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Aims and Scope of the Series

“Genetics,” which has been proud of its tradition since Mendel presented his re-
search results in 1865, initially progressed quite slowly due to simple observational
approaches of individuals and groups. However, the discovery of double-strand-
ed DNA by Watson and Crick about 70 years ago triggered rapid progress in life
sciences, including genetics, which was primarily conducted using Escherichia coli
and bacteriophages infecting E. coli. Subsequently, genetics has achieved remark-
able developments, such as understanding genetic disorders, including cancers,
through research on the biogenesis and differentiation of plants and animals.

The two topics of this book series - Human Genetics, and Genomics - will address
important areas of advancement in genetics.

Human Genetics: After fundamental genetics, initially studied with the main goal
of revealing the functions of individual genes and proteins, genetics expanded
from understanding the genetic system itself to understanding many infectious
diseases caused by bacteria and viruses. Consequently, human beings are now over-
coming infectious diseases by developing medicinal chemicals, including antibiot-
ics and vaccines. However, genetic disorders remain challenging to cure up to now.
Nevertheless, even the cure for them, including various cancers, is coming closer
to reality due to the rapid progress of human genetics. In this way, the welfare of
human life continues to improve, and even longevity, which was once a dream, has
been achieved to some extent in recent years.

Genomics: On the other hand, the understanding of the comprehensive interrela-
tionship of whole genes or whole proteins functioning in one organism has become
possible now, as research has entered the era of genomics, owing to the rapid prog-
ress of base sequence analysis and bioinformatics. The development of genomics
has further made it possible to understand the evolutionary processes of organisms
through comparative studies among the genomes of many organisms.

This book series will discuss the findings obtained during the advancement of
human genetics and genomics. It is also expected that this series will trigger the
formation of a better world composed of human beings and all other organisms on
Earth through discussions of research results obtained under the development of
general genetics.
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Preface

With the advent of genomic technologies, our understanding of genetic traits and
their possible treatment using genetic engineering methods has improved. These
tools can help treat genetic diseases and mutations, as well as develop healthier and
more productive organisms. This book is specifically designed to cater to students and
researchers in biology, genetics, biotechnology, genomics, medicine, and agriculture
across universities, as well as those in postgraduate and graduate programs, and

the pharmaceutical and industrial sectors. It highlights the latest developments and
discoveries in genomics and biotechnology, as along with open problems and future
challenges in producing genetically modified organisms (GMOs).

Readers will be introduced to state-of-the-art developments and trends in gene and
genome editing tools and their medical, biotechnological, and industrial applications
in different organisms. In addition, the book covers the safety and future applications
of GMOs, including country-specific regulations. It also provides examples of how
GMOs have contributed to advances in medicine, agriculture, and industry. This book
compiles recent findings to meet the needs of its audience.

We anticipate this book will provide readers with an overview of the most recent
advancements and trends in GMOs and related research. We thank the contributors
for generously accepting our request to share their research and knowledge and for
diligently combining their expertise from other sectors to write the chapters. We also
express our gratitude to the staff at IntechOpen for their kind assistance throughout
the book’s creation.

Huseyin Tombuloglu, Ph.D.

Department of Genetics Research,

Institute for Research and Medical Consultations (IRMC),
Imam Abdulrahman bin Faisal University,

Dammam, Saudi Arabia

Guzin Tombuloglu, Ph.D.

Department of Biophysics,

Institute for Research and Medical Consultations (IRMC),
Imam Abdulrahman bin Faisal University,

Dammam, Saudi Arabia






Chapter1

Perspective Chapter: GMO Foods
and Our Health

Tammy Walker-Smith

Abstract

GMO foods come from genetically modified plants that were genetically edited to
create healthier and more environmentally tolerant plants that increase nutritional
value, resist pesticides, and repel insects. The increase in herbicide uses and the
alteration of plant DNA expression has opened the door for harmful toxins expressed
in the plant’s genetic make-up. These transgenes produce protein-based toxins, such
as in corn, which mimic other plant-based toxins that are harmful to humans when
consumed. The domino effect of herbicide resistance is that the use of glyphosate
(Roundup) increased for commercial purposes because of the resistance to the
herbicide. Toxic levels of glyphosate have been found to lead to health problems,
including having been identified as a carcinogen-causing agent. The effects of a two-
fold alteration of foods genetically and chemically could very well be the Trojan horse
of the twenty-first century. Elevated levels of toxins in the food chain may be the link
to the declining health status worldwide with higher rates of cancer, diabetes, obesity,
Alzheimer’s disease, and neurologic conditions. So, how did GMO foods end up being
a detriment instead of a benefit?

