carrot cell suspension system to produce taliglucerase alfa 
(ELELYSO), a recombinant human β-glucocerebrosidase (GCD) for commercial 
use in enzyme replacement therapy of Gaucher disease (GD) (Mor 2015). However, 
for the past 30 years, plant-based systems have been used for therapeutics and vac-
cine candidates targeting diseases such as hepatitis B (Joung et al. 2016), influenza 
(Hodgins et al. 2019), HIV (Scotti et al. 2010), cancers (Massa et al. 2007; Sarkar 
et al. 2015), malaria, and cholera (Davoodi-Semiromi et al. 2010) amongst many 
others (see also chapter “Plant Molecular Farming for Vaccine Development”).

Although many plant-based systems have been investigated for the production of 
biologics, Nicotiana benthamiana has widely been used as the mainstream produc-
tion host choice (LeBlanc et al. 2020). Several companies have made strides in the 
development of biopharmaceuticals utilizing this platform.

Since the COVID-19 pandemic, there have been efforts to identify vaccine or 
therapeutic production systems that are agile and adaptable for “pandemic pre-
paredness.” Bearing this in mind, Diego-Martin et al. (2020) undertook a proof-of- 
concept pilot study aimed at rapid Agrobacterium-mediated transient expression of 
SARS-CoV-2-related proteins. The group investigated whether this system had the 
ability to produce milligram amounts of six different recombinant monoclonal anti-
bodies against SARS-CoV-2  in N. benthamiana, within a few weeks. The data 
shows that gram amounts of antibodies against SARS-CoV-2 can potentially be 
achieved in just over 6 weeks using repurposed greenhouses as biomanufacturing 
facilities (Diego-Martin et  al. 2020). This exercise was pivotal in evaluating the 
potential of plant-based systems in addressing the shortage in local supply (mostly 
in Africa) of biopharmaceuticals during the pandemic.

The next sections of this chapter deal with the existing preclinical as well as 
clinical vaccine candidates against COVID-19 infections. Lastly, we will give a 
brief account of one approved vaccine. To date, globally, there are 186 vaccine can-
didates in various stages of clinical trials. Forty-eight vaccine candidates are cur-
rently registered in Phase 1; 67 in Phase 2; and 71 candidates in Phase 3. Of these, 
plant-derived platforms account for only 2% of the other vaccine platforms such as 
mammalian culture systems (Fig. 12.3).
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12.3.3.1  Plant-Derived Vaccine Candidates in Preclinical Trials

To date, a variety of plant-derived vaccine candidates against severe COVID-19 
cases are in their early stages of development (preclinical studies). Many of these 
candidates target the structural proteins of SARS-CoV-2 such as spike (S) and 
nucleocapsid (N) and are therefore either subunit or VLP-based vaccine candidates. 
Institutions such as IBio, Akdeniz University, and G+FLAS Life Sciences have a 
variety of these candidates in their vaccine manufacturing pipeline (Fig. 12.4).

For instance, G+FLAS Life Sciences in South Korea used the glycoengineered 
tobacco plant, Nicotiana benthamiana, to express the receptor-binding domain 
(RBD) of the SARS-CoV-2 spike. This candidate subunit vaccine elicited potent 
humoral responses in BALB/cAnHsd mice via the induction of highly neutralizing 
antibodies (Maharjan et  al. 2021). Similarly, researchers from the Akdeniz 
University in Turkey engineered the nucleocapsid (N) protein and co-expressed it 
with the RBD of SARS-CoV-2 in N. benthamiana plant to produce an antigen cock-
tail vaccine candidate. Following immunization of Balb/c mice with 5 μg of antigen 
cocktail at days 0 and 21, high-titer neutralizing antibodies were elicited with the 
cocktail compared to RBD or N proteins individually (Mamedov et al. 2021).

Lastly, iBio in the USA uses its FastPharming® System, which combines an auto-
mated hydroponic system, vertical farming, and glycan engineering technology 
(Maharjan and Choe 2021) to address the challenges associated with the ever- 
evolving SARS-CoV-2, by designing and developing second-generation vaccines 
that address the current durability, access, and variant-inclusion [DAVi] challenges 
we still face globally. Their strategy is to design “variant-inclusive” vaccine 

Fig. 12.3 The number of SARS-CoV-2 vaccine candidates and approved vaccines manufactured 
from various platforms, in comparison to plant-based expression
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candidates that potentially confer protection against a broad spectrum of variants, 
i.e., a pan-coronavirus vaccine. To this end, they have designed a variety of both 
VLP and subunit-based variants such as IBIO-200, IBIO-201, and IBIO-202 (which 
are believed to address challenges by conferring long-lasting broad-spectrum pro-
tection and offering alternative vaccine administration routes) (Oliveira et al. 2020; 
IBioVaccine 2022).

12.3.3.2  Plant-Derived Vaccine Candidates in Clinical Trials

This section aims to highlight a few of the vaccine candidates that have progressed 
from preclinical to clinical trials (Phases 1–3). In each phase, an example of a plant- 
derived vaccine candidate will be given, describing the nature of the trial, country or 
countries where the trials are/were conducted, number of participants, and expected 
outcomes. We also give a brief history of the company and technology employed.

12.3.3.2.1 Phase 1: Baiya SARS-CoV-2 VAX 1

Founded in 2018 as a spin-off company from the faculty of pharmaceutical sciences 
in Chulalongkorn University, Thailand, Baiya Phytopharm™ aims to deliver 
cutting- edge, plant-based technologies that are quick, simple, and scalable 
(Baiyaphytopharm.com 2022). In their pipeline lies production of actives for cos-
metic reagents, SARS-CoV-2 antigens, and antibodies as well as diagnostic test 
kits. Baiya Phytopharm™ manufactures the basic fibroblast growth factor (bFGF), 
or Baiya Plant FGF™, and basic epidermal growth factor (bEGF), or Baiya Plant 
EGF™, used as actives in antiaging cosmetics (Baiyaphytopharm.com 2022). As 
part of the SARS-CoV-2 antigens, and antibodies, the company produces the spike’s 
receptor-binding domain (RBD) and angiotensin-converting enzyme (ACE2) anti-
gens as well as CR3022 monoclonal antibody (Siriwattananon et al. 2021a, b). The 
Baiya Rapid COVID-19 IgG/IgM Test kit™ was launched in March 2020, forming 
part of their diagnostic test kit manufacturing capabilities (Baiyaphytopharm.com 
2022). Below we give an account of their SARS-CoV-2 vaccine manufacturing 
journey.

Stemming from their preclinical data, wherein Baiya SARS-CoV-2 VAX 1, a 
recombinant subunit vaccine candidate, was shown to elicit efficient humoral 
immune responses in both mice and cynomolgus monkeys (Shanmugaraj et  al. 
2021; Siriwattananon et al. 2021c), Baiya Phytopharm™ registered their vaccine 
candidate into the Phase 1 clinical trials (Trial ID: NCT04953078) in Thailand 
(September 2021).

This study is a Phase 1, open-label, randomized, first-in-human dose escalation 
clinical trial to evaluate the safety, tolerability, and reactogenicity of escalating 
doses of Baiya SARS-CoV-2 VAX1 vaccine in participants aged 18–60 for adult 
groups and 61–75 for elderly groups. Each group will consist of three cohorts to 
evaluate different doses (low, medium, high) of Baiya SARS-CoV-2 VAX vaccine. 
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Participants will be injected with two doses of the investigational product on day 1, 
and another on day 21 (Clinical Trials.Gov 2022).

12.3.3.2.2 Phase 2: KBP-201

Kentucky BioProcessing (KBP) is the US-based biotechnology subsidiary of 
Reynolds American Inc. (RAI), owned by the British American Tobacco (BAT) 
group (BAT News Release, April 2020 (BAT Vaccine 2020)). Compared to conven-
tional vaccine manufacturing technology, BAT employs its proprietary, fast- growing 
tobacco plant technology, which has several advantages. These include fast (due to 
quicker accumulation of VLPs within the tobacco plants) and robust (production of 
3 million vaccine-harboring plants within 6 weeks) manufacturing capabilities, as 
well as vaccine safety (since tobacco plants cannot host pathogens, which cause 
human disease), immunogenicity, and stability (vaccine will not require cold stor-
age due to its stability at room temperature) (BAT Vaccine 2020).

Since its acquisition in 2014, KBP has made significant strides in the biotechnol-
ogy industry. In 2014, they manufactured the anti-Ebola monoclonal antibody cock-
tail, ZMapp™, in partnership with Mapp Biopharmaceuticals, Inc. (Tran et  al. 
2016). In 2015, KBP produced an antibody (MB66) that protects against sexual 
transmission of herpes and HIV (Politch et al. 2021; see also chapter “Development 
of Oral Prophylactic and Therapeutic Vaccines Against HPV on the Basis of Plant 
Expression System”). In 2020, both their quadrivalent flu and SARS-CoV-2 vaccine 
candidates entered Phase 1 clinical trials (Kentucky Bio 2022). Below is an account 
of their contribution to curbing the COVID-19 pandemic within the vaccine manu-
facturing scope.

KBP is a plant-based vaccine developer that has secured the third position in the 
race to develop a plant-based COVID-19 vaccine. In December 2020, KBP 
embarked on the first-in-human (FIH), observer-blinded, randomized, placebo- 
controlled, parallel group study to evaluate the safety and immunogenicity of a pro-
tein subunit vaccine (KBP-COVID-19) (Trial ID: NCT04473690), coupled with a 
CPG adjuvant vaccine. Healthy adults were divided into two age groups, Part A 
(18–49 years) and Part B (50–85 years) (Clinical Trials.Gov 2022). The primary 
objective was to evaluate the side effects incurred at vaccination administration sites 
within 14 days. The secondary outcome measures included serious adverse effects 
in vaccination groups up to 1 year postvaccination (Clinical Trials.Gov 2022).

12.3.3.2.3 Phase 3: PT Bio Farma

PT Bio Farma (Persero) is an Indonesian state-owned enterprise (SOE) located in 
Bandung, West Java, and is the only local vaccine manufacturer in Indonesia. Since 
its inception in the 1980s, PT Bio Farma has built an impressive portfolio, including 
production of an array of vaccines and sera for both local and international markets. 
Its antiviral vaccine manufacturing pipeline includes vaccines against viral diseases 
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such as poliomyelitis (both mono- and polyvalent oral vaccines), influenza, mea-
sles, as well as SARS-CoV-2. Other vaccines are designed for the fight against diph-
theria, tetanus, TB, meningitis, and varicella.

PT Bio Farma registered (Trial ID: NCT05313035) a Phase 2/3, double-blind, 
randomized, placebo-controlled study to evaluate the efficacy, safety, and immuno-
genicity of SARS-CoV-2 protein subunit recombinant vaccine (Arthur and 
BioPharma Reporter 2021) adjuvanted with alum + cpg 1018 in healthy populations 
aged 18 years and above in Indonesia. Phase 2 was a dose-ranging study which 
recruited 360 subjects to compare two vaccine formulations and to evaluate their 
subsequent safety and immunogenicity. One vaccine group and placebo group pro-
ceeded into a Phase 3 (1050 individuals) trial aimed at evaluating the vaccine effi-
cacy until 6 months post-primary outcome measures (Trial ID: NCT05546502). The 
primary outcomes included immunogenicity and efficacy (prevention of severe 
COVID-19 cases) of the vaccine 14 days to 6 months post the last vaccine dose.

12.3.3.3  Are There Any Approved Plant-Derived Vaccines Against 
SARS-CoV-2?

Plant-based platforms account for only 2% of the vaccine candidates at various 
stages of development. To date, there is only one vaccine approved in at least one 
country for commercial use. Medicago Inc.’s coronavirus-like particle vaccine 
(CoVLP) has recently been approved for use in Canada (Arthur and BioPharma 
Reporter 2022; Medicago Vaccine 2022). This is based on the transient expression 
of full-length S glycoprotein of the SARS-CoV-2 strain in non-transgenic Nicotiana 
benthamiana plants, wherein Agrobacterium tumefaciens is used as a transfer vec-
tor for transfection into plant cells (Pillet et al. 2022). Here, we provide a brief case 
on how the CoVLP vaccine was developed, and its preclinical, clinical, and approval 
journey.

12.3.4  The “Scientific Journey” of CoVLP

Pillet et al. (2022) reported the results of their preclinical study conducted in nonhu-
man primates. Here, they evaluated the immunogenicity and protection induced in 
rhesus macaques by intramuscular injections of a CoVLP vaccine candidate formu-
lated with or without Adjuvant System 03 (AS03, from GSK) or cytidine-phospho- 
guanosine (CpG) 1018. The S protein trimers self-assemble (thus forming VLPs), 
subsequently bud off the plant cell surface, and accumulate in the interstitial spaces 
between the cell membrane and cell wall. These were isolated from the plant matrix 
and subsequently purified. Male Indian rhesus macaques from 3.5 to 8 years old 
were used as the animal model for their preclinical study. The study design was such 
that animals received 15  μg of CoVLPs by intramuscular injection with/without 
adjuvant at day 0, followed by another dose at day 28.
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The data shows that the AS03-adjuvated vaccine induced a polyfunctional inter-
leukin- 2 (IL-2)-driven response and IL-4 expression in CD4 T cells. Furthermore, 
lower viral replication following nasal swabs was evident. Lung observations 
showed fewer infected cells as well as reduced immune cell infiltration. Reduced 
pro-inflammatory cytokine levels were evident as per observation of the bronchoal-
veolar lavage fluid (BALF). Lastly, vaccinated animals showed no signs of clinical, 
pathologic, or virologic evidence of vaccine-associated enhanced disease, demon-
strating the safety of the vaccine. The adjuvated CoVLP was therefore selected for 
vaccine development and clinical trials (Pillet et al. 2022).

Ward et al. (2021) embarked a Phase 2 observer-blinded, dose escalation, ran-
domized controlled study aimed at evaluating the safety and immunogenicity of the 
CoVLP vaccine candidate. In their study, neutralizing antibody (NAb) and cellular 
responses were used to assess both short-term as well as long-term (12 months post-
vaccination) tolerability/safety and immunogenicity of CoVLP. The enrolled 180 
adults (18–55 years) received either 3.75, 7.5, or 15 μg of vaccine intramuscularly 
(IM). The dosage interval was 21 days apart, with day 42 as the endpoint. The study 
shows that all formulations were well tolerated, with mild-to-moderate adverse 
effects in adjuvanted groups. Furthermore, the study shows that there was a tenfold 
increase in NAb titers with AS03 adjuvant. These responses were comparable to 
those seen in convalescent serum/plasma, as well as those seen in hospitalized 
patients (Ward et al. 2021). Unadjuvanted doses resulted in biased Th-1 responses, 
which were augmented by co-administration with CpG 1018. On the other hand, the 
AS03 adjuvant elicited the faster and more balanced Th1/Th2 response. In general, 
CoVLP elicited both humoral and T-cell-mediated immunity and was therefore set 
to progress to Phase 3 clinical trials.

To ensure greater vaccine coverage and diversity, the Phase 2/3 efficacy trial of 
CoVLP with AS03 adjuvant was conducted in up to 11 countries in North, Central, 
and South America, and Europe (Gobeil et al. 2021; Ward et al. 2021). Over 30,000 
participants were enrolled in this event-driven, randomized, observer-blinded, 
placebo- controlled study aimed at evaluating the safety, efficacy, and immunogenic-
ity of the CoVLP formulation in adults aged 18 years and older (Newton Clinical 
Trial News 2021). The primary endpoint was laboratory-confirmed symptomatic 
SARS-CoV-2 infection. The CoVLP+AS03 vaccine was effective in preventing 
COVID-19 caused by a spectrum of variants, excluding Omicron that was not in 
circulation during the study (Newton Clinical Trial News 2021). In the New England 
Journal of Medicine (NEJM), Hager et al. (2022) reported that the vaccine efficacy 
was shown to range from 69.5% (against symptomatic infection) to 78.8% (against 
moderate-to-severe disease) across all tested variants. However, in the Clinical 
Trials interview, Ward stated that they were busy designing the booster study based 
on the modified vaccine, which will share many mutations with the Omicron 
(B.1.1.529) variant. Over 1000 participants who previously received CoVLP will be 
enrolled in this study.

This is the first plant-based vaccine to be authorized for prevention of severe 
COVID-19. It has since acquired the commercial name Covifenz (Medicago 
Vaccine 2022).
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12.3.5  Therapeutic Interventions

12.3.5.1  Antiviral Therapies

Recombinant human ACE-2 (rhACE-2) is currently under development for the 
treatment of acute lung injury and pulmonary arterial hypertension. The idea is that 
ACE-2 can also act as a decoy for SARS-CoV-2 by binding to the spike proteins and 
inhibiting cellular entry (Kiplin Guy et al. 2020). Indeed, Cape Biologix Technologies 
is partnering with Boku University in Vienna, Austria, and Prof Zatloukal at the 
University of Graz, Austria, to produce an ACE-2 decoy protein in plants. This type 
of partnership between a low- and middle-income country (LMIC) institution and a 
high-income nation meets one of the United Nations’ Sustainability Goals (UN 
Sustainability Goals 2022). Cape Biologix Technologies has already been produc-
ing ACE-2 that is fused to a human IgG Fc tag, which has been successfully used as 
a reagent and diagnostic protein, demonstrating proof of concept for this protein. A 
research group in Thailand has also produced an ACE-2 fusion in plants and showed 
that treatment with this fusion protein post-viral infection dramatically inhibited 
SARS-CoV-2 infectivity in Vero cells with an IC50 value of 0.84  μg/mL 
(Siriwattananon et al. 2021a).

