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Preface

Science has done wonders in the past decades. As the world is in the grip of Covid-19,  
the relevance of logical understanding is gaining prominence. One of the wonders 
of nature is virus and today we witness the impact of “coronavirus,” which has 
not only created panic but has caused havoc across the world. This pandemic has 
brought the world to a standstill and nations are battling against it in unison. At 
this juncture the relevance of discoveries in biological sciences is worth imbibing. 
The blueprint of life is ingrained in the molecule popularly known as nucleic 
acid, and virus being the simplest infectious agent has the versatility to invade, 
conquer, and demolish the most evolved biological system on this planet. While 
magnification and resolution of this mysterious nucleoprotein require sophisticated 
equipment, xenophobia turns out to be alarming. In between the optimism to 
conquer and pessimism to perish is the journey of exploration with existing 
knowledge of science.

Altering the threads of life through genetic engineering has always been a 
fascinating science. The information crystallized through various research and 
amalgamation of technologies has given impetus to weird fantasies. In this book, the 
contribution by Dr. Ranjan Singh exposes readers to various strategies involved in 
changing the molecule of biological information. He has dwelled on the molecular 
scissors to molecular propagation via vectors. As one winds up seeking information 
about manipulating the genetic material, the chapter by Dr. Shahzad takes readers 
into the world of a most fascinating technology, “polymerase chain reaction,” 
which virtually revolutionized molecular characterization, and fiddling with 
genetic material became much easier and less time consuming. Dr. Sean Stevens’ 
chapter on “Genome engineering for xenotransplantation” is worthy of attention. 
Transplantation science has always required innovations and genome engineering 
could be a wonderful tool to sustain xenotransplantation.

Addressing the implications of genetic engineering, this book does not end up by 
limiting the technology for alteration and amplification of genetic materials from 
any source. Dr. Duque provides an interesting chapter on the “Prospects for the 
production of recombinant therapeutic proteins and peptides in plants: special focus 
on angiotensin I-converting enzyme inhibitory (ACEI) peptides” through genetic 
engineering for therapeutic purposes. Therapeutic molecules are continuously being 
produced and refined to work efficiently in curing various ailments. The nature 
of the molecule and its efficacy in the subjects being treated require sufficient 
attention. This chapter will expose readers to gauge the significance of therapeutic 
proteins and strategies to create and improve them for human needs. Lastly, 
Dr. Ashfaq presents a chapter on emerging technologies for agriculture using a 
polymeric nanocomposite-based agriculture delivery system.

Science has always been fascinating and flight of imagination has always motivated 
researchers to gain insight into the workings of microcosmic biological systems. 
This compilation follows the previous title Genetic Engineering: An Insight into 
the Strategies and Application and will turn out to be wonderful reading material 
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for communities taking even a slight interest in biological sciences. The editor 
is indebted to all contributors and their efforts will further the foundation of 
developing nascent as well as established scientists, students, and logical minds.

Ms. Nina Kalinic Babic, the Publishing Process Manager, has always been 
cooperative and responsive to queries as and when required. Her contribution in 
shaping and finalizing the compilation for novel and ardent readers is gratefully 
acknowledged.

I hope that this rudimentary information will be worth reading during this 
Covid-19 pandemic.

Dr. Farrukh Jamal
Department of Biochemistry,

Dr. Rammanohar Lohia Avadh University,
Ayodhya, India
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Chapter 1

Genetic Engineering: Altering 
the Threads of Life
Tanim Arpit Singh, Trashi Singh, Ranjan Singh, Rajeeva Gaur, 
Prabhash Kumar Pandey and Farrukh Jamal

Abstract

Over the past 30 years, the field of genetic engineering has grown in a spectacular
manner. The methods involved in genetic engineering which were earlier considered
cumbersome and involved sophisticated instrumentation have now became a com-
mon drill within the laboratories throughout the world. This rising technology is now
involved in almost every aspect of biological research. Its application includes medical
diagnosis, paternity disputes, forensic analysis, genome sequencing, etc. In the recent
years, this technology has attained a large-scale attention, and now the commercial
products developed using genetic engineering are known worldwide. The technique
of genetic engineering is solely based on genetic information, which is encoded by
the DNA in the form of genes. Through genetic engineering the genes can be intro-
duced or manipulated within the host to develop products of value and importance,
for treatment of genetic disorders, and to achieve other goals. The present chapter
explains the techniques involved in genetic engineering and rDNA technology and
its importance in revolutionizing different fields. The objective of this chapter is to
highlight the basic principle and methodology involved in genetic engineering and its
role in human welfare.

Keywords: genetic engineering, DNA, gene library, plasmid, vector

1. Introduction

Genetic engineering refers to the process of altering the genetic code of any
living organisms by transferring the genes from one organism to the chromosome
of another in such a way that its biosynthetic properties get modified. The manipu-
lation of genetic material or genes is carried out using selective breeding or through
molecular biological techniques [1]. This process alters the biological capabilities of
an organism, and it can be utilized for the industrial production of desired proteins, 
enzymes, antibiotics, agricultural products, etc. [2, 3]. Genetic engineering allows
us to develop crops with agronomically beneficial changes like resistance to pests
and harsh environment and enhanced productivity with lesser ripening time [4]. 
Apart from other agricultural applications, genetic engineering can also be advanta-
geous in curing human disease [5].

Genetic engineering can also be referred to as the mechanism of changing 
the level of protein expression. In a condition where a large amount of protein is
required for the purpose of purification, its level of expression can be altered by
changing its promoter [6, 7]. Hence, the term “genetic engineering” can also be
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referred to as “protein engineering” since the biochemical properties of a protein 
are changed through gene mutation or in vivo alteration of genes [8].

The technique of genetic engineering has evolved through our context of under-
standing genetics.

The methodology of manipulation of genetic material was developed in the 
1970s. In vitro, the DNA was altered in a test tube and later introduced within the 
living cell thus altering the life process of the organism [9].

The current chapter debriefs about the outline of the genetic engineering 
process and its application in various fields.

2. Steps involved in genetic engineering

In a broad perspective, manipulating the DNA is done by isolating it from the 
cells and cleaving it using sequence-specific restriction endonuclease. Further, the 
two independently isolated DNA from the microbial cells are mixed and sealed 
using DNA ligase. Lastly, the DNA is introduced into the cells, which are grown and 
identified based on the altered properties of hybrid DNA [10].

For example, DNA contains a gene that is responsible for providing antibiotic 
resistance to the microbial cell “A,” isolated and introduced into a vector (plasmid), 
and then transferred into bacteria “B” which gains antibiotic resistance and is a 
transformed bacteria.

2.1 Isolation of desired DNA fragment or gene of interest

The first important step in genetic engineering is to acquire the gene of interest 
which can be obtained by the methods or sources mentioned as follows:

2.1.1 Production of DNA fragments by restriction digestion

The desired DNA fragment carrying the gene of interest is cleaved from the 
whole DNA using restriction enzymes. These enzymes are the key and an important 
base of genetic engineering. There are two types of restriction enzymes known till 
date, i.e., exonucleases and endonuclease [11].

Exonucleases cleave the dsDNA from the terminals, whereas endonucleases 
cleave the dsDNA at specific nucleotide sequence present amid the center. Different 
varieties of endonucleases with different cleavage sites have been identified and 
used in the process of genetic engineering. Certain restriction enzymes like EcoRI 
produce single-stranded self-complementary fragment with sticky ends, whereas 
enzymes like Hpa I produce double-stranded noncohesive fragments [8].

Many a times there exists a certain probability that the cleavage site of restric-
tion enzyme is available within our gene of interest, and thus the gene will not 
remain whole after the restriction digestion [12]. This problem can be overcome by 
employing hydrodynamic forces to breakdown the DNA. Sonication and homog-
enization are the common methods employed for the fragmentation of DNA. The 
DNA fragment acquired by this method is purely random, and also no sticky ends 
or cohesive ends are generated. Later the DNA fragments are checked for size and 
purity using agarose gel electrophoresis.

2.1.2 Genomic library

It comprises an entire genome of an organism that has been developed using 
molecular cloning methodology. The DNA of the organism is stored in population 
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of identical vectors. In prokaryotes the genes coding for proteins are continuous, 
while in eukaryotes, exons (the coding region) are interrupted with introns (non-
coding region). Thus, developing genomic library for eukaryotic organism remains 
challenging.

For construction of genomic library, the DNA from the organism is isolated 
and digested using restriction enzyme to get fragments of DNA of specific sizes. 
These fragments are later inserted into the vector using DNA ligase, and then the 
vector is introduced into a host organism which can be E. coli or yeast. The E. coli is 
a preferred host for protein production due to its rapid growth and ability to express 
proteins at high levels. It is also utilized in storing DNA sequences from other organ-
isms. The genetically engineered E. coli is used for different studies of medical and 
pharmaceutical importance. Similarly, the yeast with altered genome has enhanced 
ability for the production of alcohol in brewery industry. The DNA fragment is later 
retrieved from the host cell for the purpose of analysis or study.

2.1.3 cDNA library

This library comprises mRNA purified from a cell, tissue, or entire organism 
which has been changed back to dsDNA using reverse transcriptase. The cDNA/
complimentary DNA fragments are inserted into the host cell. A cDNA library 
comprises fragments of complimentary DNA which constitute certain portion of 
genome of the organism.

2.2 Insertion of gene into a suitable vector

A vector is a DNA molecule that has the ability to replicate inside the host to 
which the desired gene has integrated for cloning. The vectors include plasmids, 
cosmids, bacteriophages, bacterial artificial chromosome (BAC), yeast artificial 
chromosome (YAC), etc.

2.2.1 The vector system

They are important cloning vehicles, within which the fragment of gene of 
interest is inserted and transferred into a suitable host system [11]. Mostly circular 
DNA that has small size and is of bacterial origin is utilized as vector. The vector 
should possess certain characteristics to make it suitable to be used for the process 
of genetic engineering:

• The vector DNA should possess the ability to infect the host organism and 
replicate within it.

• It must possess cleavage site for specific restriction enzyme through which a 
foreign gene can be inserted.

• The ability of the vector DNA to replicate within the host should not be com-
promised after the insertion of a foreign gene.

In order to promote cloning within vector, it must possess certain impor-
tant sites:

• Ori site—The process of replication initiates from this sequence. The pres-
ence of this site is necessary for independent replication of plasmid within 
the host cell. This sequence is also responsible for controlling the copy 
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number of the gene of interest. If a large number of copies of DNA of interest 
are required, it must be cloned in a vector containing ori site supporting high 
copy number.

• Cloning site—It is site that is recognized by the restriction enzyme (preferable 
one) so that the gene of interest maybe inserted after digestion of the plasmid. 
The presence of more than a single cloning site may complicate the process of 
gene cloning as multiple fragments will be generated. The insertion of gene 
of interest is done at a restriction site present among two antibiotic resistance 
genes. For example, in the vector pBR322, a foreign piece of DNA can be joined 
at BamH I site of tetracycline resistance. Due to this, the recombinant might 
lose tetracycline resistance as its sequence is altered by insertion of foreign 
DNA, and thus the plasmids will lose tetracycline resistance. The transfor-
mants can still be distinguished from non-transformed ones by plating them 
on ampicillin medium. The transformed ones can grow on ampicillin medium 
but when transferred to a medium containing tetracycline, they are unable to 
grow, whereas the non-transformants can still grow on tetracycline medium as 
they still possess intact tetracycline-resistant genes.

• Selectable marker—Within a vector a selectable marker plays a key role in the 
identification of transformed cells from the non-transformed ones. Usually 
a selectable marker provides resistance towards antibiotics which are used 
for selection of transformants from non-transformants. These markers can 
provide resistance towards antibiotics like ampicillin, tetracycline, etc.

2.2.2 Plasmids

These are extrachromosomal DNA that possess the ability to replicate inde-
pendently within the host cell. Plasmids are circular in shape and impart special 
properties to the organism possessing it as it may code for antibiotic resistance, 
bactericide production, etc. [13].

The plasmids can be classified majorly into two categories:
The first type is self-transmissible, i.e., the ones that possess the ability to pro-

mote conjugation and are transferred quickly amid the bacterial population. These 
kinds are not generally employed as vectors.

The second type is the non-self-transmissible, i.e., the ones that cannot regulate 
their own transfer among bacterial population. These categories of plasmids are 
extensively used in genetic engineering as vectors [14].

The gene of interest or the foreign gene is inserted within the plasmid DNA 
vector; for that the closed circular plasmid is cleaved using restriction enzyme to 
make it linear. A plasmid contains a single cleavage site for a restriction enzyme 
to avoid multiple digestions. The gene of interest is inserted in the linear plas-
mid, and then the recombinant is converted to its original circular form [15] 
(Figure 1).

2.2.3 Phage vectors

The viruses that infect the bacteria are termed as bacteriophages. They possess 
a very simple structure consisting of a genetic material which might be a DNA 
or RNA surrounded by a protein coat termed as capsid. These phages can also 
be employed as a vector as large piece of DNA of interest can be incorporated in 
the genetic material of the phage. Different phages have been developed for the 

5

Genetic Engineering: Altering the Threads of Life
DOI: http://dx.doi.org/10.5772/intechopen.92618

purpose of genetic engineering containing a single site for the restriction enzymes 
[16]. These commonly used phage vectors are M13 phage, T4 phage, T7 phage, etc. 
The DNA of these phage vectors are altered by ligating the alien DNA fragment, 
and further the phage vector is inserted into the host cell [17]. These cells are 
later grown in a culture medium containing X-gal. The cells transformed with the 
recombinants will produce white colonies, and the non-transformants will develop 
blue colonies.

2.2.4 Cosmids

A cosmid is basically a plasmid with cos site, which contains cos sequences 
necessary for packaging. Cos sequences are ~200 base pair in length. Cosmids are 
hybrids comprising phage DNA molecule and plasmid of bacteria. Just like any 
other vector system, cosmids also require a selectable marker and an ori site. The 
cosmids lack λ-genes so unlike phages they do not produce plaques. Instead plaques 
colonies are formed by using selective media according to the marker just as done in 
the case of plasmids (Table 1).

2.3 Introducing vector into host cells

The membrane of the cell prevents the DNA from diffusing in or out. This 
barrier must be manipulated or altered so that the host cells are able to take up the 
foreign DNA. This goal can be achieved by different ways.

Figure 1. 
Plasmid pBR322 exhibiting ori site, ampicillin- and tetracycline-resistant selectable markers.
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2.3.1 Transduction

The mechanism of inserting the foreign DNA into host cell using a phage is 
termed as transduction. The virus can attach themselves on the host and transfer 
their DNA into the cells. In genetic engineering, this ability of viruses can be 
utilized purposefully for the transfer of recombinant DNA into the host cells. The 
recombinant DNA can be transferred to a virus by inserting it within any bacteria 
and infecting it with the bacteriophage [18]. The virus when multiplying within 
the cell also intakes the recombinant DNA, and after the completion of lytic cycle, 
the virus containing recombinant DNA bursts out the cell. This virus now contains 
recombinant DNA which can be transferred to the host cell by infecting it with the 
phages.

2.3.2 Transformation

The mechanism by which the bacterial cell intakes DNA from the surrounding 
environment in which the bacteria is found or within the experimental solution is 
termed as transformation. This mechanism is carried out by exposing the bacteria 
to calcium chloride followed by heating the medium. This process will enable the 
bacteria to take up the recombinant DNA that we have introduced within their 
surroundings [15].

2.3.3 Electroporation

It is a physical method in which electric pulse is applied across the cell which 
creates temporary pores in the cell membrane. The DNA is then transferred using 
these pores within the cells. In electroporation the host cells are introduced into a 
conductive medium, and an electric pulse at specific voltage is passed through the 
solution lasting for a few microseconds. The electric current alters the phospholipid 
layer of the membrane, and pores are generated through which foreign DNA is 
transferred [14].

2.3.4 Microinjection

It is a common method that is usually employed in transferring the recombi-
nant DNA within any plant cell. In this process the DNA is injected physically in 
the cells using a gene gun. The microscopic particles of tungsten or gold are coated 
with the recombinant DNA and are loaded to a gun. The gun comprises of high-
pressure helium which ejects out the particles at a very high velocity. The outer 

Enzymes Specific function

Restriction endonucleases Cuts the DNA at specific nucleotide sequence

DNA polymerase Addition of nucleotides at the 3′ end of the DNA

DNA ligase Seals/joins the two fragments of DNA

Exonucleases Remove nucleotide from the 3′ terminal of the DNA strand

Alkaline phosphatase Removes phosphate group from both 5′ and 3′ terminals

Polynucleotide kinase Adds phosphate group to the 5′-OH end of the DNA to promote ligation

Table 1. 
Enzymes involved in genetic engineering and their function.
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covering of the plant cell, i.e., the cell wall, is easily penetrated using a gene gun. 
After entering the plant cell, the particles release out the recombinant DNA which 
now becomes the part of the cell [19].

3. Applications of genetic engineering

3.1 Gene therapy

Gene therapy is the process of correcting defective genes or introducing new 
genes into the existing cells for the cure and treatment of diseases [20]. Through 
gene therapy we can correct the root cause of the disease, i.e., the genes. The first 
approved gene therapy was employed to correct the deficiency of the enzyme 
adenosine deaminase (ADA) which was carried out on a 4-year-old girl Ashanti 
DeSilva. This girl suffered from severe combined immunodeficiency (SCID) as 
the gene coding for ADA was defective causing deoxyadenosine to accumulate and 
destroy T lymphocytes. After gene therapy, the 4-year-old developed no notewor-
thy side effects and grew normally into adulthood.

The gene therapy is of two types:

• In germ line therapy, the modified/therapeutic genes are transferred into the 
germ cells, and the individual’s offspring would remain unaffected. In germ 
line therapy the genes are introduced into sperms and eggs.

• In somatic cell therapy, the modified/therapeutic genes are transferred into the 
somatic cells due to which only the treated individual will possess the modifi-
cation. In this therapy the genes are introduced into the bone marrow, blood 
cells, etc. [6, 7].

3.2 Synthesis of insulin using genetically engineered E. coli

In humans, insulin is produced as prohormone and needs to be processed to 
work as a functional hormone. Before the advent of genetic engineering, the insulin 
was extracted from the slaughtered cattle. This insulin when injected to the human 
patients in majority of cases induced allergies. The active human insulin comprises 
chains A and B linked together by disulfide bridges. The synthesis of insulin using 
genetic engineering was achieved by Eli Lilly, an American company in 1983 [5]. 
They isolated the human gene responsible for synthesis of insulin and introduced it 
into E. coli through a vector. The chains from the host cell were extracted, separated, 
and joined through disulfide bridges.

3.3 In agriculture

The genetic engineering has revolutionized the agriculture sector and resolved 
the problem of feeding the ever-increasing population to a certain bit. Using genetic 
engineering different varieties of plants have been developed that possess better 
agronomic characteristics.

The crops developed through genetic engineering are termed as transgenic or 
genetically modified crops. The transgenic crops can be produced by transferring 
the gene of interest within the plant to obtain the desirable traits. The characteris-
tics of plant can also be altered by silencing or removing their own genes.

The important characteristics of transgenic crops include:
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After entering the plant cell, the particles release out the recombinant DNA which 
now becomes the part of the cell [19].
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3.1 Gene therapy

Gene therapy is the process of correcting defective genes or introducing new 
genes into the existing cells for the cure and treatment of diseases [20]. Through 
gene therapy we can correct the root cause of the disease, i.e., the genes. The first 
approved gene therapy was employed to correct the deficiency of the enzyme 
adenosine deaminase (ADA) which was carried out on a 4-year-old girl Ashanti 
DeSilva. This girl suffered from severe combined immunodeficiency (SCID) as 
the gene coding for ADA was defective causing deoxyadenosine to accumulate and 
destroy T lymphocytes. After gene therapy, the 4-year-old developed no notewor-
thy side effects and grew normally into adulthood.

The gene therapy is of two types:

• In germ line therapy, the modified/therapeutic genes are transferred into the 
germ cells, and the individual’s offspring would remain unaffected. In germ 
line therapy the genes are introduced into sperms and eggs.

• In somatic cell therapy, the modified/therapeutic genes are transferred into the 
somatic cells due to which only the treated individual will possess the modifi-
cation. In this therapy the genes are introduced into the bone marrow, blood 
cells, etc. [6, 7].

3.2 Synthesis of insulin using genetically engineered E. coli

In humans, insulin is produced as prohormone and needs to be processed to 
work as a functional hormone. Before the advent of genetic engineering, the insulin 
was extracted from the slaughtered cattle. This insulin when injected to the human 
patients in majority of cases induced allergies. The active human insulin comprises 
chains A and B linked together by disulfide bridges. The synthesis of insulin using 
genetic engineering was achieved by Eli Lilly, an American company in 1983 [5]. 
They isolated the human gene responsible for synthesis of insulin and introduced it 
into E. coli through a vector. The chains from the host cell were extracted, separated, 
and joined through disulfide bridges.

3.3 In agriculture

The genetic engineering has revolutionized the agriculture sector and resolved 
the problem of feeding the ever-increasing population to a certain bit. Using genetic 
engineering different varieties of plants have been developed that possess better 
agronomic characteristics.

The crops developed through genetic engineering are termed as transgenic or 
genetically modified crops. The transgenic crops can be produced by transferring 
the gene of interest within the plant to obtain the desirable traits. The characteris-
tics of plant can also be altered by silencing or removing their own genes.

The important characteristics of transgenic crops include:
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• Crops with better ability to tolerate environmental conditions like drought, 
cold, salinity, etc. For example, the salt-tolerant transgenic maize plant was 
produced by incorporation of gut D gene from Escherichia coli [4]. Crops 
resistant against insects, herbicides, and other chemicals. For example, 
Sulphonylurea-resistant tobacco plants are produced by incorporating the 
mutant acetolactate synthase (ALS) gene from Arabidopsis [4].

• Biofortification—The improved crop variety has enhanced nutritional qualities 
as compared to that of the conventional crops. For example, the golden rice is 
very rich in vitamin A.

• An altered rate of growth for higher productivity in less time, e.g., genetically 
modified tomatoes, potatoes, tobacco, etc. [21].

3.4 Production of insect resistant Bt cotton using genetic engineering

The bacteria Bacillus thuringiensis synthesize certain proteins with the ability to 
kill insects like dipterans and lepidopterans. This toxin was termed Bt toxin which 
remains inactivate, but when engulfed it gets activated due to the alkaline pH of the 
gut. The insects engulfing it eventually die. Through genetic engineering the genes 
responsible for production of Bt toxin were isolated and were used in crops like 
cotton to make it pest resistant. The toxin responsible for killing the pest was coded 
using cry gene. The Bt cotton was resistant against budworms, beetles, mosquitoes, 
and flies [22].

3.5 Transgenic animals

The animals whose genetic makeup has been altered to express foreign genes 
are known as transgenic animals [23]. The transgenic animals are important as they 
enable us to:

• Study the regulation and expression of gene.

• Study genes responsible for causing disease in the humans. Transgenic models 
allow us to infect them with diseases like cancer, CFTR, etc. and to develop an 
effective treatment against it [22].

• Ensure safety of treatment that the human receive. Transgenic mice are devel-
oped to study the effect of vaccines before using it on humans [24].

• Produce biologically important products like human proteins, protein-
enriched milk for human babies, etc. [25].

4. Conclusions

Genetic engineering has become an integral part of the modern era, and its vast 
applications have touched and evolved almost all important fields necessary for liv-
ing. This technology has revolutionized medical, agricultural, and pharmaceutical 
sectors. The genetic engineering involves a group of techniques that are employed 
for varied purposes based on our requirements. This technology has provided us the 
cure for many diseases, pest-resistant crops, transgenic organisms and hormones, 
and other important products. The modern era of biological research remains 
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incomplete without this technology. Genetic engineering holds the future of mod-
ern medicine, agriculture, and pharmaceutical industries. The genome editing tools 
are gaining much attention in the present era. Genetic engineering is the answer to 
all the solutions that we are facing today. In order to feed the rising population of 
the world, it is the tool for enhancing crop productivity. Through genetic engineer-
ing the fermentation ability of yeast can be enhanced for increased alcohol produc-
tion. Similarly all sectors like antibiotic production can also be augmented, and the 
structure can also be modified for better efficacy. Genetic engineering also opens 
the gateways for the treatment of diseases that have medically no potential cure 
available till date. The technique of gene manipulation can provide better longevity 
of life. This technique is the future of almost all sectors, and with the advent of time 
it may provide solution to all the present problems.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 2

Polymerase Chain Reaction
Shaheen Shahzad, Mohammad Afzal, Shomaila Sikandar  
and Imran Afzal

Abstract

Polymerase chain reaction (PCR) is an efficient and one of the most common 
methods used in biological sciences for in vitro multiplication of a target DNA 
molecule. The technique has significantly contributed in changing and developing 
different fields of biological sciences since 1980s. PCR has a vital role in support-
ing the processes involved in genetic engineering, particularly the cloning of DNA 
fragments used to modify the genomes of microorganisms, animals, and plants. 
Consequently, the technique has numerous applications in fundamental and 
applied research in medicine agriculture, environment, and bio-industry. The main 
focus of this chapter is to describe briefly the principles, methodology, various 
types, and applications of PCR in different fields. Besides, different components of 
PCR, trouble shooting during the execution, and limitations of the techniques are 
also outlined.