Keywords: genetically modified organisms (GMO), genetic engineering, crops,
glyphosate, CRISPR, toxins, food, health, cancer, food allergy, neurological damage,
Alzheimer’s, Parkinson’, autism, antibiotic resistance, DNA manipulation, food allergy

1. Introduction

The growing world population is at a cross-roads. One estimation of the earth’s
population states that it will be around 9 billion people by the year 2050. This increase
in population has created a demand for a 70% increase in food production by that
time to be able to feed such a large population [1]. Through technological advance-
ments in the GMO field, genetic engineering (GE), and improving crops resistant to
infection, viruses, herbicides, and environmental stressors, rates of the most common
genetically modified organism (GMO) foods produced have steadily increased by
1.2% annually, but is not at the estimated 2.4% annual increase needed to meet the
food demands by 2050 [1, 2].

To better understand what genetically modified organisms are, we need to
review the types of GE techniques briefly. Transgene GE is when genes are inserted
into a DNA or RNA strand from another species usually from bacterial or mold
microorganisms [1]. These specific DNA/RNA sequences control the behavior of the
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Genetically Modified Organisms

organism/plant through dominant traits. The second category is the transgene-free
GMO process that emerged in the early 2000%. This process uses artificial and natural
genetic traits to insert gene sequences into an RNA and/or DNA strand for a desired
trait. Genomic engineering in the form of cluster regulatory interspaced short palin-
dromic repeats (CRISPR) technology uses insertion and deletion techniques that are
more efficient, and cost-effective, but unfortunately are not regulated as stringently
due to its ease in the knock in and knock out process of genetic sequences at specific
locations. The principle of CRISPR technology has been founded on the action of
RNA fragments known as a guide RNA (gRNA) along with a bacterial component that
is a CRISPR-associated endonuclease (Cas9) made up of around 20 sequences that
makes up the CAS-9 binding “scaffold.” This CRISPR/Cas9 creates the platform for
the enzyme (cutter) to replace, modify, or delete traits from the DNA fragment and
alter its genetic make-up, function, and development [3].

Over the last 20 years, technological advances in Genetically modified organisms
have not only improved, but now dominate most processes of how crops, seeds,
and plant products impact food production. There will be roughly 11 billion people
on the plants by the end of the century, thus projections for the future provide a
snapshot of the food production needs/deficit facing the world and the importance
of GE foods to achieve food security by then [2]. The premise that the increased crop
production will help feed more people in the world and combat food shortages is
part of the justification for integrating GMO crops along with increased profits and
less impact on the environment. The background for needing more food production
stems from estimations of undernourished people to be around 690 million as recent
as 2019 [4].

This forward thinking has been the evolution of centuries of farmers cross
breeding plants that are better suited to their environment, insect resistant, and
mold resistant to improve crop production and variety, farming viability, and crop
quality [5]. The only difference today is that this takes place in a laboratory through
genetic engineering, thus the changes are no longer naturally occurring, but rather
science has incorporated DNA sequence editing to improve plant crops [5]. This
chapter will review the impact that such changes to plants and our food has had on
the environment and subsequently how these changes are editing the narrative of
our health, increases in specific disease processes, increases in autism, exposure to
harmful herbicides, increased inflammatory processes, changes in the composition of
plants that increase food allergy exposures, and pollination cross-contamination of
non-GMO crops [4, 6].

The general population is skeptical of GMO foods since they only have a basic
knowledge of what it is and whether it is safe to consume [2, 7]. This dialog controls
the narrative and hence has sparked labeling strategies to provide clear symbols or
statements of whether the product isa GMO food. This visual cue helps people make
informed decisions about what foods they choose to eat. The public acceptance of
GMO foods is higher in North America compared to those in the EU [2].

To ensure a product is not GMO based, it should read 100% organic, GMO-Free,
or non-GMO project verified. This type of labeling communicates clearly for the
consumer to increase transparency and purchasing confidence [7]. One other attempt
to control the biosafety of GMO plants resulted in an international agreement called
the Cartagena Protocol which was finalized in 2003. This agreement was created to
protect the biodiversity of natural plants from the risk of exposure to GMO crops;
thereby requiring countries to agree to the entry of specific GMO products/organisms
into their country [2].
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2. Development of GMO foods