12.3.5.2  Monoclonal Antibody (mAb) Therapies

The last decade of plant molecular farming development has been dubbed “a decade 
of plantibodies” (Schillberg et  al. 2002; Xu et  al. 2011). Over 200 polyclonal, 
monoclonal, and cocktail antibodies are actively being evaluated in preclinical and 
clinical trials as therapeutic antibody therapies for COVID-19 (Yang et al. 2020). In 
their review, Ning et al. (2021a) detail the progress made in therapeutic COVID-19 
antibody development and application. They further elaborate on the challenges 
faced by these therapies and suggest new strategies and solutions for them (Ning 
et al. 2021a). As of August 2021, there were over 120 antibodies in discovery and 
preclinical phases, while Phase 1, 2, and 3 of clinical studies recorded 11, 5, and 7 
antibody therapy studies, respectively.

Monoclonal antibodies account for approximately 82% of candidate therapeutic 
antibodies (Yang et  al. 2020). To date, only 7 mAbs against SARS-CoV-2 have 
received emergency use authorization (EUA), namely bamlanivimab (LY-CoV555), 
etesevimab (LY-CoV016), casirivimab (REGN10933), imdevimab (REGN10987), 
sotrovimab (S309/VIR-7831), cilgavimab (COV2-2130), and tixagevimab 
(COV2-2196) (Hwang et al. 2022).
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12.3.5.2.1 The Future of Plant-Derived mAbs as Therapeutics and/or 
Diagnostics

Rattanapisit et  al. (2020) undertook a proof-of-concept study using plants as an 
expression system to rapidly produce SARS-CoV-2 antigens and antibodies, as well 
as with a potential for diagnostic reagents. The rapid production is ideal for response 
to pandemics. In their study, the group expressed and purified the well-known 
monoclonal antibody (CR3022) isolated by Tian et  al. (2020) from convalescent 
plasma of a COVID-19 patient. The yield of the mAb was estimated to be 130 μg/g 
of fresh leaf weight. In vitro binding studies reflected that plant-derived CR3022 
binds to SARS-CoV-2 RBD, in a similar manner to the positive control serum. It 
was however showed that the mAb exhibited no neutralizing activity against the 
virus (Rattanapisit et al. 2020).

One of the major clinical presentations of COVID-19 is atypical immune activa-
tion, depicted by an increased cytokine expression, termed a cytokine storm (Chen 
et al. 2020; Vanderbeke et al. 2021). Herein, cell-mediated immunity is highly acti-
vated, thereby resulting in increased expression of cytokines such as tumor necrosis 
factor (TNF), interleukin-1 beta (IL-1β), interleukin-6 (IL-6), and granulocyte- 
macrophage colony-stimulating factor (GM-CSF), which contribute to disease 
severity (Hwang et al. 2022; To et al. 2020). The management of the resultant cyto-
kine storm entails the use of immune modulators (both immunosuppressant and 
immunostimulatory). Monoclonal antibodies have therefore been widely used as 
such, not only for COVID-19, but also for many other immune-related conditions. 
Below we give a brief account of potential plant-derived immune modulators.

Potential Role of Plant-Derived mAbs in Combating SARS-CoV-2 Induced 
Cytokine Storm

Jugler et al. (2021) offered the first report of a glycoengineered plant-derived anti- 
interleukin- 6 receptor monoclonal antibody (IL-6RmAb) and its activity against 
SARS-CoV-2-related cytokine signaling. Herein, the geminivirus bean yellow 
dwarf virus-based vector system was used to transiently express both the HC and 
LC of the IL-6RmAb in 5–7-week-old N. benthamiana plants and harvested at 
5  days post-infiltration, resulting in an expression level of 55.95  μg/g fresh leaf 
weight. Binding specificity and affinity to IL-6R were evaluated via ELISA, wherein 
the binding affinity was comparable to the KD value reported for the mammalian 
cell-produced anti-IL6R mAb. Furthermore, in vitro cell-based luciferase reporter 
assays for IL-6 signaling depicted that the plant-derived anti-IL6R effectively inhib-
ited the IL-6 signaling (Jugler et al. 2021).

Given the above studies, we believe that the use of plant expression systems has 
the potential to curb the devastating effects of cytokine storms in COVID-19 
patients.

Compared with highly variable and heterogeneous therapeutic polyclonal anti-
bodies such as convalescent plasma, mAb therapies comprise totally identical anti-
bodies. They usually target a single epitope and are drug specific. These can be 
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precisely engineered and optimized to serve specific treatment purposes, which ren-
der such therapies safer and more effective in comparison to polyclonal antibody 
therapies. Even though therapeutic polyclonal antibodies are more robust and resis-
tant to SARS-CoV-2 mutations and variants (due to multiple drug targets and 
increased epitope-binding capacity), polyclonal antibodies vary vastly from donor 
to donor and are therefore not reproducible. On the other hand, monoclonal antibod-
ies are easier to control; they are scalable and reproducible (due to their indepen-
dence of donors) (Ning et  al. 2021b). To increase epitope coverage, thereby 
increasing efficacy, mAb cocktail therapies have been explored.

Therapeutic Cocktail mAb Therapies

Therapeutic monoclonal antibody cocktails are the best of both worlds. They con-
tain well-characterized components as they are monoclonal antibodies—and there-
fore contain homogenous components—yet can target multiple epitopes or have 
synergy from the different components’ effects. One cocktail that put the plant- 
based platform in the spotlight was a treatment for Ebola ZMapp. A combination of 
bamlanivimab and etesevimab has been approved for emergency use for COVID-19, 
after it was found that at day 11 a statistically significant reduction in viral load 
occurred (Ning et al. 2021a). Various other monoclonal antibody cocktails are in 
clinical trials to treat COVID-19. Such include, but are not limited to, mAbs such as 
BRII (BRII-196 and BRII-198), REGN-COV2, ADM03820, and AZD7442. Many 
of these antibodies target the SARS-CoV-2 spike protein, and antibodies targeting 
the same antigen that do not overlap often have complementary, enhancing effects. 
To our knowledge, there are no plant-derived mAbs in use thus far; however, there 
are a few candidates that have been and are currently in discovery stages. Below we 
give an account of a few of such.

Candidate Plant-Derived Cocktail mAb Therapies

Shanmugaraj et al. (2020) offered the first report of functional anti-SARS-CoV-2 
mAbs produced in plants. Their aim was to evaluate the ability of their plant expres-
sion system to rapidly produce human anti-SARS-CoV-2 mAbs (B38 and H4). 
These mAbs were part of the four neutralizing antibodies isolated from a convales-
cent COVID-19 patient by Wu et al. (2020). B38 and H4 were shown to able to 
block Ace-2 from binding to the RBD of the SARS-CoV-2 spike protein. Because 
these two antibodies occupy varying epitopes of RBD, they are said to be two non-
competing, thus making them potential therapeutic mAb cocktails.

Shanmugaraj et  al. (2020) showed for the first time that co-expression of the 
heavy-chain and light-chain sequences of both B38 and H4 mAbs in the geminiviral 
vector plant expression system resulted in their rapid accumulation in Nicotiana 
benthamiana leaves within 4 days post-infiltration. In vitro studies further showed 
that the antibody cocktail exhibited increased receptor-binding kinetics as well as 
potent neutralization activity in SARS-CoV-2-infected Vero-E6 cell lines.
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Similarly (Jugler et  al. 2022) recently undertook a study where they used the 
similar plant expression system to transiently express both CA1 and CB6 mAbs 
(isolated from a convalescent COVID-19 patient) (Duan et  al. 2020), wherein 
6-week-old Nicotiana benthamiana plants were agroinfiltrated and leaves were har-
vested at 7 days post-infiltration. Receptor binding studies showed that both mAbs 
were able to specifically bind to RBD and that their dissociation constants (KD) were 
comparable to those produced in mammalian systems. Furthermore, in vitro neu-
tralization studies showed that the two antibodies were individually able to neutral-
ize SARS-CoV-2 in Vero-E6 cell line.

However, the group showed that the two mAbs cannot be used as a cocktail, as 
they competitively bind to RBD. It was therefore for this reason that they paired the 
plant-derived CA1 with the other two hybridoma-made 3C4 and 11D7 mAbs. Their 
neutralization studies indicate that the three-mAb cocktail synergistically neutral-
izes SARS-CoV-2 in vitro (Jugler et al. 2022).

Taken together, these studies demonstrate the feasibility of using a plant expres-
sion system as a suitable platform to produce effective, safe, and affordable SARS- 
CoV- 2 mAbs. These studies allude to the possibility of exploring plant expression 
systems as alternative quick, adaptable, and low-cost strategies for production of 
therapeutics against SARS-CoV-2.

Diagnostic Monoclonal Antibodies

Cape Biologix Technologies began producing SARS-CoV-2 antigens and antibod-
ies in early 2020 in response to the early stages of the pandemic (Makatsa et al. 
2021). Through close relationships with diagnostic test kit manufacturers in South 
Africa, a serology-based lateral flow device, that detects IgM and IgG antibodies 
against SARS-CoV-2, was approved by the local regulatory authority, South African 
Health Products Regulatory Authority (SAHPRA). The company was able to scale 
up production and sell hundreds of mg of histidine-tagged S1 spike protein pro-
duced in N. benthamiana plants. In addition, a collaboration with researchers at 
Fraunhofer Institute in Germany utilized the same plant-made S1-His protein anti-
gen in a novel diagnostic assay (Pietschmann et al. 2021). The company is currently 
developing antibodies for use in antigen test kits to detect viral infection, in collabo-
ration with a local diagnostic test kit manufacturer.

12.3.5.3  Repurposing of Existing Therapies

Due to the maladaptive, hyper-inflammatory immune response associated with dis-
eases, drugs that already target inflammatory pathways can be used as possible 
treatments. Repurposing of biologic agents that target cytokines would be a logical 
strategy. Interleukins 1α and 1β (IL-1α and IL-1β) are both involved in the inflam-
matory pathway, whose overactivation creates much of the damaging disease state 
and life-threatening effects associated with SARS-CoV-2 infection. IL-1α is 
released from damaged lung tissue, and IL-1β is produced by myeloid cells that 
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enter the affected area. Anakinra is a recombinant form of an IL-1 receptor antago-
nist that is used to treat diseases associated with excess cytokine production, such as 
rheumatoid arthritis (Cavalli and Dinarello 2015). Anakinra has been tested for 
treating COVID-19, with promising results (Cavalli et al. 2020; Huet et al. 2020). It 
has also been recommended for approval by the European Medicines Agency 
(EMA) (EMA 2022). This protein could theoretically be produced in plants, 
although no studies have been found so far in our literature search. Ideally, any pro-
tein currently showing promise against COVID-19 could also be produced in plants 
and tested and may very well be a bio-better to those currently on the market. 
Examples include LCB1, an ultrapotent mini-peptide showing greater efficacy than 
some of the best antibodies at blocking SARS-CoV-2 (Case et al. 2021).

Vascular endothelial growth factor-D (VEGF-D) has been identified as the most 
important indicator related to the severity of disease in SARS-CoV-2-infected indi-
viduals, thereby implying its potential use as a biomarker for disease progression 
(Kong et al. 2020). Bevacizumab, a humanized mAb, has widely been used as an 
anti-VEGF in the treatment of cancers (Achen et al. 2000; Stacker et al. 2001), and 
therefore has the potential to be used as an immunomodulator in COVID-19 patients. 
Using the transgenic rice callus as an alternative gene expression system, Chen et al. 
(2016) in their earlier studies reported the first plant-derived anti-VEGF 
(bevacizumab).

12.4  Conclusions

In conclusion, the plant-based system and particularly plant molecular pharming of 
therapeutically relevant proteins offer a promising solution for COVID-19. The 
approved and effective monoclonal antibodies and antibody cocktails can be pro-
duced in plants. Biosimilars or bio-betters could then be tested and produced en 
masse in plants at a large scale, and potentially more cost-effectively. The transient 
expression platform allows rapid production of novel proteins and can progress 
from novel sequence to protein for testing within weeks. This is ideal for responding 
to fast-mutating viruses such as SARS-CoV-2. Vaccines that are protein based could 
also be produced in plants, and perhaps the enhanced economics could assist with 
increasing access to the countries left behind due to stockpiling by richer countries.
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Chapter 13
Biopharming’s Growing Pains

Kathleen L. Hefferon and Henry I. Miller

Abstract Obtaining medicines from plants is not new. Aspirin was first isolated 
from the bark of the willow tree in the eighteenth century. And many other common 
pharmaceuticals are purified from the world’s flora. More recently, scientists have 
developed techniques that take this process a step further. “Biopharming,” the use of 
molecular genetic engineering techniques to induce agricultural crops to synthesize 
high-value pharmaceuticals, has much to offer. If we are to realize its potential, 
however, we will need reasonable, science-based regulation. However, largely 
because of excessive risk aversion on the part of regulators, progress has been slow.
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MCB Master Cell Bank
TCM Traditional Chinese medicine
UK United Kingdom
US United States
USDA United States Department of Agriculture
VLP Viruslike particle

13.1  An Introduction to Biopharming

The COVID-19 pandemic has spurred profound changes in the scientific research 
community worldwide. Laboratories have reoriented their research to focus on various 
aspects of this scourge, and thousands of articles have already appeared on preprint 
servers and in journals. As scientific researchers race to find solutions, the production 
of high-value pharmaceuticals in plants, or “biopharming,” a technology that has tee-
tered on the brink of significant recognition for many years, is mushrooming. The 
pandemic could be an opportunity to prove its worth (Hefferon and Miller 2020).

Academics and biotech companies are using genetic engineering techniques to 
reprogram plants—which have included corn, potatoes, rice, and bananas, among oth-
ers (discussed below)—to produce significant concentrations of pharmaceuticals, 
including vaccines (Drake et  al. 2017). The concept is venerable. Many common 
medicines, such as morphine, codeine, the laxative Metamucil, and the anticancer 
drug Taxol, are all purified from plants. There are also a few examples of Chinese 
herbal treatments that have proved effective in clinical trials. One notable product that 
has emerged from traditional Chinese medicine, or TCM, is artemisinin. First isolated 
by Youyou Tu at the China Academy of Traditional Chinese Medicine in Beijing, the 
molecule is now a powerful treatment for malaria and led to Tu being awarded the 
Nobel Prize in Physiology or Medicine in 2015 (Su and Miller 2015).

But biopharming’s great promise lies in using genetic engineering techniques to 
make old plants do radically new things.

There is also great potential for cost cutting in the process: The energy for prod-
uct synthesis comes from the sun, and the primary raw materials are water and car-
bon dioxide. In addition, biopharming offers tremendous flexibility and economy 
when adjustments in production are necessary. Doubling the acreage of a crop 
requires far less capital than doubling the capacity of a bricks-and-mortar factory, 
making biopharmed drugs potentially much less expensive to produce than those 
made in conventional ways. As little as 2000 acres can provide the substrate for a 
year’s supply of some products. Grain from a biopharmed crop can be stored safely 
for long periods with no loss of activity. The quality of the final drug can meet the 
same standards as current fermentation technology using microorganisms.

Biopharmed vaccines are especially promising (Fischer and Buyel 2020). They 
are inexpensive to produce, easy to upscale, and often do not require refrigeration, 
needles, or trained medical personnel, thus making them attractive for use in devel-
oping countries. Many research studies and clinical trials have shown that 
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plant- made vaccines elicit a robust immune response in animals and humans and are 
safe and efficacious. Examples of plant-made vaccines and therapeutics produced 
by molecular pharming include vaccines to combat cholera, dengue fever virus, 
hepatitis B virus, Ebola virus, and monoclonal antibodies to HIV (Hefferon 2019; 
see also chapters “Plant Molecular Farming for Vaccine Development” and “Plant- 
Based Veterinary Vaccines”).

Although such plant biologics have largely focused on the diseases of the poor in 
developing countries, they have found other niches as well (Tschofen et al. 2016). 
For example, several plant-made vaccines to combat pandemic influenza are cur-
rently completing clinical trials and may soon be on the market, and plant-based 
immunotherapies to treat a variety of cancers are in development. A plant-based 
therapeutic to provide the enzyme glucocerebrosidase in Gaucher’s disease patients 
has also found a reliable market and is currently commercially available.

Several biopharming companies and academic research labs have taken up the 
challenge to combat COVID-19. Medicago, a Canadian biopharmaceutical company, 
successfully developed a biopharmed viruslike particle (VLP) of the coronavirus 
only 20 days after obtaining the SARS-CoV-2 genetic sequence. Instead of using 
egg-based methods to produce a vaccine, their technology inserts a genetic sequence 
that encodes the spike protein of COVID-19 into Agrobacterium, a common soil 
bacterium that is taken up by plants ((Krenek et al. 2015). The resulting plants pro-
duce a VLP that is composed of plant lipid membrane and COVID-19 spike protein, 
and which acts as the vaccine. The VLPs are similar in size and shape to the actual 
coronavirus but lack viral or plant nucleic acid and, therefore, are noninfectious.

Previously, Medicago made VLPs that contain influenza virus hemagglutinin 
and demonstrated their safety and efficacy in animal models as well as in human 
clinical trials (Ward et al. 2020, 2021). The cost of producing a plant-made vaccine 
based on VLPs is a small fraction compared to its conventional counterpart.

Also in Canada, the University of Western Ontario and Suncor are developing 
serological test kits for COVID-19 using algae as a production factory to make the 
viral spike proteins. Algae has long been considered a potential platform for gener-
ating pharmaceutical proteins as well as industrial proteins such as cellulases. Algae 
are a superior bio-factory alternative because it is easy to grow at scale and can be 
readily modified to produce the viral proteins (see also chapter “Microalgae as a 
Bioreactor for Molecular Farming of Oral Edible Vaccines Against Infectious 
Diseases of Humans and Animals”).