Keywords: PCR, primer, DNA template, nucleotides, sequence, polymerase

1. Introduction

Polymerase chain reaction (PCR) is one of the most commonly used method 
in modern molecular biology. The technique was developed by the Nobel laureate, 
Kary Mullis, in 1984. It is an in vitro process to multiply a target molecule of DNA 
with extreme precision, making it easy to be handled and examined by routine 
molecular biological methods [1–4]. Since its inception, PCR has significantly con-
tributed in changing and developing biological sciences. The first PCR machine was 
introduced in market in 1988. The Human Genome Project has been result of PCR 
based approaches [5, 6]. Owing to its wide range of applications, numerous variants 
of PCR techniques have emerged over the past few decades [2–4].

PCR begins with the separation (denaturation) of the strands of a target DNA 
molecule (known as template) followed by annealing (hybridization) of oligonucle-
otide primers to the target template. The annealed primers provide a start for the 
DNA polymerase point to add new nucleotides (deoxynucleoside triphosphates or 
dNTPs). The sequence of nucleotides to be added is determined by the template. 
This entire process of the amplification of template, i.e., separation, annealing, and 
polymerization, is accomplished in vitro by cyclical alterations of temperature [2, 4, 
7–10]. DNA polymerases used in PCR originate in thermophilic microorganisms, 
largely archaea, thriving temperature between 41 and 122°C. This ability to with-
stand high temperature is requited in PCR to melt or separate the double-stranded 
DNA. Today, PCR has become a main stay in biotechnology, genomics, diagnostics, 
systematics, and many more areas [2–6].
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2. Principles of PCR

PCR typically involves a series of 20–40 repeated temperature changes, called 
cycles, with each cycle usually comprising three discrete temperature shifts 
(Figure 3) [2, 4, 7–10].

1. Denaturation: 94–96°C

2. Primer annealing (depending on the primer): 45–60°C

3. Primer extension: usually 72°C

The cycling steps often start and end with a temperature step called “hold” 
where product extension is performed at (>90) and (~72°C), respectively. The 
final product is kept at 4°C before its analysis or storage. The most of PCR methods 
typically amplify DNA fragments of up to ~10 kilo base pairs (kb). However, some 
techniques can amplify up to 40 kb.

3. The components of PCR

Setting up a basic PCR requires many ingredients, reagents, and conditions 
which are described below (Figure 1) [2, 4, 7–10].

Figure 1. 
The component of PCR.
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3.1 DNA template

The double-stranded DNA molecule amplified by PCR is called the target or 
template DNA. The template defines the sequence in which new nucleotides are 
added during the PCR process [11]. This process is carried out in vitro by cyclically 
varying temperature, enabling separation of DNA strands, hybridization of prim-
ers, and polymerization.

DNA isolated from any source can be used as a template for PCR provided that it 
contains the target sequence. The DNA used in PCR can be isolated from blood, tis-
sue, forensics specimens, paleontological samples, or microbial/tissue cells grown in 
the lab. Whatever the source, we need to have some information of the target DNA 
sequence, so that primers for PCR can be designed [2, 12]. The PCR primers can 
be designed very easily nowadays owing to the plethora of software tools that only 
requires target sequence information. If the sequence information is not known, the 
designing of primers becomes very challenging. This problem can be circumvented 
by using degenerate primers [2].

3.2 Primers

Primers are single-stranded DNA molecules usually synthesized commercially, 
i.e., polynucleotides of variable sizes [2, 7–10]. These short polynucleotide DNA 
strands have a free 3′ hydroxyl group, also called as 3′ end. The free 3′ hydroxyl 
group on the primer is needed by the DNA polymerase to add new nucleotides dur-
ing the polymerization process, thereby synthesizing a new complementary strand 
[12, 13]. The binding of DNA primer to the target requires the separation of two 
complementary DNA strands (Denaturation) which is generally achieved by heat-
ing process. To perform PCR, two primers are needed to enhance both the strands 
of the template: a primer for one strand (or sense strand), called the “forward 
primer,” which is the beginning of the template, and another primer for the comple-
mentary strand (or the antisense strand) called the “reverse primer.” Thus, both the 
primers bind to 5′ ends of the sense and antisense strand.

The length of primers plays an important role in correctly identifying their des-
ignated target complementary regions. Increasing the length of primers improves 
their chances of matching the target (specificity). These primers are usually com-
mercially synthesized with their size ranging between 18 and 25 nucleotides.

Primers should bind (anneal or hybridize) to the template with good specificity 
and strength to ensure amplification of the correct sequence. The specific temperature 
that is needed for primer annealing also depends on the primer sequences, e.g., the 
longer the primer, the higher the annealing temperature. Therefore, the maximum 
specificity and efficiency of PCR depends on optimal primer sequences and appropri-
ate primer concentrations [2, 7, 8]. This in return depends on the way primers are 
designed and used. Improper primers may amplify undesired DNA segments (non-
specific products), lower the yield of specific products, or completely fail the results 
of PCR. These undesired outcomes can be circumvented by designing and validating 
primers that preferentially bind to their target sequences. The online IDT Sci Tools 
Software Oligo Analyzer 3.1 and Primer Quest are invaluable aids both in primer 
design and validation [14]. These software tools also ensure that the two primers do 
not contain sequences that are complementary to each other. If primers contain self-
complementary sequences, then hybridization will occur to each other, and they form 
“primer-dimmers.” Consequently, the primers will fail to bind to their target template, 
leading to a compromised PCR efficiency. In addition, presence of complementary 
sequences within a primer leads to the formation of hairpin loop structures [15].
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As the bonding of guanine and cytosine bases (GC) is stronger than that 
between adenine and thymine (AT) bases, primers having GC at 3′ end should be 
preferred for a strong bonding with the template [16]. However, the primers should 
not contain runs of three or more C or G bases, as this may lead to nonspecific 
binding to G- or C-rich sequences (mispriming) in the DNA which is not the target 
sequence [17].

3.3 DNA polymerase

Discovery of DNA polymerase in 1955 was the onset of PCR technology, which 
exploits the ability of bacterial DNA polymerase to make a complementary strand of 
a target DNA [2, 4, 7, 8, 18]. DNA polymerase starts making a new DNA from the 3′ 
end of the template. The 3′ end of the two template stands is where the primers bind 
which are then extended by the DNA polymerase. The most commonly used DNA 
polymerase is Taq DNA polymerase isolated from Thermus aquaticus, a thermophilic 
bacterium. Taq polymerase extends the DNA chain by adding ~1.0 kb per min with 
the enzymatic half-life achieved at 95°C in 40 minutes. Alternatively, the DNA 
polymerase from Pyrococcus furiosus, called Pfu, is also used widely due to its 3′–5′ 
exonuclease activity (proofreading) which is not present in Taq DNA polymerase. 
Proofreading allows Pfu to remove incorrectly added nucleotide during polymeriza-
tion and therefore to synthesize new DNA with minimum errors. A recombinant 
DNA polymerase, KOD DNA polymerase, derived from the thermophilic solfatara 
bacterium Thermococcus kodakarensis KOD1 type strain, functions optimally at 85°C 
with 3′–5′ exonuclease proofreading activity, resulting in blunt-ended DNA prod-
ucts [19, 20]. KOD DNA polymerase exhibits high fidelity and processivity for small 
amplicons. However, for the amplicons over 5 kb, the amplification is lowered due to 
strong 3′–5′ exonuclease activity of the enzyme [5]. This problem can be solved by 
mixing wild type with the mutant form of the enzyme (with lower 3′–5′ exonuclease 
activity), which can result in more correct amplification of the amplicons between 5 
and 15 kb [21]. Other sources of DNA polymerases used in PCR include thermophilic 
species like Thermus thermophilus (Tth) and Thermus flavus (Tfl) [18].

3.4 Nucleotides

PCR requires four different deoxynucleoside triphosphates or dNTPs to syn-
thesize new DNA strands: adenine(A), guanine(G), cytosine(C), thymine(T). The 
dNTPs are usually provided at a concentration of 200 μM in the reaction mixture 
[22]. The concentration of these four dNTPs must be equal in the reaction mixture, 
as unequal concentration of even a single dNTPs leads to misincorporation of 
nucleotides by the DNA polymerase.

3.5 Buffer solution

The function of PCR buffer solution is to provide suitable conditions and chemi-
cals to the DNA polymerase for optimal activity and stability [23]. The buffers 
often contain Tris-Hcl, KCl, and sometimes MgCl2. PCR buffers are often available 
in 10× concentration and are sometimes Taq formulation-specific including the 
compounds shown in Table 1.

3.6 Monovalent cations

Potassium chloride (KCl) is normally used in a PCR amplification of DNA frag-
ments at a final concentration of 50 mM [24].
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3.7 Divalent cations

Magnesium ions are needed by the DNA polymerase enzyme as a cofactor. The 
divalent cations may include magnesium or manganese ions; generally, Mg2+ is 
used, but Mn2+ can be utilized for PCR-mediated DNA mutagenesis, as higher 
Mn2+ concentration increases the error rate during DNA synthesis [25].

3.8 PCR tube

PCR is performed in a small, thin-walled plastic tube called PCR tube. The tube 
is specifically designed to permit favorable thermal conductivity equilibration dur-
ing thermal cycling.

3.9 Thermal cycler

A thermal cycler or thermocycler is a device used to rapidly heat and cool the 
reaction mixtures and cycle them between the three PCR temperature steps [26]. 
Many modern thermocyclers employ the Peltier effect to achieve this temperature 
ramping, which is done by reversing the electric current [11]. Modern thermocy-
clers are also provided with heated lids to prevent condensation of reaction mixture 
during PCR operation. Older thermocyclers lacked this feature, and the evaporation 
was prevented by applying oil or wax balls on the surface of PCR mixture.

4. Procedure

Each cycle or round of PCR comprises three major steps, viz., denaturation, 
annealing, and extension, repeated for 30 or 40 cycles on a thermocycler (Figure 2) 
[2, 4, 7–10]. A number of parameters determine the range of temperature and the 
duration of each cycle step (Figure 3), e.g., the polymerase used for DNA synthesis; 
melting temperature (Tm) of the primers; and the concentration of reagents used, 
i.e., divalent ions and dNTPs. The melting temperature depends on the length and 
specific nucleotide sequence of a primer. At Tm, half of the DNA molecules are in 
the single-stranded form.

4.1 Denaturation

It is the first cycling step that involves heating the reaction mixture to 94–98°C 
for 20–30 seconds. Such higher temperature disrupts the hydrogen bonding of the 
two complementary strands to produce the single-stranded DNA templates. Thus, 
denaturation prepares the DNA template for the binding of primers.

Component Function

100 mM Tris-HCl (pH 8.8 at 25 °C) Maintains reaction pH

500 mM KCl Stabilizes primer-template annealing

15 mM MgCl2 Cofactor for DNA polymerase

0.8% (v/v) Nonidet P40 (Optional) Suppresses secondary structure formation

(Thermo Fisher Scientific™B16: https://www.thermofisher.com/order/catalog/product/B16)

Table 1. 
Concentrations of PCR buffers.
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dNTPs are usually provided at a concentration of 200 μM in the reaction mixture 
[22]. The concentration of these four dNTPs must be equal in the reaction mixture, 
as unequal concentration of even a single dNTPs leads to misincorporation of 
nucleotides by the DNA polymerase.

3.5 Buffer solution

The function of PCR buffer solution is to provide suitable conditions and chemi-
cals to the DNA polymerase for optimal activity and stability [23]. The buffers 
often contain Tris-Hcl, KCl, and sometimes MgCl2. PCR buffers are often available 
in 10× concentration and are sometimes Taq formulation-specific including the 
compounds shown in Table 1.

3.6 Monovalent cations

Potassium chloride (KCl) is normally used in a PCR amplification of DNA frag-
ments at a final concentration of 50 mM [24].
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3.7 Divalent cations

Magnesium ions are needed by the DNA polymerase enzyme as a cofactor. The 
divalent cations may include magnesium or manganese ions; generally, Mg2+ is 
used, but Mn2+ can be utilized for PCR-mediated DNA mutagenesis, as higher 
Mn2+ concentration increases the error rate during DNA synthesis [25].

3.8 PCR tube

PCR is performed in a small, thin-walled plastic tube called PCR tube. The tube 
is specifically designed to permit favorable thermal conductivity equilibration dur-
ing thermal cycling.

3.9 Thermal cycler

A thermal cycler or thermocycler is a device used to rapidly heat and cool the 
reaction mixtures and cycle them between the three PCR temperature steps [26]. 
Many modern thermocyclers employ the Peltier effect to achieve this temperature 
ramping, which is done by reversing the electric current [11]. Modern thermocy-
clers are also provided with heated lids to prevent condensation of reaction mixture 
during PCR operation. Older thermocyclers lacked this feature, and the evaporation 
was prevented by applying oil or wax balls on the surface of PCR mixture.

4. Procedure

Each cycle or round of PCR comprises three major steps, viz., denaturation, 
annealing, and extension, repeated for 30 or 40 cycles on a thermocycler (Figure 2) 
[2, 4, 7–10]. A number of parameters determine the range of temperature and the 
duration of each cycle step (Figure 3), e.g., the polymerase used for DNA synthesis; 
melting temperature (Tm) of the primers; and the concentration of reagents used, 
i.e., divalent ions and dNTPs. The melting temperature depends on the length and 
specific nucleotide sequence of a primer. At Tm, half of the DNA molecules are in 
the single-stranded form.

4.1 Denaturation

It is the first cycling step that involves heating the reaction mixture to 94–98°C 
for 20–30 seconds. Such higher temperature disrupts the hydrogen bonding of the 
two complementary strands to produce the single-stranded DNA templates. Thus, 
denaturation prepares the DNA template for the binding of primers.

Component Function

100 mM Tris-HCl (pH 8.8 at 25 °C) Maintains reaction pH

500 mM KCl Stabilizes primer-template annealing

15 mM MgCl2 Cofactor for DNA polymerase

0.8% (v/v) Nonidet P40 (Optional) Suppresses secondary structure formation

(Thermo Fisher Scientific™B16: https://www.thermofisher.com/order/catalog/product/B16)

Table 1. 
Concentrations of PCR buffers.
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4.2 Annealing

After denaturation, the next cycling step is annealing, in which the temperature 
of the PCR reaction is decreased to 50–65°C and kept for 20–60 seconds. This 
promotes hybridization between primers and single-stranded templates. Optimal 
annealing occurs at temperatures that are 3–5°C less than the primer Tm. The prim-
ers should have sufficient length and GC content to strongly bind to their target 
template during annealing.

4.3 Extension

DNA polymerase synthesizes (polymerizes) new DNA molecule by adding 
dNTPs complementary to the template bases in a 5′–3′ direction. The temperature 
and extension time depend on the type of DNA polymerase used: Taq polymerase 
performs optimally between 75 and 80°C. However, the enzyme is routinely used at 
72°C. The extension time also depends on the length of the template.

A single cycle of PCR comprises the entire processes of denaturation, annealing, 
and extension/elongation. Under ideal conditions (optimal temperature ramping, 
presence of substrates/reagents, absence of inhibitors), the quantity of target DNA 
is doubled at the end of each cycle, resulting in exponential amplification of the 
specific DNA segment.

Final elongation: This single step is optional and performed at 70–74°C. The 
final elongation may take for 5–15 minutes after the last PCR cycle and allows any 
remaining single-stranded DNA to be fully extended.

Figure 2. 
A basic PCR protocol—DNA synthesis cycle.

Figure 3. 
PCR—a simple thermocycling protocol.
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Final hold: The final step may be employed for short-term storage of the reaction 
by cooling the reaction chamber to 4–15°C for an indefinite time.

5. Magnitude of amplification

Multiple cycling steps of a PCR can exponentially increase the copies of target 
DNA template to millions. The number of DNA copies produced by a PCR can 
be calculated using the formula “2n”, where n is the number of cycles [27, 28]. For 
example, a PCR set for 36 cycles results in 68 billion copies of the template. Under 
optimal conditions, even with minimal efficiency, a PCR in 50 ml volume may 
produce 0.2 mg of 150 bp DNA from 100 template molecules after 35–40 cycles, 
with the molar weight of the fragment equal to 99,000 Da.

6. Validating PCR

The degree of a PCR success can be determined in many ways [3, 29–36]:

1. Ethidium bromide (EtBr) can be used for the staining of amplified DNA prod-
uct [31, 32]. It has UV absorbance maxima at 300 and 360 nm, and an emission 
maximum at 590 nm, and being a DNA intercalator, EtBr inserts itself between 
the base pairs in the double helix. The detection limit of DNA bound to ethid-
ium bromide is 0.5–5.0 ng/band.

2. A three primer combination approach can provide a more cost-effective end-
labeling of PCR products: (i) fluorescently labeled universal primer, (ii) modi-
fied locus-specific primers, and (iii) 5′ universal primer sequence tails [34].

3. Agarose gel electrophoresis: The most commonly employed validating method, 
gel electrophoresis, makes use of electric current to separate charged molecules 
like DNA using gel as molecular sieve. Gelling agents can be agarose (for DNA 
>500 bp) or polyacrylamide (<500 bp). Different DNA sequences are separated 
out based on their sizes. DNA staining dyes (like EtBr) are applied to the gel to 
help visualize the DNA bands using UV transilluminator [34, 36]. The presence of 
a correct size DNA band (confirmed using a DNA ladder) indicates that the target 
sequence was present and that the PCR has amplified a correct product. Absence 
of any DNA band indicates that the target DNA was absent, while the presence of 
incorrect size DNA band indicates production of a spurious product [37].

4. The direct sequencing is often not practiced due to in accessibility or cost of 
DNA sequencer or even the time needed to undertake such an analysis. How-
ever, restriction enzyme digestion can also be used to assess the sequence of an 
amplicon indirectly [29].

7. Types of PCR

Owing to ever-growing applications, a wide variety of PCR techniques have 
emerged over the past few decades [2–4]. Some of the variants are mere optimiza-
tion close to the basic PCR to fulfill the specific needs. Others have undergone 
massive modifications to suit novel applications in different biological, biomedical, 
agricultural, and environmental fields [6].
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4.2 Annealing

After denaturation, the next cycling step is annealing, in which the temperature 
of the PCR reaction is decreased to 50–65°C and kept for 20–60 seconds. This 
promotes hybridization between primers and single-stranded templates. Optimal 
annealing occurs at temperatures that are 3–5°C less than the primer Tm. The prim-
ers should have sufficient length and GC content to strongly bind to their target 
template during annealing.

4.3 Extension

DNA polymerase synthesizes (polymerizes) new DNA molecule by adding 
dNTPs complementary to the template bases in a 5′–3′ direction. The temperature 
and extension time depend on the type of DNA polymerase used: Taq polymerase 
performs optimally between 75 and 80°C. However, the enzyme is routinely used at 
72°C. The extension time also depends on the length of the template.

A single cycle of PCR comprises the entire processes of denaturation, annealing, 
and extension/elongation. Under ideal conditions (optimal temperature ramping, 
presence of substrates/reagents, absence of inhibitors), the quantity of target DNA 
is doubled at the end of each cycle, resulting in exponential amplification of the 
specific DNA segment.

Final elongation: This single step is optional and performed at 70–74°C. The 
final elongation may take for 5–15 minutes after the last PCR cycle and allows any 
remaining single-stranded DNA to be fully extended.

Figure 2. 
A basic PCR protocol—DNA synthesis cycle.

Figure 3. 
PCR—a simple thermocycling protocol.
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Final hold: The final step may be employed for short-term storage of the reaction 
by cooling the reaction chamber to 4–15°C for an indefinite time.

5. Magnitude of amplification

Multiple cycling steps of a PCR can exponentially increase the copies of target 
DNA template to millions. The number of DNA copies produced by a PCR can 
be calculated using the formula “2n”, where n is the number of cycles [27, 28]. For 
example, a PCR set for 36 cycles results in 68 billion copies of the template. Under 
optimal conditions, even with minimal efficiency, a PCR in 50 ml volume may 
produce 0.2 mg of 150 bp DNA from 100 template molecules after 35–40 cycles, 
with the molar weight of the fragment equal to 99,000 Da.

6. Validating PCR

The degree of a PCR success can be determined in many ways [3, 29–36]:

1. Ethidium bromide (EtBr) can be used for the staining of amplified DNA prod-
uct [31, 32]. It has UV absorbance maxima at 300 and 360 nm, and an emission 
maximum at 590 nm, and being a DNA intercalator, EtBr inserts itself between 
the base pairs in the double helix. The detection limit of DNA bound to ethid-
ium bromide is 0.5–5.0 ng/band.

2. A three primer combination approach can provide a more cost-effective end-
labeling of PCR products: (i) fluorescently labeled universal primer, (ii) modi-
fied locus-specific primers, and (iii) 5′ universal primer sequence tails [34].

3. Agarose gel electrophoresis: The most commonly employed validating method, 
gel electrophoresis, makes use of electric current to separate charged molecules 
like DNA using gel as molecular sieve. Gelling agents can be agarose (for DNA 
>500 bp) or polyacrylamide (<500 bp). Different DNA sequences are separated 
out based on their sizes. DNA staining dyes (like EtBr) are applied to the gel to 
help visualize the DNA bands using UV transilluminator [34, 36]. The presence of 
a correct size DNA band (confirmed using a DNA ladder) indicates that the target 
sequence was present and that the PCR has amplified a correct product. Absence 
of any DNA band indicates that the target DNA was absent, while the presence of 
incorrect size DNA band indicates production of a spurious product [37].

4. The direct sequencing is often not practiced due to in accessibility or cost of 
DNA sequencer or even the time needed to undertake such an analysis. How-
ever, restriction enzyme digestion can also be used to assess the sequence of an 
amplicon indirectly [29].

7. Types of PCR

Owing to ever-growing applications, a wide variety of PCR techniques have 
emerged over the past few decades [2–4]. Some of the variants are mere optimiza-
tion close to the basic PCR to fulfill the specific needs. Others have undergone 
massive modifications to suit novel applications in different biological, biomedical, 
agricultural, and environmental fields [6].
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7.1 Conventional PCR

This is a standard PCR in which a single-primer pair is used to bind to the 
two separated target strands. The primers also define the target sequences 
that will be copied. The PCR generates millions of copies of the target DNA 
sequences [2–4].

7.2 Multiplex-PCR

It is a special type of PCR for the detection of pathogenic microorganisms by 
using several pairs of primers annealing to different target sequences in a single 
sample [2–4, 38]. The multiplex-PCR is mainly used to identify exonic or intronic 
sequences to detect mutations, deletions, insertions, and rearrangements in patho-
genic specimens.

7.3 Nested-PCR

It is used to increase the specificity of DNA amplification by reducing the 
nonspecific amplification [2–4, 39]. The two sets of primer pairs are used for 
a single locus point in two successive PCR reactions. The first round of PCR 
is performed with a primer pair that anneals to the sequence that flanks the 
target region. This generates a much larger DNA product that includes the 
target sequence. The second PCR is performed with a primer pair that precisely 
anneals to the target sequence, internal to the product of first PCR. This ensures 
that only the correct product is amplified in the second PCR [7]. Although 
Nested PCR improves specificity of amplification, it has disadvantage like 
primer-dimer formations [40].

7.4 Real-time PCR/quantitative PCR (qPCR)

A qPCR is a technique used to quantify the amplification of a template DNA 
in real time during the PCR reaction. This type of PCR is commonly employed to 
estimate the number of DNA targets present in a sample or to study and compare 
the gene expression [7, 37]. When real-time PCR is used quantitatively (qPCR), the 
amount of amplification is measured either by using a nonspecific fluorescent dyes 
or sequence-specific DNA oligonucleotide fluorescent probes [4, 41]. When quan-
titative PCR is used above/below a certain amount of DNA molecules, it is called 
semi quantitative real-time PCR. Although the quantitative real-time PCR has many 
applications, it is more frequently used in basic research and diagnostic purposes. 
There is a growing industrial use of the technique, e.g., quantification of microbial 
load in processed foods, detection of GMOs, quantification of pathogenic viruses, 
etc. [42–44].

7.5 Hot start/cold finish PCR

This technique reduces nonspecific amplification during the initial stages of a 
PCR [4, 7, 45]. To prevent nonspecific amplification at lower temperatures, hybrid 
polymerases are used which remain inactive at ambient temperature and is only 
activated at higher temperatures. Inhibition of the polymerase activity at ambient 
temperature is done by using an antibody or covalently bound inhibitors. Simply, in 
this technique the reaction components are heated to the DNA melting temperature 
(e.g., 95°C) before adding the polymerase.
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7.6 Touchdown PCR (step-down PCR)

This type of PCR is designed to minimize nonspecific amplification by gradually 
decreasing the primer annealing temperature in the successive cycles. PCR is started 
with initial cycles having an annealing temperature 3–5°C higher than the primer 
Tm. The annealing temperature is then gradually decreased to 3–5°C lower below 
the Tm. The higher annealing temperature increases the specificity of the primers 
at initial stages of the reaction, while the lower temperature permits more efficient 
amplification later at the end [4, 7, 46].

7.7 Assembly PCR or polymerase cycling assembly (PCA)

This technique is used for the synthesis of long DNA molecules from long 
oligonucleotides with short overlapping segments, alternating between sense and 
antisense directions. The process begins with an initial PCR with primers that have 
an overlap, followed by a second PCR using the products of the first PCR as the 
template to generate the final full-length DNA structure [4, 7, 47].