In 1973, the discovery of extraction of DNA from one plant species and the intro-
duction of that DNA into another plant species was the advent of GMO genetic engi-
neering for the first time via laboratory experimentation efforts [8]. This first step in
genetic engineering led to the first ever antibiotic resistant crops of tobacco and petunia
plants in 1983. This evolution of the science led to a variety of virus resistant tobacco
crops in 1990 [8]. The United States approved the first GMO food for human consump-
tion in 1994 which was a tomato variety called the Flavr Savr to increase its shelf life
and slow the ripening process. The development of GMO crops such as corn, soy, rice,
cotton, and wheat include genetic engineering of specific DNA traits to include greater
yields of crops, healthier crops that resist certain molds and bacteria, and herbicide
resistant crops to allow for increased herbicide use in the prevention of weed growth
in the fields [5, 6]. The highest producer of GMO crops is the United States of America
(USA) (see Figure 1) with Brazil being the second largest GMO producer. Since GMO
engineering began making technological advancements in genetic engineering, the
production of these crops have increased 112 fold since 1996 [8]. The time that it takes
to bring a GMO product to fruition is around 13 years. This timeline includes studying
the impact and/or risks of altering a genetic traits in plants. The average cost for these
studies and the development of such products is estimated to be around $140 million
USD before it makes it to the market [7]. The rigor that is involved is not conveyed to
the general public; however, the unforeseen risks are also not communicated, such as
the increased herbicide use on these GMO plants and how that may or may not impact
one’s health [6, 9].

With great strides in improving crops for productivity and heartier plant strains,
genetic engineering took a left turn to make the crops resistant to the herbicide
Roundup from Monsanto. This resistance to herbicides created a domino effect that
has not stopped since [8]. The ability to use more herbicide on plants to eliminate
weeds improved crop production, but also contributed to the development of com-
mercial roundup (Glyphosate) products with additional ingredients that when
used together, increase the penetration of the herbicide into the plant that results

USA Land Acreage % for GMO Crop Production
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Figure 1.
Percentage of farmland for GMO corn and soy in the USA [1].
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in detrimental effects on cellular health in humans. Glyphosate has been classified

as “probably carcinogenic to humans” by the International Agency for Research on
Cancer (IARC) [6].

3. The detriment of glyphosate in and on GMO foods

To better understand the impact of glyphosate based herbicides (GBH), the
amount of this product used annually is around 750,000 tons and is anticipated to
increase to as much as 920,000 tons by 2025 [6]. People may ask, if the plant resists
the herbicide, then how can it be detrimental? The issue lies in the unforeseen impact
on the plant. The advent of this product improved field preparation since there is
less tillage needed; however, when you look at the increased use of this product on
the crop field, the half-life of the GBH in the soil ranges from 23 to 958 days. This
reflects the turnover of crops as much as a three-year period with spraying occurring
with each application of crops planted per season. Now, think of the toxic affect and
accumulation of this herbicide in the soil that has not reached its half-life and thus
provides the foundation for plants to grow and absorb more and more chemically
tainted water into the plant itself, not to mention the contamination of aquatic ecosys-
tems from runoff during rain events [10]. This chemical accumulation translates into
absorption of toxic levels of GBH within the plant. This has created an unforeseen
concern for foods that have elevated levels of GBH along with potential protein-based
toxins from genetic modifications of the plant. This combination of exposures has
created the perfect storm for chemically induced cellular changes and health issues
to humans, animals, and fish due to long-term exposure to these toxins, especially if
consumed in high levels (see Table 1) [6, 10].

The long-term exposure of glyphosate and its metabolites in foods have been found
in vegetables, fruit, cereal/cereal products, rice, beans, and honey [10]. These levels are
traced by many European countries for safe levels of the herbicide in foods consumed by
the public [10]. The question to ask is: when you eat multiple products daily with “accept-
able levels” of glyphosate, what does that translate to with relation to toxicity for daily
exposure with extended half-life periods calculated into the equation? Is this why higher
levels of multiple disease processes and cancers are increasing?

Exposure to commercial glyphosate products have been found to cause oxidative
stress and increases the inflammatory response through the proinflammatory cyto-
kine interleukin-6 (IL-6) genes and tumor necrosis factor alpha gene upregulation
in humans [6, 11]. Inflammation is a hallmark to many chronic diseases, the aging
process, and cancer [14]. GBH is the trojan horse of this century and no one is the
wiser for the impact this chemical has had on the decline of human health and the
increase in chronic diseases, the damage caused to the central nervous system, and
the decrease in glucose metabolism. Glyphosate is metabolized via the colon and has
been found to cause a higher incidence of celiac disease when glyphosate is ingested in
addition to other intestinal problems [10]. Is there a link to the increase in cancers and
the levels of glyphosate in our foods? This should be explored further.