British American Tobacco, through its biotech subsidiary in the USA, Kentucky 
BioProcessing (KBP), is developing a vaccine for COVID-19 that is in Phase 1–2 
clinical trials. Researchers at KBP cloned a part of the genetic sequence of SARS- 
CoV- 2, which they used to develop a potential antigen that was inserted into 
Nicotiana benthamiana plants for production. The vaccine elicited a positive 
immune response in preclinical testing. BAT could manufacture as much as 1–3 
million COVID-19 vaccines per week. (They were able to make 10 million doses of 
flu vaccine and an Ebola vaccine in a month, using the same plant-based approach.)

South African company Cape Bio Pharms (CBP) is also responding to the 
COVID-19 pandemic with the production of plant-derived reagents that could be 
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used in diagnostic kits. CBP is producing SARS-CoV-2 spike S1 reagents consist-
ing of various regions of the glycoprotein attached to various fusion proteins. The 
company is also collaborating with antibody manufacturers to produce antibodies 
against these proteins (see also Chap. 12).

Another example of a biopharming solution to COVID-19 is being developed in 
Professor Nicole Steinmetz’s lab at the University of California, San Diego, using 
cowpea mosaic virus viruslike nanoparticles (VLPs) based on the empty CPMV 
(eCPMV) virion (Shukla et  al. 2020). Two key platforms are available: virus 
nanoparticles (VNPs) based on the complete CPMV virion, including the genomic 
RNA, and viruslike nanoparticles (VLPs) based on the empty CPMV (eCPMV) 
virion. It is unclear whether these platforms differ in terms of immunotherapeutic 
potential. They found that the formulations had similar effects on most secreted 
cytokines and immune cells, but the RNA-containing CPMV particles were 
“uniquely able to boost populations of potent antigen-presenting cells, such as 
tumor-infiltrating neutrophils and activated dendritic cells. Our results will facilitate 
the development of CPMV and eCPMV as immunotherapeutic vaccine platforms 
with tailored responses.” These VLP vaccines can be administered via implants and 
microneedle technology, an advantage in low-income countries (see also chapter 
“Medical Applications of Plant Virus Nanoparticles”).

A collaboration between research groups in Toronto, Canada, is working on a 
novel way to both prevent and treat COVID-19 using an antiviral protein that blocks 
virus replication. When loaded onto a plant virus nanoparticle, the protein can enter 
cells and block virus infection. It is possible that this biopharmed antiviral protein 
can be loaded into an inhaler and administered to the lungs of infected and unin-
fected patients. Similarly, a synthetic, plant-made antibody has been designed to 
prevent virus infection and block person-to-person transmission. It can be produced 
easily in plants engineered to synthesize antibodies that are as “humanized” as pos-
sible, reducing the likelihood that patients’ immune system will reject them as “for-
eign” (see also Chap. 7).

13.2  Regulation of Plant “Biopharming”

Although plant molecular pharming has been under development in academic labs 
for over 20  years, the progress to commercialization has been slow and painful 
(Spök et  al. 2008; Hundleby et  al. 2018). A recent example is the research and 
development of Medicago, a Canadian company that estimates that biological pro-
teins such as vaccines and monoclonal antibodies could be obtained from geneti-
cally engineered tobacco plants at 1/1000th the cost of current methods (Hefferon 
and Miller 2019).

These plant-derived pharmaceuticals are also easy to scale up and remain stable 
at room temperature for longer time periods.

The regulatory hurdles are virtually prohibitory. For example, in 2010, the bio-
tech company Ventria Bioscience approached the FDA for recognition of two human 
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proteins, lysozyme and lactoferrin, synthesized in genetically engineered rice, to be 
given “generally recognized as safe” status. These proteins were intended for use in 
oral rehydration solutions to treat diarrheal diseases. Research in Peru had shown 
that an oral rehydration solution with the proteins extracted from Ventria’s rice sub-
stantially lessens the duration of diarrhea and reduces the rate of recurrence—a 
near-miraculous advance for people in the developing world. In this example, 
Ventria never received any response from the FDA, and the product was never mar-
keted for use. This and other high-value proteins, such as the HIV/AIDS drug 
Truvada (which interferes with the replication of the virus, but costs $2000 a month), 
could make a difference if produced inexpensively in plants and made available to 
low- to middle-income countries (see also Chaps. 10 and 11).

Other HIV microbicides such as griffithsin, an antiviral protein derived from red 
algae, have been produced in plants and distributed in the form of active, crude 
extracts. This would cut costs by reducing the need for complicated production 
processes.

One potential regulatory success story in the near future may be found in the use 
of plant-made vaccines to prevent seasonal flu. The ability of influenza to infect 
multiple animal species (humans, birds, and pigs), as well as to rapidly alter its 
surface hemagglutinin protein, makes it difficult to develop an effective, “universal” 
vaccine, thus making the flu a continuing global public health challenge. Fortunately, 
flu vaccines can be produced rapidly and in large amounts in genetically engineered 
plants as “viruslike particles.” They have exhibited safety and efficacy in clinical 
trials but have not yet been approved for use in humans.

13.3  Navigating Plant Molecular Pharming Regulation 
for Commercial Products

Without clear, predictable, and reasonable regulatory frameworks, it is not surpris-
ing that pharmaceutical companies, most of which have little experience of working 
with plants, are reluctant to make large up-front investments. Despite these hurdles, 
plant molecular pharming has expanded as a commercial business, and large-scale 
manufacturing facilities have been constructed in the USA, the UK, and elsewhere 
(Schillberg et al. 2019; Menzel et al. 2018). Companies such as Medicago, iBio, and 
Kentucky Bioprocessing can currently process thousands of kilograms of plant bio-
mass grown in greenhouse settings into highly purified pharmaceutical proteins. 
None of these companies yet has an approved vaccine, however. Others, such as the 
UK’s Leaf Expression Systems, have begun to sell a small number of diagnostic 
products and laboratory reagents, none of which is currently for human use.

It can be challenging to confine the entire plant-based protein expression systems 
within a clean room or greenhouse environment, in order to be compatible with 
good manufacturing practices (GMPs) (Fischer et al. 2012). Nevertheless, the use of 
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contained systems for plant cultures has helped to lessen various regulatory and 
safety concerns that might pertain to open-field production systems.

For regulatory authorities, good manufacturing practice (GMP) regulations for 
biologic products make it easier to regulate plant cell lines, because they more 
closely resemble mammalian cell lines or bacterial cultures—with which drug regu-
lators have vast experience—than whole plants. Thus, plant cell cultures represent 
the easiest, and open-field GE plants the most difficult, regulatory hurdles to over-
come (EMA 2008; Health Canada 2008).

Similarly, there are varying levels of difficulty for the type of product regulated 
(FDA/USDA 2002; Hundleby et al. 2022). Regulation is more stringent for plant- 
derived drugs and biologics but less for proteins (such as collagen) to be used in 
cosmetics or for veterinary products (MacDonald et al. 2015). Finally, plant-derived 
research reagents or diagnostics generally have the lowest level of regulation of all 
and are thus often the first products commercialized by plant molecular farming 
companies.

In certain instances, products of molecular farming have undergone rapid 
approval. Examples include an orphan drug to treat rare diseases, such as taliglu-
cerase alfa by the Israeli company Protalix to treat Gaucher’s disease, and a tobacco- 
derived antibody cocktail called ZMapp that was cleared for emergency use to 
address an Ebola outbreak in Western Africa (Tekoah et al. 2015; Davey et al. 2016). 
More recently, plant-derived products to diagnose SARS-CoV-2 may have the 
opportunity to move more rapidly through the approval process by the 
U.S.  COVID-19 Pandemic Emergency Task Force (https://www.fda.gov/drugs/
coronavirus- covid- 19- drugs/coronavirus- treatment- acceleration- program- ctap).

As mentioned above, regulations for products made using plant cell culture tend 
to be the most straightforward, as regulators generally view them as analogous to 
mammalian cell and bacterial culture systems. The fact that plant cells lack endo-
toxins like those in E. coli or mammalian pathogens such as hepatitis C virus makes 
them preferable production platforms from a safety and quality assurance stand-
point (see also chapters “Production of Recombinant Proteins Using Plant Cell 
Suspension Cultures and Bioreactor Engineering: A Short Review” and “Scaling 
Up the Plant Molecular Farming via Bioprocessing of Plant Cell Suspension 
Culture”).

However, the regulations quickly become more onerous when entire plants them-
selves are the bioreactors for protein production. For example, plant cell culture 
facilitates the creation of a “Master Cell Bank,” or MCB, which is produced from 
the original product-synthesizing cell line. It is cryopreserved in multiple vials to 
prevent genetic variation and potential contamination by eliminating the total num-
ber of times a cell line is passaged or handled during the manufacturing process. 
The MCB is a hallmark of good manufacturing practice (GMP) conditions. An 
MCB is more difficult to obtain using transgenic intact plants, which may through 
the process of breeding differ genetically slightly from one plant to another (Buyel 
2019; Hundleby et al. 2022).

The upstream manufacturing phase for molecular farming can include plant cul-
tivation, infiltration, harvesting, and initial extraction steps. GMP rules usually 
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begin at the point when a sterile extract is available as starting material for purifica-
tion (Fischer et  al. 2012). However, they can also be incorporated for upstream 
manufacturing under greenhouse conditions. For example, consistency improves 
for GMP manufacturing when LED lights, substrates such as rockwool (used for 
hydroponics, instead of soil which can differ substantially), and optimal spacing of 
plants are incorporated, properties that can control batch consistency.

Downstream processing begins when the product is separated from the produc-
tion organism. For plant molecular farming, this is approached similarly to the way 
microbial fermentation or mammalian bioreactors would be handled, and no addi-
tional regulation should apply (Buyel et  al. 2015). The result of either process 
should be a production system that can generate a batch-by-batch analysis of impu-
rities, allergenicities, and other safety measures.

No plants for molecular farming have been approved for commercial field pro-
duction, although some work is taking place in approved, confined research field 
trials (which require isolation, toxicity data, and oversight by inspectors to witness 
disposal of residual plant material). Rather, molecular pharming has up to now been 
restricted to laboratories and greenhouses, in order to prevent release into the envi-
ronment. These restrictions are a response to concerns such as the possible move-
ment of pollen and the unintentional introduction of plant material containing 
bioactive substances into food supply chains and accidental consumption by people, 
livestock, or wildlife.

The field testing of biopharmed plants has proved problematic. In 2003, the US 
Department of Agriculture announced onerous new rules for testing crops engi-
neered to produce pharmaceuticals. The ostensible objective of the regulation is to 
avoid contaminating food supplies with drugs, especially when edible crops are 
used to produce them. But the food industry’s worries that biopharmed plants could 
contaminate their products are overblown. And in any case, the risk can be mitigated 
in several ways, most obviously by using nonfood plants like tobacco. In fact, even 
if biopharmed plants were to contaminate food crops, the likelihood that consumers 
would end up with harmful amounts of drugs in their breakfast cereal, pasta, or tofu 
is very small.

One way to moderate the regulatory burden for molecular biopharming is to 
grow plants under containment conditions such as in a greenhouse, vertical farm, or 
specialized clean room. This would be the more straightforward pathway toward 
commercialization considering the current regulatory landscape. Companies that 
have deviated from this, such as Ventria Bioscience (which grows plots of trans-
genic rice expressing lactoferrin and lysozyme in both Colorado and the US Virgin 
Islands), have found the regulatory pathway excessively burdensome.

Under current oversight regimes for genetically engineered organisms that were 
discussed at the beginning of this chapter, the strictest oversight prevails for open- 
field genetically engineered crops of any sort, and unfortunately, using open fields 
for plant-derived pharmaceuticals adds an additional layer of complexity. (And that 
becomes even more exaggerated outside North America.)

There are significant disparities among geographical regions of the world such as 
North America and Europe with regard to genetically engineered crop regulation 
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(Masip et al. 2013). US and Canadian legislation lean more toward regulating the 
product, whereas the EU regulation tends to be triggered by the process used for the 
transformation event and applies a “guilty unless proven innocent” paradigm—the 
“Precautionary Principle.” This disharmony in regulatory frameworks across 
national borders negatively impacts commercialization of plant-made pharmaceuti-
cals grown using transgenic plants under open-field conditions (Sparrow et al. 2013; 
see also Chap. 14).

13.4  Conclusions

Protalix was the first company to commercialize a plant-based therapeutic agent, a 
product derived from a plant cell culture which very closely resembles conventional 
mammalian culture, making it easier to gain approval than full transgenic plants. 
Unfortunately, other vaccine products derived from plants lack a clear path to enable 
an easy navigation through the current regulatory landscape. In effect, this is a para-
digm for biopharming.

Most plant-made vaccines and other biologics have been shown to be cheap, 
safe, and efficacious, but they have not yet entered the marketplace, largely due to 
regulatory constraints. The lack of an appropriate regulatory structure to guide 
plant-made vaccines through to commercial development has stalled efforts to pro-
vide lifesaving medicines to low- and middle-income countries. For example, plant 
biologics to treat emerging infectious diseases such as Ebola and Zika virus have 
been successfully produced in academic labs, but it is critical to get these and others 
into pharmacies.

Clearly, plant-made vaccines deserve a place in public health. Biologics such as 
these are inexpensive to produce, efficacious, and safe and do not require cold chain 
or sophisticated medical equipment to disseminate them. Most research and devel-
opment for plant-made vaccines has originated at universities and publicly funded 
institutes, where freedom to operate is less restrictive than with other technologies. 
Plant-based commercial-scale manufacturing facilities can grow and process thou-
sands of kilograms of plant biomass into purified forms of biologics, including vac-
cines and antibodies. Although mechanisms exist to provide safe, inexpensive 
plant-made vaccines to the world, regulatory hurdles have confounded their 
advancement to the marketplace. This deficit can have resounding effects on low- 
and middle-income countries that are already poorly equipped to protect their popu-
lations against emerging diseases (Tusé et al. 2020).

Similarly, poor countries do not possess the capacity to address the increasing 
number of chronic diseases such as cancer in their aging citizens, and steadily 
increasing populations will further strain healthcare systems. Medicines to treat 
these conditions could be generated in plants, if only regulatory requirements were 
risk based and scientifically defensible.
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Chapter 14
Biosafety, Risk Analysis, and Regulatory 
Framework for Molecular Farming 
in Europe

Lilya Kopertekh and Ralf Wilhelm

Abstract Over the last decade, molecular farming has matured as a commercially 
relevant production platform as shown by the approval of several plant-derived 
industrial and pharmaceutical proteins. Despite evident benefits of plants over the 
traditional mammalian and bacterial cell-based expression systems, the progress 
toward commercialization of plant-made recombinant proteins takes much effort 
and time. This reflects a combination of factors including technical issues (low 
expression level, high costs of downstream processing), limited information on pro-
cess cost structure, and regulatory uncertainties. In the EU, plant-derived recombi-
nant proteins are subjected to two or three regulatory frameworks, referring to the 
authorization of genetically modified organisms and other governing the produced 
protein as pharmaceutical or industrial product, resulting in slow and costly 
approval. Within this regulatory system, the specific guidelines for molecular farm-
ing are still evolving. In this review, we summarize the current state for the risk 
assessment and regulation of plant-made industrial and plant-made pharmaceutical 
products and discuss recent changes and the need for further development of spe-
cific molecular farming regulatory landscape.

Keywords Molecular farming · Process-specific regulation · Product-specific 
regulation · Risk assessment · Risk management
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EFSA European Food Safety Authority
EMA European Medicines Agency
FDA Food and Drug Administration (USA)
GMM Genetically modified microorganism
GMO Genetically modified organism
GMP Good manufacturing practice
GRAS Generally recognized as safe
PMI Plant-made industrial compound
PMP Plant-made medicinal product
RAC Committee for Risk Assessment
REACH Registration, Evaluation, Authorisation and Restriction of Chemicals
SEAC Committee for Socio-economic Analysis
USDA United States Department of Agriculture

14.1  Introduction

Molecular farming refers to the production of recombinant proteins, peptides, and 
small molecules in plant cells. The use of plants as bioreactors began in 1989 by the 
expression of a functional full-size lgG1 antibody in transgenic tobacco (Hiatt et al. 
1989). Since that time, different types of proteins for both pharmaceutical and indus-
trial purposes have been produced in plants. Pharmaceutically relevant proteins 
include various antibody formats, vaccines, hormones, blood products, and enzymes 
(Ma et al. 2003; Paul and Ma 2011; Sabalza et al. 2014). The product profile of plant-
made industrials (PMI) ranges from research-grade reagents and technical enzymes 
to cosmetic products (Tschofen et al. 2016; Fischer et al. 2013; Paul et al. 2013).