7.8 Colony PCR

It is a convenient high-throughput technique used to confirm the addition of 
DNA insert in the recombinant clones and their uptake by the bacterial cell. A single 
set of insert specific primers are designed for the areas of the vector flanking the 
site where target DNA fragments are already inserted. This results in the amplifica-
tion of the inserted sequences. The technique is used for the screening of bacterial 
colonies transformed with the recombinant vectors and to perform PCR without 
initially extracting the bacterial genomic DNA [3, 4, 7, 48].

7.9 Methylation-specific PCR (MSP)

It is a variant of PCR used to identify promoter hyper-methylation at CpG 
islands in cell lines and clinical samples, including fresh/frozen tissues. The target 
DNA is first treated with sodium bisulfite, which transforms the unmethylated 
cytosine bases in to uracil, which pair with adenosine of the PCR primers. The 
modified DNA is then amplified using two types of primers that only differ at 
their CpG islands. One primer set anneals to DNA with cytosine (corresponding to 
methylated cytosine), while the other anneals to DNA with uracil (corresponding 
to unmethylated cytosine). The MSP technique provides quantitative information 
about the methylation when used in quantitative PCR [3, 4, 7, 49, 50].

7.10 Inverse PCR

This type of PCR is used to detect the sequences that surround the target DNA 
(flanking sequences). It involves a series of restriction enzyme digestions and 
self-ligation. The primers amplify sequences at either end of the target by extending 
outward from the known DNA segment [4, 7, 51].

7.11 Reverse transcription-PCR (RTP)

In this technique, the PCR is preceded by a reaction converting RNA into cDNA 
using viral reverse transcriptase. The resulting cDNA is used as a template for a second 
conventional PCR. The technique is widely used in the detection of RNA viruses and to 
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self-ligation. The primers amplify sequences at either end of the target by extending 
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In this technique, the PCR is preceded by a reaction converting RNA into cDNA 
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study gene expression [7, 52, 53]. A variant of the RTP, called differential-display reverse 
transcription-PCR or RNA arbitrarily primed PCR (RAP-PCR), is used to study and 
compare the gene expression of organism grown under different conditions. The variant 
employs the use of short and random 10-mer or 11-mer radio-labeled primers that are 
annealed at low stringency conditions to promote the extension of random sequences 
during the first PCR cycle. This is followed by high-stringency cycles to extend the prod-
ucts of first cycle. The resulting products are analyzed using standard sequencing gels, 
and RAP-PCR fingerprints are visualized by autoradiography. The technique is extremely 
useful in studying tissue-specific and condition-specific gene expressions [54, 55].

8. Variants of PCR

In addition to the above mentioned techniques, numerous other variants of PCR 
are in use to serve a wide variety of research, diagnostic, and industrial needs, e.g., 
after exponential PCR, allele specific PCR, asymmetric PCR, arbitrary PCR, core 
sample PCR, degenerate PCR, dial-out PCR, digital PCR, high-fidelity PCR, hot 
start PCR, in silico PCR, inter-sequence PCR, ligation-mediated PCR, mini primer 
PCR, nanoparticle-PCR, overlap-extension PCR, solid-phase PCR, splicing by over-
lap/overhang extension PCR, suicide PCR, thermal asymmetric interlaced PCR, etc. 
Some of the important variants of PCR are described below:

8.1 Extreme PCR

In extreme PCR the concentration of primers and polymerase is increased 
10–20 times; the amplification rate of instrument reaches about 0.4–2.0 s/. When 
the primers’ concentration is more than 10 mol/L, the polymerase concentration is 
1 mol/L, and the extreme PCR is suitable for rapid detection of virulent infectious 
and bioterrorism pathogens [56].

8.2 Photonic PCR

It is achieved by fast heating and based on energy conversion, thus shortening 
the PCR time. The specific process is carried out by using electronic resonance light 
emitting diode. The energy conversion process is more rapid than the conventional 
cooling process, causing amplification of target DNA within 5 min and thus making 
the PCR detection more convenient and fast [57, 58].

8.3 COLD-PCR

It is a low denatured temperature-PCR for enriching mutant genes by reduc-
ing the reactive temperature of PCR. The basic principle is founded on the base 
mismatch in any strand of DNA affecting the denaturation temperature. Therefore, 
the denaturation temperature of the mutant DNA is often lower than that of wild 
type DNA. The assay is often used for viral gene mutation [59] detection, cancer 
associated gene mutations (p53) [60, 61], EGFR, KRAS, etc.), beta globulin (HBB) 
mutations that cause beta thalassemia [62], etc.

8.4 Nanoparticle-PCR

Gold nanoparticles have superior electrical, optical, thermal, and catalytic activities 
and have the same properties as single-stranded binding proteins (ssb), which bind to 
single-stranded DNA and do not interact with double-stranded DNA. Therefore, the 
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amplification effect of high GC template can be significantly improved by adding gold 
nanoparticles as additives to slowdown or touchdown PCR reaction systems [63].

8.5 HPE-PCR

It is an amplification technique for templates with long DNA chains and large 
numbers of CTG repeats involving the increase in the denaturation temperature of 
PCR to solve the problem of high content of DNA (G+C) [64].

8.6 LATE-PCR

It generates high concentrations of single-stranded DNA that can be analyzed at 
the end point using probes which hybridize over a wide temperature range [65].

8.7 Digital PCR

Digital PCR (dPCR) enables precise and sensitive quantification of nucleic acids in 
a wide range of applications in both healthcare and environmental analysis. It is based 
on detection in two discrete optical channels, focused on the quantification of one 
or two targets within a single reaction [66]. The technique has become a promising 
quantification strategy that combines absolute quantification with high sensitivity.

9. Applications of PCR

The PCR technique and its several advanced variants act as powerful tools with 
specialized applications which were once impossible by the scientific world [67, 68]. 
This versatile technique brought enormous benefits and scientific developments such 
as genome sequencing, gene expressions in recombinant systems, and the study of 
molecular genetic analysis, including the rapid determination of both paternity and the 
diagnosis of infectious disease [69, 70]. It enables the in vitro synthesis of nucleic acids 
through which a DNA segment can be specifically replicated in a semiconservative way. 
It generally exhibits excellent detection limits [71, 72]. It has significantly transformed 

Application Description Reference

Diagnosis of 
infections

PCR approaches are used to specifically and sensitively diagnose 
infections (bacterial, viral, protozoan, fungal). They are routinely used in 
clinical laboratories to confirm and quantify these infectious agents

[71, 74]

Diagnosis of 
genetic defects

PCR-based detection systems are used to accurately detect (before disease 
onset) and confirm (after the onset) many genetic disorders

[74–76]

Diagnosis and 
prognosis of 
cancers

PCR-based approaches can identify cancer genes and analyze their 
expression to determine genetic predisposition to certain cancers, 
confirmation of cancer type, their prognosis, and treatment

[74, 77]

Phylogenetics Phylogenetic analysis of organisms routinely relies on PCR amplification 
of phylogenetic markers to identify and classify them

[78, 79]

Archeology Ancient DNA (aDNA) recovered from archeological remains are usually 
degraded and are in low amounts. Such miniscule quantities of aDNA are 
amplified using PCR techniques to improve their quality and quantity to 
make them analyzable for archeological study

[80–82]

Recombinant 
DNA technology

PCR techniques are used to generate hybrid DNA with ease and precision. 
The techniques are also employed to clone DNA in to specific vectors to 
get protein expression

[83, 84]
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study gene expression [7, 52, 53]. A variant of the RTP, called differential-display reverse 
transcription-PCR or RNA arbitrarily primed PCR (RAP-PCR), is used to study and 
compare the gene expression of organism grown under different conditions. The variant 
employs the use of short and random 10-mer or 11-mer radio-labeled primers that are 
annealed at low stringency conditions to promote the extension of random sequences 
during the first PCR cycle. This is followed by high-stringency cycles to extend the prod-
ucts of first cycle. The resulting products are analyzed using standard sequencing gels, 
and RAP-PCR fingerprints are visualized by autoradiography. The technique is extremely 
useful in studying tissue-specific and condition-specific gene expressions [54, 55].

8. Variants of PCR

In addition to the above mentioned techniques, numerous other variants of PCR 
are in use to serve a wide variety of research, diagnostic, and industrial needs, e.g., 
after exponential PCR, allele specific PCR, asymmetric PCR, arbitrary PCR, core 
sample PCR, degenerate PCR, dial-out PCR, digital PCR, high-fidelity PCR, hot 
start PCR, in silico PCR, inter-sequence PCR, ligation-mediated PCR, mini primer 
PCR, nanoparticle-PCR, overlap-extension PCR, solid-phase PCR, splicing by over-
lap/overhang extension PCR, suicide PCR, thermal asymmetric interlaced PCR, etc. 
Some of the important variants of PCR are described below:

8.1 Extreme PCR

In extreme PCR the concentration of primers and polymerase is increased 
10–20 times; the amplification rate of instrument reaches about 0.4–2.0 s/. When 
the primers’ concentration is more than 10 mol/L, the polymerase concentration is 
1 mol/L, and the extreme PCR is suitable for rapid detection of virulent infectious 
and bioterrorism pathogens [56].

8.2 Photonic PCR

It is achieved by fast heating and based on energy conversion, thus shortening 
the PCR time. The specific process is carried out by using electronic resonance light 
emitting diode. The energy conversion process is more rapid than the conventional 
cooling process, causing amplification of target DNA within 5 min and thus making 
the PCR detection more convenient and fast [57, 58].

8.3 COLD-PCR

It is a low denatured temperature-PCR for enriching mutant genes by reduc-
ing the reactive temperature of PCR. The basic principle is founded on the base 
mismatch in any strand of DNA affecting the denaturation temperature. Therefore, 
the denaturation temperature of the mutant DNA is often lower than that of wild 
type DNA. The assay is often used for viral gene mutation [59] detection, cancer 
associated gene mutations (p53) [60, 61], EGFR, KRAS, etc.), beta globulin (HBB) 
mutations that cause beta thalassemia [62], etc.

8.4 Nanoparticle-PCR

Gold nanoparticles have superior electrical, optical, thermal, and catalytic activities 
and have the same properties as single-stranded binding proteins (ssb), which bind to 
single-stranded DNA and do not interact with double-stranded DNA. Therefore, the 
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amplification effect of high GC template can be significantly improved by adding gold 
nanoparticles as additives to slowdown or touchdown PCR reaction systems [63].

8.5 HPE-PCR

It is an amplification technique for templates with long DNA chains and large 
numbers of CTG repeats involving the increase in the denaturation temperature of 
PCR to solve the problem of high content of DNA (G+C) [64].

8.6 LATE-PCR

It generates high concentrations of single-stranded DNA that can be analyzed at 
the end point using probes which hybridize over a wide temperature range [65].

8.7 Digital PCR

Digital PCR (dPCR) enables precise and sensitive quantification of nucleic acids in 
a wide range of applications in both healthcare and environmental analysis. It is based 
on detection in two discrete optical channels, focused on the quantification of one 
or two targets within a single reaction [66]. The technique has become a promising 
quantification strategy that combines absolute quantification with high sensitivity.

9. Applications of PCR

The PCR technique and its several advanced variants act as powerful tools with 
specialized applications which were once impossible by the scientific world [67, 68]. 
This versatile technique brought enormous benefits and scientific developments such 
as genome sequencing, gene expressions in recombinant systems, and the study of 
molecular genetic analysis, including the rapid determination of both paternity and the 
diagnosis of infectious disease [69, 70]. It enables the in vitro synthesis of nucleic acids 
through which a DNA segment can be specifically replicated in a semiconservative way. 
It generally exhibits excellent detection limits [71, 72]. It has significantly transformed 

Application Description Reference

Diagnosis of 
infections

PCR approaches are used to specifically and sensitively diagnose 
infections (bacterial, viral, protozoan, fungal). They are routinely used in 
clinical laboratories to confirm and quantify these infectious agents

[71, 74]

Diagnosis of 
genetic defects

PCR-based detection systems are used to accurately detect (before disease 
onset) and confirm (after the onset) many genetic disorders

[74–76]

Diagnosis and 
prognosis of 
cancers

PCR-based approaches can identify cancer genes and analyze their 
expression to determine genetic predisposition to certain cancers, 
confirmation of cancer type, their prognosis, and treatment

[74, 77]

Phylogenetics Phylogenetic analysis of organisms routinely relies on PCR amplification 
of phylogenetic markers to identify and classify them

[78, 79]

Archeology Ancient DNA (aDNA) recovered from archeological remains are usually 
degraded and are in low amounts. Such miniscule quantities of aDNA are 
amplified using PCR techniques to improve their quality and quantity to 
make them analyzable for archeological study

[80–82]

Recombinant 
DNA technology

PCR techniques are used to generate hybrid DNA with ease and precision. 
The techniques are also employed to clone DNA in to specific vectors to 
get protein expression

[83, 84]
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the scientific research and diagnostic medicine. Over the years, it has become a vital 
of clinical and diagnostic research. It has a wide range of applications in almost every 
field of science, for example, clinicians widely use the technique for disease diagnosis. 
Biologists, including agriculturists, clone and sequence genes using PCR and rapidly 
carry out sophisticated quantitative and genomic studies. Now for criminal identifica-
tion, PCR assays are commonly employed. DNA fingerprinting is also used in pater-
nity testing, where the DNA from an individual is matched with that of his possible 
children, siblings, or parents [67, 68]. Besides, PCR has enormous role in diagnosing 
genetic disease, whether inherited genetic changes or as a result of spontaneous genetic 
mutations, is becoming more common. Diseases can be diagnosed even before birth. 
Even PCR can also be employed with significant precision to predict cure of diseases 
[73]. The most important applications of PCR are summarized in Table 2.

10. Limitations of PCR

Since it discovery in 1980s, the PCR technique has brought about significant 
changes in biological sciences. Huge scientific undertakings like the Human Genome 
Project have been possible due to PCR-based approaches [5, 6]. It is a very sensitive 

Application Description Reference

Metagenomics Gene-targeted metagenomics combines PCR with metagenomics to 
identify rarest members of a sampled community and rare genes in the 
community members

[85, 86]

Site-directed 
mutagenesis

PCR-based approaches are commonly used to insert mutations 
(deletions, additions, and substitutions) at specific locations in a gene 
to study role of specific amino acids in the structure and function of 
proteins

[87, 88]

Personalized 
medicine

PCR technologies are employed in pharmacogenomics and 
pharmacogenetics to track genetic markers that determine the response 
of individuals to treatments and are used to design tailor-made drugs and 
to prescribe drugs in effective doses

[74, 89]

Forensics 
sciences

The power of PCR is employed to amplify poor quality and quantity DNA 
samples from crime scenes and make them reliably analyzable.

[67, 68, 
90]

DNA profiling DNA profiling methods utilize PCR-based approaches to exploit 
the polymorphic nature of DNA (SNPs, DNA repeats, etc.) to study 
the structure and diversity ecological communities, phylogeny, and 
population genetics

[90]

Gene expression 
profiling

Reverse-transcriptase PCR and qPCR are routinely employed to profile 
the expression of genes and to validate transcriptome profiles generated 
through techniques like microarray and RNA-seq

[91–93]

Identifying 
medicinal plants

PCR-based DNA barcoding is a tool that utilizes specific DNA 
sequences to rapidly and accurately identify medicinal plants species 
from other morphologically similar plants. This approach is also used 
by ecologists and conservation biologists to identifying endangered 
and new species

[94]

Detecting GMO PCR techniques are used to quickly and reliably track the presence of 
genetically modified organism in food and feed to ensure their regulation 
and protection of consumer rights

[95, 96]

Meat traceability PCR methods are used to identifying and quantifying adulteration of 
meat in raw and processed food.

[97–99]

Table 2. 
The most important applications of PCR.
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and flexible technique to amplify DNA of interest. A very small amount of the target 
DNA can be used as a starting material. Even old or degraded DNA samples may 
yield successful amplification. However, there is also a long list of PCR limitations. 
High-quality DNA amplification needs information about target DNA sequence. The 
sensitivity of PCR is also its major disadvantage since the very end result of a PCR is 
highly susceptible to contamination or false amplification. Therefore, amplification 
of DNA by PCR may not be 100% specific. Moreover, the specificity of amplifica-
tion is dependent on physicochemical parameter, such as temperature and Mg++ 
concentration. The PCR is also inhibited by the presence of certain chemicals such 
as ethanol, phenol, isopropanol, detergent compounds like sodium dodecyl sulfate 
(SDS), high salt concentration, chelators, etc. There is an upper limit to the size of 
DNA that can be synthesized by PCR. Additionally, analysis and product detection 
usually take much longer time than the PCR reaction itself.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Abstract

Xenotransplantation, the transfer of cells, tissues or organs between species, has 
the potential to overcome the critical need for organs to treat patients. One major 
barrier in the widespread application of xenotransplantation in the clinic is the 
overwhelming rejection response that occurs when non-human organs encounter 
the human immune system. Recent progress in developing new and better genome 
engineering tools now allows the genetic engineering of genes and pathways in 
non-human animals to overcome the human rejection response and provide an 
unlimited supply of rejection-free organs. In this review, the benefits and draw-
backs of various genome engineering protocols, and examples of their application 
in xenotransplantation, are discussed.
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1. Introduction

According to the Organ Procurement and Transplantation Network, there are 
currently over 110,000 patients on the waiting list for organ transplants. Over the 
past 50 years, therapeutic advances and improvements in surgical techniques have 
increased the number of patients who could survive and benefit from organ trans-
plantation. Unfortunately, the number of organs available through donation has not 
changed significantly. Thus, there is a growing disparity between organ supply and 
demand. Although efforts to enlarge the human donor pool have improved organ 
availability, even a massive expansion in organ donation would not ensure that a 
compatible organ would be available when and where necessary for a patient in 
need. Therefore, other alternatives besides expanded human donation are required.

A variety of efforts are making substantial progress in addressing the lack of organs. 
One area of research that is rapidly approaching clinical reality is xenotransplantation, 
the use of animal tissues and organs to treat patients [1]. Aside from the potential for 
creating an unlimited supply of organs, recent advancements in genome engineering 
technologies allows the genetic modification of animals to produce donor organs which 
are less prone to rejection for xenotransplantation in human patients.

2. History

Xenotransplantation experiments were described as early as the seventeenth-
century [2], with sporadic attempts made to transplant a variety of animal tissues and 
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organs into patients throughout the nineteenth and early twentieth centuries [3–7]. 
After World War II, organ transplantation from living humans was considered too 
high risk, and cadaveric organs were insufficient in both quality and number to meet 
clinical needs. Development of immunosuppressive drugs suggested the possibility 
that organs from more closely-related mammals could potentially be used in humans. 
As a consequence, xenotransplantation efforts shifted to the use of organs from pri-
mates in human patients. In the 1960s, experiments by Reemstma et al. [8, 9], Hardy 
et al. [10], and Starzl et al. [11, 12] showed that while it was technically possible to 
transplant animal organs into humans, there were still too many clinical challenges at 
that time for the approach to be viable. More research was required to understand and 
overcome the barriers to the practical application of xenotransplantation in humans.

One of the major advances in xenotransplantation research in the past few 
decades has been the focus on the use of pigs as donors [13]. This was based, in part, 
on purely practical considerations. Unlike primates, pigs are an agricultural species 
for which large scale breeding is well-established. In addition, the evolutionary dis-
tance between humans and pigs reduces the risk of transmission of zoonoses from 
pig organs to patients compared with primate organs. Most importantly, the use of 
porcine organs does not present the same ethical barriers as the use of non-human 
primate organs [14].

Although the anatomy and physiology of pig organs is closely analogous to 
that of humans, the advantages of porcine organ production and availability do 
not address the critical issue of incompatibilities of non-human tissues and organs 
with the human immune system [15]. Significant advancements have been made 
in recent years in understanding the molecular mechanisms of xenorejection 
responses, and a variety of genetic modifications have been made to overcome these 
mechanisms. Experiments transplanting pig organs into non-human primates have 
demonstrated a progressive improvement in organ survival and function as new 
genetics and drug regimens have been implemented [16]. The FDA is currently 
developing guidelines for clinical xenotransplantation [17], and efforts to initiate 
clinical trials in the near term have been announced [18].

3. Immunity and xenotransplantation

The immune system is designed to recognize and eliminate harmful pathogens, 
while remaining unresponsive to host cells and beneficial microbes. The immune 
system can be divided into innate and adaptive responses, an interdependent set of 
activities which both contribute to immunity. The innate response is more immedi-
ate, broadly recognizing conserved microbial elements, such as cell wall polysac-
charides, and activating a variety of cell types which attack the invading pathogens 
[19]. The adaptive immune response, which is typically initiated by innate response 
mechanisms, leads to more precise antigen-specific antibodies and immune cells 
that continue to control and eliminate pathogens. In addition, the adaptive response 
creates long-lasting immune “memory” for rapid and specific protection against 
future infections, as demonstrated by vaccines [20].

Despite being described as separate systems, the innate and adaptive immune 
responses are highly interdependent and create a layered set of defenses with 
increasing specificity for pathogens over time [21]. Under normal circumstances, 
any individual function may not eliminate a given target with 100% efficiency, 
but when used together in a redundant fashion can prevent nearly all infection. 
Although the specificity of the immune response indirectly helps to avoid recogni-
tion of host tissues, additional tolerance mechanisms are required to restrain the 
immune system to prevent autoreactivity. Disruptions of the balance between 
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immunity and tolerance can lead to the immune system destroying host tissues 
(autoimmunity) or allowing repeated severe infections (immunodeficiency) [22].

The transplantation of foreign cells or tissues into a human host can trigger 
a hostile response from the immune system, leading to immune rejection. The 
extraordinary precision of the immune system can distinguish even minor dif-
ferences between donor and recipient, so that even organs from closely related 
donors may be rejected. Although immunosuppressive drugs can reduce the chance 
of rejection of human donor organs, the massive amount of immunogenic mate-
rial found in a whole organ presents an ongoing risk which requires monitoring. 
Because of the greater genetic differences between pigs and humans, the vigor of 
the rejection response is much stronger than occurs between human donors and 
recipients, requiring more and different solutions.

4. Genome engineering and xenotransplantation

A major advantage in using pigs for xenotransplantation is the potential to 
manipulate the porcine genome to create donor organs that are more compatible 
for human patients. However, the scope of the engineering challenge in xenotrans-
plantation is extremely large, involving a variety of genes and pathways. With so 
many potential targets for genetic modification, an assortment of different genome 
engineering strategies have been applied, including editing or deletion of porcine 
genes and insertion of human or engineered genes. Because of the great diversity 
of genome modification efforts being carried out in xenotransplantation research, 
representative approaches will be highlighted here as examples of the general types 
of the engineering strategies being employed.

Historically, mice have been subject to more and different genetic modifications 
than any other mammalian species, and many of the protocols described here were 
first developed in mice. Aside from their well-established and convenient hus-
bandry, small size, and rapid generation times, mice also have a variety of tech-
nological advantages for genome manipulation and production. Although genetic 
modification has been demonstrated for multiple agricultural species, including 
pigs, the scale and complexity possible with mice has, until recently, not been avail-
able for pigs [23].

One advantage for the creation of mice with multiple genetic modifications is 
the availability of embryonic stem (ES) cells, which can be cultured in vitro for 
many generations and subject to repeated transfections and selections without loss 
of competence for production of viable mice [24]. By contrast, pig ES cells have 
been much more difficult to create, and have not been routinely used for genetic 
manipulation and production of animals [25]. Cloning of genetically-modified 
pigs has required use of primary cells, typically fetal, which can be passaged only a 
short time in vitro before losing their competence to produce viable embryos [26]. 
Therefore, the complex multi-site modifications and selections used in mice are not 
accessible for use in pigs.

Mouse ES cells not only allow more straightforward and efficient genome 
engineering, but also facilitate large scale production of cloned mice. The mouse 
ES cells typically employed for genetic modification can be injected into very early 
stage embryos (blastocysts) and will aggressively populate the inner cell mass, 
creating viable chimeric mice which are almost entirely ES-cell derived. Since the 
ES cells will also contribute to the germ cells of the chimeric mice, the progeny 
will be highly likely to receive the genetic modifications made to the ES cells [27]. 
Without readily available porcine ES cells, pig cloning instead relies upon somatic 
cell nuclear transfer (SCNT), similar to the protocols used to create the sheep 
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bandry, small size, and rapid generation times, mice also have a variety of tech-
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modification has been demonstrated for multiple agricultural species, including 
pigs, the scale and complexity possible with mice has, until recently, not been avail-
able for pigs [23].
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the availability of embryonic stem (ES) cells, which can be cultured in vitro for 
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pigs has required use of primary cells, typically fetal, which can be passaged only a 
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creating viable chimeric mice which are almost entirely ES-cell derived. Since the 
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will be highly likely to receive the genetic modifications made to the ES cells [27]. 
Without readily available porcine ES cells, pig cloning instead relies upon somatic 
cell nuclear transfer (SCNT), similar to the protocols used to create the sheep 
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“Dolly”. In this approach, pig oocyte nuclei are replaced with nuclei from the modi-
fied primary pig cells, and embryonic development stimulated electrochemically. 
The embryos are transferred to female surrogates and allowed to develop. The level 
of complexity and effort involved leads to lower efficiencies and higher costs for 
porcine SCNT relative to mouse ES cell cloning. Additionally, the size and scale of 
the facilities required for pig cloning is significantly greater compared with mouse 
cloning, further limiting availability [28].