A systematic review conducted by Costas-Ferria, C.; Duran, R.; and Faro, L.
concluded that GBH and other formulations pose “detrimental effects on the human
nervous system” which involves Parkinson’s and Alzheimer’s. A table of their review
shows studies that link exposure to GBH and/or its other formulations to an increase
in autism, intellectual disabilities, cancer, alterations of glucose uptake in the brain,
altered cell death pathways, and increased blood brain barrier (BBB) permeability.
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Glyphosate’s cellular impact on: Humans Rodents/Non-human Fish
mammals
l Ribose & I Hypoxanthine leads to t Xanthine and I X
Uric Acid = Gout
1 ) X
DNA methylation
I Inflammatory diseases X
Energy metabolism imbalance
I Oxidative stress X
I DNA damage X X
X X
I Microbiota tolerance
Inflammation X X X
I Local organ inflammation X
| e ) X
Bacterial infection severity
I IgG production X
I Th2 response X
Lo | x
Anti-inflammatory cytokines
Tro ~ X
Pro-inflammatory cytokines
| e ~ X
Antibody production
X
I Chemokines
I Phagocytosis X
1 X
omplement system
[6, 11-13].
Table 1.

How glyphosate impacts humans, non-mammals/rodents, and fish on a cellular level.

Glyphosate and its metabolites were found to have induced damage to the central ner-
vous system (CNS) from lactate dehydrogenase (LDH) increases and stating that GBH
and its metabolite (AMPA) “reduced the viability of human cells and increased the
leakage of LDH” [6]. Most would not think much about LDH increases; but increased
levels of LDH have clinical significance for being used prognostically to determine
the progression of various types of cancers, is also used as a staging marker for non-
seminomatous testicular cancer, and it’s levels are high with intracranial hemorrhage
or organ damage [15]. GBH was found to cause a decrease in cellular metabolism and
induced a “negative regulation in the expression of TUBB3 and GAP43 genes” which
are integral in short term memory and memory retention [6, 15]. Could this be the
link to Alzheimer’s rates increasing? Further studies are needed to support the link
definitively between GBH and how it plays a role in neurological/cognitive decline.
Furthermore, the Costas-Ferria et al. noted in their systematic review that com-
mercial glyphosate products used on rodents for research purposes showed increased
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anxiety/depressive behaviors as well as impairment in working memory, decreased
movement/locomotion and decreased sociability patterns [6]. One such study cited in
their review found that maternal rodents had a decreased licking behavior with a later
increase documented. There was an impairment of neurogenesis and plasticity in the
hippocampus. This decrease in remodeling could be the cause for decreased maternal
bonding. Decreased neural development of offspring born early was also a finding.
Exposure to GBH has been found to modify multiple microRNAs expressed in brain
development and linked as a cause of multiple diseases [6].

In summary, GBH exposure over time is linked to alterations in DNA and RNA
function as well as impairment of various cellular/metabolic processes, preventing
cellular repair, negatively impacting neurological and cognitive functioning, and
causing inflammatory triggers that result in chronic diseases and/or cancers (see
Table 2) [6, 11, 12]. It is important to distinguish between GMO foods and the use
of GBH products used on these foods. This distinction reveals that GBH products are
negatively impacting health trends worldwide.

4. Plant genome editing challenges

There are multiple ways to edit plant-based genetic sequencing. The traditional
way of breeding and crossbreeding plants incorporated cross-pollination of two
varieties of the same type of plant that has desirable traits to combine via this route,
also known as Mendel’s Law of Inheritance [9]. The down side to this type of process
is the time it takes to yield a new crop variety after backcrossing over many plant
generations to get the end product of a new variety which usually takes a minimum of
10 or more years to accomplish the favorable trait outcomes desired [5]. Transgene-
free GMO technology is a challenge in ensuring the safety due to less regulation than
transgene GE products since it uses artificial genes in addition to natural genes to alter
the genetics of the plant for specific traits to emerge [1]. This brings up the risk to for-
eign proteins and possible immune responses to this foreign/artificial genetic strain
in foods that have been classified safe to eat by the federal food and drug administra-
tion (FDA). This issue is highly controversial due to less regulatory monitoring of
biotechnology [1].