Plants offer several benefits over traditional bacterial and mammalian cell-based 
platforms for recombinant protein production (Schillberg et al. 2019; Schillberg and 
Finnern 2021). First, plants can fold and assemble complex proteins and carry out 
eukaryotic posttranslational modifications, which are required for optimal protein 
activity (Komori et  al. 2009; Matsubayashi 2011; Strasser 2016). Moreover, the 
glycosylation engineering of host plants allowed the production of biobetters with 
humanlike or optimized glycan profile (Grabowski et al. 2014). Second, plants offer 
animal- and endotoxin-free platform to avoid the contamination of the final product 
(Magnusdottir et al. 2013). Third advantage from the use of plants as bioreactors is 
the production speed in case of transient expression system. The recombinant pro-
tein can be produced within several weeks after confirming the gene sequence 
(Shoji et al. 2011; Sainsbury 2020). This method has a great potential for emergency 
vaccines or biologics that was demonstrated for influenza (Ward et al. 2020), Ebola 
(The PREVAIL II Writing Group, for the Multi-National PREVAIL II Study Team 
2016), and Covid-19 (Capell et al. 2020; Pillet et al. 2022) vaccines. Fourth, produc-
tion of mucosal animal vaccines and therapeutics in plant cells and their administra-
tion as minimally processed plant material can reduce the manufacturing costs and 
in some cases enhance their effectiveness (Zimmermann et  al. 2009; Virdi et  al. 
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2013). Fifth, another benefit associated with the use of plants is a rapid scaling up 
in comparison to fermenters. Lastly, the production of recombinant proteins in 
plants, particularly cosmetic products, might improve the consumer acceptance of 
the final product (see also Chaps. 1 and 2).

Despite the promising advantages of molecular farming listed above, the imple-
mentation of plant-made proteins into the market was delayed (Fischer et al. 2014; 
Spiegel et  al. 2018). The first commercialized proteins produced in plants were 
technical reagents and industrial enzymes such as avidin (Hood et al. 1997; Hood 
and Howard 2014), aprotinin (Pogue et al. 2010), lysozyme (Broz et al. 2013), tryp-
sin (Woodard et al. 2003), and ß-glucuronidase (Witcher et al. 1998). To date, two 
plant-derived biopharmaceuticals for humans have been approved. The first one is 
Elelyso® produced in carrot suspension culture by Protalix Biotherapeutics 
(Karmiel, Israel) (Fox 2012). The second product is Covid-19 vaccine Covifenz®, 
which is manufactured by Medicago (Quebec, Canada) and has been approved by 
Health Canada on February 24, 2022 (see also Chap. 12). Table 14.1 shows the 
representative list of plant-produced proteins and their commercial status.

The limited number of molecular farming products on the market indicates several 
bottlenecks for commercial development, particularly for pharmaceutical proteins. The 
most widely recognized drawbacks include the relatively low expression levels, high 
costs of downstream processing, and regulatory hurdles (Schillberg and Finnern 2021; 
see also Chap. 13). In the EU, relevant molecular farming regulations refer to the legal 
standards applied to the production technology (transgenic plants, plant cell cultures, 
etc.) and to the regulation for specific classes of products (pharmaceutical and indus-
trial proteins). An authorization can only be granted if no risk for environment, human, 
and animal health has been identified on the basis of risk assessment carried out by the 
independent risk assessment bodies. In the EU, the deliberate release of GMO (here: 
nonfood/non-feed plant production) in the environment is authorized involving the 
competent authorities of the member states and the European Food Safety Authority 
(EFSA). The European Medicines Agency (EMA) is responsible for the risk assess-
ment of pharmaceutical products. Specific risks could be associated with molecular 
farming resulting in the specific challenges for the EU regulation. This chapter pro-
vides an overview of the current molecular farming landscape in terms of the risk 
assessment and regulation. Particular aspects discussed will include risk assessment, 
risk management, and authorization of molecular farming products in the EU.

14.2  Risk Analysis

Risk analysis follows a common regulatory procedure in the decision-making pro-
cess for a proposed commercial release of recombinant proteins. It involves three 
interconnected components, risk assessment, risk management, and risk communi-
cation. Risk assessment identifies potential risks and evaluates the possible outcome 
associated with the specific activity on the basis of scientific data. Risk assessment 
consists of four steps including hazard identification, hazard characterization, 
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exposure assessment, and risk characterization. Risk management is based on the 
risk analysis and evaluates, selects, and executes options to manage the possible 
risks. Risk communication defines the interactive exchange of information and 
opinions during the risk analysis process among risk assessors, risk managers, con-
sumers, feed and food businesses, academic community, and other interested par-
ties. Risk communication also includes the elucidation of risk assessment findings 
and the basis of risk management decisions.

The differences between transgenic plants for feed and food use and molecular 
farming plants have been highlighted in several papers (Spök 2007; Spök et  al. 
2008; Sparrow et al. 2013). First, the accumulation of recombinant protein is con-
siderably high by purpose in comparison to transgenic plants for feed and food 
application. Therefore, the environmental and human exposure could reach relevant 
effect levels. Second, genetically modified plants used for molecular farming can 
include several traits simultaneously (stacked events) including recombinant pro-
tein/proteins of interest and, e.g., resistance genes against pathogens and weeds, 
visual markers, and molecular confinement systems. Stacking of several events 
broadens the assessment of unintended effects on plants. Third, plant-made pharma-
ceuticals (PMPs) produce the pharmaceutically active compounds that have an 
intended biological effect on humans or animals. Thus, the properties of the recom-
binant protein might be of concern. Therefore, the specific features of the transgenic 
plants for nonfood and non-feed use impact their risk assessment.

14.2.1  GMO Risk Assessment

In the EU, EFSA GMO panel published a guiding opinion explaining the risk 
assessment of genetically modified (GM) plants for nonfood and non-feed purposes 
(EFSA 2009). Following the EU regulations, a principle for risk assessment of GM 
plants is a comparative assessment. It is based on datasets for (1) molecular charac-
teristics of the GM plant; (2) agronomic, phenotypic, and compositional character-
istics of the GM plant; and (3) toxicological and allergenic assessment of the foreign 
protein(s) and genetic modification. The environmental risk assessment requires a 
safety evaluation regarding potential changes in the weediness and invasiveness of 
GM plants, potential gene transfer to plants and microorganisms, interaction 
between the GM plant and target and nontarget organisms, and potential impacts on 
ecosystem functions (e.g., soil function through specific management measures) 
(Directive 2001/18/EC 2001; EFSA 2010). A case-by-case risk assessment is man-
datory, because the features of the recombinant protein, protein expression, and 
exposure levels vary substantially (Shama and Peterson 2008a, b). While produc-
tion in closed facilities such as greenhouses limits mandatory risk assessment efforts 
and simplifies authorization of transgenic products, approval for production in open 
field requires extended testing (field scale), datasets, and analyses of broader envi-
ronmental impacts resulting in significant time and financial investment.
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14.2.2  Ways to Minimize Gene Flow from Molecular 
Farming Plants

There are two main issues concerning open-field cultivation of PMP and PMI plants. 
The first one is the unintended spread of transgenic material into the environment 
and subsequent possible nontarget effects on the organisms and ecosystems. Three 
mechanisms are responsible for transgene escape: pollen dispersal, seed dissemina-
tion, and development of transgenic plants from volunteer vegetative organs. The 
transgene might spread from transgenic to non-transgenic population of the same 
plant species or to the related wild species (Liénard et  al. 2007; Ryffel 2014). 
Another key challenge is the possible contamination of food and feed chains during 
harvesting, transport, processing, and waste disposal of transgenic plant material 
(Elbehri 2005). To prevent or minimize possible negative effects of PMI and PMP 
plants on human health and environment, a number of strategies have been proposed 
including choosing appropriate plant production host and physical and biological 
containment (Commandeur et al. 2003; Obembe et al. 2011; Rybicki 2010; Breyer 
et al. 2012).

Two types of factors should be considered when selecting the plant production 
host for molecular farming. The first group of factors includes economic consider-
ations such as total biomass yield, length of production cycle, setup, scale-up, 
downstream, and containment costs. The second category takes into account the 
potential impact on the environment and food and feed chains (Sparrow and Twyman 
2009; Breyer et al. 2012). Numerous plants that have been used for recombinant 
protein production can be divided into three classes, namely food, nonfood, and 
non-crop species (Twyman 2004; Sparrow et al. 2007). Food crops have the estab-
lished cultivation and processing procedures that is favorable for using these plants 
for recombinant protein production. The food crops can be subdivided into three 
main groups: seed crops, vegetables, and food/leaf crops (Sparrow et  al. 2007). 
Many seed crops including maize, rice, barley, pea, soybean, and oilseed rape are 
well suited for molecular farming. The accumulation of recombinant proteins in 
seeds offers a high protein storage capacity, weak protease activity, and long-term 
storage ability at ambient temperature (Boothe et al. 2010; Khan et al. 2020; see 
also Chaps. 5 and 6). The seed-specific expression can reduce the possible negative 
effects of the recombinant protein on nontarget organisms. The main concerns from 
the biosafety point of view are pollen-mediated gene flow and contamination of 
food and feed chains. The possible seed spillage and seed mixing during transport 
and handling should also be considered. The use of maize as a production crop has 
a number of benefits such as an available agricultural infrastructure, germplasm 
resources and genetic knowledge, and ease of transformation and scaling up. Maize 
has already been used for commercial production of trypsin, avidin, and 
β-glucuronidase (Tschofen et al. 2016). The main disadvantage of this crop is the 
potential crossing with non-transgenic maize (Luna et al. 2001). The second seed 
crop, which has been successfully used for molecular farming, is rice. This plant has 
a number of advantages including well-established transformation system and 
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self- pollination feature. InVitria, a division of Ventria Bioscience Inc. (Junction 
City, USA), has produced rice seeds and commercialized several research reagents 
such as albumin, lactoferrin, lysozyme, and transferrin (see also chapter “The Use 
of Rice Seed as Bioreactor”). Barley is also self-pollinated and is used as a produc-
tion host by ORF Genetics (Kopavogur, Iceland) to express growth factors and cyto-
kines. Among the seed plants, oilseed rape has been considered as not suitable for 
field production of recombinant proteins due to the open pollination, compatibility 
with local weed species, and multiple-year seed dormancy (Sparrow et al. 2007). In 
the third group, vegetables such as potato and carrot can be used for recombinant 
protein production. One of the main advantages of these crops is the product stabil-
ity in tubers or roots. Furthermore, vegetable crops have been considered as a suit-
able system for the production of oral vaccines. However, determination of dosage 
is a tedious task, and product accumulation can vary between individual tubers/
roots resulting in batch-to-batch inconsistency (Sahoo et  al. 2020; Naik 2022). 
Lettuce, spinach, and alfalfa represent the leaf crops. The possible consumption of 
uncooked, unprocessed, or partly processed material is a major benefit when phar-
maceutical proteins are produced in these plants (see also chapter “Molecular 
Farming of Pharmaceutical Proteins in Different Crop Systems: A Way Forward”). 
Nevertheless, the recombinant proteins in leaves are in the aqueous environment 
and are subjected to rapid proteolytic degradation after harvesting. Therefore, plant 
tissue containing recombinant protein should be processed after collecting that 
requires corresponding logistic (Twyman 2004). From the biosafety perspective, the 
potential exposure of nontarget organisms can be a disadvantage. Harvesting the 
plant tissue before flowering can reduce the risk of pollen and seed escape. The next 
group of host plants for molecular farming is nonfood crops. Using nonfood crops 
helps to separate molecular farming products from the products used in the human 
and animal food chain. Tobacco is the most widely used plant from this group 
because of the well-established procedure for gene transfer and expression, high 
biomass yield, and available infrastructure for large-scale cultivation and process-
ing. In terms of high level of toxic alkaloids, which are present in tobacco leaves, 
low alkaloid varieties could be exploited. Possible drawbacks of this expression 
host are the phenolic substances, which can interfere with the downstream process-
ing (Rymerson et al. 2002, Tremblay et al. 2010; see also chapter “Tobacco Plants 
as a Versatile Host for the Expression of Glycoproteins”).

The third category, non-crop plants, ranges from N. benthamiana to duckweed 
(Lemna minor), microalgae (Chlamydomonas reinhardtii), and moss (Physcomitrella 
patens) (Yao et al. 2015). The main advantages of these plants are their nonfood and 
non-feed status and possibility of contained cultivation. Currently, N. benthamiana 
is the most popular host plant for transient expression by agrodelivery. This plant is 
susceptible to infection with plant viruses and Agrobacterium tumefaciens, grows 
well under controlled indoor conditions, and can rapidly produce a large amount of 
biomass and a master seed bank (Goodin et  al. 2008; Powell 2015; Bally et  al. 
2018). N. benthamiana is the core production host of many companies worldwide 
including Medicago (Quebec, Canada), Kentucky BioProcessing (Owensboro, 
USA), PlantForm (Ontario, Canada), Icon Genetics (Halle, Germany), iBio/Caliber 
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Biotherapeutics (Bryan, USA), CapeBio (Centurion, South Africa), Bioapp 
(Gyeongsangbuk-do, Korea), and Leaf Expression Systems (Norwich, UK) 
(LeBlanc et al. 2020).

In summary, the best production host from a biosafety perspective may not be the 
best from the commercial viewpoint. Therefore, the particular application will 
define the balance between biosafety and commercial considerations during the 
selection of the plant host (Clark and Maselko 2020).

In addition to the choice of the appropriate production host, physical isolation 
can be employed as a containment strategy. Physical containment involves the use 
of special equipment, facilities, and procedures to prevent the unintended transgene 
escape into the environment. The management of food and feed transgenic plants 
using isolation distances is also applicable to the plants used for recombinant pro-
tein production. The cross-fertilization levels decrease rapidly with increasing dis-
tance between the pollen donor (transgenic plant) and pollen recipient (non-transgenic 
plant) resulting in the reduced pollen-mediated transgene flow. In the EU, the mem-
ber states can require appropriate buffer zones/isolation distances. The isolation dis-
tances depend on plant biology (self- or wind-pollinated) and meteorological/
climate conditions. In addition to buffer zones, pollen barriers (non-transgenic trap 
plants) surrounding the GM crop can reduce the extend of cross-pollination between 
transgenic and non-transgenic plants (Murphy 2007). The second approach of phys-
ical containment is based on growing molecular farming plants under contained 
conditions. Several types of physical containment can be considered including 
underground facilities (mines), plastic tunnels, and greenhouses. Currently, plant- 
based in vitro and transient expression technologies can provide containment at all 
manufacturing stages, from the plant cultivation to the processing of the end prod-
uct. In vitro technologies include cell suspensions, hairy root cultures, and cultiva-
tion of moss (P. patens), duckweed (Lemna sp.), and green microalga (C. reinhardtii) 
(Rosales-Mendoza et  al. 2012; Decker and Reski 2020; Gutierrez-Valdes et  al. 
2020; Krasteva et  al. 2021; Yang et  al. 2021; see also chapters “Duckweed, an 
Efficient Green Bio-factory for the Production of Recombinant Proteins” and 
“Microalgae as a Bioreactor for Molecular Farming of Oral Edible Vaccines Against 
Infectious Diseases of Humans and Animals”). However, molecular farming manu-
facturing in contained facilities is connected with the increased production costs.

The biocontainment measures as well as the physical isolation can minimize the 
unwanted transgene escape and its potential negative consequences. The biological 
containment exploits the existing natural mechanisms to limit reproduction or intro-
duces them by genetic engineering. The strategies relying on biological barriers 
preventing transgene flow include cleistogamy, apomixis, plastid transformation, 
and male and seed sterility (Daniell 2002; Breyer et al. 2009; Ryffel 2014). The 
naturally occurring reproduction without fertilization termed apomixis can be 
exploited as a genetic barrier for pollen-mediated transgene flow. About 400 plant 
species can produce seeds without fertilization (Spillane et al. 2004). In combina-
tion with the male sterility, this phenomenon might be an efficient biological con-
tainment tool. Nevertheless, it is limited by the necessity to investigate the involved 
genetic mechanisms, restriction to certain plant species, and a residual risk of seed 
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dispersal (Ryffel 2014). Another option would be cleistogamy, self-pollination 
within a closed flower, found in barley, soybean, and rice (Hüsken et  al. 2010). 
However, establishing cleistogamy is not practical in a number of important crops 
including maize, wheat, and cassava, and much more information is required to 
determine the genes that are responsible for this phenotype (Daniell 2002). The 
integration of transgene in the chloroplast genome is also a promising option for 
gene containment due to the maternal inheritance of plastids in many species. In 
addition to biosafety benefits, expression in chloroplasts offers high yield of recom-
binant proteins, lack of gene silencing and position effects, and polycistronic mRNA 
expression (Bock 2021). Plastid transformation technology as a confinement strat-
egy has some limitations. The feasibility of plastid genetic engineering for biocon-
tainment depends on the plant species. Maternal inheritance of plastids is not 
universal: more than one-third of the angiosperm species do not display a strict 
maternal inheritance. Furthermore, plastid transformation remains much more chal-
lenging than nuclear transformation and is not as widespread in plant research (Yu 
et al. 2020). Some studies have also shown the possibility of rare parental plastid 
transmission (Ruf et al. 2007; Svab and Maliga 2007) and the transgene transfer 
from the chloroplasts to nucleus (Stegemann and Bock 2006). In addition, proteins 
produced in chloroplasts are not glycosylated, limiting the potential product range 
(see also Chap. 9). Male sterility is another method to reduce pollen-mediated gene 
flow. There are a number of naturally occurring mechanisms of male sterility includ-
ing cytoplasmic male sterility (CMS). CMS is a maternally inherited trait that fails 
to produce viable pollen (Chase 2007). This phenotype is encoded by the mitochon-
drial genome and can be suppressed by the nuclear restorer genes (Chen and Liu 
2014). CMS is widely exploited in plant breeding to design hybrid seeds. However, 
the stability of the CMS phenotype depends on genotype and environmental condi-
tions. In addition, male sterility can also be induced through introducing genes 
affecting pollen fertility. One of the best-studied systems of the engineered male 
sterility is the barstar and barnase system based on the ribonuclease (barnase) from 
Bacillus amyloliquefaciens, which inhibits pollen formation (Mishra and Kumari 
2018). It has already been shown that this technology was useful to generate male- 
sterile maize, oilseed rape, tobacco, sugar beet, sunflower, potato, tomato, wheat, 
rice, cauliflower (Breyer et al. 2009), and Indian oilseed mustard (Bisht et al. 2007) 
plants. Basically, most of the biological containment strategies are far from the 
commercial application and display different levels of reliability. At their current 
stage of development, the biocontainment options will most probably not be able to 
achieve full protection of the environment from gene flow. To reach a high level of 
containment, a combination of approaches may be necessary. It is also obvious that 
the measures to manage risks associated with the plant-based production of recom-
binant proteins should be considered on a case-by-case basis.
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14.3  Regulation of Molecular Farming

In the EU, the regulations relevant to molecular farming combine directives and 
regulations applied to genetically modified organisms (GMOs) as a production plat-
form (process-triggered regulation) and to a specific class of products (product- 
specific regulation) (Spök et al. 2008). In the following section, these regulations 
are considered in detail.