In the following sections, different types of gene modifications are described with 
examples of their application in porcine genome engineering for xenotransplantation.

5. Gene deletions

As mentioned above, porcine cells produce molecules which are rapidly recog-
nized by the human immune system and rejected. One straightforward approach to 
engineering the pig would be to simply eliminate the genes encoding reactive genes 
by either disrupting or removing the coding sequence. Several of the technical 
routes which can be employed to accomplish this are discussed below.

5.1 Gene knockout

Gene knockout (KO) approaches developed for use in mouse ES cells gener-
ally rely upon homologous recombination to replace a region of genomic DNA 
with a heterologous DNA sequence, which interrupts the function of the target 
gene [29]. To accomplish this, a DNA vector is generated with the heterologous 
DNA flanked on either side by sequences identical to regions flanking the genomic 
region to be eliminated. When introduced into mouse ES cells, the flanking 
sequences of the DNA vector first align with the cognate regions of the genome on 
either side of the target gene, after which the homologous recombination machin-
ery replaces the genomic target with the heterologous DNA vector sequence found 
between the flanking sequences.

Because homologous recombination occurs at a relatively low rate, in order to 
identify properly targeted cells within the larger cell population, it is common to 
include a gene in the heterologous DNA to be inserted into the genome, which, once 
properly inserted, allows selection of the desired cells. For example, genes which 
confer resistance to drugs which kill mammalian cells (neomycin hygromycin or 
puromycin resistance), or genes encoding molecules that enable cells to be isolated 
via flow cytometry (green fluorescent protein or novel cell surface markers), allow 
isolation of even extremely rare targeted cells from a large mixed population [30].

The use of gene KO approaches was one of the earliest successes in pig genetic 
modification for xenotransplantation [31]. The porcine genome encodes proteins 
that can be substantially different from their human counterparts, or that carry 
additional modifications which are not present in humans and can induce immune 
responses. These molecules are collectively referred to as “xenoantigens” [32]. 
Some of the most reactive of these targets are carbohydrate molecules found as 
post-translational modifications to proteins observed in pig, but not human, cells. 
Human serum can contain high levels of pre-existing antibodies specific for these 
porcine-specific glycan epitopes, leading to the destruction of pig cells expressing 
these molecules through antibody-dependent cell-mediated cytotoxicity (ADCC) 
or complement-dependent cytotoxicity (CDC) mechanisms [33]. It is not entirely 
clear why human serum carries antibodies to these particular carbohydrates; one 
proposal is that the xenoantigens are related to glycans found in the cell walls of 
pathogens, others suggest that the human dietary consumption of pork causes 
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antibody generation to the porcine-specific molecules [34]. Because the novel 
carbohydrate structures are created by specific glycosylation enzymes, it is possible 
to eliminate the gene responsible for the enzymatic activity and prevent the xenoan-
tigen from being expressed by pig cells.

The GGTA1 gene encodes the enzyme responsible for creating the highly reactive 
glycan Gal alpha (1,3) Gal epitope in pigs [35]. The KO of the GGTA1 gene is one of 
the earliest genetic modifications of pigs for application in xenotransplantation, and 
resulted in greatly reduced human antibody recognition of porcine cells [36, 37]. 
However, ablation of the GGTA1 gene alone did not completely eliminate porcine cell 
recognition by human serum antibodies. The enzymes responsible for other xenoanti-
gens, such as CMAH (cytidine monophosphate-N-acetylneuraminic acid hydroxylase 
critical for Neu5Gc biosynthesis) and B4GALNT2 (beta 1,4 N-acetylgalactosaminyltran
sferase), have been identified as sources of porcine-specific epitopes bound by antibod-
ies found in human serum. In each case, the deletion of the gene responsible for creating 
the specific glycan leads to greatly decreased recognition of porcine cells by antibodies 
in human serum, and reduction in complement-mediated destruction [38, 39].

Another subset of xenoantigens is the swine leukocyte antigens (SLA), the 
physical and functional equivalent of the human leukocyte antigens (HLA) [40]. 
Much like the case for human HLA, the SLA genes are highly diverse and individual 
patients will have a variable level of cross-reactive antibodies in their serum for 
a given set of SLA genes [41]. Although typing of patients and porcine donors to 
find the best HLA-SLA matches would be similar to the current system used for 
determining allotransplant cross-reactivity [42], use of gene targeting or editing 
technologies could easily eliminate the genes encoding SLA entirely. However, unlike 
the glycan epitopes described above, the SLA have a critical role in antigen presenta-
tion as part of the immune response, and thus the deletion of SLA could create risks 
of immune deficiencies that outweigh their risks as xenoantigens. Instead, alternate 
approaches seek to create engineered SLA proteins lacking the epitopes responsible 
for the immunogenicity while maintaining their antigen presentation functions [43].

5.2 Gene editing

The ease and efficiency of creating gene KO has improved recently through the 
use of engineered molecules to create genome disruptions in a process referred to as 
“gene editing”. These novel molecules can be designed to generate double-strand DNA 
breaks at virtually any chosen genomic site in situ. Cellular machinery closely surveils 
the genome for double-strand breaks which are then recognized and often repaired by 
non-homologous end joining (NHEJ). Because NHEJ relies upon small single-strand 
overlaps at the ends of a break, the repair may be imprecise and, if within a coding 
region, can lead to frame shift mutations which inactivate the gene [44].

The most prominent of these novel tools for gene editing are Zinc Finger Nucleases 
(ZFN), Transcription Activator-Like Effector Nuclease (TALEN) and Clustered 
Regularly Interspaced Short Palindromic Repeats (CRISPR), each of which consists 
of two regions: a sequence-specific DNA binding domain and an enzymatic function 
that creates a double-strand break in the target DNA [45–47]. For ZFN and TALEN, 
the synthetic DNA binding domain is created by repetitive protein modules which can 
be joined combinatorially to recognize a particular DNA sequence. Both approaches, 
while successful, require a significant investment of time and resources to identify 
functional molecules. CRISPR, like ZFN and TALEN, has the ability to generate 
double-strand DNA breaks, however, the DNA binding domain relies upon RNA 
base-pairing with target DNA for its precision. The use of an RNA to guide specificity 
greatly improves the speed and efficiency in identifying optimal molecules at a much 
lower cost, which has led to its rapid adoption in genome engineering [48, 49].
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either side of the target gene, after which the homologous recombination machin-
ery replaces the genomic target with the heterologous DNA vector sequence found 
between the flanking sequences.

Because homologous recombination occurs at a relatively low rate, in order to 
identify properly targeted cells within the larger cell population, it is common to 
include a gene in the heterologous DNA to be inserted into the genome, which, once 
properly inserted, allows selection of the desired cells. For example, genes which 
confer resistance to drugs which kill mammalian cells (neomycin hygromycin or 
puromycin resistance), or genes encoding molecules that enable cells to be isolated 
via flow cytometry (green fluorescent protein or novel cell surface markers), allow 
isolation of even extremely rare targeted cells from a large mixed population [30].

The use of gene KO approaches was one of the earliest successes in pig genetic 
modification for xenotransplantation [31]. The porcine genome encodes proteins 
that can be substantially different from their human counterparts, or that carry 
additional modifications which are not present in humans and can induce immune 
responses. These molecules are collectively referred to as “xenoantigens” [32]. 
Some of the most reactive of these targets are carbohydrate molecules found as 
post-translational modifications to proteins observed in pig, but not human, cells. 
Human serum can contain high levels of pre-existing antibodies specific for these 
porcine-specific glycan epitopes, leading to the destruction of pig cells expressing 
these molecules through antibody-dependent cell-mediated cytotoxicity (ADCC) 
or complement-dependent cytotoxicity (CDC) mechanisms [33]. It is not entirely 
clear why human serum carries antibodies to these particular carbohydrates; one 
proposal is that the xenoantigens are related to glycans found in the cell walls of 
pathogens, others suggest that the human dietary consumption of pork causes 
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antibody generation to the porcine-specific molecules [34]. Because the novel 
carbohydrate structures are created by specific glycosylation enzymes, it is possible 
to eliminate the gene responsible for the enzymatic activity and prevent the xenoan-
tigen from being expressed by pig cells.

The GGTA1 gene encodes the enzyme responsible for creating the highly reactive 
glycan Gal alpha (1,3) Gal epitope in pigs [35]. The KO of the GGTA1 gene is one of 
the earliest genetic modifications of pigs for application in xenotransplantation, and 
resulted in greatly reduced human antibody recognition of porcine cells [36, 37]. 
However, ablation of the GGTA1 gene alone did not completely eliminate porcine cell 
recognition by human serum antibodies. The enzymes responsible for other xenoanti-
gens, such as CMAH (cytidine monophosphate-N-acetylneuraminic acid hydroxylase 
critical for Neu5Gc biosynthesis) and B4GALNT2 (beta 1,4 N-acetylgalactosaminyltran
sferase), have been identified as sources of porcine-specific epitopes bound by antibod-
ies found in human serum. In each case, the deletion of the gene responsible for creating 
the specific glycan leads to greatly decreased recognition of porcine cells by antibodies 
in human serum, and reduction in complement-mediated destruction [38, 39].

Another subset of xenoantigens is the swine leukocyte antigens (SLA), the 
physical and functional equivalent of the human leukocyte antigens (HLA) [40]. 
Much like the case for human HLA, the SLA genes are highly diverse and individual 
patients will have a variable level of cross-reactive antibodies in their serum for 
a given set of SLA genes [41]. Although typing of patients and porcine donors to 
find the best HLA-SLA matches would be similar to the current system used for 
determining allotransplant cross-reactivity [42], use of gene targeting or editing 
technologies could easily eliminate the genes encoding SLA entirely. However, unlike 
the glycan epitopes described above, the SLA have a critical role in antigen presenta-
tion as part of the immune response, and thus the deletion of SLA could create risks 
of immune deficiencies that outweigh their risks as xenoantigens. Instead, alternate 
approaches seek to create engineered SLA proteins lacking the epitopes responsible 
for the immunogenicity while maintaining their antigen presentation functions [43].

5.2 Gene editing

The ease and efficiency of creating gene KO has improved recently through the 
use of engineered molecules to create genome disruptions in a process referred to as 
“gene editing”. These novel molecules can be designed to generate double-strand DNA 
breaks at virtually any chosen genomic site in situ. Cellular machinery closely surveils 
the genome for double-strand breaks which are then recognized and often repaired by 
non-homologous end joining (NHEJ). Because NHEJ relies upon small single-strand 
overlaps at the ends of a break, the repair may be imprecise and, if within a coding 
region, can lead to frame shift mutations which inactivate the gene [44].

The most prominent of these novel tools for gene editing are Zinc Finger Nucleases 
(ZFN), Transcription Activator-Like Effector Nuclease (TALEN) and Clustered 
Regularly Interspaced Short Palindromic Repeats (CRISPR), each of which consists 
of two regions: a sequence-specific DNA binding domain and an enzymatic function 
that creates a double-strand break in the target DNA [45–47]. For ZFN and TALEN, 
the synthetic DNA binding domain is created by repetitive protein modules which can 
be joined combinatorially to recognize a particular DNA sequence. Both approaches, 
while successful, require a significant investment of time and resources to identify 
functional molecules. CRISPR, like ZFN and TALEN, has the ability to generate 
double-strand DNA breaks, however, the DNA binding domain relies upon RNA 
base-pairing with target DNA for its precision. The use of an RNA to guide specificity 
greatly improves the speed and efficiency in identifying optimal molecules at a much 
lower cost, which has led to its rapid adoption in genome engineering [48, 49].
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The use of CRISPR for the rapid modification of the pig genome was recently 
demonstrated with the ablation of porcine endogenous retroviral (PERV) 
sequences. The pig genome carries 25 or more copies of these gamma retroviral 
sequences, which are transmitted from parent to offspring through inheritance. 
Application of CRISPR was able to eliminate the PERV sequences from the genome 
of porcine cells [50]. Although the potential risk of infectious disease from porcine 
organs caused by PERV sequences in xenotransplantation is debatable, the results 
show the ability of CRISPR to target multiple, homologous loci throughout the 
genome. A key question that has arisen regarding large scale CRISPR targeting at 
multiple genomic sites is whether significant numbers of off-target double-stranded 
breaks were introduced, which may create unexpected mutations in the resulting 
pigs [51]. Nonetheless, the ease of use of CRISPR has resulted in widespread adop-
tion for genome engineering in xenotransplantation.

Gene deletion has been instrumental in the advancement of xenotransplanta-
tion, however, there are limitations to its application; the genes of interest must be 
non-essential to pig viability, development, fertility and, most importantly, organ 
function. The number of distinct loci to be targeted is also a serious consideration, 
since independently-assorting alleles will be challenging to breed together in a 
reasonable timeframe. To address these concerns, additional engineering strategies 
are required as discussed below.

6. Gene insertions

Gene KO and editing techniques have been used for ablation of xenoantigen 
genes but do not address the need to express human or synthetic genes in pig cells 
and organs. Unlike gene deletions, gene insertions require heterologous DNA to 
be introduced into the genome in a manner that allows subsequent expression of 
the gene(s) encoded by the inserted DNA. Because they are being transferred into 
the genome from another source, these novel genes are referred to as “transgenes” 
(TG), whether they are derived from natural or synthetic sequences. The general 
approaches to introduce TG into the genome are detailed below.

6.1 Random integrant TG

One of the earliest types of genetic modification described in mammals was 
insertion of DNA into the target genome by random integration. After transfection 
of DNA into nearly all mammalian cells, some portion of the heterologous DNA 
can be found incorporated at random sites in the genome [52]. The precise process 
for this is unclear, but presumably is a result of aberrant repair mechanisms. One 
hypothesis is that endogenous NHEJ machinery recognizes breaks in the genome 
and fortuitously utilizes the relatively higher concentration of the heterologous 
DNA vector sequences to repair the break [53], resulting in the insertion of the TG 
into the genome.

Agricultural species, including pig, were some of the earliest TG animals 
described, establishing the utility of this approach [54]. For xenotransplantation, 
several of the initial TG approaches focused on inhibiting human antibody-
mediated damage of porcine organs. The binding of human antibodies to porcine 
cells leads to complement pathway activation and subsequent cell ablation [55]. The 
complement function is controlled by several proteins, such as CD46, CD55 and 
CD59, referred to as complement regulatory proteins (CRPs). The CRPs are broadly 
expressed on many different cell types to prevent harm from complement activity 
by raising the threshold of antibody binding required for complement pathway 
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induction [56]. The transgenic expression of human CRPs in pigs appears to over-
come human complement activity, and may have the potential to reduce, or even 
eliminate, the need for xenoantigen KOs. By placing the human CRP TGs under the 
control of strong gene expression elements, the CRP protein levels on the porcine 
cells can be much higher than CRP levels on normal human cells, further increasing 
resistance to complement-mediated destruction [57].

Pig lineages developed by multiple labs have been engineered to express human 
CRPs, individually or in combination. In most cases, the porcine cells appeared 
to be more resistant to complement-mediated destruction, and organs from TG 
animals survived longer in xenotransplant experiments in non-human primates 
[58–60]. Because each of the CRPs control a different part of the complement 
pathway, the use of multiple human TGs was more effective in protecting cells from 
complement-mediated destruction than individual TGs [61]. Together with the 
removal of key xenoantigens, the expression of human CRPs by porcine cells has 
greatly reduced the effects of human serum antibodies on xenografts.

Because random insertion of DNA does not require homologous recombination, 
it is relatively rapid and efficient to produce transgenic animals [62]. The process is 
so efficient that the selection methods that are critical for gene KO described above 
are often unnecessary for TG. Despite the speed and ease of generation, random 
integration of TGs has several drawbacks. Variabilities in genome structure can 
affect the expression level of genes inserted at distinct chromosomal regions, such 
that identical TGs may express at very different levels depending upon their specific 
location [63]. Furthermore, multiple copies of a given TG may be inserted into the 
genome at a single site, creating concatenated repeats which can be unstable and 
yield variable expression levels [64]. Random TG insertion may occur within or 
near endogenous genes and alter or inactivate their function, leading to tumorigen-
esis, instability or even lethality [65].

6.2 Homologous recombination

The development of techniques for precise gene KO by homologous recombina-
tion has been adapted for site-specific gene insertion or gene knock-in (KI). Similar 
to the KO vectors described above, the gene to be introduced is flanked by DNA 
sequences that are identical to regions of the genome to be targeted. After introduc-
tion of the heterologous DNA vector, the regions of DNA sequence identity are 
aligned with the target genome sequence, after which the homologous recombina-
tion machinery catalyzes reactions which swap the endogenous genomic DNA with 
the heterologous DNA within the construct. If the recombination event occurs 
with high fidelity, the gene of interest will functionally replace the gene that was 
removed [24]. Similar to gene KO, this approach is much less efficient than random 
TG integration. Therefore, vectors carrying the TG are often designed to incorporate 
selectable markers, similar to those used for gene KO, to allow the identification of 
cells carrying the desired TG in the genome. In this case, both targeted and randomly 
integrated TGs may be selected, requiring additional assays, such as PCR or Southern 
blotting, to distinguish between sequence-specific and random insertion events [30].

As described above for gene KO, specific targeting is more efficient in murine ES 
cells, which express the enzymatic machinery necessary for homologous recombina-
tion, than is currently possible for pig primary cells. Insertion of heterologous DNA 
into the mammalian genome is believed to be driven by endogenous DNA repair 
mechanisms, presumably in response to DNA breaks, whether randomly via NHEJ, 
or specifically via homologous recombination [66]. The deliberate introduction of 
double-stranded DNA breaks at the desired integration site should therefore improve 
the efficiency of heterologous DNA insertion by activating and recruiting the cellular 
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The use of CRISPR for the rapid modification of the pig genome was recently 
demonstrated with the ablation of porcine endogenous retroviral (PERV) 
sequences. The pig genome carries 25 or more copies of these gamma retroviral 
sequences, which are transmitted from parent to offspring through inheritance. 
Application of CRISPR was able to eliminate the PERV sequences from the genome 
of porcine cells [50]. Although the potential risk of infectious disease from porcine 
organs caused by PERV sequences in xenotransplantation is debatable, the results 
show the ability of CRISPR to target multiple, homologous loci throughout the 
genome. A key question that has arisen regarding large scale CRISPR targeting at 
multiple genomic sites is whether significant numbers of off-target double-stranded 
breaks were introduced, which may create unexpected mutations in the resulting 
pigs [51]. Nonetheless, the ease of use of CRISPR has resulted in widespread adop-
tion for genome engineering in xenotransplantation.

Gene deletion has been instrumental in the advancement of xenotransplanta-
tion, however, there are limitations to its application; the genes of interest must be 
non-essential to pig viability, development, fertility and, most importantly, organ 
function. The number of distinct loci to be targeted is also a serious consideration, 
since independently-assorting alleles will be challenging to breed together in a 
reasonable timeframe. To address these concerns, additional engineering strategies 
are required as discussed below.

6. Gene insertions

Gene KO and editing techniques have been used for ablation of xenoantigen 
genes but do not address the need to express human or synthetic genes in pig cells 
and organs. Unlike gene deletions, gene insertions require heterologous DNA to 
be introduced into the genome in a manner that allows subsequent expression of 
the gene(s) encoded by the inserted DNA. Because they are being transferred into 
the genome from another source, these novel genes are referred to as “transgenes” 
(TG), whether they are derived from natural or synthetic sequences. The general 
approaches to introduce TG into the genome are detailed below.

6.1 Random integrant TG

One of the earliest types of genetic modification described in mammals was 
insertion of DNA into the target genome by random integration. After transfection 
of DNA into nearly all mammalian cells, some portion of the heterologous DNA 
can be found incorporated at random sites in the genome [52]. The precise process 
for this is unclear, but presumably is a result of aberrant repair mechanisms. One 
hypothesis is that endogenous NHEJ machinery recognizes breaks in the genome 
and fortuitously utilizes the relatively higher concentration of the heterologous 
DNA vector sequences to repair the break [53], resulting in the insertion of the TG 
into the genome.

Agricultural species, including pig, were some of the earliest TG animals 
described, establishing the utility of this approach [54]. For xenotransplantation, 
several of the initial TG approaches focused on inhibiting human antibody-
mediated damage of porcine organs. The binding of human antibodies to porcine 
cells leads to complement pathway activation and subsequent cell ablation [55]. The 
complement function is controlled by several proteins, such as CD46, CD55 and 
CD59, referred to as complement regulatory proteins (CRPs). The CRPs are broadly 
expressed on many different cell types to prevent harm from complement activity 
by raising the threshold of antibody binding required for complement pathway 
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induction [56]. The transgenic expression of human CRPs in pigs appears to over-
come human complement activity, and may have the potential to reduce, or even 
eliminate, the need for xenoantigen KOs. By placing the human CRP TGs under the 
control of strong gene expression elements, the CRP protein levels on the porcine 
cells can be much higher than CRP levels on normal human cells, further increasing 
resistance to complement-mediated destruction [57].

Pig lineages developed by multiple labs have been engineered to express human 
CRPs, individually or in combination. In most cases, the porcine cells appeared 
to be more resistant to complement-mediated destruction, and organs from TG 
animals survived longer in xenotransplant experiments in non-human primates 
[58–60]. Because each of the CRPs control a different part of the complement 
pathway, the use of multiple human TGs was more effective in protecting cells from 
complement-mediated destruction than individual TGs [61]. Together with the 
removal of key xenoantigens, the expression of human CRPs by porcine cells has 
greatly reduced the effects of human serum antibodies on xenografts.

Because random insertion of DNA does not require homologous recombination, 
it is relatively rapid and efficient to produce transgenic animals [62]. The process is 
so efficient that the selection methods that are critical for gene KO described above 
are often unnecessary for TG. Despite the speed and ease of generation, random 
integration of TGs has several drawbacks. Variabilities in genome structure can 
affect the expression level of genes inserted at distinct chromosomal regions, such 
that identical TGs may express at very different levels depending upon their specific 
location [63]. Furthermore, multiple copies of a given TG may be inserted into the 
genome at a single site, creating concatenated repeats which can be unstable and 
yield variable expression levels [64]. Random TG insertion may occur within or 
near endogenous genes and alter or inactivate their function, leading to tumorigen-
esis, instability or even lethality [65].

6.2 Homologous recombination

The development of techniques for precise gene KO by homologous recombina-
tion has been adapted for site-specific gene insertion or gene knock-in (KI). Similar 
to the KO vectors described above, the gene to be introduced is flanked by DNA 
sequences that are identical to regions of the genome to be targeted. After introduc-
tion of the heterologous DNA vector, the regions of DNA sequence identity are 
aligned with the target genome sequence, after which the homologous recombina-
tion machinery catalyzes reactions which swap the endogenous genomic DNA with 
the heterologous DNA within the construct. If the recombination event occurs 
with high fidelity, the gene of interest will functionally replace the gene that was 
removed [24]. Similar to gene KO, this approach is much less efficient than random 
TG integration. Therefore, vectors carrying the TG are often designed to incorporate 
selectable markers, similar to those used for gene KO, to allow the identification of 
cells carrying the desired TG in the genome. In this case, both targeted and randomly 
integrated TGs may be selected, requiring additional assays, such as PCR or Southern 
blotting, to distinguish between sequence-specific and random insertion events [30].

As described above for gene KO, specific targeting is more efficient in murine ES 
cells, which express the enzymatic machinery necessary for homologous recombina-
tion, than is currently possible for pig primary cells. Insertion of heterologous DNA 
into the mammalian genome is believed to be driven by endogenous DNA repair 
mechanisms, presumably in response to DNA breaks, whether randomly via NHEJ, 
or specifically via homologous recombination [66]. The deliberate introduction of 
double-stranded DNA breaks at the desired integration site should therefore improve 
the efficiency of heterologous DNA insertion by activating and recruiting the cellular 
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repair machinery. Application of ZFN, TALEN and CRISPR technologies have shown 
that homologous recombination efficiencies are improved when one or more double-
strand DNA breaks are introduced into the genome at the desired site of insertion 
[67] with CRISPR exhibiting bi-allelic targeting rates as high as 90% [68]. The use of 
these more advanced genome engineering tools has greatly improved the rates and 
specificity of both gene deletion and gene insertion in genomes.

Gene insertion by homologous recombination for xenotransplantation has not 
advanced as rapidly as other approaches, in part due to the challenges of using primary 
porcine cells, for which the efficiencies can be extremely low, particularly with large 
DNA constructs. Use of improved genome engineering tools with increased target-
ing efficiencies have already been applied in pig and will continue to grow in impact 
[69]. However, even with improved efficiencies of gene insertion, breeding pigs with 
multiple, independently segregating loci is challenging. The number of litters required 
to produce animals bearing all of the genetic modifications greatly increases with each 
additional locus, which can be impractical for large animals such as pigs. Therefore, 
the ability to insert the maximal amount of genetic information into the genome in the 
minimal number of steps, as discussed below, is highly valuable.