The issue of antibiotic resistance is of great concern when discussing GE foods
and how that translates when looking at long-term health implications to the public
[1, 16]. However, now that this concern has been identified, scientists are more
careful to not use potential genes that would potentially cause antibiotic resistance.
This does not mean that new findings and edited genes will not cause this issue in
the future, but scientists have begun to address these precautions to ensure ethical
practices going forward in the field of genetic engineering. One caveat to consider in
this particular conversation is the focus of antibiotic use in animals raised for human
consumption and the risk that poses when super germs are created because antibiotics
are no longer effective [16].

Now, the process of GE is more streamlined and has progressed from Zinc Finger
DNA-binding domains, although not considered a very efficient process to the newer
CRISPR/Cas9 approach that cleaves DNA through an RNA guided genome editing
process. This new process is revolutionary in its efficiency for genome editing through
cleavage of Cas9-directed DNA sequences that are target and non-target strands
called a double-strand DNA break (DSB). This process results in DNA repair that
allows for the insertion or deletion (also known as gene knock in or gene knock out)
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of specific DNA traits through regulation of gene expression by binding DNA or RNA
specific sequences [3, 5, 9]. One such example includes the mildew-resistant locus
(MLO) gene deleted (knock out) in barley, wheat, and tomato plants to help resist
having a powder coated mildew infection that destroys crops. Such knockouts have
improved crop viability and resistance to various fungal, bacterial, and viral infec-
tions for plants such as rice, cotton, fruits, and vegetables [9]. The ability to protect
crops with a natural resistance to such infections allows for healthier plant growth
and production of bio sustainable products. This translates into better quality foods,
less waste, and more profit for farmers [9].

The long-term effects of this type of genome editing remains to be determined.
Better quality crops, yields, infection resistant, and insect, salinity, and drought toler-
ant varieties have been created in an efficient manner when gene editing isolates and
knocks out the weak trait expressed in the plant. The ethical dilemma of GE in plants
has bled over into genome editing concerns for human genome alterations that may
have long-term consequences such as questionable immune responses and/or targeted
gene therapy outcomes [3]. This technology should be considered for humans only
once the risk-benefit ratio has been thoroughly assessed [3].

5. GMO food health benefits

When genetic engineering occurs for the good of the public and prevention of
malnutrition in areas lacking good nutrition, it can be beneficial. Currently, GMO
products make up approximately 66% of the worlds diet [2]. There are varieties of
rice that are embedded with Beta-carotene in a product called Golden Rice [17]. There
have been tomatoes genetically edited to have 4-5 times higher GABA levels. For those
with a gluten allergy, researchers have used the CRISPR/Cas9 approach to create
a low-gluten wheat for those with celiac disease that have a gluten allergy and are
limited in what they can eat, this opens up the door for more food options and safer
food selections [8]. Another genome-edited product that the public is benefiting from
is lettuce that has increased levels of beta-carotene, thiamine, and vitamin C. Overall,
when the focus is improved health and avoiding herbicides, questionable genetic
altering practices, and following a code of scientific ethics, the general population
benefits greatly from these advances in technology.

Gene editing through the CRISPR/Cas technology has expanded its scope and
focus since the advent of fungal, infection, and viral resistant strains of plants. Over
the past few years, since CRISPR/Cas technology advancements have occurred,
genetic scientists have begun to look to what is possible in improving the health of
humans through improving vitamin, mineral, and protein supplementation/amplifi-
cation with this very same knock out and knock in technique to enrich our foods for
better health, decreased risk of cardiovascular and/or cancer risk [4, 9]. Developing
countries are benefitting from this technology in the form of biofortified rice with
beta-carotene to help reduce/eliminated childhood blindness from malnutrition [1].
One such example is when a tomato plant was genetically altered to increase
the bioavailability of Lycopene through the editing of the carotenoid metabolic
pathway [9]. Another example includes the increased protein production in barley
when d-hordelein was subject to the knockout process, as was a low-gluten transgene-
free wheat was developed for those with a high sensitivity to gluten [9]. One major
concern to consider for patients with allergies is to understand that the potential for
new allergies/sensitivities may occur when a new gene product comes to market such
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as when a transfer of a protein from one plant to another in merged. However, with
CRISPR Cas-9, scientists have been able to remove 35 of the 45 gene responsible for
gliadin synthesis (gluten) linked to gluten/wheat allergy and/or celiac disease with an
astounding 85% reduction in immunoreactivity [1].