14.3.1  Process-Specific Regulation

The regulation of GMOs worldwide is in most cases based on a process-specific 
(genetic engineering) legal regime, except in Canada, where a product-based regu-
lation (based on the novelty of the trait in an organism) is in place. The EU regula-
tory framework for the release and placing on the market of GMOs is triggered by 
the method of production (by genetic engineering) and is one of the strictest in the 
world. It aims at protection of environment and human health and well-functioning 
EU internal market. The EU regulatory system relies on three main principles, 
namely risk assessment-based pre-market authorization, traceability, and labeling 
(Bruetschy 2019).

Molecular farming consolidates three main types of plant platforms, including 
cell suspension cultures/aquatic plants, transient expression, and transgenic plants 
that rely on the transfer of foreign genetic information into plant cells (Twyman 
et al. 2003; Paul and Ma 2011). The delivery method of recombinant DNA differs 
between the expression systems (Stöger et  al. 2014; Shanmugaraj et  al. 2020). 
Therefore, the same recombinant protein may fall under different regulations 
depending on the production method. The key directives of the EU, which govern 
the production process through GMO and are relevant to molecular farming, are 
shown in Table 14.2.

Directive 2009/41/EC covers the activities associated with the contained use of 
genetically modified microorganisms (GMMs), but several member states include 

Table 14.2 Process-specific regulation in the EU

Directive/
guidelines Scope of regulation Covers Authority

Directive 
2009/41/EC

Contained use of 
GMMs

Use of GMMs in contained 
facilities (laboratory, 
greenhouse, etc.)

EU member states

Directive 
2001/18/EC 
(Part B)

Deliberate release of 
GMOs into the 
environment

Experimental field trials EU member states

Directive 
2001/18/EC 
(Part C)

Deliberate release of 
GMOs into the 
environment

Commercial cultivation EFSA, EU member 
states, EU 
Commission
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handling of GM plants in contained use when adopting the Directive to their national 
legislation (EC 2021). It regulates several issues such as the initial laboratory devel-
opment as well as use, transport, storage, and disposition of GMOs including bacte-
ria, viruses, viroids, and animal and plant cells. Contained production reduces the 
risks of food and feed contamination. However, this type of manufacturing can lack 
some advantages of open-field cultivation of PMI and PMP plants (Spök 2007). 
According to the Directive 2009/41/EC, production in greenhouses and contained 
facilities is under the regulatory oversight of each EU member state. The contained 
use of GMOs must be notified to the relevant competent authorities of the member 
state. The applicant should perform an appropriate risk assessment and is responsi-
ble for organizing the contained level and minimizing any potential risks associated 
with the GMO.

To fully exploit the issue of commercial low-cost production of industrial and 
pharmaceutical proteins in plants, it may be desirable to grow molecular farming 
plants in the field. The deliberate release of GMOs including plants to the environ-
ment is regulated in the Directive 2001/18/EC. This Directive foresees two authori-
zation levels: time- and area-limited field trials for research and development 
purposes (part B) and placing on the market of the GM plants including import, 
transport, processing, handling, storage, and cultivation (part C) (Spök and Karner 
2008). Authorization under Part B does not allow the commercialization of pharma-
ceutical and industrial products.

The Directive 2001/18/EC (Part B) requires a prior authorization of GMO release 
into the environment. An application should be submitted to the competent national 
authority of the member state in which the field release will take place. It must 
include a technical dossier supplying information on the aim of the field release, 
host plant, introduced foreign gene, location and size of the field site, an environ-
mental risk assessment, and management strategies. The competent authority of the 
member state must make a decision on whether or not to grant consent within 
90 days of receiving the notification. Additionally, the national competent authority 
provides the EU Commission with a summary containing the most important infor-
mation of the application (SNIF). To support the transparency of the proposed activ-
ities, the SNIF is published and can be accessed in the following URL: https://
webgate.ec.europa.eu/fip/GMO_Registers/GMO_Part_B_Plants.php. In the EU, 21 
experimental field trails relevant to molecular farming have been notified since 2013 
(Table 14.3). Readers can find the data on the experimental field trials with the PMI 
and PMP plants in Europe for the period 1995–2012 in Sparrow et al. (2013).

Part C of the Directive 2001/18/EC covers the commercialization of GMOs. 
Placing on the market of GMOs refers to selling GMOs or products containing 
GMOs to third parties. Due to the free movement of goods within the EU, the deci-
sion about commercialization has to be granted at the EU level. This authorization 
is then obligatory for all member states. The application for cultivation or import of 
GMO must be submitted to a competent authority of one of the EU member states. 
Such an application comprises comprehensive documents about human and envi-
ronmental risk assessment, monitoring plan, detection method, and labeling 
proposals.
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Table 14.3 Experimental field trials of GM plants relevant to molecular farming in Europe 
(2013–2022) (source: https://webgate.ec.europa.eu/fip/GMO_Registers/GMO_Part_B_
Plants.php)

Plant Trait Number of trials

Barley Antimicrobial peptide 3
Barley Thaumatin, human growth factors 1
Camelina Modification of fatty acid content 5
Crambe Modification of industrial oil content 1
Maize Modification of starch content 1
Maize Vitamins 3
Potato Modification of starch content 4
Rice Microbicide components 1
Tobacco Thaumatin 3
Tobacco Squalene 1

The competent authority may request additional information from the applicant 
and prepares an evaluation report about the full application dossier and a decision 
proposal. It also informs the other member states. If a member state disagrees with 
the proposed analyses, the EFSA is requested to provide an evaluation. Finally, the 
European Commission makes a decision about authorization based on EFSA opin-
ion. Marked releases of GM crops intended for food or feed use are authorized 
according to the procedure laid out in the EU Regulation 1829/2003 with EFSA 
coordinating the evaluation of the application and risk assessment, consulting the 
member states’ authorities and providing a decision proposal to the Commission 
that finally decides (Raybould and Poppy 2012). PMI and PMP plants have only 
been grown in field trials under Part B of Directive 2001/18/EC in the EU 
(Table 14.3). In contrast to insect- and herbicide-resistant transgenic plants for food 
and feed, the molecular farming plants are expected to be grown on small acreages. 
Moreover, cultivation, transport, and processing are carried out in one member state.

14.3.2  Product-Specific Regulation of Molecular Farming

Additionally to the process-specific GMO regulation, the plant-produced recombi-
nant proteins need to adhere to the regulation covering the intended use of the prod-
uct. Two main types of proteins can be produced in plants, namely, pharmaceutical 
and non-pharmaceutical proteins. The first category of the molecular farming prod-
ucts includes proteins for veterinary and human medicine. Placing of these products 
on the market is regulated by several EU directives und regulations, which are pre-
sented in Table 14.4.

Regulatory oversight for PMPs is covered by the Directive EC 2019/5. During 
the research and development stage, these products are overseen by the national 
authorities, whereas the European Commission grants the marketing authorization 
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Table 14.4 The EU regulation governing the intended use of molecular farming products

Directive/
guidelines Scope of regulation Covers Authority

Clinical Trials 
Regulation 
(CTR)

Human clinical trials Efficiency and safety 
evaluation of medicine 
product

EU member states at the 
research and development 
stage and EMA at 
marketing stage

Regulation 
(EC) 2019/5

Marketing of biotech 
products including 
pharmaceuticals

Authorization and 
supervision of 
pharmaceutical products for 
human and veterinary use

EMA (product 
evaluation) and EU 
Commission (market 
authorization)

Directive 
2004/27/EC

Human 
pharmaceuticals

Authorization and 
supervision of human 
pharmaceuticals

EMA (product 
evaluation) and EU 
Commission (market 
authorization)

Directive 
2004/28/EC

Veterinary 
pharmaceuticals

Authorization and 
supervision of veterinary 
pharmaceuticals

EMA (product 
evaluation) and EU 
Commission (market 
authorization)

Regulation 
(EU) 
2017/745

Medical devices Clinical investigation and 
sale of medical devices

EMA (product 
evaluation) and EU 
Commission (market 
authorization)

Regulation 
(EU) 
2017/746

In vitro diagnostic 
devices

Clinical investigation and 
sale of in vitro diagnostic 
devices

EMA (product 
evaluation) and EU 
Commission (market 
authorization)

Regulation 
(EU) 
1223/2009

Cosmetic products Safety evaluation and sale 
of cosmetics

EU member states and 
EU Commission

Regulation 
1907/2006 
(REACH)

Chemical substances Registration, evaluation, 
authorization, and 
restriction of chemicals

The European Chemicals 
Agency (ECHA)

following the scientific evaluation by the EMA. The efficiency, safety, and quality 
of medicinal products are assessed by reviewing the results reported in the market-
ing authorization dossier, which includes quality, preclinical, and clinical sections. 
The manufacturing of the medicine drugs must comply with the good manufactur-
ing practice (GMP) standards. GMP provides an associated group of activities and 
norms, which are developed to guarantee that the product has a consistent high 
quality and meets the requirements for its intended use and clinical trials (Yusibov 
et al. 2011). Initially, the GMP guidance for PMP manufacturing was based on the 
GMP guidance for the well-established production platforms such as bacterial and 
mammalian cells. The plant suspension culture, moss, and algae cells are similar to 
animal cells. In this case, a number of concepts developed for the conventional 
expression systems are also applicable for plant system. These include master and 
working cell banks, batch-to-batch consistency, standard operating procedures, as 
well as downstream processing steps. Therefore, the first commercial successes in 
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the pharmaceutical sector have been achieved using plant cell suspension cultures. 
For example, Dow AgroSciences (Corteva Inc) developed the CONCERT™ plat-
form based on the tobacco BY-2 cells for the production of veterinary drugs. The 
first plant cell-derived vaccine against Newcastle disease virus produced using this 
expression system was approved by the USDA in 2006 (Fox 2006; see also chapter 
“Plant-Based Veterinary Vaccines”). The second example is the ProCellEx® plat-
form utilizing carrot cells, which has been established by the Israeli company 
Protalix Biotherapeutics. In 2012, the taliglucerase alfa manufactured using the 
ProCellEx® platform was approved as a first plant-produced pharmaceutical for 
human use by the FDA (Fox 2012; Grabowski et al. 2014). Another important con-
tribution is the moss expression system developed by the German company Eleva 
(Freiburg, Germany). The Repleva AGAL enzyme to treat Fabry disease produced 
in moss cells has completed the phase I clinical trial (Hennermann et al. 2019).

Updated EMA guidelines addressing the use of transgenic plants for molecular 
farming came into effect in 2009 (EMA 2009). In this document, a number of regu-
latory concepts developed for cell culture system have been revised. These modifi-
cations include particularly the replacement of master and working cell banks with 
master and working seed banks, taking into account the natural variation of recom-
binant protein accumulation between individual plants and plant organs and refine-
ment of requirements for standard operating and downstream processing procedures 
(Fischer et al. 2012). In contained conditions, most of the factors, which affect plant 
development and recombinant protein yield including water supply, light, soil, and 
chemical treatments, can be controlled. Therefore, recombinant protein production 
in greenhouse can provide more sustainable batch-to-batch consistency during the 
manufacturing process. In this context, an EU-funded academic research consor-
tium Pharma-Planta, which run from 2004 to 2011, demonstrated a proof of concept 
for the GMP-compliant manufacture of plant-produced HIV-neutralizing mAb 
2G12 (Sparrow et al. 2007). The consortium identified the key regulatory issues for 
the GMP production and processing, and designed and performed a clinical trial. 
This clinical trial represented the first use of GMP-compliant transgenic plant- 
derived antibodies in humans. The plant-produced antibodies were well tolerated 
and safe in a healthy woman (Ma et al. 2015; see also Chap. 7). The consultation 
with the regulators, which was carried out in the frame of the Pharma-Planta proj-
ect, established new guidelines for manufacturing of medicinal drugs in transgenic 
tobacco plants in contained facilities (Drake et al. 2017).

In case of open-field cultivation of the PMP transgenic plants, the GMP- 
compliant process validation is generally more challenging compared to the green-
house cultivation. First, outdoor farming is more susceptible to climate, weather, 
and soil. Second, pest invasion, plant diseases, and application of pesticides are the 
sources of variability. Another challenge is an inconsistency in target protein expres-
sion, as well as the nature and amount of by-products between seasons, fields, and 
individual plants. Taking into account all these factors, the establishing of batch-to- 
batch consistency, one of the main standard requirements for producing biopharma-
ceutical drugs under GMP, is problematic for open-field manufacturing (Spök and 
Karner 2008). In addition, the low acceptance of GM plants in the EU resulted in de 
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facto moratorium on their cultivation. Therefore, the EU companies working in the 
biotechnology sector focused on the contained plant-based expression systems.

Transient expression is one of the promising plant-based expression platforms 
(Gleba et al. 2005; Peyret and Lomonossoff 2015). Currently, transient expression 
is making rapid and impressive progress due to its high level of target expression, 
scalability, and time efficiency. It consists of two components: host plant and geneti-
cally modified bacteria (A. tumefaciens) and/or viruses. The genetic information 
encoding the protein of interest is introduced into plants by bacteria or viruses 
resulting in recombinant protein accumulation in the host plant. The manufacturing 
is performed in contained facilities, and the master and working cell banks should 
be defined for microbes carrying foreign genetic information (Spiegel et al. 2018). 
In contrast to the FDA/USDA (FDA/USDA 2002) guidelines accepting all plant- 
based production platforms, the EMA guidelines did not include the transient 
expression platform leading to slow development of commercial process based on 
this technique in the EU. In this sense, one of the main goals of the current EU-funded 
consortium Pharma-Factory (2017–2022) is the consultation with the regulatory 
bodies to establish the regulatory pathways for a range of plant production plat-
forms, particularly transient expression (Schillberg and Finnern 2021; see also 
Chap. 15). This regulatory inconsistency has also a great impact on the development 
of large-scale facilities, which are necessary for commercial application of transient 
expression technology. For instance, several companies outside the EU operate such 
green factories, including Kentucky Bioprocessing (Owensboro, USA), Medicago 
(Quebec, Canada), Mapp Biopharmaceutical (San Diego, USA), iBio/Caliber 
Biotherapeutics (Bryan, USA), and Leaf Expression Systems (Norwich, UK). In 
contrast, only few pilot research facilities, namely Fraunhofer IME (Aachen, 
Germany) and Icon Genetics/Nomad (Halle, Germany), are available in the EU.

Placing on the market of the non-pharmaceutical products does not require clini-
cal trials and thus generates faster returns. The approval of PMIs (technical and 
research reagents, industrial enzymes) is covered by the EU Regulation 1907/2006 
on Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH), 
which entered into force in 2007 (EU Regulation 1907/2006 2006). The European 
Chemicals Agency (ECHA) is the body responsible for the administration of 
REACH in the EU.  The REACH is aimed at providing high protection level of 
human health and environment from the use of chemicals. The safety data require-
ments depend on the substance volume: the obligation to submit a registration dos-
sier to the ECHA starts as soon as the production or import volume of a substance 
exceeds 1 tonne/year. In this dossier, the dangers of the substance and the measures 
to minimize the risks should be specified. Additional safety data are needed at 
higher tonnages (more than 10 tonnes/year). Authorization is granted by the EU 
Commission based on the opinion of the Committee for Risk Assessment (RAC) 
and the Committee for Socio-economic Analysis (SEAC) of the ECHA. The EU 
member states take part in the initial safety evaluation of substances (Cihák 2009). 
A number of plant-produced research reagents and enzymes are available on the EU 
market. For example, trypsin, avidin, and cellobiohydrolase I produced in 
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transgenic maize are distributed by Merck (Merck, Darmstadt, Germany) 
(Table 14.1). These chemicals have not been manufactured in the EU though.

At present, the commercialized plant-produced non-pharmaceutical proteins 
outnumber the pharmaceutical products due to the lower regulatory burden. The 
approval of the therapeutic recombinant proteins requires the comprehensive and 
expensive preclinical studies and clinical trials as an essential component of product 
safety assessment adding additional costs and time.