6.3 Multigenic insertion

The most straightforward example of multigenic targeting at a single site takes 
advantage of the observation that multiple DNA vectors co-transfected into cells 
will tend to insert together at a given genome site. This approach was used suc-
cessfully to simultaneously introduce as many as five large transgenes in a single 
step into porcine cells [70]. Although difficulties in producing mature cloned pigs 
limited the study to animals with fewer integrated genes, the study demonstrated 
the feasibility of rapidly making animals with multiple TG.

Another, relatively less complicated, way to introduce multiple TG is to gener-
ate large DNA constructs bearing multiple TGs for integration at random into the 
genome [71]. This greatly reduces the complexity of screening, while increasing 
the efficiency of insertion, but still relies upon random integrants which can have 
variable TG copy numbers and expression levels.

Multiple genomic regions have been defined, such as Rosa26, which allow expression 
of heterologous genes at similar levels regardless of cell type. These “safe harbor” regions 
are believed to have a chromatin structure that is more easily accessible to the gene 
expression machinery, regardless of cell type. Targeting at porcine homologs of murine 
safe harbor sites such as Rosa26 has been described and demonstrates the utility of this 
approach [70, 72]. On a practical level, the use of safe harbor sites yields more reproduc-
ible gene expression than random TG insertions, so fewer lineages are required to select 
animals with desired TG levels. Furthermore, the defined location and copy number of 
TG inserted at a safe harbor site makes breeding and genotyping more straightforward, 
and is expected to provide a less complicated regulatory pathway for clinical use.

As DNA synthesis and assembly has improved, increasingly large DNA con-
structs encoding a variety of TG are possible, however, as the size of the DNA 
increases, the rate of insertion decreases. Considering the lower insertion rates 
observed for large animals such as pig, alternate approaches are necessary to incor-
porate larger DNAs into the genome.

6.4 Site-specific recombination

Bacteriophage- and yeast-derived site-specific recombinases are, as the name 
suggests, proteins which catalyze recombination between two specific DNA recogni-
tion sites, small (<50 base pair) sequences that are unique to the recombinase being 
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used. The recombination event is highly efficient, in some cases eliminating the 
need for selection genes, and allowing large DNA constructs to be inserted at a much 
higher frequency than possible for homologous recombination [73].

One limitation for the use of site-specific recombination is the need for a recog-
nition sequence to be present in the target genome at the desired locus. This requires 
a preceding step in which the recognition site is engineered into the genome using 
less efficient homologous recombination. Therefore, the gain in efficiency for 
introduction of large DNA constructs may be offset by the need for insertion of the 
recombinase recognition site into the genome. Despite this constraint, the potential 
for site-specific recombination into a defined locus has been demonstrated in pigs 
[70] and provides a route for more rapid complex genetic modifications.

7. Future needs

The advancements in genome engineering, both in general and in their application 
to xenotransplantation, have been significant, but many needs remain to be addressed. 
As new genome engineering tools are identified and further refined, improvement of 
targeting efficiencies will allow more sophisticated modifications of the pig genome. 
Ideally, the pig genome will become as readily manipulated as the mouse, allowing 
researchers to further leverage approaches shown to be effective in murine models.

One major technological difference in the genetic modification of mice and pigs 
(and many other mammalian species) is the lack of ES cells possessing significant 
rates of homologous recombination that can be grown in culture for extended peri-
ods and subjected to multiple manipulations without losing the ability to produce 
viable pigs. Efforts to identify natural or induced pluripotent stem cells (iPSC) suit-
able for these purposes have been described, but have yet to demonstrate practical 
application for porcine genome engineering [74]. Ongoing work will be required to 
identify and validate cells which meet these needs.

The function of the TGs themselves can also be further improved. The majority of TG 
constructs used in pigs have used constitutive promoters to drive high level expression 
of the proteins encoded by the TGs. In some cases, such as CRPs, this approach may be 
useful, however, overexpression of TGs which inhibit critical immune processes may cre-
ate risks of immune deficiency and infections. For this reason, use of expression control 
elements which can turn on and off TG activity is of increasing interest in xenotransplan-
tation. There are multiple examples of inducible promoters employed in mice which can 
be controlled by exogenously applied small molecules (such as the tetracycline repressor 
system), or by endogenous signals (such as promoters for innate immune response genes) 
[75]. Advanced DNA synthesis and assembly methods also allow synthetic biology 
approaches to create novel signaling pathways and networks not present in nature.

Immune tolerance is another very active area in xenotransplantation research. As 
the molecular mechanisms controlling the balance between immunity and tolerance 
are further elucidated, manipulation of the human immune system itself to specifi-
cally reduce or eliminate responses to porcine targets, while leaving intact immunity 
to infectious diseases, will help overcome xenorejection. Multiple approaches are 
currently being tested and genome targets identified to encourage human immune 
tolerance of porcine cells and tissues [76, 77].

8. Conclusions

The speed and ease of genome engineering technologies has helped to overcome 
many of the limitations for the use of pig organs for xenotransplantation. Despite recent 
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repair machinery. Application of ZFN, TALEN and CRISPR technologies have shown 
that homologous recombination efficiencies are improved when one or more double-
strand DNA breaks are introduced into the genome at the desired site of insertion 
[67] with CRISPR exhibiting bi-allelic targeting rates as high as 90% [68]. The use of 
these more advanced genome engineering tools has greatly improved the rates and 
specificity of both gene deletion and gene insertion in genomes.

Gene insertion by homologous recombination for xenotransplantation has not 
advanced as rapidly as other approaches, in part due to the challenges of using primary 
porcine cells, for which the efficiencies can be extremely low, particularly with large 
DNA constructs. Use of improved genome engineering tools with increased target-
ing efficiencies have already been applied in pig and will continue to grow in impact 
[69]. However, even with improved efficiencies of gene insertion, breeding pigs with 
multiple, independently segregating loci is challenging. The number of litters required 
to produce animals bearing all of the genetic modifications greatly increases with each 
additional locus, which can be impractical for large animals such as pigs. Therefore, 
the ability to insert the maximal amount of genetic information into the genome in the 
minimal number of steps, as discussed below, is highly valuable.

6.3 Multigenic insertion

The most straightforward example of multigenic targeting at a single site takes 
advantage of the observation that multiple DNA vectors co-transfected into cells 
will tend to insert together at a given genome site. This approach was used suc-
cessfully to simultaneously introduce as many as five large transgenes in a single 
step into porcine cells [70]. Although difficulties in producing mature cloned pigs 
limited the study to animals with fewer integrated genes, the study demonstrated 
the feasibility of rapidly making animals with multiple TG.

Another, relatively less complicated, way to introduce multiple TG is to gener-
ate large DNA constructs bearing multiple TGs for integration at random into the 
genome [71]. This greatly reduces the complexity of screening, while increasing 
the efficiency of insertion, but still relies upon random integrants which can have 
variable TG copy numbers and expression levels.

Multiple genomic regions have been defined, such as Rosa26, which allow expression 
of heterologous genes at similar levels regardless of cell type. These “safe harbor” regions 
are believed to have a chromatin structure that is more easily accessible to the gene 
expression machinery, regardless of cell type. Targeting at porcine homologs of murine 
safe harbor sites such as Rosa26 has been described and demonstrates the utility of this 
approach [70, 72]. On a practical level, the use of safe harbor sites yields more reproduc-
ible gene expression than random TG insertions, so fewer lineages are required to select 
animals with desired TG levels. Furthermore, the defined location and copy number of 
TG inserted at a safe harbor site makes breeding and genotyping more straightforward, 
and is expected to provide a less complicated regulatory pathway for clinical use.

As DNA synthesis and assembly has improved, increasingly large DNA con-
structs encoding a variety of TG are possible, however, as the size of the DNA 
increases, the rate of insertion decreases. Considering the lower insertion rates 
observed for large animals such as pig, alternate approaches are necessary to incor-
porate larger DNAs into the genome.

6.4 Site-specific recombination

Bacteriophage- and yeast-derived site-specific recombinases are, as the name 
suggests, proteins which catalyze recombination between two specific DNA recogni-
tion sites, small (<50 base pair) sequences that are unique to the recombinase being 
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used. The recombination event is highly efficient, in some cases eliminating the 
need for selection genes, and allowing large DNA constructs to be inserted at a much 
higher frequency than possible for homologous recombination [73].

One limitation for the use of site-specific recombination is the need for a recog-
nition sequence to be present in the target genome at the desired locus. This requires 
a preceding step in which the recognition site is engineered into the genome using 
less efficient homologous recombination. Therefore, the gain in efficiency for 
introduction of large DNA constructs may be offset by the need for insertion of the 
recombinase recognition site into the genome. Despite this constraint, the potential 
for site-specific recombination into a defined locus has been demonstrated in pigs 
[70] and provides a route for more rapid complex genetic modifications.

7. Future needs

The advancements in genome engineering, both in general and in their application 
to xenotransplantation, have been significant, but many needs remain to be addressed. 
As new genome engineering tools are identified and further refined, improvement of 
targeting efficiencies will allow more sophisticated modifications of the pig genome. 
Ideally, the pig genome will become as readily manipulated as the mouse, allowing 
researchers to further leverage approaches shown to be effective in murine models.

One major technological difference in the genetic modification of mice and pigs 
(and many other mammalian species) is the lack of ES cells possessing significant 
rates of homologous recombination that can be grown in culture for extended peri-
ods and subjected to multiple manipulations without losing the ability to produce 
viable pigs. Efforts to identify natural or induced pluripotent stem cells (iPSC) suit-
able for these purposes have been described, but have yet to demonstrate practical 
application for porcine genome engineering [74]. Ongoing work will be required to 
identify and validate cells which meet these needs.

The function of the TGs themselves can also be further improved. The majority of TG 
constructs used in pigs have used constitutive promoters to drive high level expression 
of the proteins encoded by the TGs. In some cases, such as CRPs, this approach may be 
useful, however, overexpression of TGs which inhibit critical immune processes may cre-
ate risks of immune deficiency and infections. For this reason, use of expression control 
elements which can turn on and off TG activity is of increasing interest in xenotransplan-
tation. There are multiple examples of inducible promoters employed in mice which can 
be controlled by exogenously applied small molecules (such as the tetracycline repressor 
system), or by endogenous signals (such as promoters for innate immune response genes) 
[75]. Advanced DNA synthesis and assembly methods also allow synthetic biology 
approaches to create novel signaling pathways and networks not present in nature.

Immune tolerance is another very active area in xenotransplantation research. As 
the molecular mechanisms controlling the balance between immunity and tolerance 
are further elucidated, manipulation of the human immune system itself to specifi-
cally reduce or eliminate responses to porcine targets, while leaving intact immunity 
to infectious diseases, will help overcome xenorejection. Multiple approaches are 
currently being tested and genome targets identified to encourage human immune 
tolerance of porcine cells and tissues [76, 77].

8. Conclusions

The speed and ease of genome engineering technologies has helped to overcome 
many of the limitations for the use of pig organs for xenotransplantation. Despite recent 
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achievements, a key question remains: which combination of genetic modifications is 
most critical to make a pig organ useful for xenotransplantation? Ongoing experiments 
seek to address this question, but the answers are likely to be complex and dependent 
upon the type of organ, the specific immune mechanisms involved, and perhaps other 
factors that are not yet defined. It is very likely that the first set of genetic modifications 
of pigs used for xenotransplantation in humans will not be the final set, as the under-
standing of the mechanisms of xenorejection increases and better strategies developed 
to influence the human immune response. Continuing progress in genome engineering 
technologies of pigs will allow the creation of the more complex modifications neces-
sary to meet these demands. Although much remains to be done, it is clear that given the 
current rate of progress, overcoming the crisis of human organ shortage with unlimited 
rejection-free porcine organs is rapidly growing closer to reality.
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Abstract

Molecular pharming is a cost-effective, scalable, and safe system to produce 
high-quality and biologically active recombinant therapeutic proteins. Thus, plants 
are emerging alternative platform for the production of pharmaceutically relevant 
proteins such as vaccines, antibodies, antibody derivatives, and some serum-
derived proteins. Additionally, plants have also been used to produce bioactive 
and immunogenic peptides. The efficacy, selectivity, specificity, and low toxicity 
make them particularly well-suited therapeutic agents for various indications, for 
instance, cardiovascular and infectious diseases, immunological disorders, and 
cancer. In the broad range of known bioactive peptides, angiotensin I-converting 
enzyme inhibitory (ACEI) peptides derived from food proteins have attracted 
particular attention for their ability to prevent hypertension. So far, several ACEI 
peptides have been identified in food proteins, mainly in milk, eggs, and plants. 
The industrial production of ACEI peptides is based on enzymatic proteolysis of 
whole food proteins, which leads to the release of small bioactive peptides with 
ACE-inhibitory activity. The problems associated to such procedures, namely, cost 
and loss of functional properties, have demonstrated the need to develop more 
straightforward methods to produce ACEI peptides. One viable hypothesis, dis-
cussed in this chapter, is to genetically engineer crop plants to produce and deliver 
antihypertensive peptides.

Keywords: plant engineering, recombinant protein, bioactive peptides,  
angiotensin I-converting enzyme, ACEI peptides

1. Introduction

The term “molecular pharming,” blend of pharmaceutical and farming, surfaced 
in the literature in the 1980s to refer to the production of high-value compounds in 
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transgenic animals. Nowadays, the expression is mainly employed to the production of 
recombinant pharmaceutically relevant proteins or secondary products in plants [1–3].

The roots of molecular pharming can be traced back to the mid-1980s when 
plants started to be genetically engineered to act as bioreactors that produced 
pharmaceutically relevant proteins. Barta et al. [4] demonstrated that tobacco and 
sunflower callus tissues were capable of expressing transcripts of a human growth 
hormone fusion gene. Although no protein was detected, this was the first report of 
plants expressing human genes and established plants as a potential production sys-
tem for recombinant therapeutic proteins. Later on, the expression of a full-sized 
IgG in tobacco [5] was a major breakthrough since it revealed the ability of plants 
to produce complex functional mammalian proteins of pharmaceutical relevance. 
In 1990, the “authenticity” of plant-derived recombinant proteins was proved 
even further with the production of the first human protein (serum albumin) with 
confirmed native structure in tobacco and potato [6].

After several studies that demonstrated the capacity of various plant species and 
systems to produce recombinant pharmaceutical proteins and peptides, during the 
1990s, the field of molecular pharming gained support and interest from the plant 
biotechnology community. The scientific attention was followed by commercial inter-
est, with many start-up companies being created to capitalize the advantages of plants 
in relation to the established platforms. These advantages include being a more cost-
effective, scalable, and safer means of producing pharmaceutically relevant proteins 
and peptides. In opposition to the fermentation-based traditional platforms that require 
a massive investment in bioreactors, plant-based production systems can be established 
with minimal investment and offer a myriad of different hosts and platforms [7]. 
However, the expectation that plants could easily compete for the market share of some 
well-established biopharmaceutical platforms, such as Chinese hamster ovary (CHO) 
cells, and that they could motivate the mainstream pharmaceutical industry to switch 
platforms was overinflated. The CHO epithelial cell lines are the most commonly used 
mammalian hosts for industrial production of therapeutic recombinant proteins. The 
technical limitations of plants, especially their lower yields compared to mammalian 
cell lines, allied to the colossal existing investment in fermentation infrastructures, the 
unfavorable public opinion on OGMs, and regulatory uncertainty, lead the mainstream 
pharmaceutical industry to be cautious and to a consequent stagnation of the molecular 
pharming field in the 2000s [8, 9]. This situation induced a change of paradigm con-
cerning molecular pharming: the initial vision of a highly scalable and low-cost produc-
tion system, while still valid, was replaced by the idea of a production system for certain 
niche products that are not easily manufactured by conventional systems [8, 9].

Molecular pharming embraces several platforms and technologies with different 
advantages and limitations, related by their use of plant tissues. Conversely to conven-
tional biopharmaceutical production systems that are based on few selected platforms, 
particularly the bacterium Escherichia coli, yeasts such as Pichia pastoris, and mamma-
lian cell lines such as Chinese hamster ovary (CHO) cells [3], pharming platforms range 
from plant cells or unicellular plants growing in bioreactors to whole plants growing in 
soil or hydroponic environments. Further, the technologies include stable integration of 
DNA into the nuclear genome or plastid genome and transient expression by infiltrat-
ing leaves with expression vectors based on Agrobacterium tumefaciens, plant viruses, 
or hybrids [3, 8]. This great diversity of molecular pharming confers adaptability and 
flexibility, allowing the selection of the most suitable platform for each product, but 
has also conduced to fragmentation. This fragmentation meant that in the early days 
of molecular pharming there was no driving force to establish molecular pharming as a 
single competitive platform. Consequently, no actions were made to match the indus-
try requirements for high yields, standardized procedures, and good manufacturing 
practices (GMP) [7, 9]. More recently, efforts have been made to mimic the mainstream 
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biopharmaceutical industry and place a focus only on a small number of platforms, 
namely, plant cell cultures, nuclear transgenic plants, and leafy plants transiently 
transformed [3, 10]. Since 2010 the attention of the biopharmaceutical industry to 
molecular pharming has been renewed as result of its consolidation on a small number 
of platforms and some target products that meet industry demands [8, 9].

In 2012, the FDA approval of the first recombinant plant-derived therapeutic for 
human use, Protalix Biotherapeutics’ taliglucerase alfa (Elelyso™), was an important 
breakthrough for molecular pharming. The enzyme taliglucerase alfa is a carrot cell-
expressed human recombinant β-glucocerebrosidase and is prescribed for the treatment 
of Gaucher’s disease, a lysosomal storage disorder [11]. Imiglucerase, a recombinant 
form of glucocerebrosidase commercialized under the name Cerezyme®, was already 
produced in CHO cells. In this production platform, the enzyme required subsequent 
in vitro exposure to mannose residues in order to have biological activity, resulting in 
a time-consuming and expensive manufacturing process. Besides, this platform also 
has potential safety problems, namely, the risk of viral contamination, allergies, and 
other adverse reactions. In comparison, the plant-based platform is safer and less time-
consuming and has reduced production costs, since the mannose units are posttransla-
tionally added in vivo [11]. Glucocerebrosidase is a clear example of a target product in 
which safety, cost, and downstream processing issues were solved by switching from a 
traditional platform to molecular pharming. Another example that gathered mediatic 
exposure was ZMapp, a cocktail of three chimeric monoclonal antibodies targeting the 
Ebola virus surface glycoprotein produced in Nicotiana benthamiana using a hybrid 
transient expression system, the magnICON system. ZMapp was developed during the 
Ebola outbreak of 2014 by Mapp Biopharmaceutical Inc. (San Diego, USA), following 
initial studies on nonhuman primates [12]. ZMapp has since been used in humans 
under emergency compassionate protocols [13] and randomized controlled trials [14].

Following these examples of success, there has been a continuous increase in 
clinical trial applications and manufacturing capacity, which has also been cor-
related with the conception of more tangible regulations concerning plant-derived 
pharmaceuticals.

Although plants are still unlikely to substitute the established platforms [8], the 
recent promising developments in the field of molecular pharming demonstrate that 
glucocerebrosidase was not a lone case of success and that plant-based platforms 
could provide countless opportunities for the biopharmaceutical market. Plants 
combine the advantage of a full posttranslational modification potential with 
simple growth requirements and theoretically unlimited scalability in the case of 
field-grown whole plants. Plant-based platforms are versatile and allow the targeting 
of recombinant proteins and peptides produced to different organs or subcellular 
compartments, which provides an additional protection against proteolysis. Finally, 
plants are a safe host for therapeutic protein and peptide production since they do not 
harbor human or animal pathogens [15]. Therefore, instead of facing the red ocean of 
established pharmaceutical industries [16], molecular pharming is now evolving as 
a disruptive technology that creates its own marketplace by offering rapid drug devel-
opment and production, unparalleled scalability, unique quality attributes such as 
tailored glycan structures, individualized therapies, and oral or topical applications 
of minimally processed plant tissues, thus reducing downstream costs [17].

2.  Plant platforms for the production of therapeutic proteins and 
peptides

The continuous development of genetic engineering technologies for plants has 
resulted in an expansion of well-established plant-based platforms [18]. Molecular 
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biopharmaceutical industry and place a focus only on a small number of platforms, 
namely, plant cell cultures, nuclear transgenic plants, and leafy plants transiently 
transformed [3, 10]. Since 2010 the attention of the biopharmaceutical industry to 
molecular pharming has been renewed as result of its consolidation on a small number 
of platforms and some target products that meet industry demands [8, 9].
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expressed human recombinant β-glucocerebrosidase and is prescribed for the treatment 
of Gaucher’s disease, a lysosomal storage disorder [11]. Imiglucerase, a recombinant 
form of glucocerebrosidase commercialized under the name Cerezyme®, was already 
produced in CHO cells. In this production platform, the enzyme required subsequent 
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has potential safety problems, namely, the risk of viral contamination, allergies, and 
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Ebola outbreak of 2014 by Mapp Biopharmaceutical Inc. (San Diego, USA), following 
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pharmaceuticals.
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glucocerebrosidase was not a lone case of success and that plant-based platforms 
could provide countless opportunities for the biopharmaceutical market. Plants 
combine the advantage of a full posttranslational modification potential with 
simple growth requirements and theoretically unlimited scalability in the case of 
field-grown whole plants. Plant-based platforms are versatile and allow the targeting 
of recombinant proteins and peptides produced to different organs or subcellular 
compartments, which provides an additional protection against proteolysis. Finally, 
plants are a safe host for therapeutic protein and peptide production since they do not 
harbor human or animal pathogens [15]. Therefore, instead of facing the red ocean of 
established pharmaceutical industries [16], molecular pharming is now evolving as 
a disruptive technology that creates its own marketplace by offering rapid drug devel-
opment and production, unparalleled scalability, unique quality attributes such as 
tailored glycan structures, individualized therapies, and oral or topical applications 
of minimally processed plant tissues, thus reducing downstream costs [17].

2.  Plant platforms for the production of therapeutic proteins and 
peptides

The continuous development of genetic engineering technologies for plants has 
resulted in an expansion of well-established plant-based platforms [18]. Molecular 
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pharming encompasses platforms based on stably transformed whole-plants trans-
gene insertion in the nuclear or plastid genome, transient expression using agroin-
filtration, viral and hybrid vectors; microalgae and aquatic plants (e.g., duck-weed) 
stably transformed; and in vitro culture systems (e.g., cell suspensions, hairy roots, 
and moss protonema) [19]. Each platform has particular advantages and limita-
tions; therefore its selection is done on a case-by-case basis, depending on economic 
considerations as well as on the product characteristics and intended use [20].

2.1 Platforms based on transgenic plants

Transgenic plants have been the most widely used platforms for recombinant 
protein production. To obtain stable transgenic lines, the gene encoding the desired 
protein is cloned into an expression construct, which generally includes a promoter 
and regulatory elements that ensure efficient RNA processing and protein synthesis 
[21]. This expression construct is then stably integrated into the plant nuclear genome, 
resulting in the stable inheritance of the transgene and expression of stable pharma-
ceutical proteins over generations [22]. Two major transformation strategies have been 
employed to insert expression constructs into the nuclear genome: Agrobacterium-
mediated transformation in dicotyledonous species (dicots) and particle bombard-
ment of DNA-coated gold or tungsten beads in monocotyledonous species (monocots) 
[3]. Transgenic plant lines offer several advantages as platforms for molecular 
pharming: they are suitable for long-term production of recombinant pharmaceuti-
cal proteins and are highly scalable, as each line can be used to produce seeds, which 
increase the number of plants in every generation. Ultimately, the production capacity 
of recombinant pharmaceutical proteins in transgenic plants is practically unlimited, 
as it only depends on the number of hectares available for the plant culture. The major 
drawbacks of transgenic plants are the long development and scale-up timescales, the 
unreliable production yields, and the potential spread of pharmaceutical crops in the 
environment and into the food chain by outcrossing and seed dispersal [3].

The development of simple transformation technologies has expanded the 
number of host plants available for molecular pharming. Currently, the major 
molecular pharming transgenic platforms are based on leafy crops, seeds, fruits, 
and vegetable crops. Leafy crops are benefic in terms of biomass yield and high 
soluble protein levels. Additionally, leaf harvesting does not need flowering and 
thus considerably reduces contamination through pollen or seed dispersal [23]. 
One disadvantage of leafy crops is that proteins are synthesized in an aqueous 
environment, which is more prone to protein degradation, resulting in lower 
production yields [24]. In fact, the mature leaves possess very large extra cytoplas-
mic vacuolar compartments containing various active proteolytic enzymes that 
are involved in the degradation of native and foreign proteins. This is particularly 
problematic in the case of therapeutic peptide production because short heter-
ologous peptides have an inherent instability in plant cells [25]. In addition to the 
protein instability, the harvested material has limited shelf life and needs to be 
processed immediately after harvest.

Tobacco has been the most widely used leafy crop for molecular pharming. The 
major advantages of using tobacco to express pharmaceutical proteins are its high 
biomass yield, well-established technology for gene transfer and expression, year-
round growth and harvesting, and the existence of large-scale infrastructure for 
processing [23]. However, the natural production of nicotine and other alkaloids in 
tobacco poses some safety issues in its use as a host system for heterologous protein 
production. Therefore, tobacco varieties with low nicotine and alkaloid levels have 
been produced to diminish the toxicity and overcome those safety issues. Recent 
studies have led to the approval of the first monoclonal antibody produced in 
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transgenic tobacco plants, in phase I clinical trial [26]. Additionally, a 2018 publica-
tion reported the stable expression of adalimumab (a monoclonal antibody against 
tumor necrosis factor-alpha (TNF-α)) in tobacco plants [27]. Other leafy crops 
commonly used in molecular pharming include alfalfa and clover [19].