6. GMO risks

The ability to edit plant gene expression to resist herbicides is a risk that most
people would not consider. When one thinks of resisting an herbicide, it sounds
like less herbicide will be used on the plants; however, quite the contrary, more
herbicide is being used to ensure less weeds in the crops. The half-life of glyphosate
(Round Up) is a concern because it stays in the soil and accumulates [6, 10]. This
accumulation enters the roots of the plant with water and enters the water supply
through run off thereby tainting the eco system with lasting effects of Round Up
exposure and/or ingestion. The side-effects are discussed at length earlier in the
chapter. This trojan horse uses GMO products/plants to make huge profits at the
expense of the public [6, 10]

In 1966 the transfer of the Brazil nut protein to soybeans provided a way for the
protein from the Brazil nut to be inserted “knocked in” to the soybean, hence this
addition of a foreign protein into the soybean triggered allergic reactions from partici-
pants that volunteered to evaluate the new product. One major concern to consider for
patients with allergies is to understand that the potential for new allergies/sensitivi-
ties may occur when a new gene product comes to market such as when a transfer of a
protein from one plant to another in merged [4]. When an unfamiliar protein binds to
Immunoglobulin E the risk of the protein converting to an allergen in increased. The
other risk is that of toxins in new genetically altered foods when a transgene encodes a
specific toxin that is now overexpressed [4].

The good news about glyphosate and the health of GMO foods is that glyphosate
was to be removed from public home use sales by its new owner Bayer. Glyphosate’s
previous owner, Monsanto, sold the Roundup company to Bayer in 2018. Bayer
stopped selling Roundup to the public in 2023 due to excessive lawsuits regarding
glyphosate (Roundup) and its impact on people’s health and having caused cancer in
those who used it for home use [18]. The sale of commercial glyphosate herbicide has
yet to be discontinued from the market amid multi-million-dollar lawsuits. If Bayer’s
mounting legal troubles are any indication, the commercial formulation may be under
scrutiny as well for removal in the commercial sector in the future. One other point to
ponder, Bayer is a pharmaceutical company that sells prescriptions for various disease
processes, and it owns Round Up which is known to cause various chronic conditions
and cancer. Do you think this is a conflict of interest for Bayer to sell the product that
causes different disease processes and/or cause damage to humans’ health and then
turn around and benefit from selling the “treatment/cure?”

7. Conclusion

In conclusion, foods that have undergone insertion/deletion of specific DNA or
RNA strands to improve the plant’s quality and nutritional value through an ethical
and thoughtful purpose poses little threat. The threats lie within the intent and lack of
thorough research to determine the risk of human consumption and what that looks
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like. This includes the exposure to toxic levels of glyphosate, allergens, and foreign
components within the altered plant that may be toxic to humans. However, if food
products are only released once determined safe for human consumption and are
labeled correctly for its modifications and risk for exposure to allergens, then this can
be avoided with the appropriate warnings (i.e.: may contain nut protein) [7]. Through
trial and error in the development of this new technology, ethical policies and
procedures have been initiated to ensure public safety [1, 7]. The time and cost that
researchers place on the safety of new products takes years before any GMO products
are released for production/planting and processing for foods to be consumed by the
public [5, 9].

The public needs to always be weary of the trojan horse from herbicides such as
glyphosate (Round Up) and other chemicals that can alter the health, benefit, and
purpose of the GMO plant/food [10]. Also, be aware of foods that may increase food
allergies due to GE manipulation and cross-contamination of non-GMO plants with
GE crops. All scenarios are possible. The takeaway for those wanting to know if it
is safe is that there will always be anomalies, but for most GMO products, they are
safe to consume. Look for labels that state that the GMO product/food is free from
herbicides as well and read food allergy warnings on the package to ensure there is not
arisk of food allergy exposure [7]. Knowledge is your best advocate. The more you
know, the better equipped you will be to understand the risks and benefits of this new
technology and embrace it or make an informed decision to choose/purchase non-
GMO products instead [7].
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Chapter?2

Genetically Modified Crops: A
Pivotal Endeavor in Biotechnology

Radhika Velankar, Gauri Nerkay, Mukta Nagpurkar
and Kivan Jagtap

Abstract

Transgenic technology has significantly contributed to the genetic improvement
of crop plants by improving important agronomic traits like insect/pest resistance,
disease resistance, herbicide tolerance, abiotic stress tolerance, and quality improve-
ment. Conventional breeding programs are time consuming and laborious involving
screening thousands of progenies for the development of a new hybrid variety.
Genetic engineering is a precise tool to develop a new variety in a short duration.
Genetically Modified Crops have been used for expression of recombinant proteins of
high therapeutic value, monoclonal antibodies, nutraceuticals, edible vaccines, and
improved saccharification efficiency of biofuel crops for bioethanol production. The
agricultural productivity is limited by global climate changes and unfavorable abiotic
and biotic factors posing challenges for crop scientists to meet the rising demand for
global food supply. Developing climate-resilient crops will bring more land under
agriculture and more vegetation for carbon sequestration thereby annulling global
warming. This chapter provides an insight into the principles, advantages, and
limitations of the methods used in genetic transformation and the advancements in
genome editing, agronomic traits improved in Genetically Modified Crops, potential
applications of transgenic technology in biopharming and bioethanol production,
biosafety and regulation of transgenic crops, and the challenges in the development
of Genetically Modified Crops.