14.4  Conclusions

Several bodies of evidences suggest that molecular farming has matured to com-
mercial application. First, the technology now focuses on a relatively limited num-
ber of systems, which are relevant for the large-scale production. These expression 
systems include transient expression, transgenic/transplastomic plants, and single- 
cell or tissue culture systems (Sparrow et  al. 2018). Second, the plant-derived 
recombinant proteins have become established in niche markets, which demonstrate 
the strength of the technology in comparison to the traditional animal- and bacterial 
cell-based expression platforms. These products are falling into several classes such 
as custom pharmaceutical molecules (Bendandi et  al. 2010; McCormick 2011), 
rapid response vaccines (Qiu et al. 2014; Streatfield et al. 2015; LeBlanc et al. 2020; 
Tusé et al. 2020), bulk “commodity” antibody (Whaley et al. 2011; Stöger et al. 
2014), and therapeutic medicine for rare diseases (Hintze et al. 2020). Third, tran-
sient expression is becoming an industrial technology (Kopertekh and Schiemann 
2019). A number of companies operate large-scale facilities to produce pharmaceu-
tical proteins using this method (Holtz et al. 2015; Huebbers and Buyel 2021). But 
most of these facilities have been built outside of the EU reflecting unfavorable 
regulatory framework for transient manufacturing of recombinant proteins in 
Europe. Fourth, techno-economic analysis of plant-based production for different 
proteins such as monoclonal antibody (Nandi et al. 2016), horseradish peroxidase 
(Walwyn et al. 2015), cellulases (Tusé et al. 2014), griffithsin (Alam et al. 2018), 
and antimicrobial proteins (McNulty et al. 2020) shows that such products can be 
commercialized successfully. Finally, the EU regulatory landscape has started 
changing to support translation of molecular farming products from research to the 
market. Particularly, the issues of risk assessment for nonfood and non-feed trans-
genic plants and industry standards of GMP have been addressed by the EU regula-
tory authorities. However, the interviews with the stakeholders involved into two 
current EU-funded projects Newcotiana and Pharma-Factory indicated that the EU 
regulatory environment and the perception of the public toward biotechnology are 
the main barriers to molecular farming commercialization (Menary et al. 2020a, b). 
The regulatory landscape and public perception of molecular farming affect busi-
ness strategies and innovation worldwide and particularly in the EU. Within the last 
years, there has been a shift from the open-field cultivation of PMI and PMF plants 
to contained production. In terms of transient manufacturing in N. benthamiana, the 
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EU regulatory regime is still in development. On the other hand, the necessity of 
agricultural cultivation of PMI plants for the production of industrial enzymes and 
chemical reagents might renew the interest to revise a policy framework for such 
plants. In case of adoption of open-field PMI manufacturing, additional costs will 
arise from the need of controlling confinement measures and monitoring of food/
feed contamination. Another challenge facing the regulatory framework for molecu-
lar farming in the EU is an involvement of multiple regulatory bodies, for example 
EFSA and EMA, in product authorization, making this process slow and more 
complex.

We believe that further improvement of confinement methods and a strong pipe-
line of plant-produced recombinant proteins will foster further development of an 
appropriate regulatory landscape and speed the translation of molecular farming 
products to the market.
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Chapter 15
Deep and Meaningful: An Iterative 
Approach to Developing an Authentic 
Narrative for Public Engagement for Plant 
Molecular Technologies in Human 
and Animal Health

Alison Prendiville , Rosie Hornbuckle, Silvia Grimaldi, Sara Mesquite De 
Albuquerque, and Sebastian Fuller 

Abstract Public acceptance of plant molecular farming (PMF) for therapeutic and 
industrial proteins is a contentious public issue with stakeholder concerns focused 
on the social, environmental and regulatory challenges surrounding their develop-
ment. For the public, cross-pollination with food crops, safety, potential side effects 
on human health and regulatory and policing issues are areas that require careful 
consideration when balanced with the benefits of the technology. Moreover, there is 
public concern over transparency and the role of business, motivation for profits and 
ownership and access to PMF technologies. With this background, Pharma-Factory, 
a 4-year EU-funded research project from the Horizon 2020-Biobased Innovation 
for sustainable goods and services call, is investigating new ways of producing 
pharmaceuticals. Concomitantly, the work is tasked with ‘public engagement’ to 
explore barriers to acceptance of PMF pharmaceuticals for human and animal 
health. In this chapter, we present the research undertaken to achieve the main 
objective of ‘public engagement’, the value of the process for stakeholders and sci-
ence and technology partners. The approach incorporated a variety of perspectives 
and the development of many tools, including visuals, a glossary, an icon language, 
a narrative animation, posters and interactive exhibits, all relating to the perceived 
value and concerns of the technology under development, highlighting lived 
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 experiences of those who would be the recipients of the technologies. This extensive 
methodological approach not only builds scientific capacity and curiosity, through a 
process of participatory deliberations, but also offers a rich story around the tech-
nology which, we argue, provides the circumstances for a ‘deep and meaningful’ 
dialogue with the public and an authentic voice which has a legacy beyond the 
public engagement inside the funded project. Crucially, as the subsequent sections 
reveal, the public engagement story did not shy away from or ‘hide’ inconvenient 
questions or concerns, but rather highlighted them as opportunities for further 
discussion.

Keywords Co-design · Public engagement · Design methods
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15.1  Introduction

Plant molecular farming (PMF) offers new ways of researching and producing med-
icines, for vaccines, diagnostics and treatments in human and animal health. 
However, because of public opposition to genetically modified organisms in food 
production, there has been an inadvertent impact on other areas of bioengineering 
including PMF. Although there is less opposition towards these technologies for 
human health, there is still public concern that has crossed over from the GMO 
debate and impacted the public’s acceptance of these medical products.

Against this backdrop, Pharma-Factory was a 4-year EU Horizon 2020 Innovation 
Action research project which took place between 2017 and 2022, which was tasked 
with developing medical, veterinary and diagnostic products for human and animal 
health using PMF technologies. Included in its programme of work was a diverse 
range of stakeholder engagement activities, to explore issues around social accep-
tance and resistances to these PMF products. To situate and frame the Pharma- 
Factory stakeholder engagement, this chapter offers in the first instance an overview 
of the rationale for the emergence and evolution of public engagement in scientific 
communication that developed in response to advances taking place in areas such as 
biotechnology. We then explain our methodological approach, in response to the 
different PMF technologies under development, and the use of co-design methods 
that were conceived as a dialogical and deliberative process that would embrace 
different ways of knowing amongst a diverse range of stakeholders such as patient 
groups, healthcare practitioners, clinicians, technology developers and the wider 
public. From the start, we designed the different steps of the research process to be 
iterative, to inform the follow-on engagement activities and to ultimately frame the 
content and activities for three public exhibitions.

Throughout the project, the focus of stakeholder engagement has been on build-
ing scientific capacity and criticality in relation to the Pharma-Factory products as a 
process of co-creating knowledge to better engage with issues around public accep-
tance. Thus, dialogue with a range of publics became central, not as an exercise to 
build consensus around PMF per se, but to meaningfully engage different groups, 
using co-design tools in ways that would be human centred and future facing and 
account for a diversity of citizen concerns and values. The co-design stakeholder 
engagement workshops enabled the emergence of concerns and values that were 
communicated through a series of interactive public exhibitions during 2021 and 
2022. The findings from these various engagements suggest that the public are open 
to dialogue and, far from being resistant to PMF, are motivated to actively develop 
their knowledge so that they can better understand these technologies, not as sensa-
tionalist either-or options but as part of a more entangled range of personal and 
systemic issues that account for the complexities and trade-offs that need to be 
considered. Moreover, we found that this approach allowed an authentic narrative to 
evolve, which reaches beyond the assumptions of technology developers and 
enables meaningful dialogue with general audiences.
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15.2  Background: Shifting Perspectives

From the 1970s through to the end of the twentieth century, the model for scientific 
communication with the public was constructed as a ‘deficit’ model (Wilsdon and 
Willis 2004; Stilgoe et al. 2014) in which ‘the public’ were imagined as ignorant, 
hostile to scientific developments and a hindrance and obstruction to scientific inno-
vation. In this instance, scientists in white coats held authority and respect, with part 
of their professional responsibilities extending to improving the public’s under-
standing and knowledge of science (Wilsdon and Willis 2004). In contrast, at the 
start of the millennium, with developments in information technologies, increase of 
access to information and scientific fall-out from BSE, there were calls for more 
scientific openness and better scientific governance (Irwin 2006). According to 
Wilsdon and Willis (2004), this change in perspective can also be attributed to the 
changing boundaries of science and business which, although never completely 
delineated, were becoming more entangled in business, societal and political rela-
tionships. For the authors, the consequence of this was a growing ‘wariness towards 
scientists working in industry and government, and a suspicion of private ownership 
of scientific knowledge (Joly and Rip 2007)’. To address this, both Europe (European 
Commission 2001) and the UK (House of Lords Select Committee on Science and 
Society 2000) sought to overcome this legitimisation crisis by pushing for greater 
public engagement in scientific developments (Irwin 2006) in areas such as genetic 
engineering. However, Irwin notes how this rhetorical shift to a scientific gover-
nance based on public dialogue, transparency and democratic agency was similar to 
the previous deficit model of understanding, with this push for transparency and 
openness being an equivalent form of scientific authority, convincing a sceptical 
public of the need to trust decision-makers in their expertise, objectivity and impar-
tiality. Thus, for Irwin, instead of the previous top-down approach to address public 
ignorance, the new form was still based on an information deficit model, only this 
time the deficit was a lack of trust. This shift from ‘deficit to dialogue’ for scientists, 
funders and policymakers is further critiqued by Stilgoe et al. (2014) as they ques-
tion the validity of the approach in challenging and changing more fundamental 
structural institutional issues of science and its governance and see it as potentially 
reinforcing incumbent power structures (see also Chap. 13).

With much of the scientific research coming through taxpayer funding, Marris 
and Rose (2010) argue that the public should by necessity be involved in scientific 
decision-making relating to the technology and its governance. In other cases, they 
reiterate the need for public consultation as part of a process of building trust and 
additionally smoothing the way for new scientific innovations, ideally with the 
engagements taken early in the development to truly influence the direction of the 
work (Joly and Rip 2007). Yet, the authors stress that such approaches are not with-
out tensions and opposition, and they should not be seen as exercises in agreement 
and acceptance. Instead, it is recommended that such encounters are framed as an 
opportunity to understand and recognise multiple viewpoints and to ultimately 
assist decision-making by accommodating different perspectives (Joly and Rip 
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2007). However, scientists have raised doubts about the capability of the public to 
contribute to scientific decision-making, especially if they are lacking scientific 
knowledge and expertise (Graur 2007). Equivalently, citizens and third-sector actors 
question and doubt their knowledge and skills to engage in participatory activities 
in science, technology and innovation (Dreyer et al. 2018).

For many scientists, the opposition by the public to GMO is attributed to a lack 
of appropriate knowledge, which also relates to doubts that scientists may have on 
the public’s ability to be involved in scientific decision-making. For most of the 
time, people operate rationally on intuition, which occurs unconsciously, until we 
are confronted with abstract and complex scenarios that will then lead to irrational-
ity (Blancke et al. 2015). For the authors, this irrationality occurs when ideas and 
concepts require effort and time to understand, with only education offering a solu-
tion to the entrenched biases. Furthermore, the authors argue that this irrationality 
comes to the fore when negative images such as those presented by anti-GMO cam-
paigns work to undermine public trust, for example by linking socio-economic 
abuses to GM products whilst also playing to the notions of unnaturalness and con-
tamination of the environment (Blancke et al. 2015). In contrast, Couée (2016) sees 
this argument as too simplistic and, instead of pitching scientists and citizens as 
rational and irrational against each other, suggests that an alternative approach is 
taken, that accounts for the complex interactions between biotechnologies, societ-
ies, industry, and capitalism. In many instances, what is in fact being exhibited is not 
irrationality but empirical scepticism and such complexity should be seen as a stim-
ulating intellectual challenge (Couée 2016). MacPhetres et al. (2019) also make the 
connection between a lack of specific scientific domain knowledge of GM technol-
ogy and attitudes to GM foods. However, acceptance can be improved by teaching 
people about the science behind GM foods, which leads to more knowledge and 
positive attitudes towards the foods and a greater willingness to consume the foods 
and to view them as less risky (MacPhetres et al. 2019). To achieve this, they argue 
that the information communicated must be presented as value neutral that avoids 
any ideological claims that GM is safe or good. By adopting this approach, partici-
pants are then encouraged to reflect about the information presented and to make 
their own decisions. Similarly, the authors point to the contribution of mechanistic 
knowledge of scientific processes so that participants build foundational informa-
tion to support their decisions on whether a technology is safe or not. Overall, the 
authors recommend that communicating GM information in an engaging and acces-
sible format to facilitate decisions is an effective way to build public engagement of 
these technologies, and by addressing gaps in knowledge, public opposition and 
acceptance may be critically informed.
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15.3  Co-design for Empathetic and Flexible 
Stakeholder Engagement

An alternative perspective to public engagement for the purposes of scientific gov-
ernance and scientific decision-making (Irwin 2006; Stilgoe et al. 2014) and one 
particularly salient to our work is offered by Selin et al. (2017). The authors note 
how public engagement for scientific governance, as a focus for scholarly research, 
is often criticised for producing questionable outcomes that are limited in their 
impact on scientific governance policies, through their various engagement pro-
cesses (Stilgoe et al. 2014). Consequently, this has diminished other modes of pub-
lic engagement that have weak or non-existent ties to governance models, such as 
science cafes, festivals, informal dialogues or online discussions. To counter this, 
the authors look instead to citizen capacity building by drawing on literature from 
other domains of scholarship such as public administration to offer additional per-
spectives on the value of engaging public. For Brodie et al. (2009), the rationale for 
participation in local and national governance is interconnected with the involve-
ment offering a range of benefits from legitimacy and accountability of democratic 
institutions, empowering communities by coming together around a common cause 
or interest, which can assist in building social cohesion and as a tool for reforming 
public services that are more responsive and suited to people’s needs.

Concurrently, much citizen engagement in these public administration contexts 
has looked to design research and especially co-design for its ability to deal with 
complex issues and to create active citizenship to address many of the systemic 
problems of late modernity (Buchanan 2001; Norman and Stappers 2015; Evans 
and Terrey 2016). Since the millennium, as an emerging and evolving practice, ser-
vice design has been very much at the forefront of design’s adoption within policy 
and local government (Bason 2014; Kimbell 2015) and with it the use of co-design 
as a methodological approach. Evans and Terrey (2016) see co-design as ‘a method-
ology of research and professional reflection that supports inclusive problem solv-
ing and seeks solutions that will work for people’. Concomitantly by adopting these 
methods, the authors see opportunities for building trust with citizens and stake-
holders, facilitating knowledge of policy and identifying delivery problems that 
public organisations do not possess. However, in formulating more relational gov-
ernment services, standardised approaches for tackling systemic and complex prob-
lems are less effective, as in-depth knowledge of personal circumstances is required 
(Muir and Parker 2014).

Co-design’s role in Responsible Research and Innovation (RRI) is explored by 
Deserti et  al. (2020) who highlight its designerly methodological characteristics, 
which are iterative, experimental, human centred and supported by prototyping. The 
application of these methods arose from the RRI framework (CNR, EU Commission 
2015) that aimed to draw on a range of ‘societal actors—researchers, citizens, pol-
icy makers, third sector organisations to collaborate during the research and innova-
tion phases in order to better align both the process and its outcomes with the values, 
needs and expectations of society and to engage citizens and end users in the 
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co-creation of the solutions they wish for and need (Rizzo et al 2020)’. By using 
such methods, the authors note how the practice takes policymaking beyond its 
more utilitarian approach of problem-solving with experts, to a space which enables 
a better alignment between the technology and the situated nature of the context in 
which a policy will be implemented. In such experimental environments, stakehold-
ers may be engaged in new and far-future-making with the technology, mapping 
their own current experiences and relationships, including those with the technol-
ogy, whilst exploring concerns over the social, safety and risk dimensions.

Specifically relating to the biosciences and PMF, Hornbuckle et al. (2020) pres-
ent design as a distinctly different methodology from the biosciences and social 
sciences, offering something fundamental that science communication has been 
missing. For the authors, design attributes are seen as being ‘flexible, problem- 
orientated and empathic, with co-design providing the tools to build a bridge 
between the highly specific but conceptually abstract science with its codified lan-
guage, and the values of specific stakeholders or wider audiences (Hornbuckle et al. 
2020)’. Similarly Michael (2012) sees designerly public engagement as being 
thoughtful within a context of complexity, in contrast to other forms of public 
engagement that aim to channel public opinion into existing institutions to influence 
policymaking. Consequently, material objects used in public engagement from a 
design perspective are thus ‘meant to evoke in their audiences less a need for clarity, 
than a desire for, and exploration of complexity’ (541). Describing design’s role 
further within these co-design processes, Hornbuckle (2022) expands and reflects 
on the contribution of design as changing proximities between different actors. 
Recognising the complexity of a multi-stakeholder system where pronounced dis-
tances and differences exist between expert knowledge and lived experiences of 
different stakeholders such as patients, healthcare practitioners and the wider pub-
lic; the author recommends a range of co-design methods to facilitate knowledge 
flow as a set of translatory practices to build closer proximity.

For the purposes of our research, Pharma-Factory focused on stakeholder 
engagement as informed by service design (Hornbuckle et  al. 2020) rather than 
public engagement, to account for the mix of the audiences that we would be inter-
acting with. The overall structure of the different research phases was also designed 
to be highly iterative with each phase informing subsequent activities and culminat-
ing in the final public exhibitions. This research frame offered an experimental and 
flexible dialogical approach involving prototyping possible futures through indi-
vidual experiences. It also created a relational and human-centred perspective that 
accounted for the lived experiences for the people with health conditions that would 
be affected by the PMF products under development. In the following section, we 
present the co-design methodological steps undertaken to build scientific capacity 
and curiosity for stakeholders, to build confidence and criticality when engaging in 
issues of acceptance on PMF.
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15.4  Methodological Approach

Increasingly, emphasis is being placed on ‘public engagement’ by funders of sci-
ence and technology (S&T) innovation projects. However, as described in the 
Background section of this chapter, public engagement can take many different 
forms, varying in the approach, the resource invested, the time taken and the involve-
ment of different viewpoints. In the case of Pharma-Factory, social scientists and 
design researchers proposed that, rather than relying on assumptions about the 
potential value of the technology to stakeholders, the project could adopt an itera-
tive methodological approach, which aims to build dialogue between technology 
developers and stakeholders through a series of workshops and ultimately build 
scientific capacity around PMF. This would have a multiplier effect: building trust 
with stakeholders (such as patients and HCPs), better understanding the value and 
therefore being able to communicate more effectively with the public, developing 
an authentic narrative and providing technology developers with insights about the 
value of their products to inform their future work. This iterative methodology is 
diagrammatised in Fig. 15.1.