As an alternative to leafy crops, plant seeds have proven to be versatile hosts 
for recombinant proteins of all types, including peptides or short and long 
polypeptides as well as complex, noncontiguous proteins like antibodies and 
other immunoglobulins [28]. The expression of proteins in seeds can overcome 
the shortcomings of leafy crops in terms of protein stability and storage. Seeds 
possess specialized storage compartments, such as protein bodies and vacuoles, 
which provide the appropriate biochemical environment for protein accumula-
tion, thus protecting the proteins expressed in seeds from proteolytic degradation 
[29]. Reports have demonstrated that antibodies expressed in seeds remain stable 
for at least 3 years at room temperature without detectable loss of activity [30]. 
Furthermore, the small size of most seeds permits to achieve a high recombinant 
protein concentration in a small volume, which facilitates extraction and down-
stream processing and reduces the costs of the overall manufacturing process 
[31]. One essential property of seeds is dormancy, which not only permits the 
stability of recombinant proteins but also allows a complete decoupling of the 
cycle of cultivation from the processing and purification of the protein [28]. 
Finally, proteins expressed in the seed do not normally interfere with vegetative 
plant growth, and this strategy also reduces exposure to herbivores and other 
nontarget organisms such as microbes in the biosphere [21]. Several crops have 
been studied for seed-based production, including cereals, such as maize, rice, 
barley, and wheat; legumes, such as pea and soybean; and oilseeds such as saf-
flower and rapeseed. Maize has several advantages for seed-based expression 
of proteins; it has the highest biomass yield among food crops, and it is easy 
to transform, in vitro manipulate, and scale up [24]. These potentialities were 
explored by Prodigene Inc. for the production of the first commercially available 
plant-made protein, avidin (a protein with affinity for biotin used in biochemical 
assays). Other maize-derived protein products developed by this company include 
β-glucuronidase, aprotinin, laccase, and trypsin [32]. Prodigene was the first com-
pany to demonstrate the commercial benefits of plant-based platforms and was 
also a forerunner in the study of the economic impact of downstream processing 
in molecular pharming, having developed several successful approaches to recover 
intact and functional recombinant seeds from maize [3].

Maize has also been used to produce recombinant pharmaceutical proteins, 
including enzymes, vaccines, and antibodies [32, 33]. One of the most notable 
therapeutic proteins produced in maize is Meristem Therapeutics’ gastric lipase, an 
enzyme intended for the treatment of exocrine pancreatic insufficiency—a disease 
significantly affecting cystic fibrosis sufferers—that has completed phase II clinical 
trial. In addition to this enzyme, Meristem Therapeutics has developed two other 
maize-derived products, human lactoferrin (phase I clinical trial), whose intellec-
tual property was later acquired by Ventria Bioscience (http://www.ventria.com/), 
and collagen (pre-clinical stage).

Rice is another leading platform for recombinant protein and peptide produc-
tion. Similar to maize, rice is easy to transform and scale up, but unlike maize, rice is 
self-pollinating, which reduces the risk of horizontal gene flow. Ventria Bioscience, 
in its ExpressTec platform, has used rice to produce recombinant pharmaceutical 
proteins, including human albumin, transferrin, lactoferrin, lysozyme, and vaccines 
against human rabies and Lyme disease. Its lead therapeutic candidate VEN100, 
whose active ingredient is lactoferrin, has been shown to reduce significantly 
antibiotic-associated diarrhea in high-risk patients and recently completed phase 
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environment, which is more prone to protein degradation, resulting in lower 
production yields [24]. In fact, the mature leaves possess very large extra cytoplas-
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processed immediately after harvest.
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biomass yield, well-established technology for gene transfer and expression, year-
round growth and harvesting, and the existence of large-scale infrastructure for 
processing [23]. However, the natural production of nicotine and other alkaloids in 
tobacco poses some safety issues in its use as a host system for heterologous protein 
production. Therefore, tobacco varieties with low nicotine and alkaloid levels have 
been produced to diminish the toxicity and overcome those safety issues. Recent 
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transgenic tobacco plants, in phase I clinical trial [26]. Additionally, a 2018 publica-
tion reported the stable expression of adalimumab (a monoclonal antibody against 
tumor necrosis factor-alpha (TNF-α)) in tobacco plants [27]. Other leafy crops 
commonly used in molecular pharming include alfalfa and clover [19].

As an alternative to leafy crops, plant seeds have proven to be versatile hosts 
for recombinant proteins of all types, including peptides or short and long 
polypeptides as well as complex, noncontiguous proteins like antibodies and 
other immunoglobulins [28]. The expression of proteins in seeds can overcome 
the shortcomings of leafy crops in terms of protein stability and storage. Seeds 
possess specialized storage compartments, such as protein bodies and vacuoles, 
which provide the appropriate biochemical environment for protein accumula-
tion, thus protecting the proteins expressed in seeds from proteolytic degradation 
[29]. Reports have demonstrated that antibodies expressed in seeds remain stable 
for at least 3 years at room temperature without detectable loss of activity [30]. 
Furthermore, the small size of most seeds permits to achieve a high recombinant 
protein concentration in a small volume, which facilitates extraction and down-
stream processing and reduces the costs of the overall manufacturing process 
[31]. One essential property of seeds is dormancy, which not only permits the 
stability of recombinant proteins but also allows a complete decoupling of the 
cycle of cultivation from the processing and purification of the protein [28]. 
Finally, proteins expressed in the seed do not normally interfere with vegetative 
plant growth, and this strategy also reduces exposure to herbivores and other 
nontarget organisms such as microbes in the biosphere [21]. Several crops have 
been studied for seed-based production, including cereals, such as maize, rice, 
barley, and wheat; legumes, such as pea and soybean; and oilseeds such as saf-
flower and rapeseed. Maize has several advantages for seed-based expression 
of proteins; it has the highest biomass yield among food crops, and it is easy 
to transform, in vitro manipulate, and scale up [24]. These potentialities were 
explored by Prodigene Inc. for the production of the first commercially available 
plant-made protein, avidin (a protein with affinity for biotin used in biochemical 
assays). Other maize-derived protein products developed by this company include 
β-glucuronidase, aprotinin, laccase, and trypsin [32]. Prodigene was the first com-
pany to demonstrate the commercial benefits of plant-based platforms and was 
also a forerunner in the study of the economic impact of downstream processing 
in molecular pharming, having developed several successful approaches to recover 
intact and functional recombinant seeds from maize [3].

Maize has also been used to produce recombinant pharmaceutical proteins, 
including enzymes, vaccines, and antibodies [32, 33]. One of the most notable 
therapeutic proteins produced in maize is Meristem Therapeutics’ gastric lipase, an 
enzyme intended for the treatment of exocrine pancreatic insufficiency—a disease 
significantly affecting cystic fibrosis sufferers—that has completed phase II clinical 
trial. In addition to this enzyme, Meristem Therapeutics has developed two other 
maize-derived products, human lactoferrin (phase I clinical trial), whose intellec-
tual property was later acquired by Ventria Bioscience (http://www.ventria.com/), 
and collagen (pre-clinical stage).

Rice is another leading platform for recombinant protein and peptide produc-
tion. Similar to maize, rice is easy to transform and scale up, but unlike maize, rice is 
self-pollinating, which reduces the risk of horizontal gene flow. Ventria Bioscience, 
in its ExpressTec platform, has used rice to produce recombinant pharmaceutical 
proteins, including human albumin, transferrin, lactoferrin, lysozyme, and vaccines 
against human rabies and Lyme disease. Its lead therapeutic candidate VEN100, 
whose active ingredient is lactoferrin, has been shown to reduce significantly 
antibiotic-associated diarrhea in high-risk patients and recently completed phase 
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II clinical trial [34]. Rice has also been widely used as host for peptide expression, 
especially for the production of allergen peptides (e.g., pollen and mite allergies) 
[35, 36]. Recent studies report that rice has the potential to offer an oral delivery 
system for vaccine antigens and therapeutic proteins and peptides [25, 35, 37].

Barley seeds have also been developed as commercial platforms. In comparison 
to other cereal crops, barley is less widely grown. However, this fact added to the 
self-pollinating nature of barley can be viewed as an advantage since the risk of con-
tamination and outcrossing with non-transgenic crops is minimized. Considering 
this benefit, an Iceland-based company, ORF Genetics (https://orfgenetics.com/),  
has targeted barley grain as the expression host for several human cytokines 
and growth factors [19]. Other molecular pharming companies, such as Ventria 
Bioscience and Maltagen, have also been developing barley-based production 
platforms. Although barley is still recognized for its recalcitrance to transformation, 
over the last decade some progress has been made in the development of reliable 
transformation procedures [38].

The use of legume seeds, such as soybean and pea, for the production of 
recombinant pharmaceutical proteins, has been less explored than cereal-based 
platforms, with platforms based on legume seeds having yet to achieve commer-
cial success. However, the fact that legume seeds have exceptionally high protein 
content (20–40%) can be exploited to achieve high yields of recombinant protein 
[39]. Soybean seeds have been used to express recombinant growth factors [40, 41], 
coagulation factors [42], and vaccine peptides [43]. Transgenic pea seeds have been 
previously used to produce a single-chain Fv fragment (scFV) antibody used in 
cancer diagnosis and therapy [44]. In another study, pea seeds were used to produce 
a vaccine that showed high immunogenicity and protection against rabbit hemor-
rhagic disease virus [45].

Safflower and rapeseed seeds are rich in oil and are, thus, referred as oilseeds. 
Oilseeds can provide useful recombinant pharmaceutical protein production 
systems. SemBioSys (http://www.sembiosys.ca/), with its oleosin-fusion platform, 
has been a pioneer in that field. Oleosins are the principal membrane proteins of 
oil bodies; oleosins confer peculiar structural properties to the oil bodies that offer 
simple extraction and purification procedures [46]. In the oleosin-fusion platform 
the recombinant protein is fused with oleosin and consequently targeted to the oil 
bodies. The fusion protein is then recovered through simple purification of the oil 
bodies and separated from oleosin by endoprotease digestion. Commercial produc-
tion of hirudin in safflower by SemBioSys constituted the first report of an oilseed-
derived protein [47]. The company has been focusing on safflower as its primary 
host ever since, with safflower-derived insulin being in phase I clinical trial [32].

Finally, fruit and vegetable crops can also be employed for molecular pharm-
ing. A major advantage of protein expression in fruit and vegetable crops is that 
edible organs can be consumed uncooked, unprocessed, or partially processed, 
making them particularly suitable for the production of recombinant subunit 
vaccines, nutraceuticals, and antibodies designed for topical application [29]. The 
oral delivery of recombinant therapeutics is one of the differentiating factor of 
molecular pharming in comparison to mainstream biopharmaceutical production 
systems, with several pharmaceutical products being produced in tomato fruits, 
potato tubers, and lettuce leaves for this purpose [3]. Tomato fruits are particularly 
useful for protein expression because the fruits are palatable as raw tissue but can 
also be lyophilized and stored for a long time [25]. Recently, human coagulation 
factor IX (hFIX) was expressed specifically in tomato fruits, constituting the first 
report on the expression of hFIX in plant [48]. Another study described the expres-
sion in tomato fruits of a thymosin α1 concatemer [49], an immune booster that 
plays an important role in the maturation, differentiation, and function of T cells. 
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The thymosin α1 concatemer derived from transgenic tomatoes exhibited biological 
activity and was proven to stimulate the proliferation of mice splenic lymphocytes 
in vitro. Moreover, thymosin α1 specific activity was higher when produced in 
tomato than in Escherichia coli, demonstrating the authenticity of the plant-made 
product. Other examples of tomato fruit expression include F1-V [50], a candidate 
subunit vaccine against pneumonic and bubonic plague, and β-secretase [51], to 
serve as a vaccine antigen against Alzheimer’s disease.

In conclusion, platforms based on transgenic plants are a promising alternative 
to the conventional biopharmaceutical production platforms since they provide 
a stable source of pharmaceutical proteins and are also the most scalable of all 
molecular pharming platforms. This scalability of transgenic plants ensures the pro-
duction of recombinant pharmaceutical proteins at levels previously inaccessible, 
namely, the commodity bulk production of monoclonal antibodies. In the current 
scenario of growing pharmaceutical demand, especially in developing countries, 
the use of transgenic plants can be game changing since they provide a highly scal-
able and low-cost means of producing medicines.

2.2 Platforms based on transplastomic plants

Transplastomic plants are a valuable alternative to transgenic plants for the 
production of recombinant pharmaceutical proteins. Transplastomic plants are 
obtained by the insertion of expression constructs into the plastid genome by 
particle bombardment. Since the Agrobacterium T-DNA (transfer DNA) complex 
is targeted to the nucleus, it is unsuitable for gene transfer to chloroplasts [24, 52]. 
Following the transformation procedure, the bombarded leaf explants are regener-
ated, and transplastomic plants with homoplastomic transformation (in which 
every chloroplast carries the transgene) are finally selected, recurring to a selection 
medium containing spectinomycin or in combination with streptomycin [53].

Plastid transformation can result in high yields of heterologous proteins because 
multiple copies of the genome are present in each plastid, and photosynthetic cells 
may contain hundreds or thousands of plastids [54]. As an example, the expression 
of a proteinaceous antibiotic in tobacco chloroplasts has achieved up to 70% of 
the total soluble proteins, which is the highest recombinant protein accumulation 
accomplished so far in plants [55]. Furthermore, chloroplasts provide a natural 
biocontainment of transgene flow since genes in chloroplast genomes are mater-
nally inherited and consequently not transmitted through pollen, thereby avoiding 
unwanted escape into the environment. Other advantages of chloroplast engineer-
ing include the ability to express several genes as operons, and the accumulation of 
recombinant proteins in the chloroplast, thus reducing toxicity to the host plant [24].

Finally, transplastomic production platforms offer the possibility of oral delivery 
[54, 56]. In fact, it has been demonstrated that chloroplast-derived therapeutic 
proteins, delivered orally via plant cells, are protected from degradation in the 
stomach, probably due to the bioencapsulation of the therapeutic protein by the 
plant cell wall. They are subsequently released into the gut lumen by microbes that 
digest the plant cell wall, where the large mucosal intestine area offers an ideal 
system for oral drug delivery [57].

A shortcoming of expressing proteins via the chloroplast genome is that routine 
plastid engineering is still limited to tobacco, a crop that is not edible and thus 
unsuitable for oral delivery of therapeutic proteins. In addition, the synthesis of gly-
coproteins is not possible in the chloroplast system, as plastids do not carry out gly-
cosylation [24]. Nevertheless, the expression of human somatotropin [58] in tobacco 
established that chloroplasts are capable of properly folding human proteins with 
disulfide bonds. In another study, the production of native cholera toxin B subunit 
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A shortcoming of expressing proteins via the chloroplast genome is that routine 
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[59] demonstrated the capacity of chloroplasts to fold and assemble oligomeric 
proteins correctly. Other therapeutic proteins expressed in tobacco chloroplasts 
include interferons alpha-2a and alpha-2b [60, 61] and anti-cancer therapeutic agents 
such as human soluble tumor necrosis factor (TNF) [62] and azurin [63]. Recently, 
chloroplast transformation of lettuce has also been developed [64, 65] to provide oral 
delivery transplastomic systems [66, 67]. Several therapeutic proteins were produced 
in lettuce chloroplast, namely, proinsulin [66, 67], tuberculosis vaccine antigens 
[68], and human thioredoxin 1 protein [69]. The chloroplast production platform 
has yet to achieve commercial success, though the referred developments in this field 
augur a promising future for therapeutic protein production in chloroplasts.

2.3 Transient expression platforms

Transient expression is a phenomenon that occurs when genes are introduced 
into plant tissues and are expressed for a short period without stable DNA integra-
tion into the genome [3]. Traditionally, transient expression was used to verify 
expression construct activity and to test recombinant protein stability. This strategy 
allowed the identification and elimination of initial transformation problems, and 
thus the prospect of regenerating the desired transgenic lines was significantly 
improved. Recently, there has been an emergence of transient expression for the 
commercial production of recombinant pharmaceutical proteins. The advantages 
of transient expression platforms include the ease of manipulation, speed, low cost, 
and high yield of proteins. In comparison to transgenic plants, transient expression 
permits to achieve higher recombinant protein yields because there are no position 
effects (suppression of transgene expression by the surrounding genomic DNA 
following integration) [70].

Transient expression systems utilize the beneficial properties of plant pathogens 
to infect plants, spread systemically, and express transgenes at high levels, causing 
the rapid accumulation of recombinant proteins [8]. Currently, the major transient 
expression platforms are based on Agrobacterium tumefaciens, plant viruses, or 
hybrid vectors that utilize components of both (magnICON® technology).

The agroinfiltration method involves the vacuum infiltration of a suspension of 
recombinant A. tumefaciens into the plant leaf tissue, with the transgenes being then 
expressed from the uninterrupted T-DNA [8, 71]. Using this method, milligram 
amounts of recombinant protein are produced within a few weeks without the need 
to select transgenic plants, a process that takes months to years to be completed. 
This system has been commercially developed in tobacco [72] and alfalfa [73] but is 
also applicable to other crops such as lettuce [74], potato [75], and Arabidopsis [76]. 
An advantage of Agrobacterium-mediated transient expression is the fact that it 
allows to produce in plants complex proteins assembled from subunits [70].

Another transient expression technology is based on the use of plant viruses. In 
this technology, the gene of interest is inserted among viral replicating elements, 
episomically amplified and subsequently translated in the plant cell cytosol [77]. 
To date, the most efficient and high-yielding platforms have been developed using 
RNA viruses [78]. These plant viruses include Tobacco mosaic virus (TMV), potato 
virus X (PVX), and Cowpea mosaic virus (CPMV) (reviewed in [8]). The advantages 
of virus-based production include the rapid recombinant protein expression, the 
systemic spread of the virus, and the fact that multimeric proteins such as antibod-
ies can also be produced by coinfecting plants with noncompeting vectors derived 
from different viruses [79, 80]. Transient expression vectors based on virus have 
been used to express peptides and long polypeptides (at least 140 amino acids long) 
as fusions to the coat protein, resulting in the assembly of chimeric virus particles 
(CVPs) displaying multiple copies of the peptide or polypeptide on its surface [77, 81].  
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Transient expression based in plant viruses has been commercially adopted by the 
now-closed Large Scale Biology Corporation (Vacaville, USA) that used a TMV-
based vector for the production of patient-specific idiotype vaccines for the treat-
ment of B-cell non-Hodgkin’s lymphoma, which had successfully passed the phase I 
clinical trials [82].

Finally, the third transient expression strategy is based on hybrid systems that 
incorporate components of the T-DNA transfer and virus replication systems [3]. 
These hybrid systems use deconstructed viruses obtained by removing the coat 
protein (responsible for systemic movement) of the noncompeting virus strains 
and use Agrobacterium as the vehicle for the systemic delivery of the resulting viral 
vectors to the entire plant. These systems effectively address most of the major 
shortcomings of earlier plant-based technologies by providing the overall best 
combination of the following features: high expression level, high relative yield, low 
up- and downstream costs, very fast and low-cost R&D, and low biosafety concerns 
[83]. Consequently, there has been a commercial development based on several 
hybrid systems. One of most notable examples is the magnICON® system developed 
by Icon Genetics (https://www.icongenetics.com/) (formerly owned by Bayer 
Innovation, Dusseldorf, Germany; now a subsidiary of Nomad Bioscience, Halle, 
Germany), which features a deconstructed Tobacco mosaic virus (TMV) genome and 
A. tumefaciens as a delivery vehicle [83]. Another example is the iBioLaunch plat-
form developed by the Fraunhofer Center for Molecular Biotechnology, which also 
features a deconstructed TMV genome [3]. Finally, the CPMV-HT platform is based 
on a deleted version of Cowpea mosaic virus RNA-2 and also allows the “hypertrans-
lation” of recombinant proteins without virus spreading [8].

Examples of therapeutic recombinant proteins produced in these platforms have 
been generally reviewed in [3]. Recombinant protein production using transient 
expression is now being mobilized to a large scale with several companies develop-
ing scalable, automated plant-based GMP biomanufacturing facilities to efficiently 
produce large amounts of pharmaceuticals within weeks. Such facilities include the 
ones of the Fraunhofer Center for Molecular Biotechnology (Newark, DE) (https://
www.fraunhofer.org/), Medicago Inc. (Quebec, Canada) (http://www.medicago.
com/), Icon Genetics (Bayer; Halle, Germany) (http://www.icongenetics.com/), 
Texas A & M (College Station, TX), and Kentucky BioProcessing LLC (Owensboro, 
KY) (http://www.kbpllc.com/) [19].

In conclusion, the ability of transient plant expression systems to produce large 
quantities of recombinant protein, coupled to the use of current technology to 
increase yields, and the many promising technical solutions seems to be favorable 
compared with mammalian- or insect cell-based systems in quality, cost, and scale 
[19]. In case of emerging threats, transient platforms are advantageous since they 
produce large amounts of recombinant proteins rapidly (milligram quantities per 
plant within a few days) and can be scaled up quickly, currently providing the only 
reliable platform for rapid response situations [9]. During the H1N1 pandemic, the 
first batches of H1N1 virus-like particles (VLPs) could be produced by Medicago 
Inc. as soon as 3 weeks after the Centers for Disease Control and Prevention 
released the new influenza hemagglutinin sequence [73]. Similar lead times were 
reported for the H5N1 VLP vaccine [84]. Recently, the application of tobacco plant-
based transient production systems, at Kentucky BioProcessing (KBP), to produce 
antibody lots against Ebola, was shown to significantly decrease the amount of time 
required for production over traditional methods, increase the quantity of antibody 
produced, and reduce the cost of manufacturing. Finally, at the other end of the 
market scale, transient expression platforms are economical for the production of 
pharmaceuticals for very small markets, such as orphan diseases and individualized 
therapies.
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2.4 Callus and plant cell suspension cultures

Plant cell suspension cultures grow as individual cells or small aggregates and 
are usually derived from callus tissue by the disaggregation of friable callus pieces in 
shake bottles and are later scaled up for bioreactor-based production. Recombinant 
pharmaceutical protein production is achieved using transgenic explants to derive 
the cultures or by transforming the cells after disaggregation, usually by co-cultiva-
tion with A. tumefaciens. The co-cultivation of plant cell suspensions and recombi-
nant A. tumefaciens has also been used for the transient expression of proteins [85]. 
Since these plant cell suspension cultures are grown in sterile contained environ-
ments, they provide a cGMP-compatible production environment that is more accept-
able to the established pharmaceutical industry and regulatory authorities [3, 86].  
These systems have added benefits of complex protein processing compared to 
bacteria and yeasts and increased safety compared to mammalian cell systems, which 
can harbor human pathogens. Another advantage of plant suspension cultures is the 
very low maintenance cost in comparison to other fermenter-based eukaryotic sys-
tems such as mammalian or insect cells. Moreover, the possible secretion of the target 
protein into the culture medium simplifies downstream processing and purification 
procedures [87, 88]. Nevertheless, plant cell cultures also have some limitations such 
as poor growth rates, somaclonal variation (particularly due to chromosomal rear-
rangements, common in plant cell cultures generated by calli), and gene silencing, 
together with the inhibition of product formation at high cell densities, formation 
of aggregates, cell wall growth, as well as shear-sensitivity for some species [89]. 
However, high levels of functional recombinant protein in plant cell suspension 
cultures were already obtained [87]. Besides, the previously mentioned first licensed 
recombinant pharmaceutical protein, Elelyso™, was produced in plant cell suspen-
sion cultures (reviewed in [88]). Tobacco has been the most popular source of sus-
pension cells for recombinant protein production. Tobacco plants proliferate rapidly 
and are easy to transform, but other plant species have also been used to generate 
suspension cells, including rice and Arabidopsis thaliana, alfalfa, soybean, tomato, 
Medicago truncatula, and carrot [85, 88, 90]. Carrot suspension cells have been used 
by the aforementioned Protalix Biotherapeutics to produce a recombinant gluco-
cerebrosidase. This case of commercial success shows that suspension cell cultures 
have potential as a viable system for large-scale protein production. Recently, carrot 
callus cultures, expressing epitopes from the cholesteryl ester transfer protein, were 
accessed for the potential of becoming an atherosclerosis oral vaccine [91].

3. Optimization of plant expression levels

The lower expression levels in comparison to the established biopharmaceutical 
platforms were one of the major obstacles for the commercialization of molecular 
pharming [9]. Therefore, numerous techniques have been developed to enhance 
protein expression, including codon optimization of protein sequences, to match 
the preferences of the host plant, targeting subcellular compartments that allow 
proteins to accumulate in a stable form; the use of strong, tissue-specific promoters; 
and the testing of different plant species and systems [25].