Keywords: Genetically Modified Crops, agronomic traits, biopharming, bioethanol,
genome editing, biosafety

1. Introduction

In earlier times ‘Biotechnology’ was termed as ‘the utilization of biological pro-
cesses, organisms, or systems to produce products that are anticipated to improve
human lives’ It is the skill set required for the utilization of living systems or influ-
encing natural processes to produce products, systems, or environments to help
human development [1]. The development of rDNA technology circa 1972 shaped
the definition of biotechnology into ‘the engineering of organisms for the purpose
of human usage.’ Biotechnology has a wide spectrum of applications in the establish-
ment of hybrid genes and their transfer into desired organisms [1]. The triumphant
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establishment of rDNA technology has given rise to the terms like Genetically
Modified Organisms (GMOs) or Living Modified Organisms (LMOs) or more recently
Genetically Edited Organisms (GEOs) [2]. Under the umbrella of ‘synthetic biology’
an exhaustive compendium of techniques is accessible to scientists for development
for gene editing. Green biotechnology articulates the application of biotechnology to
agriculture for the development of Genetically Modified Crops (GMCs) [1].

Transgenic crop varieties have been developed not only for increased yield but also
for tolerance or resistance to several biotic stress conditions such as insect pests and
pathogens, as well as abiotic stress conditions such as high salt, heat, frost, herbicides,
drought, and flood. Enhancement or modification of nutritional values, content of
several primary and secondary metabolites, natural polymers, and functional biomol-
ecules in various crops has been developed, which are food staples globally. Table 1
summarizes the biofortification in some of the fruit crops, and Table 2 summarizes
the biofortification in some major vegetable crops [3].

Trivedi et al. [4] described how climate change leads to natural calamities, and in
turn diminish natural resources for agricultural practices, food crisis, breach between
demand and supply of food and energy as well as high concerns of scientists and
policy makers worldwide. Food crisis is growing at an alarming rate as it is getting
difficult to keep pace in agriculture production with the rate of population growth.
Time-consuming conventional breeding programs are inadequate to deal with such
critical situations, especially with the diminishing effects of the green revolution.
The inventions of new technologies like genome editing to develop varieties with
agronomically desirable, nutritionally significant, and agriculturally suitable traits to
provide food security [4].

In light of new challenges due to escalating issues of climate change, global
pandemics, and food insecurities, it is essential to build self-dependent, prospering
communities in agriculture. GMCs are nifty to bring more land under agriculture,
more vegetation for carbon sequestration, and annulling global warming and avert
the exodus of climate refugees tussling with hunger and malnutrition. To achieve the
same international trade, technology and knowledge transfer should be undertaken
without any delay in legislations and approvals to GMCs across the globe irrespec-
tive of the country it is developed in or the status quo of the country as developed or

Sr.No. Nameoffruit = Modification in trait Trade name
1 Apple Non-browning Arctic™ Golden Delicious,
Granny Smith and Fuji Apples
2 Papaya Resistance to papaya ringspot virus Rainbow, SunUp, Huanong
No.1
3 Eggplant Resistance to eggplant fruit and shoot borer Bari Bt Begun 1, 2, 3and 4
(Leucinodes orbonalis)
4 Pineapple Delyed ripening/senescence PinkglowTM
Fruit color
Shell morphology
5 Squash Resistance to cucumber mosaic cucuovirus, CZW3 and ZW20