The iterative process adopted in Pharma-Factory involved three phases, which 
were executed using a mixed-methods approach. Site visits and literature reviews 
were conducted in phase 1  in preparation for the stakeholder engagement work-
shops in phase 2. Design researchers from the University of the Arts London (UAL) 
applied their expertise in co-design tools and methods, whilst social science 
researchers from St. George’s University of London (SGUL) undertook a series of 
partner and patient interviews typical of a social science methodology. The com-
bined approach of the two disciplines was an important feature of the approach; the 
research team felt that this would strengthen the methodology as well as build trust 
in the research (for example that a university hospital was involved in research 
involving patients). Each discipline’s role is coded within the diagram in Fig. 15.1. 
In phases 1 and 2 of the research process, the qualitative social science research and 
the co-design workshops contextualised the S&T researchers’ understanding of 
public perceptions and the opinions of sections of the public about PMF processes 
and products. In addition to the data collection phases, there are important ‘in- 
between’ moments of analysis, synthesis, sensemaking, translation and tool devel-
opment in preparation for the next set of engagements, including the final phase 
involving interactive public exhibitions and partner feedback. This typifies the 
reflexive and responsive approach of design research and some modes of the social 
sciences.

Table 15.1 outlines full range of activities undertaken during the three research 
phases to meet the objective of ‘public engagement’. The details of the research 
methods are described in the subsequent subsections. Due to the COVID-19 pan-
demic, some of the planned activities had to be cancelled, postponed or moved 
online. The greatest loss to the process was the public engagements planned in 
phase 2, which were intended as ‘pop-up’ events, but due to COVID-19 social 
restrictions, it was not permitted by national and local authorities at that time.
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Fig. 15.1 WP2 workflow diagram
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Table 15.1 Co-design stakeholder workshops completed

Activity 
date/s Participants

Organisation (project partners/
external) Activity type

Phase 1: Preliminary work 11/2018–02/2020
n/a n/a Literature review
All WPs Representatives from all S&T 

WPs
S&T scoping 
interviews

n/a SGUL (UK); Leaf Systems 
(UK); Fraunhofer Institute 
(Germany); TransAlgae 
(Israel); Samabriva (France) 
(all project partners)

Site visits

CEO Leaf Systems Discussion
Members of the public 
(SGUL campus, St. 
George’s Hospital and 
London College of 
Communication 
campus)

SGUL Five-minute person-on- 
the street interviews to 
understand knowledge 
of and perception of 
PMF process and 
products

SGUL; UAL In-person exhibition at 
design festival

Phase 2: Research and engagement
S&T partner engagement
January 2019 WP3 VTT, University of Rouen 

(UoR), CSIC, SGUL
Ecosystems, values, 
persona pitches and 
prototypes

WP4 Fraunhofer, CSIC and SGUL Ecosystems, personas, 
service storyboard and 
innovation canvas

March 2019 WP5 UCL, TransAlgae, SGUL Ecosystem, values and 
innovation canvas

January 2019 WP6 UoR, AlbaJuna, Leaf Systems, 
Fraunhofer, Samabriva, SGUL

Ecosystem, values, 
persona pitches, 
prototypes, regulatory 
timeline, innovation 
canvas and 
storyboarding

March 2019 WP7 SGUL, Leaf Systems, 
Diamante

Ecosystems, personas, 
service storyboard and 
innovation canvas

Co-design with public [not possible due to lockdown measures]

Stakeholder engagement: 02/2020–06/2021
26/02/2020 IMD Pharmacists

N = 8
British Inherited Metabolic 
Disease 
Group (UK—external)

In-person workshop

29/06/2020–
03/07/2020

Rheumatoid arthritis 
patients
N = 13

British Rheumatoid Arthritis 
Society (UK—external)

Online (asynchronous) 
workshop

(continued)
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Table 15.1 (continued)

Activity 
date/s Participants

Organisation (project partners/
external) Activity type

14/09/2020–
18/09/2020

Sjögren’s syndrome 
patients
N = 8

British Sjogren’s Syndrome 
Association (UK—external)

Online (asynchronous) 
workshop

16/12/2020–
20/12/2020

HIV patients
N = 7
N = 4

ABRAÇO; Fundacao 
Portuguesa a Comunidade 
contra a sida (FPCCSIDA); 
Associação Positivo; Liga 
Portuguesa Contra a SIDA; 
Grupo De Ativistas em 
Tratamentos (GAT); SERES 
(Portugal—external)

Online (asynchronous) 
and in-person 
workshop

17/05/2021–
14/06/2021

Conscious consumers
N = 5 (UK) (survey: 
N = 39 UK, N = 13 
ESP, N = 11 FRA)

Personal networks (UK, 
Spain, 
France, Italy—external)

Online (asynchronous) 
workshop

Phase 3: Communication and dissemination
Public exhibitions
07/10/21–
09/10/21

School children, 
university students

Rouen Fete de la Sciences at 
Rouen University (French)

In-person exhibition 
stand at science fair

25/10/21–
30/10/21

Families Norwich Science Festival, 
Norwich, UK, in English

In-person exhibition 
stand at science fair

6/07/22–
7/07/22

Patients, university 
students, healthcare 
workers

SGUL In-person exhibition in 
university hospital

S&T partner feedback
17/06/22 Project partners n = 5 Samabriva, CSIC

UofR, SGUL
Online focus group

14/06/22 Project partners n = 6 TransAlgae, UCL Online focus group
14/06/22 Project partners n = 4 AlbaJuna, UoR

VTT, Leaf Systems
Online focus group

21/06/22 Project partners n = 4 Diamante, SGUL, Leaf 
Systems

Online focus group

Online focus group

15.4.1  Phase 1: Preliminary Work

Design researchers undertook a period of primary and secondary research in the 
form of a literature review, field visits, telephone interviews and co-development of 
a project glossary with scientific partners. The purpose of this phase was to develop 
the literacy of the design researchers in the technology, to better understand and 
make sense of the technologies, their potential benefits and the challenges to imple-
mentation. Field visits to the technology sites allowed design researchers to gather 
experiential knowledge, which helped them to understand the processes better, 
recording these in various media such as photographs, field notes and sketches, 
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methods typical of an anthropological approach. In turn, this enabled researchers to 
translate the complex scientific information into appropriate language and develop 
a narrative so that stakeholders can quickly understand and ‘access’ the concepts 
presented by the technologies. For example, concepts such as ‘transient expression’, 
‘diagnostic kit’ or ‘genetic modification’ are relatively simple for a scientist to 
rationalise, whereas non-scientists may have little or no knowledge of these con-
cepts, or they may have a viewpoint formed from media sources, which often pres-
ents a bias and does not convey the ‘facts’ or context to the audience. Therefore, the 
challenge for design researchers was to try to reveal and communicate ‘truths’ about 
these concepts, based on scientific information, so that participants in the research 
can understand the context quickly and effectively within the workshop setting and 
can respond with a more accurate reflection on the value of the technology to them. 
This phase overlapped the beginning of phase 2 as needs arose during the process; 
in this way, the approach is reflexive, responding to themes emerging through the 
research.

15.4.2  Phase 2: Research and Engagement

Based on their experience as service designers and design facilitators, the research-
ers developed a general narrative for the workshops taking participants on a journey 
from their own experiences through several carefully designed steps. This is depicted 
in Fig. 15.2.

15.4.2.1  Science and Technology Partner Engagement

Four consortium co-design sessions were held at SGUL in January 2019 for Work 
Packages (WP) 3, 4 and 6 with two further workshops held at a review meeting in 
Valencia for WP 5 and 7. For each activity, the WP consortium members collabo-
rated with their team members to address each of the co-design tasks. The purpose 
of the exercise was to take the scientists through a series of deliberative and dialogi-
cal processes relating to their PMF technologies and to consider diverse stakehold-
ers and wider systemic issues. The workshops also included creative exercises for 
the consortium members to prototype ideas on how these PMF platforms could have 
greater visibility within human and animal healthcare environments.

15.4.2.2  Partner Co-design Tools

The co-design tools were designed to actively engage the consortium members in 
situating their WP technological developments within broader more systemic 
frames and to consider and respond to the diversity of opinions that exist. In addi-
tion, for WP2 members, these workshops were part of a sensemaking process to 
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Fig. 15.2 Co-design narrative used in stakeholder workshops

better understand how the scientists conceived the PMF technologies in terms of 
near and far futures, and the benefits and values to different stakeholders, and how 
the scientists could attend to the challenges of communicating the value of their 
technology to different audiences. The following list summarises the key activities 
included in each of the workshops:

• Ecosystem mapping near and far futures: to situate the technology within 
more systemic frames of stakeholders, production methods, regulatory implica-
tions and distribution channels.

• Regulatory mapping: to map out the regulatory pathway for each WP product, 
including the time frames, and challenges for each of the PMF technologies.

• Stakeholder value tools for near and far futures: to reflect on how three stake-
holders—a WP partner, an end user and an influencer—would be affected by the 
PMF technology. Questions explored: What is their need for PMF? What is the 
value to them?

• Persona pitches: relational and empathetic tools were designed to represent 
diverse groups of actors who will benefit and be opposed to the technology. The 
consortium members were encouraged to think about the value of their technol-
ogy to a persona profile and the values and beliefs that the person may have, 
which may influence their acceptance or rejection.
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Fig. 15.3 An example of a workshop output by one of the consortium teams

• Prototyping: consortium members were asked to conceptualise ways in which 
their PMF technology could become more visible within a particular context 
such as healthcare and to generate newspaper headlines that would communicate 
the values and benefits of their specific technology.

The synthesised data from these workshop activities was used to support the co- 
design activities with the stakeholders and frame the exhibition around the benefits 
and values of PMF to diverse audiences (Fig. 15.3).

15.4.2.3  Stakeholder Recruitment

Stakeholders were identified for each of the four technologies under development. 
A wide range of the stakeholder communities identified were approached for 
engagement, including healthcare professionals (nurses and doctors), industry 
(pharmaceutical companies), health service organisations (NICE in the UK), regu-
lators and regulatory consultants, fish farmers and veterinary professionals, and 
supermarkets. However, there were difficulties in engaging stakeholders for whom 
the value of the technology is less clear, and for large organisations where there was 
no previous or existing contact, or where this type of engagement might be seen as 
low priority compared with more pressing concerns.

Patients have the most to gain from new technologies and are convened in the 
form of patient organisations, which is more complicit to recruitment in research. 
Vouchers were provided to participants as an incentive.

15.4.2.4  Stakeholder Co-design Tools

In addition to the S&T partner engagement co-design tools, a set of relational tools 
were developed for the palette of existing tools, to translate the co-design narrative 
into a series of activities for participants to respond to step-by-step. These were then 
adapted to the needs of the group of participants in each workshop:
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Fig. 15.4 Example of co-design tools for ‘experience gathering’

• ‘Experience gathering’ tools: these are designed to encourage participants to 
reflect on their own experiences, including pathways of diagnosis and treatment, 
diaries, educational histories and ecosystem maps (Fig. 15.4).

• ‘Establishing understanding’ tools: these were designed to understand the 
entry point of the participants to the subject, often focusing on their knowledge 
of how different therapies are produced, or on particular terms central to the 
technology, such as ‘genetic modification’ (Fig. 15.5).

• ‘Explanation of the technology’ tools: based on the glossary and research con-
ducted in the previous phase, participants were presented with a series of ‘cards’ 
which outlined key concepts in simple language and icons, such as ‘how are 
medical proteins produced?’, which positions PMF with the spectrum of geneti-
cally engineered organisms used to express proteins (Fig. 15.6).

• ‘Perspective gathering’ tools: worksheets with simple matrices for gathering 
participants’ views on the benefits, concerns and questions raised by the infor-
mation they had been presented with (Fig. 15.7). This included a specific GM 
proximities tool, which was used for all the workshops as a penultimate task, 
which is discussed later.

15.4.2.5  Stakeholder Engagement

We planned workshops lasting 3-h  to be conducted in a convenient location for 
participants; however, due to lockdown restrictions, only two of the workshops 
could take place in-person. For the remote workshops, Facebook was chosen as a 
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Fig. 15.5 Example of co-design tools for ‘establishing understanding’

Fig. 15.6 Example of co-design tools for ‘explaining the technology’
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Fig. 15.7 Example of co-design tools for ‘gathering perspectives’

‘base camp’ for participants because our first group were already familiar with this 
platform and operated through Facebook via a private discussion group. Generally, 
we found that ‘snowball’ recruitment through Facebook was slow; we first needed 
to gain the trust of a ‘gatekeeper’ in the form of a community group who owned an 
active Facebook group. We invited participants to closed Facebook groups where 
they could be informed of updates and workshop steps, and to post introductory 
videos and links to our online collaborative space in the MIRO platform (https://
miro.com/), which is free for educators to use. Facebook was useful as a meeting 
and discussion space when hosting the online workshops, and participants were 
supportive of each other and actively posted questions.

The online workshops were ‘asynchronous’, meaning that participants were set 
daily 30-min tasks over a period of 3 or 4 days but could complete them indepen-
dently without the need for direct facilitation. Participant feedback was largely posi-
tive, citing that they found it less intimidating and more convenient to work at their 
own pace. The online workshops were more successful when participants were con-
fident IT users, but less so for some users with limited experience. It also proved less 
satisfactory for Sjögren’s patients who experience ‘dry eyes’. We had taken mea-
sures to mitigate these issues such as preparing participants with trial tasks and 
checking if their health would make online participation difficult, but there were 
still a couple of participants who found the tasks challenging.

Participants in the online workshops were given the opportunity to attend a live 
Q&A with researchers. This was an important moment for them to get quick feed-
back to their questions when the other outputs from the research would be 
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unavailable for some time. This was a more personal experience to follow the asyn-
chronous activities.

15.4.3  Phase 3: Dissemination and Communication

15.4.3.1  Workshop Data Analysis and Sensemaking

A thematic analysis of the workshop data was undertaken using NVivo. Thematic 
codes were identified by the team through an initial synthesis of the workshop out-
puts. Connections and differences were made between themes and topics 
(Table 15.2), where concepts and ideas recurred through the workshop materials.

15.4.3.2  Translation from the Workshops to the Public Exhibitions

Following the stakeholder engagement workshops, design researchers coded and 
analysed the worksheets, drawing out the key themes that could then be translated 
into meaningful content for the public exhibitions (Table  15.3). The following 
research questions were central to this phase of sensemaking and translation:

• What is the perceived value of these technologies for the stakeholders?
• What are the main barriers to acceptance identified by the stakeholders?
• What are the stakeholders’ main questions and concerns, and how might we best 

frame the exhibition content to address these?

The main challenge in sensemaking and translating the research for a general audi-
ence was to represent the rich data collected around stakeholder experiences and 

Table 15.2 Details of the coding themes and topics for data analysis

Coding themes Coping topics

Agency Conventional 
medicines

Choice COVID-19
Cost, efficacy Diagnostic 

investigation
Human experience (anxiety, certainty, proximity, side effects, stigma and 
discrimination, symptoms and uncertainty)

Features

Knowledge (ethics, not known, trust) Genetic 
modification

Learning through the workshop How medicines 
work?

Safety Manufacturing
Scale PMF
Security of supply

A. Prendiville et al.



401

Table 15.3 The key topics drawn from the co-design workshops that were then used to inform the 
content of the exhibition posters

Co-design workshop key issues Poster content

Patient lived experience Conveying the patient journey
Time and uncertainty The benefits of how PMF may alter diagnostic, 

treatment and choices in human healthcare
Gaps in understanding the 
technologies and medicines more 
generally

Types of PMF techniques as a key thread throughout the 
posters

Safety Conveying the containment and secure facilities of the 
growing and processing of PMF and regulatory pathway

Food security and health New ways to administer vaccines in human and animal 
health

Build knowledge that counters the 
sensationalist approach in the media

Communicate the human, production and 
pharmaceutical opportunities

Ethics and ownership in pharma 
(Exhibition 3 only)

Engaging with the debate over who should invest in 
PMF and other ethical considerations

perspectives, whilst also telling the story of the project and the science. The research 
team was also mindful that the exhibition content had to be communicated in a lan-
guage that a lay audience could understand and relate to, and delivered using meth-
ods that would engage and stimulate discussion. Therefore, the approach was to 
take visitors on a journey through a series of themed posters, whilst also providing 
interactive activities as a ‘way-in’ to the more detailed information for a diverse 
range of visitors. This also enabled a dialogical approach to the engagement, with a 
key aim of the exhibition being to enable conversations between the exhibition 
stand ‘hosts’ and the visitors. The posters needed to be easy to access out of 
sequence. For example, if a scientist on the stand was explaining the use of PMF to 
develop a diagnostic kit, they should be able to refer to the poster about benefits for 
patients with Sjögren’s syndrome and Rheumatoid Arthritis.