Protein synthesis can be increased by optimizing the components of the expres-
sion construct to maximize transcription, mRNA stability, and translation or by 
diminishing the impact of epigenetic phenomena that inhibit gene expression [92]. 
In this field, the general strategy is to use strong and constitutive promoters, such as 
the cauliflower mosaic virus 35S RNA promoter (CaMV 35S) and maize ubiquitin-1 
promoter (ubi-1), for dicots and monocots, respectively. However, organ- and 
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tissue-specific promoters are also being used to drive expression of the transgenes 
to a specific tissue or organ such as the tuber, the seed, and the fruit. Additionally, 
inducible promoters, whose activities are regulated by either chemical or external 
stimulus, may equally be used to prevent the lethality problem. Furthermore, tran-
scription factors can also be used as boosters for the promoters to further enhance 
the expression level of the transgenes [53].

Protein stability can be increased by targeting proteins to cell compartments that 
reduce degradation. Protein targeting also affects the glycan structures added to 
proteins and the type of extraction and purification steps required to isolate the pro-
tein from the plant matrix. Proteins can be targeted to the secretory pathway by an 
N-terminal signal peptide, which is cleaved off for the release of the protein into the 
endoplasmic reticulum (ER). Proteins that do not require posttranslational modifi-
cation, e.g., glycosylation, for their activity, can be targeted to the chloroplast using 
N-terminal transit peptides [93]. In addition, the target gene can be used to trans-
form chloroplast directly, with highly enhanced protein accumulation. Moreover, 
posttranslational modifications of the ER lumen can also be avoided by expressing 
the protein as translational fusion with oleosin protein, which target the expression 
of the foreign protein to oil bodies of the seeds [28]. Other subcellular compartments 
like the protein-storing vacuoles are now being explored for recombinant protein 
accumulation, as it has been observed in rice seed endosperm [94].

4. Downstream processing

In the early years of molecular pharming, scientific studies were focused on dem-
onstrating that plants could produce adequate quantities of recombinant pharmaceu-
tical proteins and confer an oral delivery means. This led to downstream processing 
and the costs associated to it being basically overlooked. Downstream processing is 
now known to be an economically critical part of biomanufacturing processes (it 
can account for up to 80% of the total cost in a therapeutic protein production line) 
and also to be a key component of the regulatory process for evaluating the safety 
of pharmaceutical products [7]. The goal and the general steps for downstream 
processing are similar between plant and other expression systems: to recover the 
maximal amount of highly purified target protein with the minimal number of 
steps and at the lowest cost. The basic steps for downstream processes include tissue 
harvesting, protein extraction, purification, and formulation [22]. However, since 
in molecular pharming the costs of downstream processing are product-specific 
rather than platform-specific, the evaluation of downstream processing strategies 
and costs associated to it has to be done on a case-by-case basis. Nevertheless, even if 
unit operations have to be developed based on the properties of the product, others 
have to be developed based on the properties of the expression host. Plants produce 
process-related contaminants that require specific processing steps to ensure removal 
of fibers, oils, superabundant plant proteins such as RuBisCO, and potentially toxic 
metabolites such as the alkaloid nicotine in tobacco [8]. These secondary metabo-
lites can be recovered from plant cells or tissues using methods such as adsorption, 
precipitation, and chromatography, often requiring phase partitioning and the use 
of mixtures of organic solvents. Several approaches have been used to facilitate 
downstream processing, including secretion of recombinant proteins, eliminating 
the plant cell disruption step; targeting of proteins into the protein bodies, oil bodies, 
or plastoglobules; and the use of affinity tags such as poly-histidine tags with the 
target protein, allowing protein purification by affinity chromatography [25]. In 
addition, oral delivery of whole plants or crude extracts containing the pharmaceuti-
cal relevant proteins can also be a way to simplify downstream processing and to 
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the plant cell disruption step; targeting of proteins into the protein bodies, oil bodies, 
or plastoglobules; and the use of affinity tags such as poly-histidine tags with the 
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addition, oral delivery of whole plants or crude extracts containing the pharmaceuti-
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easily distribute medicines to those in need. Furthermore, the optimization of plant’s 
expression level can also ease downstream processing, with higher protein concen-
trations conducting to higher protein volumes [7].

Finally, several purification strategies have been investigated to separate 
target transgenic proteins from host plant proteins, which are tailored for each 
individual protein based on its solubility, size, pI, charge, hydrophobicity, or 
affinity to specific ligands, and the parallel characteristics of plant host proteins. 
Chromatographic methods, such as affinity chromatography, have been the most 
extensively used. However, recently increasing attention is being paid to non-
chromatographic methods to provide alternatives for large-scale production [22].

5.  Heterologous production of bioactive angiotensin I-converting 
enzyme inhibitory (ACEI) peptides

In the broad range of known bioactive peptides, angiotensin I-converting 
enzyme inhibitory (ACEI) peptides derived from food proteins have attracted par-
ticular attention and have been studied the most comprehensively for their ability 
to prevent hypertension [95]. In this chapter we will further focus on the possibility 
to genetically engineer crop plants to produce and deliver antihypertensive ACEI 
peptides, therefore creating alternative sources to fight hypertension and prevent 
cardiovascular disease.

5.1 Cardiovascular disease and the renin-angiotensin system

Cardiovascular disease (CVD) has been recognized as the leading cause of death 
in developed countries. Hypertension or high blood pressure is one of the major 
independent risk factors for CVD [96]. States of CVD include conditions such as 
coronary heart disease, peripheral artery disease, and stroke. Hypertension is a 
condition defined by a blood pressure measurement of 140/90 mmHg or above and 
is thought to affect up to 30% of the worldwide adult population [95]. The kinin-
nitric oxide (KNO) system and the renin-angiotensin system (RAS), Figure 1, play a 
crucial role in the control of hypertension by the action of angiotensin I-converting 
key enzyme (EC 3.4.15.1; ACE) [96–99].

Several synthetic ACE inhibitors such as captopril, enalapril, and lisinopril have 
been prescribed for the treatment of hypertension, congestive heart failure, and 
diabetic neuropathy [100]. However, their consumption is associated with various 
side effects including cough, skin rashes, hypotension, loss of taste, angioedema, 
reduced renal function, and fetal abnormalities [95]. The side effects associated 
to synthetic ACE inhibitors and the high prevalence of hypertension have led 
scientists to search for natural and safer therapies. Interestingly, the study of ACEI 
peptides has revealed that they do not have significant effects on blood pressure in 
normotensive subjects, suggesting a convenient mechanism that avoids acute hypo-
tensive effects. Based on this finding, it is hypothesized that ACEI peptides could be 
used in initial treatment of mildly hypertensive individuals or even as supplemental 
treatments [101].

5.2 Antihypertensive ACEI peptides

So far, several ACEI peptides have been identified in food proteins, mainly 
in milk, eggs, and plants, currently constituting the most well-known class of 
bioactive peptides [102–104]. These peptides are inactive within the sequence 
of parent proteins, but they can be released by enzymatic proteolysis in vivo or 
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in vitro, for example, during gastrointestinal digestion or during food process-
ing. A common feature shared by the majority of ACEI peptides is the generally 
short sequence, i.e., 2–12 amino acids in length. However, some larger inhibitory 
sequences have been identified in milk fermented with Enterococcus faecalis [105] 
and Lactobacillus casei Shirota [106], in koumiss [107], tuna [108], bonito [109], 
and rotifer [110]. Studies have also indicated that binding to ACE is strongly 
influenced by the substrate’s C-terminal tripeptide sequence. Hydrophobic amino 
acid residues with aromatic or branched side chains at each of the C-terminal 
tripeptide positions are common features among potent inhibitors. The presence 
of hydrophobic Pro residues at one or more positions in the C-terminal tripeptide 
region seems to positively influence a peptide’s ACE-inhibitory activity [95]. In 
general, the peptides showing higher activity against ACE have Tyr, Phe, Trp, 
or Pro at their C-terminus [95]. The peptides TQVY from rice [111], MRW from 
spinach [112], and YKYY from wakame [113] are some examples of this principle. 
Table 1 reviews some examples of ACEI activities of plant origin, whose pep-
tides responsible for such activity may be potential sources for the heterologous 
production of ACEI peptides.

The most common method to produce and identify ACEI peptides is through 
enzymatic hydrolysis of food proteins with gastrointestinal enzymes such as pepsin 
and trypsin or with commercial proteases such as Alcalase™ [127]. ACEI peptides 
have also been produced with Lactobacillus, Lactococcus lactis, and E. faecalis strains 
during milk fermentation [105, 106]. Nevertheless, there are problems associated 
to this type of industrial production of ACEI peptides, including the difficulty to 
isolate the peptide of interest from the complex mixture of compounds produced by 
enzymatic hydrolysis, the high cost, low recovery, and the low bioavailability. These 
disadvantages denote the need to develop new and alternative approaches for their 
production.

Figure 1. 
The kinin-nitric oxide (KNO) system and the renin-angiotensin system (RAS). The left side (KNO system) 
shows the mechanism of the action of ACEI on ACE that cleaves bradykinin, a nonapeptide acting as 
vasodilatory hormone, and causes the formation of an inactive heptapeptide. In the right side (RAS system), 
the inhibition of ACE activity plays an important physiological role in regulation of blood pressure by 
inhibiting the conversion of the hormone angiotensin I to angiotensin II, a potent vasoconstrictor (figure 
adapted from Erdmann et al. [96]).
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5.3 Heterologous production of ACEI peptides in plants

In recent years, the application of recombinant DNA technologies for the 
production of ACEI peptides at a large scale and low cost has gathered attention in 
the biotechnology community. Investigation has been focused on the development 
of expression methods for antihypertensive peptide production in different plant 
crops [128]; and here, we tried to provide some promising examples.

Thus far, the main strategies that have been adopted are as follows: the over-
expression of ACEI peptide precursor proteins and the production of particular 
peptides as heterologous components [101], the modification of some storage 
proteins to produce chimeric proteins carrying ACEI peptides [101], and also the 
generation of multimer proteins containing tandem repeats of ACEI peptides, 
flanked by protease recognition sequences that allow the peptide release during 
gastrointestinal digestion.

5.3.1 Rice

Transgenic rice plants that accumulate novokinin (RPLKPW), a potent 
antihypertensive peptide designed according to the structure of ovokinin (2–7) 
(RADHPF), as a fusion with the rice storage protein glutelin, have been generated. 
The engineered peptide is expressed under the control of endosperm-specific glu-
telin promoters and specifically accumulates in seeds. Oral administration of either 
the RPLKPW-glutelin fraction or transgenic rice seeds to spontaneously hyperten-
sive rats (SHRs)—the main model for assessing the in vivo activity of ACEI peptides 
(e.g., [108, 111, 122])—significantly reduced systolic blood pressures, suggesting 

Source ACEI activity (IC50; μM) Antihypertensive activity 
(mmHg)

Dose (mg/kg) Reference

Chlorella vulgaris 29.6 Not determined — [114]

Chebulic myrobalan 100 Not determined — [115]

Bitter melon 8.64 −31.5 to −36.3 2–10 [116]

Mung bean 13.4 Not determined — [117]

Pea 64 Not determined — [118]

Peanut 72 Not determined — [100]

Potato 18–86* Not determined — [119]

Rapeseed 28 −11.3 7.5 [120]

Rice 18.2 −40 30 [111]

Soybean 14–39* −17.5 2 [121]

Soybean 21 Not determined — [122]

Soybean 1.69 Not determined — [123]

Soybean 17.2 Not determined — [124]

Spinach 0.6–4.2* −13.5 to −20* 20–100 [112]

Wakame 21–213* −50 50 [113]

Walnut 25.7 Not determined — [125]

Wheat 20 Not determined — [126]
*Different values for the same plant product related to the ACEI peptide sequence.

Table 1. 
Examples of ACEI peptide activity from different plant origin.
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the possible application of transgenic rice seed as a nutraceutical delivery system 
and particularly for administration of antihypertensive peptides [129].

Wakasa et al. [130] attempted the generation of transgenic rice seeds that would 
accumulate higher amounts of novokinin peptide by expressing 10 or 18 tandemly 
repeated novokinin sequences, with the KDEL endoplasmic reticulum retention 
signal at the C-terminus, and using the glutelin promoter along with its signal 
peptide. Although the chimeric protein was unexpectedly located in the nucleolus 
and the accumulation was low, a significant antihypertensive activity was detected 
after a single oral dose to SHRs. More importantly, this effect was observed over a 
relatively longer duration time, with intervals of 5 weeks between doses as low as 
0.0625 g transgenic seeds per kg.

5.3.2 Soybean

Soybean [Glycine max (L.) Merr.] is an attractive option for the production of 
ACEI peptides given that soybean seeds contain a large amount of total protein. 
Therefore, there has been an effort to generate soybean lines with improved ACEI 
properties foreseeing the creation of novel functional foods.

Matoba et al. [128], introduced novokinin (RPLKPW) into homologous 
sequences of a soybean β-conglycinin α’ subunit by site-directed mutagenesis. 
Founded on first achievements from an E. coli expressed protein, the muted 
β-conglycinin α’ subunit carrying novokinin repeats were also expressed in soy-
bean. This chimeric protein accumulated at levels of up to 0.2% of extracted protein 
from transgenic soybean seeds [131]. Still, the levels of expression were too low, and 
it was not possible to assess the in vivo effects of these soybean seeds.

Novokinin has also been expressed in transgenic soybean seeds in a fusion 
form along with a β-conglycinin α’ subunit. Interestingly, a reduced systolic blood 
pressure was observed in SHRs after administering a dose of 0.15 g kg−1 of protein 
extracts. A similar effect was attained following administration of a 0.25 g kg−1 dose 
of defatted flour. Thus, it was concluded that this chimeric protein produced in 
soybean possessed an antihypertensive activity [132].

Additionally, a synthetic gene of His-His-Leu (HHL), an ACEI peptide derived from 
a Korean soybean paste, was tandemly multimerized to a 40-mer, ligated with ubiquitin 
as a fusion gene (UH40), and subsequently expressed in E. coli. Following digestion 
with leucine aminopeptidase, the 405-Da HHL monomer was recovered by reverse-
phase high-performance liquid chromatography (HPLC). MALDITOF mass spectrom-
etry, glutamine-TOF mass spectrometry, N-terminal sequencing, and measurement of 
ACE-inhibiting activity confirmed that the resulting peptide was the HHL [133]. The 
potential use of this antihypertensive chimeric protein in soybean has yet to be assessed.

5.3.3 Tomato and tobacco

A modified version of amarantin, the main seed storage protein of Amaranthus 
hypochondriacus, carrying four tandem repeats of the ACEI dipeptide Val-Tyr 
into the acidic subunit of amarantin, was expressed in cell suspension cultures 
of Nicotiana tabacum L. NT1. Protein hydrolysates obtained from transgenic calli 
showed high levels of inhibition of the angiotensin-converting enzyme, with an 
IC50 value of 3.5 μg ml−1, and 10-fold lower levels than that of protein extracts of 
wild-type cells (IC50 of 29.0 μg ml−1) [134]. This was the first time that a chimeric 
protein comprising an ACEI peptide was produced in plant cell suspension cultures.

This modified version of amarantin was also expressed in the fruit of trans-
genic tomato plants. Protein hydrolysates from transgenic tomato fruits showed 
in vitro ACE inhibition, with IC50 values ranging from 0.376 to 3.241 μg ml−1; 
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this represented an increase of up to 13-fold in the inhibitory activity when 
compared with the protein hydrolysates of non-transformed fruits [135]. These 
two results suggest the possible application of tobacco plant cell suspension 
cultures and transgenic tomato fruits for massive production of this engineered 
version of amarantin, which could be especially used as an alternative hyperten-
sion therapy [134, 135].

5.3.4 Amaranth

Although amaranth has not been genetically modified to produce ACEI peptides, 
the feasibility of developing a modified amarantin acidic subunit has been widely 
assessed [129, 134–139]. Recently, the in vivo effect of an E. coli-modified amaran-
tin protein, four units of Val-Tyr dipeptides (VY) in tandem, and one of Ile-Pro-
Pro tripeptides (IPP) incorporated in the amarantin acidic subunit (AMC3) was 
evaluated in SHRs in a one-time oral administration experiment. This study showed 
that enzymatic hydrolysates of AMC3-containing ACEI peptide (4xVY and IPP) 
sequences had significant in vivo antihypertensive action [138]. The positive reports 
of amarantin expression in E. coli [136, 138, 139] along with the sustained expres-
sion of amarantin-modified proteins in tobacco [134] and tomato [135] prospect the 
successful production of ACEI peptide fusion proteins in amaranth.

Figure 2. 
Schematic representation of the technologies involved in different plant platforms for the production of 
therapeutically important proteins and peptides. Plastid transformation by particle bombardment can result 
in regeneration of transplastomic plants, revealing high-yield heterologous production, with the possibility 
of protein/peptide oral delivery or purification. Nuclear transformation can be accomplished by particle 
bombardment or by Agrobacterium-mediated transformation, resulting in the regeneration of stable transgenic 
plants. Finally, the technology based on transient expression, here with the example of agroinfiltration. We 
present Medicago truncatula and lettuce as examples: (a) M. truncatula co-culture of leaf explants with 
Agrobacterium, (b) and (c) plant regeneration via somatic embryogenesis according to Araújo et al. [145], (d) 
and (e) establishment of a cell suspension culture from callus for protein/peptide production [146, 147], (f) 
lettuce leaf explant co-culture with Agrobacterium, (g) and (h) plant regeneration via shoot organogenesis 
at PCB lab, (i) lettuce transgenic plants which can be used for oral delivery, (j) and (k) agroinfiltration of 
lettuce leaf explants according to Negrouk et al. [74], and (l) example of a control explant (left) and transient 
expression of a 35S::GUS(int) cassette in lettuce leaves (right).
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5.3.5 Lettuce and Medicago truncatula

Lettuce (Lactuca sativa) is a commercially important crop belonging to the 
Asteraceae family. It is a diploid (2n = 18), autogamous species with a genome size 
of 2.7 Gb [140]. This crop is particularly suitable for oral delivery of therapeutics 
as its raw leaves are consumed by humans, and the time to obtain an edible product 
is only weeks, compared to the months needed for crops such as tomato or potato. 
Therefore, recently lettuce has been investigated as a production host for edible 
recombinant therapeutics [66, 67, 141]. Furthermore, the fact that stable transfor-
mation procedures for both nuclear [142] and plastid genomes [64], and transient 
expression [74], are widely available, is also an advantage. Lettuce has been used as 
production host for several recombinant therapeutics, virus-like particles (VLPs) 
and monoclonal antibodies [143], antigens [142, 144], and human therapeutic 
proteins [66, 69].

Medicago truncatula is a model plant from the legume family. It is a diploid 
(2n = 16), autogamous species, with a relatively small genome and short life cycle of 
3–5 months. These characteristics enable this species to be used in molecular genetic 
studies and expression of foreign genes [145]. The phylogenetic distance to eco-
nomically important crops is crucial in the choice of this plant by many researchers 
and funding agencies, since it allows comparative studies within the legume family. 
The methodologies for the establishment of long-term cell suspension culture are 
well recognized [146], and the potential of M. truncatula as expression host has also 
been established for the production of feed additives [20, 87], human hormones 
[90], and human enzymes [147].

The use of these two species in molecular pharming is at the center of a recent 
collaboration between the Plant Cell Biotechnology (PCB) Laboratory (ITQB 
UNL), the Cell Differentiation and Regeneration Laboratory (iBiMED UA), and the 
Institute of Plant Genetics (IPG PAS). This cooperation foresees the usage of these 
two species as exceptional hosts for the heterologous production and/or delivery of 
ACEI peptides, and a resume of this ongoing project is here schematically presented 
(Figure 2). This figure also provides an overview of the technologies involved in 
different plant platforms discussed in this chapter.

6. Conclusions

Molecular pharming has been recently and extensively reviewed, and the future 
of this technology has gathered some optimistic expectations. A myriad of studies 
have already demonstrated the capacity of various plant species and systems to 
produce recombinant pharmaceutical proteins and peptides. This technology has 
already been put to the test in case of emerging threats, where transient platforms 
proved to be strategic for rapid production of large amounts of recombinant pro-
teins in response to pandemic situations. However, their usefulness for the produc-
tion of functional foods still falls short of expectations, as well as the attainment of 
its full potential in bioactive peptide production. With the improvement of known 
plant platforms and development of new genetic engineering techniques and their 
exploration, it is forthcoming an evolution in the production of heterologous bioac-
tive peptides, to which we hope to contribute with our ACEI pharming project. 
The advent of genome editing techniques (with the advantage of site- specific 
gene insertion), like the CRISPR/Cas9 methodology, will undoubtedly increase 
and democratize plant transformation events and will certainly contribute to the 
increase of genetically modified species for molecular pharming purposes.
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this represented an increase of up to 13-fold in the inhibitory activity when 
compared with the protein hydrolysates of non-transformed fruits [135]. These 
two results suggest the possible application of tobacco plant cell suspension 
cultures and transgenic tomato fruits for massive production of this engineered 
version of amarantin, which could be especially used as an alternative hyperten-
sion therapy [134, 135].

5.3.4 Amaranth

Although amaranth has not been genetically modified to produce ACEI peptides, 
the feasibility of developing a modified amarantin acidic subunit has been widely 
assessed [129, 134–139]. Recently, the in vivo effect of an E. coli-modified amaran-
tin protein, four units of Val-Tyr dipeptides (VY) in tandem, and one of Ile-Pro-
Pro tripeptides (IPP) incorporated in the amarantin acidic subunit (AMC3) was 
evaluated in SHRs in a one-time oral administration experiment. This study showed 
that enzymatic hydrolysates of AMC3-containing ACEI peptide (4xVY and IPP) 
sequences had significant in vivo antihypertensive action [138]. The positive reports 
of amarantin expression in E. coli [136, 138, 139] along with the sustained expres-
sion of amarantin-modified proteins in tobacco [134] and tomato [135] prospect the 
successful production of ACEI peptide fusion proteins in amaranth.

Figure 2. 
Schematic representation of the technologies involved in different plant platforms for the production of 
therapeutically important proteins and peptides. Plastid transformation by particle bombardment can result 
in regeneration of transplastomic plants, revealing high-yield heterologous production, with the possibility 
of protein/peptide oral delivery or purification. Nuclear transformation can be accomplished by particle 
bombardment or by Agrobacterium-mediated transformation, resulting in the regeneration of stable transgenic 
plants. Finally, the technology based on transient expression, here with the example of agroinfiltration. We 
present Medicago truncatula and lettuce as examples: (a) M. truncatula co-culture of leaf explants with 
Agrobacterium, (b) and (c) plant regeneration via somatic embryogenesis according to Araújo et al. [145], (d) 
and (e) establishment of a cell suspension culture from callus for protein/peptide production [146, 147], (f) 
lettuce leaf explant co-culture with Agrobacterium, (g) and (h) plant regeneration via shoot organogenesis 
at PCB lab, (i) lettuce transgenic plants which can be used for oral delivery, (j) and (k) agroinfiltration of 
lettuce leaf explants according to Negrouk et al. [74], and (l) example of a control explant (left) and transient 
expression of a 35S::GUS(int) cassette in lettuce leaves (right).
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5.3.5 Lettuce and Medicago truncatula

Lettuce (Lactuca sativa) is a commercially important crop belonging to the 
Asteraceae family. It is a diploid (2n = 18), autogamous species with a genome size 
of 2.7 Gb [140]. This crop is particularly suitable for oral delivery of therapeutics 
as its raw leaves are consumed by humans, and the time to obtain an edible product 
is only weeks, compared to the months needed for crops such as tomato or potato. 
Therefore, recently lettuce has been investigated as a production host for edible 
recombinant therapeutics [66, 67, 141]. Furthermore, the fact that stable transfor-
mation procedures for both nuclear [142] and plastid genomes [64], and transient 
expression [74], are widely available, is also an advantage. Lettuce has been used as 
production host for several recombinant therapeutics, virus-like particles (VLPs) 
and monoclonal antibodies [143], antigens [142, 144], and human therapeutic 
proteins [66, 69].

Medicago truncatula is a model plant from the legume family. It is a diploid 
(2n = 16), autogamous species, with a relatively small genome and short life cycle of 
3–5 months. These characteristics enable this species to be used in molecular genetic 
studies and expression of foreign genes [145]. The phylogenetic distance to eco-
nomically important crops is crucial in the choice of this plant by many researchers 
and funding agencies, since it allows comparative studies within the legume family. 
The methodologies for the establishment of long-term cell suspension culture are 
well recognized [146], and the potential of M. truncatula as expression host has also 
been established for the production of feed additives [20, 87], human hormones 
[90], and human enzymes [147].

The use of these two species in molecular pharming is at the center of a recent 
collaboration between the Plant Cell Biotechnology (PCB) Laboratory (ITQB 
UNL), the Cell Differentiation and Regeneration Laboratory (iBiMED UA), and the 
Institute of Plant Genetics (IPG PAS). This cooperation foresees the usage of these 
two species as exceptional hosts for the heterologous production and/or delivery of 
ACEI peptides, and a resume of this ongoing project is here schematically presented 
(Figure 2). This figure also provides an overview of the technologies involved in 
different plant platforms discussed in this chapter.

6. Conclusions

Molecular pharming has been recently and extensively reviewed, and the future 
of this technology has gathered some optimistic expectations. A myriad of studies 
have already demonstrated the capacity of various plant species and systems to 
produce recombinant pharmaceutical proteins and peptides. This technology has 
already been put to the test in case of emerging threats, where transient platforms 
proved to be strategic for rapid production of large amounts of recombinant pro-
teins in response to pandemic situations. However, their usefulness for the produc-
tion of functional foods still falls short of expectations, as well as the attainment of 
its full potential in bioactive peptide production. With the improvement of known 
plant platforms and development of new genetic engineering techniques and their 
exploration, it is forthcoming an evolution in the production of heterologous bioac-
tive peptides, to which we hope to contribute with our ACEI pharming project. 
The advent of genome editing techniques (with the advantage of site- specific 
gene insertion), like the CRISPR/Cas9 methodology, will undoubtedly increase 
and democratize plant transformation events and will certainly contribute to the 
increase of genetically modified species for molecular pharming purposes.
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Agriculture
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Abstract

The increasing global population has forced the agricultural area to enhance the 
yield of crop, thereby fulfilling the requirements of people. The advancement has 
led to synthesis of nanomaterials with different size, shapes, and biocompatibility 
aspects towards specific applications like agriculture. Several nanomaterials such as 
metal, metal oxide, carbon nanotubes (CNTs), carbon nanofibers (CNFs), gra-
phene, and its derivatives have shown potential ability for augmenting the yield of 
crops and protect crops against pathogens. However, these nanomaterials required 
smart delivery system that might easily deliver the nanofertilizers in a controlled 
manner. In this context, the incorporation of nanotechnology and polymer sci-
ence might be developing newer technology with minimal usage and maximum 
effectiveness for improvement of crops. The incorporation of nanomaterials in 
polymeric composites offers newer approaches for agricultural delivery system 
that might provide various advantages such as higher stability, solubility, uniform 
distribution, and controlled release. Moreover, nanomaterials have potential ability 
for advancement in the genetic engineering. Herein, we discuss the role of nanoma-
terials in the growth of the plant, polymeric nanocomposite materials for agricul-
ture delivery system with the advancement in the genetic engineering, and future 
prospects of these polymeric-nanocomposite materials in agriculture.

Keywords: nanomaterials, polymeric composite, nanofertilizers, delivery system

1. Introduction

Nanomaterials (NMs) have attracted great interest especially in the field of 
agriculture that enhanced productivity of crops with lesser cost and waste [1, 2]. 
NMs offer sustainable effectiveness in the field of agriculture including protection 
and production of crops [3]. The significant advancement and development of 
the newer agricultural technologies is sturdily required because of continuously 
increasing food requirements globally [4]. The global food production must be 
increased around 70–100% by 2050 to achieve the demand of growing popula-
tion [5, 6]. In this context, the agriculture promoted from various innovative 
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technologies such as hybrid species, synthesis chemicals, and biotechnological 
developments [7]. However, continuous production of agricultural crops might 
be one of the great challenges due to the lack of nutrients/changes in climates. To 
overcome such issues related with the loss of production or improvement in the 
yield of crops, farmers continuously used agrochemicals. Nonetheless, exces-
sive use of these agrochemicals leads to deterioration of soil, degradation of 
agro-ecosystems, and environmental problems [8, 9]. In this context, NMs have a 
technological advancement, might be transformed and allied sectors that provides 
newer agricultural tools for the management of stresses (biotic and abiotic), detec-
tion of diseases, improved nutrients absorption ability, and translocation ability. 
On the other hand, NMs might help to understand agricultural biology as well as 
interaction of nanomaterials with plants, thereby enhancing the nutritional value as 
well as productivity of the crops. However, the exact role of NMs in agriculture still 
remains a concern.

Numerous NMs including carbon-based nanomaterials (single-walled carbon 
nanotubes (SW-CNTs), multi-walled carbon nanotubes (MW-CNTs) [10, 11], 
carbon nanofibers (CNFs), graphene and fullerenes [12–15], metal and its oxide-
based nanomaterials [16–18], magnetized iron (Fe) nanoparticles [19], aluminum 
oxide (Al2O3) [20], copper (Cu) [21], gold (Au) [22, 23], silver (Ag) [24, 25], silica 
(Si) [26], zinc (Zn) nanoparticles and zinc oxide (ZnO) [27–29], titanium dioxide 
(TiO2) [30], and cerium oxide (Ce2O3) [31], etc.) and bio-composite nanomaterials 
have been developed. These NMs are efficiently used in the field of agriculture for 
production and protection of crops [32–35]. However, phytotoxicity, degradation 
of soil, large-scale production, agglomeration, and effective delivery system still 
remain a concern. On the other hand, CNFs have the potential ability to deliver 
micronutrients in plants and the release of micronutrients (Cu/Zn nanoparticles) 
in a controlled manner. However, CNFs also required polymeric delivery system for 
real applications [34]. In this context, polymeric nanocomposite has emerged as one 
of the most promising tools for the delivery of micronutrients and agrochemicals in 
the plant system [36].

Several polymers such as polyvinyl alcohol (PVA), chitosan, polyvinyl-pyrrol-
idone (PVP), starch, hyaluronic acid (HA), poly(lactic-co-glycolic acid) (PLGA), 
poly-lactic acid (PLA), etc. have been used as a carrier for delivery system for 
various biological applications due to their high biocompatibility, biodegradability, 
nontoxicity, cost-effectiveness, and excellent film forming ability [37–39]. Various 
processes such as cross-linking, emulsion formation, and self-assembly have been 
used for the synthesis of polymeric nanocomposite that facilitate controlled release 
of agrochemical/micronutrients within the plants. The encapsulation of nanoma-
terials by using polymeric matrix also aided advantages to enhance effectiveness 
of the nanomaterials, decreasing cellular toxicity and environmental contamina-
tions [40]. On the other hand, smart polymeric materials and delivery system have 
the potential ability to deliver the genes/biomolecules/micronutrients within the 
plants and also protect viruses and pathogens [41, 42]. This book chapter focuses 
on the various nanomaterials and polymeric composite that augment the plant 
growth and interaction of nanomaterials with plants, genes/biomolecules/micro-
nutrient delivery and discuss the advancement of genetic engineering by using 
nanomaterials.

2. Emergence of engineering nanomaterials (ENMs)

The advancement has led to the synthesis of engineering nanomaterials (ENMs) 
of various sizes and shapes [43]. This advancement in the synthesis routes offers 

79

Polymeric Nanocomposite-Based Agriculture Delivery System: Emerging Technology…
DOI: http://dx.doi.org/10.5772/intechopen.89702

great interest to develop unique characteristics against specific end applications 
like production and protection of crops [18, 44, 45]. Interestingly, these ENMs 
have been used in various applications such as medicine, environmental science, 
and sensors. Nonetheless, nanomaterial use in agriculture mainly for improve-
ment in crop yield and crop protection is an under-explored research area. On the 
other hand, preliminary studies suggested that nanomaterials incorporated with 
polymers or polymeric composite have the potential ability to improve germination 
of seeds and growth of the plants, protection of crops, detection of pathogens, and 
detection of pesticide. The synthetic polymers also play a crucial role in agriculture 
because of polymeric materials that are pH-sensitive [46], temperature-sensitive 
[47], and climatic responsive that might be beneficial for growth of the plants such 
as mulches, shelters, and greenhouses (for fumigation, irrigation, and controlling 
water distribution) [48]. The ideal polymers for agricultural applications should 
have various properties such as stability, transmission, permeability, and weather 
ability, which is one of the important concerns nowadays [49]. In this context, 
functionalization of the polymers or polymeric composites has received significant 
consideration for the production of newer polymeric composites with improved 
characteristics [50]. Figure 1 shows schematic representation of nanomaterials and 
their agricultural applications.

Several polymeric nanomaterials like chitosan, PVA, lipids, and PLGA are used 
in agriculture for augmenting the growth and protection of plants. The uptake and 
efficiency of the nanomaterials vary with the species, discussed later in the text.

In general, reactive nanomaterials exhibit various end applications due to their 
active functional groups and characteristic ability of polymers. Therefore, ENMs 
might be successfully utilized in different end applications including agriculture.

Figure 1. 
Schematic representation of nanomaterials and its agricultural applications. Reprint permission Prasad et al. 
[7], copyright © 2017 Prasad, Bhattacharyya and Nguyen creative commons attribution license (CC BY).
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3. Polymeric composites

Polymers are mainly used for the controlled release of agrochemicals such as 
insecticides, pesticides, fungicides, germicides, and growth stimulants. There are 
various factors such as cost, climate condition, controlled release, simple formula-
tion, biocompatibility, and biodegradability involved in alteration in polymers for 
targeted system or applications. Moreover, thermal stability, thermal plasticity, 
glass-transition state, nature of polymers, melting point, its compatibility with 
biologically active molecules, and desired shape and size of the product still remain 
a concern. On the other hand, these polymers have the potential ability to control 
the release rate and rate of biodegradability, thereby being effective in various end 
applications, mainly medicine and agriculture [51]. The control release behavior of 
the polymeric formulation is one of the most important advantages in the delivery 
system like medicine, agrochemicals, and micronutrients.

Usually, the controlled release system is mainly divided into two groups; (1) 
encapsulation of active molecules/agrochemicals/micronutrients by using poly-
meric matrix and (2) polymeric matrix and active molecules/agrochemicals/micro-
nutrients enclosed and formation of macromolecular backbones. Several polymers 
(natural, synthetic, and synthetic elastomers) such as carboxymethyl cellulose 
[52], cellulose acetate phthalate [53], gelatin [54], chitosan [55], gum Arabic [56], 
polylactic acid (PLA) [57], poly-butadiene, poly-lactic-glycolic acid (PLGA) [58], 
polyhydroxyalkanoates (PHAs) [59], polyvinyl alcohol (PVA) [60], polyacrylamide 
[61, 62], and polystyrene, etc., [63] are extensively used in various delivery systems. 
Among all of them, natural polymers are extensively used for controlled release of 
drugs/agrochemicals because of their low cost and being biodegradable. Moreover, 
controlled release rate might be tuned by using different molecular weight-based 
polymers and cross-linking of different polymers; therefore, polymeric composites 
are efficiently used in various biological applications. Recently, nanomaterials have 
been used as nanofertlizers, nanopesticides, and nanomaterials for genetic advance-
ment, treatment of plant disease, and improved growth of the plants.

In general, polymers encapsulated with various materials including metal 
nanoparticles, carbon-based nanomaterials, biological molecules, agrochemicals, 
pesticides, insecticides, etc. with controlled release behaviors enhance the biocom-
patibility of the materials and are easy for applicability and thereby effectively used 
in various end applications, mainly medicine and agriculture [7].

3.1 Metal-polymer composites

The metal nanomaterials such as Cu, Zn, Fe, titanium dioxide (TiO2), aluminum 
oxide (Al2O3), silicon dioxide (SiO2), aluminum nitride (AlN), boron nitride (BN), 
and zinc oxide (ZnO), etc. are extensively used for the plant growth and protection 
of crops. Usually, nanomaterials are synthesized for providing the controlled release 
delivery system for agrochemicals that enhanced solubility and protecting biologi-
cally active molecules against early degradation, thereby enhancing effectiveness 
of agrochemicals even at lower doses. However, these metal-based nanomaterials 
accumulate on the root and translocate less within the shoot and leave. Moreover, 
agglomeration, instability, and difficulty to use directly in land still remain a 
concern. In this context, the continuously increasing demands of the hybrid materi-
als provide newer technological breakthrough for various end applications such as 
medical, environment, sensors, and agriculture. There are various existing materi-
als such as plastics, metals, ceramic, and polymers that cannot achieve technological 
requirements for different applications. Usually, hybrid nanomaterials containing 
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various nanomaterials as a filler with the polymeric matrix have great interest 
because of various advantages like high biocompatibility, controlled release, stabil-
ity, and nontoxicity. The most important dominating approach for synthesis of 
metal-polymer composite by using metal/metal oxide encapsulates with polymers 
produces the desired product. The enhancements of material characteristic by using 
filler-polymer interactions at the interface as well as the uniform dispersion of the 
nanomaterials within the polymeric matrix. Usually, there are three approaches to 
achieve these requirements: (1) alteration of fillers/nanomaterial properties, (2) 
alteration of polymer properties by functionalization or formation of co-polymers, 
and (3) developing desired properties with the hybrid materials/polymeric nano-
composite. On the basis of agricultural applications, polymeric coating or poly-
meric nanocomposite is important, as higher concentration of nanomaterials might 
cause some extent of toxicity within the plants [64, 65].

3.2 Carbon-polymer composites

Carbon-based nanomaterials exhibited various end applications such as 
environmental remediation, sensors, drug delivery, antibacterial agents, crop 
protection, and growth regulator of the plants due to unique characteristics, 
mainly optical, electrical, mechanical, and thermal properties. The significant 
development has been done in the synthesis of carbon-based nanomaterials such 
as activated carbon, activated carbon fibers, CNTs, CNFs, graphene, and fuller-
enes, which have great interest in agriculture due to their possibility as a growth 
stimulant and protection of crops [66–79]. Moreover, these carbon-based nano-
materials, mainly CNTs, and CNFs, have the potential ability to penetrate seed 
coat as well as translocation ability within the plants from root to shoot to leaves. 
Several reports suggested that CNTs and CNFs efficiently translocate within the 
plants. These studies suggested that carbon-based nanomaterials acted as a growth 
stimulant with increasing the uptake of water and nutrients. Interestingly, CNFs 
hold metal nanoparticles and the release of metal nanoparticles in a control man-
ner. These metal nanoparticles like Cu, Zn, and Fe also acted as micronutrients for 
the plants; therefore CNFs acted as a carrier for micronutrient delivery. Moreover, 
CNFs increase the water uptake ability, germination rate, and nontoxicity even 
at higher concentration of dose and therefore are used as a growth stimulant of 
the plants. In a recent study, Gupta et al. suggested that the CNFs are used as a 
carrier to deliver acylated-homoserine lactone in chick pea plants [34]. The study 
suggested that CNF-acylated homoserine lactone-based composite increased the 
plant growth as well as stress tolerance ability. The CNFs might be new generation 
fertilizers that enhance growth of the plants and defense regulator, also. However, 
direct application of the carbon-based nanomaterials still remains a concern. 
To overcome such issues, carbon-based nanomaterials are encapsulated with 
polymeric composite for agricultural delivery system. Kumar et al. synthesized 
bi-metallic (Cu/Zn) nanoparticle-dispersed CNFs encapsulated with PVA-starch 
composite to produce polymer-bi-metal-carbon (PBMC) composite [33]. The 
produced PBMC polymeric composite is effectively use as a fertilizer that enhances 
the growth of the plants. The releases of micronutrient (Cu/Zn) from CNFs, as 
well as polymeric composite in a controlled manner. The study also suggested that 
the release of micronutrients from PBMC is relatively slow in comparison with 
CNFs due to encapsulation of polymers. Moreover, CNFs efficiently translocated 
with the plants through root to shoot to leaves. The produced biodegradable 
PBMC-based formulation carrying Cu/Zn-CNFs (micronutrients) unwraps newer 
approach on the application of nanomaterials in agricultures. Figure 2 shows the 
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schematic representation of synthesis of Cu/Zn-CNF-dispersed polymeric com-
posite and its agricultural application.

4. Interaction of polymeric nanocomposite with plants

Interaction of polymeric nanocomposite with plants (accumulation, uptake, 
and translocation), depends on various factors such as shape, size, surface charge, 
stability, chemical nature, functional group, and species of the plants. The cell-
wall of the plants is one of the major sites of interaction with nanomaterials/other 
micronutrients. The cell-wall does not permit any foreign particles including 
nanomaterials/other micronutrients because it acts as a physical barrier. The plant 
cell-wall contains phosphate, hydroxyl, carboxylate, sulfhydryl, and imidazole 

Figure 2. 
A schematic representation of synthesis of Cu/Zn-CNF-dispersed polymeric composite and its agricultural 
application. Reprinted with permission (Kumar et al.), copyright © 2018, Springer Science Business Media, 
LLC, part of Springer Nature [33].
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groups that produce complex biomolecules, thereby selective translocation and 
uptake. There are two main properties that affect the uptake and translocation of 
nanomaterials/other micronutrients: (1) surface charge and (2) size. The surface 
charge of the nanomaterials/other micronutrients is one of the important param-
eters. The negatively charged nanomaterials/other micronutrients might favor 
translocation and uptake within the plants due to negatively charged plant cell-wall. 
The negatively charged nanomaterials/other micronutrients and plants do not 
attract each other, thereby easily uptake and translocation of the materials. On the 
other hand, positively charged nanomaterials/other micronutrients and negatively 
charged plant cell-wall attract each other, thereby accumulating on the root surface. 
The metal nanoparticles are positively charged, thereby having high accumula-
tion and less translocation ability. Moreover, these metal nanoparticles also show 
phytotoxicity at higher concentration due to accumulation [17, 80–83].

The size of the nanomaterials/other micronutrients is one of the important fac-
tors for uptake and translocation. The smaller size (20–200 nm) favors the uptake 
and translocation within the plants. Moreover, carbon-based nanomaterials like 
CNTs and CNFs ~500 nm or less easily translocate within the plants due to their 
movement across the epidermis to cortex to vascular bundle. The nanomaterials 
are translocated to root to shoot to leaves through cell-wall network and plasmo-
desmata. The capillary action and osmotic forces are also one of the driving forces 
of translocation of nanomaterials within the plants. Additionally, the types of 
nanomaterials and chemical composition also affect the uptake and translocation 
within the plants. The functionalization and coating of nanomaterials alter the 
adsorption and accumulation ability within the plants. Some of the nanomaterials 
might accumulate at Casparian strip, whereas another translocate with symplastic 
routes towards shoot and root [84].

Recently, carbon-based nanomaterials like CNTs and CNFs acted as carriers for 
genes/micronutrients/biomolecules within the cells. Various are studies performed 
to understand the exact mechanism behind the nanomaterial uptake and trans-
location [81]. The larger sized nanomaterials are unable to penetrate cell-walls; 
however, a study on Arabidopsis thaliana leaf suggested the creation of endocytosis-
like structure in plasma membrane [85]. Liu et al. suggested that water-soluble 
SW-CNTs with ~500 nm (length) were exposed on Nicotiana tabacum. The water-
soluble SW-CNTs are able to penetrate through rigid and integral cell wall [86].

In general, several factors including surface charge, size, chemical nature, and 
surface coating influence the uptake and translocation ability within the plants [87]. 
Moreover, functionalization of nanomaterials with chemical/polymer might change 
the properties of materials, thereby easily translocating within the plants [88, 89].

5. Polymeric nanomaterial improved genetic engineering

Genetic engineering of the plant system is basically efforts of environmental 
sustainability, synthesis of product, and engineering of agricultural crops; there-
fore, advancement of genetic engineering is essential for growing population. 
The gene editing includes various techniques to use for accurately modifying the 
genome sequence. The emergence of gene editing is an exciting approach especially 
for agriculture scientist because of the simple process and accuracy that are able 
to develop improved variety of crops (addition of valuable traits and deletion of 
antagonistic traits). With the help of genome editing/genetic engineering, research-
ers continue to focus on the improvement in the yield of the crops with adverse 
conditions such as changes in climate. Usually, the cell-wall of the plants represents 
as a physical barrier; therefore, delivery of biomolecules/genes is difficult compared 
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SW-CNTs with ~500 nm (length) were exposed on Nicotiana tabacum. The water-
soluble SW-CNTs are able to penetrate through rigid and integral cell wall [86].

In general, several factors including surface charge, size, chemical nature, and 
surface coating influence the uptake and translocation ability within the plants [87]. 
Moreover, functionalization of nanomaterials with chemical/polymer might change 
the properties of materials, thereby easily translocating within the plants [88, 89].

5. Polymeric nanomaterial improved genetic engineering

Genetic engineering of the plant system is basically efforts of environmental 
sustainability, synthesis of product, and engineering of agricultural crops; there-
fore, advancement of genetic engineering is essential for growing population. 
The gene editing includes various techniques to use for accurately modifying the 
genome sequence. The emergence of gene editing is an exciting approach especially 
for agriculture scientist because of the simple process and accuracy that are able 
to develop improved variety of crops (addition of valuable traits and deletion of 
antagonistic traits). With the help of genome editing/genetic engineering, research-
ers continue to focus on the improvement in the yield of the crops with adverse 
conditions such as changes in climate. Usually, the cell-wall of the plants represents 
as a physical barrier; therefore, delivery of biomolecules/genes is difficult compared 
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with animal system [90, 91]. Usually, two modes of transformation of genes exist 
in plants system: (1) cargo delivery that depends on the delivery techniques and (2) 
regeneration by using transformed plants that depends on the tissues, optimiza-
tion of the protocols, and complicated hormone mixtures. However, the existing 
technologies have a lot of limitations such as less transformation, high toxicity, and 
DNA integration into host genome. The grand challenges of genes/biomolecules 
cargo delivery within the plants system due to the presence of rigid and multi-
layered plant-cell wall, thereby slower transformation of genes/biomolecules within 
the plants. To overcome such issues, two approaches have been developed and used 
for transformation of genes/biomolecules within the plants: (1) Agrobacterium-
mediated delivery system and (2) biolistic particle delivery (DNA bombardment). 
However, these strategies also have various drawbacks/limitations such as spe-
cies dependence (changing the species changed the transformation efficiency), 
required regeneration from tissues, thereby time consuming and less efficiency, 
and Agrobacterium-mediated genes/biomolecule transformation might introduce 
foreign genetic materials. The Agrobacterium-mediated genes/biomolecules might 
cause disruption of genes/poor/unstable gene expression due to the random DNA 
integration. The DNA integration might be prevented by using nonintegrated 
viruses or plasmid deficient in transfer DNA insertion [90, 92]. Therefore, these 
two strategies are more preferred tools in comparison with other conventional 
methods. In this context, nanotechnology might be an alternative tool to resolve 
such issues associated with the existing delivery system.

Various nanomaterial-based plant delivery systems focus on the synthesis of 
nanomaterials, agrochemical delivery system, micronutrient delivery system, 
translocation of nanomaterials that augmented the growth of plants by using metal-
based nanoparticles, CNTs, CNFs, quantum dots, graphene and its derivatives, and 
fullerenes. On the other hand, some nanomaterials exhibited phytotoxicity due to 
the oxidative stress and vascular blockage, damaging the structural DNA. Recently, 
Demirer et al. [90] developed nanomaterial-mediated biomolecule delivery sys-
tem for gene expression and silencing of the plant system. For this, grafting of 
DNA on covalently functionalized pristine SW-CNTs and MW-CNTs was done 
to produce effective DNA delivery with strong expression of protein in mature 
Eruca sativa (arugula) leaves. The DNA is delivered in plant nucleus with the CNTs 
and also silencing of functional gene, separately. The grafting of DNA is done on 
CNTs due to the π-π stacking; the SDS is replaced by adsorption DNA by using the 
dialysis process. The produced DNA-CNT-based delivery system is comparable to 
Agrobacterium-mediated delivery system. The study also suggested that the pro-
duced CNT-based delivery system efficiently expresses protein in arugula proto-
plasts (cell-wall free) with the transformation (85%) efficiency.

Zhao et al. [93] developed nanoparticle-mediated genetic transformation. For 
this, they formed the complex of DNA-nanoparticles and delivered into the pollen 
grains by using magnetic force. The produce approaches to be moderate with insig-
nificant toxicity, genetically stable and transformed plants. These studies suggested 
that nanomaterial-based delivery system plays a significant role in the advancement 
in the genetic engineering of the plant system.

In general, genetic engineering of the plant system is more complicated com-
pared with animal system. The approach of the genes/biomolecule transformation 
within the plants still remains a concern due to the multi-layer and rigid cell-wall. 
There is lack of effective delivery of the diverse genes/biomolecules within the plant 
system without damaging the tissues. The nanotechnology might be an alternative 
tool in the advancement of the genetic engineering in plant systems that resolve 
such delivery challenge of genes/biomolecules, thereby increasing the utility of 
genetic engineering.
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6. Conclusion and future prospects

Polymeric nanocomposites own distinct features of biodegradability and 
biocompatibility, which makes it an ideal material to be used in crop protection 
and micronutrient delivery in the agriculture field. The reactive nanomaterials 
have been used in various applications because of their functional groups and 
characteristics; therefore, ENMs might have the potential ability to be used in 
different applications including agriculture. Moreover, encapsulation of polymers 
with different nanomaterials like metal/metal-oxide and carbon-based nanomateri-
als enhanced the controlled release behaviors, biocompatibility, and simple use. 
Therefore, they are efficiently used in various applications mainly in agriculture. 
Additionally, uptake, accumulation, and translocation ability of the nanomaterials 
mainly depend on surface charges, size, and chemical nature of the materials. On 
the one hand, polymeric coating of nanomaterials might change the functionality 
and surface charge; therefore, polymeric composite might efficiently translocate 
within the plants. With regard to advancement in the genetic engineering, nano-
materials might be alternative tools that efficiently delivered genes/biomolecules. 
Therefore, polymeric nanocomposite enhances the utility of genetic engineering 
in plant system. As discussed in the text, CNFs is the next generation fertilizer that 
can easily deliver micronutrients and biomolecules within the plant. However, 
transformation of these research into field, some issues must be discuss or detailed 
studies required; (1) cost of the nanofertilizers, (2) safety concern like health/envi-
ronmental toxicity, and (3) easy applications. We need to do more research in such 
agricultural areas for easy applicability in the field.
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