Personas, a method typical of service design and co-design, were developed 
from the stakeholder engagement and added a relatable ‘human dimension’ to help 
the public to understand how each technology may transform an individual’s life. 
An ‘icon language’ was commissioned to create and articulate a visual language 
that could be understood and interacted with at different points in the exhibitions. 
This was used throughout the exhibition to aid cognition and familiarity and help 
visitors to make connections between the different elements. An animation was also 
commissioned and shown on the exhibition stand to broadly explain in an imagina-
tive way the two different plant molecular techniques used—transient expression 
and transgenic—used in Pharma-Factory; a French and English version was pro-
duced. Here, the longevity of the communication  outcomes was also taken into 
consideration, as the animation could be used in many different contexts after the 
funding period. These are available for download from the Pharma-Factory website 
https://pharmafactory.org/.

15 Deep and Meaningful: An Iterative Approach to Developing an Authentic…

https://pharmafactory.org/


402

Following the exhibitions, all individuals who hosted the stand and engaged with 
members of the public who were visiting were invited to provide feedback, which is 
discussed in the following sections.

15.5  Science and Technology Partner Feedback

This involved presenting the findings from the stakeholder engagement to the S&T 
partners so that they could reflect on the implications for their future work during an 
online focus group that was recorded and transcribed. This was also an opportunity 
to receive feedback on the value of the process undertaken. This data will now be 
considered, along with the feedback from the exhibition hosts.

15.5.1  Results and Discussion: The Value of a Deep 
and Meaningful Narrative

The multifaceted approach taken prior to reaching the final objective of ‘public 
engagement’ included engaging a diverse range of actors in in-depth activities to 
explore PMF from their perspectives as scientists, patients, healthcare experts or 
members of the public. As part of this process, the research explored new ways of 
representing PMF through the development of participatory tools, visuals, a glos-
sary, an icon language, an animation, posters and interactive elements. These meth-
ods not only built scientific capacity around the technical mechanisms of PMF, but 
also enabled participants to critically reflect on their current knowledge and its 
sources. Furthermore, the co-design methods offered a ‘deep and meaningful’ dia-
logue with the public which did not avoid or ‘hide’ difficult or inconvenient ques-
tions or concerns, but instead created deliberations around societal challenges, 
personal stories, and opportunities for further discussion.

The following section presents the data collected about the value of this method-
ological approach to four stakeholder groups: patients, healthcare professionals, 
general audiences (publics) and scientists (technology developers). This data is 
based on the small sample of participants in our research and is therefore not gener-
alisable as such, but provides insights into the value of this approach so that we can 
confidently propose ‘public engagement’ recommendations for future S&T innova-
tion projects and applied science more generally, which incorporates relational tools 
for meaningful engagement through an iterative process of translation and sense-
making as described in the methodology and illustrated as a core framework in 
Fig. 15.8.
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Fig. 15.8 A dialogical and iterative framework for deep and meaningful public engagement, based 
on co-design principles and practices

15.5.2  Value to Scientists at the Start of the Project

The Pharma-Factory scientists were unfamiliar with co-design methods, and this is 
reflected in their responses to the process used at the early stage of the research, but 
it is important to note the less sceptical tone by the end of the work when they were 
well versed in this dialogical and deliberative approach:

I found the activities very interesting. This helped us identify points we will probably need 
to take into account in the future. I’d like to know how this information is analysed and 
which conclusions can be taken from that.

Great work, and a relaxed way to contextualise the work.

Interesting exercises, regulatory issues identified as key. Need to define next steps. A meet-
ing with different stakeholders seems to be necessary.

Timeline activities helped with awareness of key stakeholders.
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Innovation and storyboard discussions were very helpful tools to understand the needs of 
the company and the existing barriers to PMF.

15.5.3  Value to Patients, Healthcare Professionals 
and General Audiences

Many of the participants reported that the workshops had enabled them to reflect on 
their own experiences and reveal aspects of their healthcare journey, which had not 
come to the fore previously.

I learned more about myself than about the project per se but the scale and scope of GM 
plants as biomarkers is just beyond comprehension and it’s a thrill to see out of the box 
thinking applied to our autoimmune issues of diagnosis and hopefully treatment in the lon-
ger term. (Patient)

Furthermore, the workshops raised awareness of the scientific research and gave 
a voice to the patients in assessing the value of something that could impact their 
lives, which they apparently had not experienced before:

It was great to know that researchers actually went out and talked to ordinary citizens to 
understand their concerns. My trust in science strengthened further.

One finding from the research is that the co-design stakeholder engagement both 
revealed and enabled multiple dimensions of learning and agency: about the self, 
and an awareness of the wider healthcare ecosystem.

Most participants had very little prior knowledge of how medicines are made, 
even amongst the pharmacists, and revealed that they put their trust almost 
entirely with the regulatory and healthcare service organisations. The informa-
tion provided through the workshop in most cases enabled people to understand 
the role of genetic engineering and rationalise the role of PMF. In some cases, 
this was not enough for people to understand that using plants did not necessarily 
remove the need for animal testing during the process of development and regula-
tory approval. However, participants reported that the workshops had raised 
questions about the way that medicines are produced, which may impact their 
future actions:

Really interesting workshop: learnt a lot and raised awareness of PMF! Made me reflect on 
current transparency of how drugs are made and what info should be given to patients. 
Good to be made aware of what future drug manufacturing could look like. (Pharmacist)

Participants reported that the workshops had challenged their previous 
views of GM:

The most value to me is having my misconceptions about GM plants usage in medicine 
challenged and taken forward (Patient)

I had to reassess my views on GM and ask myself why I had the opinions I had and how they 
were formed. It was a good personal exercise. (Conscious consumer)
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From this research, it is apparent that stakeholders need reassurance about the 
steps being taken to avoid negative impacts of PMF on the environment and on 
human health. There is also a wider topic relating to trust in the profit-driven com-
panies that use the technologies, which may be harder to address. Importantly, pro-
viding participants with more accessible information about the context in which 
GM technologies are used, and why, enabled them to rationalise the safety and value 
for themselves and challenge the views that mainly form through sensationalist 
media reports.

Therefore, a clear value to these participants was access to scientific knowledge 
and rationale, which allowed them the agency to do their own research and to 
improve their understanding about medicines and how they are made, and about 
themselves and their medical condition. In the case of the stakeholder workshops, 
participants also exhibited confidence during the expert Q&A, allowing them to ask 
pertinent questions on a topic they knew nothing about previously. During the part-
ner feedback sessions, scientists were surprised that people wanted to talk to them 
about medicine production:

I think what is unexpected to me is like actually people want to communicate with scientists. 
So because like when we come up with new ideas, in most cases it got rejected by the public 
because people are more concerned about risk and environment impact. But actually they 
want to talk with scientists

In the case of the exhibitions, the authentic narrative allowed members of the 
public to engage in dialogue with experts when visiting the exhibition stands:

A group of 3 oncology nurses, all originally from different countries in Africa, but working 
now in the NHS … immediately understood the problem of accessibility that we are trying 
to solve and the potential advantages for people in developing countries. They all became 
very excited about the work, stayed at the stand for at least 20 minutes, and took away cop-
ies of every postcard to share with their friends. [Scientist host]

The design tools, narratives and visualisations—developed following extensive 
research of the terminology and the technologies using design research methods in 
phase 1—enabled the scientists to have meaningful conversations with diverse 
members of the public, thus increasing this access to dialogue with experts:

The different stamps were quite useful in illustrating the different parts of the PMF process 
and the products that we can make. Many of the children had heard of antibodies, cells and 
DNA so the stamps gave a simplistic demonstration of what these things might look like. 
This in turn led to conversation about what their functions were. [Scientist host]

The posters tended to be observed and read by a few of the parents and older children that 
had a genuine interest in the subject or wanted to find out more. By asking them ‘Does it all 
make sense?’ normally stimulated more in-depth questions. [Scientist host]
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15.5.4  Value to Scientists and Technology Innovation 
Developers, Project Partners at the End of the Projects

Scientist hosts on the exhibition stands reported some interesting conversations with 
visitors, noting that the interactions led to new potential collaborations in one case:

I spoke to a consultant ophthalmologist who noted access to anti-angiogenic antibodies for 
AMD could be improved through the plant system and suggested to prime collaboration 
with colleagues at UCL/Moorfields (Scientist host)

The role of the discussion cards was surprising in some ways, as they became the 
vehicle by which the hosts exchanged knowledge with visitors, handing them out to 
allow people to have a quick reference for the meaning behind PMF.  The PMF 
explanatory cards were reprinted to allow for more to be distributed. The interactive 
poster also allowed the hosts to bring visitors into an engagement around ethical 
questions, which would have been near impossible otherwise:

I think the poster with different perspectives + red/yellow/green stickers was a hit. Was 
simple but very effective and I think people like being able to see how their opinion com-
pares with others. (Scientist host)

I’m surprised how easy it was to get people to spend time reading the participant statements 
and giving their opinion. There was a lot of reading to do so I was surprised people were 
willing to take the time. (Scientist host)

There was also some scepticism and difficult questions raised by exhibition visi-
tors, which prompted reflection from the scientific hosts:

The conversation that stood out for me was a woman asking me how we know our technol-
ogy won’t be used for unethical purposes … I thought it was an interesting question. What 
could one do that’s unethical with our platform? (Scientist host)

Importantly, this feedback suggests that the scientists’ assumptions about public 
perceptions, attitudes and willingness to engage were challenged through their 
experiences of the exhibition, allowing them to have conversations about challeng-
ing topics that they would not have had otherwise.

In the S&T partner feedback sessions, there was a general acknowledgement that 
dialogue can be an effective strategy towards achieving a reasonable and ‘sensible’ 
response from stakeholders and general audiences. This was one of the elements 
that surprised some partners, that stakeholders had been able to rationalise the use 
of GM within the context of PMF, in the development of therapies, diagnostics and 
vaccine production:

I actually thought that most of what they said was quite sensible and quite thoughtful (S&T 
partner)

There was an acknowledgement that peoples’ concerns may go beyond the moti-
vations of the scientific research and therefore understanding these perspectives can 
help to guide communication: for example, concerns over safety for people and the 
environment, which appeared to be based on having little understanding of the 
mechanisms and infrastructure in place. In the exhibitions, these concerns were 
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addressed with images of contained facilities with clear definitions of terminology, 
and a regulatory timeline which showed the complexity of stakeholder interactions 
rather than oversimplifying the process.

S&T partners developed an understanding of the power of visual and narrative 
methods of communication for quickly and simply bringing people into closer prox-
imity with the technology, giving access and agency. Expanding on the reported 
impact of including images of the secure PMF facilities, one senior scientist dis-
cussed the possibility of more interactive and hands-on experiences for members of 
the public.

The stakeholders or the patients visualize, and you show them those pictures of what it 
means ‘the contained facility’. And then what I understood is that, in a way, produced more 
trust on them. I’m not sure if it’s because of the picture that it looks more ‘under control’ or 
is simply because they really can imagine it and they really can see it and this is this other 
way of connecting with the reality that is not only about reasons, but also about images, 
about feelings. And I think we are under-exploiting those who want to advocate technology. 
(S&T partner)

I know we are scientists […] we know the pathway of rationalizing and explaining but in 
addition to that I think there’s a group of the population, for which, [researcher] was 
explaining, this is probably not the main route pathway, but feeling, touching and proximity 
bring it closer. So, whether we like it or not this is nowadays one of the main pathways to 
get people acquainted or accepting. (S&T partner)

The research presented led to a general acknowledgement that alternative meth-
ods to ‘science communication’ are worth investing in to move the technology for-
ward. Partners felt that the service design and co-design approach had been a 
valuable exercise, which provided an authenticity to the public engagement phase of 
the project (exhibitions). For example, one partner aligned the benefits of the tech-
nology to the environmental concerns raised by stakeholders:

one of the biggest advantages of using the oral vaccines that we are, if we are talking about 
the challenge of sustainability right now: we are going to replace all the needles, the gloves, 
the expert men that needs to be educated in order to vaccine each fish individually. So also 
regarding the environmental impact we are bringing a unique advantage. (S&T partner)

The GM problem was always badly managed by the scientists and well managed by the 
opposers. I mean, it was basically a one-sided argument that the scientists never got 
involved and so it was just that ‘this is bad. Stop doing it’. (S&T partner)

S&T partners developed an understanding that exploring future narratives and 
bringing people into that discussion can build confidence and trust: being the ones 
to ask the difficult questions and guide the process of answering them. This appeared 
to give the partners an energy and enthusiasm to explore previously difficult topics 
with general audiences, which they might have found it difficult to navigate previ-
ously. In this way, the resources created for the ‘public engagement’ provided the 
S&T partners with tools with which to engage in meaningful dialogue with stake-
holders and general audiences.

I think what you’ve done has been really interesting and I think it’s valuable for bench sci-
entists to realize what the public think about what you’re doing. And you know there’s 
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always this perception from people working with plants that there are big anti-GM lobbies 
still out there (S&T partner)

the temptation as a scientist is always to present the science, the technology as the main 
story. But actually, the main story when talking to the public is you know ‘this is a problem, 
a worldwide problem that that needs to be addressed’. And you know ‘this is the regulations 
that we need to meet in order to address it’ and then the technology you know should follow. 
And as [researcher] was saying, also the opportunity to talk directly to scientists to realize 
that actually we are, you know, rational, normal, responsible individuals and that we do 
consider all the risks and the benefits of what we’re trying to do. (S&T partner)

As expressed in the previous quote, one finding that surprised some of the S&T 
partners was that people want to talk to scientists. However, the research suggests 
that this was most accessible once they have been taken through the co-design pro-
cess, which allows them to acquire sufficient understanding to engage in meaning-
ful and equitable exchanges.

[the general public] get so much information and [they] don’t know even if what [they’re] 
hearing is right or wrong and so definitely to talk to the scientists would help (S&T partner)

Finally, partners appreciated that building an authentic narrative around value as 
a foundation for dialogue with general audiences takes time, process and investment 
(as demonstrated by the service design and co-design research process). However, 
they also recognised that this process is worthwhile and vital for new technologies 
such as PMF. In particular, partners said that they felt that this is something that 
should be done more in future projects:

It has great integrity and people have confidence in the results because of that. I think we 
can certainly use that as you say. We did do that through the public exhibitions and I think 
that’s really helped us have meaningful discussions at those exhibitions rather than people 
feel like they’re taking the party line from a group of people who are invested in the develop-
ment of a particular technology. They saw the impact from those other groups and that was 
fantastically valuable to the project and continues to be. (S&T partner)

When a more immersive exhibition was suggested, one senior scientist 
commented:

Next project, we need to budget for that. (S&T partner)

this public engagement it’s absolutely necessary but it’s sort of a never ending story. I think 
we should be able to find somehow tools to educate the new generations earlier. (S&T 
partner)

In summary, the S&T partners recognised some limitations in engaging stake-
holders in dialogue around novel technologies without prior contextual awareness. 
However, partners recognised that the research had revealed some interesting ques-
tions, and in some cases had challenged their preconceptions of the relationship 
between stakeholders and scientists. The partners also reported that the way that the 
research had built an authentic foundation around stakeholder values had been 
hugely helpful for the public engagement and gave scientists the confidence and 
tools to engage in meaningful dialogue with people who have no prior knowl-
edge of PMF.
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15.6  Conclusions

As design researchers and social scientists, we instinctively understand the impor-
tance of meaningful engagement when building trust in unfamiliar, or even feared, 
technologies and products. Through experience, we understand that meaningful 
engagement cannot be built on superficial and ill-considered assumptions about the 
value to stakeholders. Indeed, we have found that a deeper level of understanding, 
achieved through a well-resourced, dialogical and iterative co-design research pro-
cess, can achieve an authentic narrative based on the lived experiences of those 
people who will ultimately be impacted by the technologies. Through this chapter, 
we have presented research processes to demonstrate the value and impacts of par-
ticipating in the process, for scientists and stakeholders such as patients, healthcare 
professionals, the wider public and S&T partners.

Therefore, our main finding is that design research and social science can pro-
vide the research methods and co-design tools to build proximity between develop-
ers of S&T innovations, such as PMF technologies, and wider audiences so that they 
can engage in meaningful dialogue. An iterative process allows for a deep and 
meaningful narrative to be developed that tells the story of a novel technology from 
multiple perspectives and allows the voices and concerns of diverse stakeholders to 
be heard. This approach builds an authenticity, which reaches beyond the assump-
tions of technology developers and enables meaningful dialogue with general 
audiences.

The approach has the potential to fundamentally shift how the sciences engage 
with specific and general audiences, mitigating the damage that has previously been 
caused by avoidance, and the consequential impact of sensationalised media. 
However, deep and meaningful iterative approaches to stakeholder and public 
engagement must be prioritised in novel technology development projects. There is 
no short-cut to public engagement of this type; if deep and meaningful engagement 
research around the value of technologies to stakeholders such as patients and 
healthcare professionals is to be achieved, project coordinators need to resource and 
invest in this approach and bring in researchers with appropriate expertise in these 
methods.

One shortcoming of the research was that we were unable to engage with more 
sceptical members of the public who may not immediately appreciate the direct 
value of the technology on human or animal health. This was due to lockdown 
restrictions, which prevented the planned ‘pop-up’ events. This could be a next step 
for PMF public engagement as S&T partners in the Pharma-Factory project also 
expressed an interest in engaging more widely to build dialogue with general audi-
ences, raise awareness and literacy in PMF and discover more about their concerns 
and questions. Recognising the value of sensory and experiential public engage-
ments, S&T partners were also keen to trial more experiential engagements in future 
projects, utilising interaction design expertise to further explore PMF safety with 
the public. The PMF community also hopes to make the icon language developed 
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during the project a ‘standard’ visual language in the field, led by Professor 
Julian Ma.
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