Zucchini yellow mosaic potyvirus and
watermelon mosaic potyvirus 2

Table 1.
Biofortification in fruit crops [3].
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Sr.No.  Fruit Trait Modification Greenhouse/ Outcome
strategy field trails
1 Apple Flowering time Over expression Greenhouse Early flowering
Genome editing
Fruit Over expression Greenhouse Different colour,
morphology Gene silencing different shape
Quality Gene silencing Field Increased firmness
improvement
Plant Over expression Greenhouse Smaller trees, dwarf
morphology tree
Disease Over expression Greenhouse, Increased resistance to
resistance Genome editing field bacteria and fungi
Tolerance to Over expression Greenhouse Increased tolerance to
abiotic stress drought and cold stress,
increased tolerance to
salinity
2 Banana Plant Genome editing Greenhouse Shorter trees
morphology
Disease Genome editing, Greenhouse, Increased resistance to
resistance gene silencing, field bacteria and virus
over expression
Nutritional Genome editing Greenhouse Increased carotenoid
improvement content
3 Blueberry Flowering time Over expression Greenhouse Early flowering
4 Cherry Fruit Gene silencing Greenhouse Smaller fruits
morphology
Disease Gene silencing Greenhouse Increased resistance
resistance to virus
5 Citrus Plant Over expression, Greenhouse Shorter trees
rootstock morphology Gene silencing
species
Disease Over expression Greenhouse Increased resistance to
resistance bacteria
Tolerance to Over expression Greenhouse Increased tolerance to
abiotic stress drought stress
Flowering time ~ Over expression Greenhouse Early flowering
6 Orange Disease Genome editing, Greenhouse Increased resistance to
resistance over expression, bacteria
down-regulation
Nutritional Genessilencing Greenhouse Increased carotenoid
improvement content
7 Grapefruit Disease Over expression Greenhouse Increased resistance to
resistance fungi
8 Lime Disease Over expression Greenhouse Increased resistance
resistance to virus
9 Cucumber Disease Genome editing Greenhouse Increased resistance
resistance to virus
10 Grapevine Disease Over expression Field Increased resistance
resistance to virus
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Sr.No.  Fruit Trait Modification Greenhouse/ Outcome
strategy field trails
Fruit Over expression Field Reduce pathogen-
morphology induced mortality
Tolerance to Over expression Greenhouse Different colour,
abiotic stress increased tolerance to
salinity and cold stress
1 Kiwi Nutritional Over expression Greenhouse Increased carotenoid
improvement content
Quality Gene silencing Greenhouse Ripening
improvement
Tolerance to Over expression Greenhouse Increased tolerance to
abiotic stress salinity
12 Melon Disease Gene silencing Greenhouse Increased resistance
resistance to virus
13 Papaya Quality Genessilencing, Field Delayed fruit ripening
improvement gene silencing
14 Pear Quality Over expression Greenhouse Decreased ethylene
improvement production
Disease Over expression Greenhouse Increased resistance to
resistance bacteria
Nutritional Over expression Greenhouse Increased tocopherol
improvement content
15 Pepper Disease Over expression Greenhouse Increased resistance to
resistance fungi
Tolerance to Over expression Greenhouse Increased tolerance to
abiotic stress salinity
16 Plum Flowering time ~ Over expression Greenhouse Early flowering
Disease Gene silencing Greenhouse Increased resistance
resistance to virus
17 Strawberry Flowering time Genome editing Greenhouse Early flowering
Nutritional Gene silencing Greenhouse Decreased starch and
improvement increased soluble sugar
content, increased
anthocyanin content
Quality Over expression, Greenhouse Increased fruit firmness
improvement genome editing
18 Tomato Flowering time Genome editing greenhouse, Early flowering
field
Quality Genome editing Greenhouse, Increased shelf-life
improvement field
Fruit Over expression, Greenhouse Parthenocarpic fruits
morphology genome editing
Nutritional Genome editing Greenhouse Increased lycopene
improvement content
Disease Over expression, Greenhouse Increased resistance to
resistance genome editing bacteria
19 Walnut Insectresistance ~ Over expression Greenhouse Increased resistance to

insect
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Sr.No.  Fruit Trait Modification Greenhouse/ Outcome
strategy field trails
20 Watermelon Pest resistance Genome editing Greenhouse Increased herbicide
resistance
Disease Genessilencing Greenhouse Increased resistance
resistance to virus
Table 2.

Biofortification in vegetable crops [3].

developing [5]. For the development of a global sustainable community, there is a dire
need of a growing body of quantified peer-review literature on economic, environmen-
tal, and health benefits and educated perspectives of farmers and other stakeholders on
adoption of GMCs across globe [5]. Additionally, fierce campaigns of misinformation
about the dangers and hazards of GM crops by environmental non-governmental
organizations without any scientific assessment of claims and accusations merely for
their political and policy influences should be drawn to a close end [5]. The regulatory
delays for the approval of new GM crops and frequent international commodity trade
failures or challenges lean a detrimental impact on improving food security and other
enormous benefits of GMCs [5]. The driving force behind international acceptance
pertaining to GM crop approval, adoption, and trade is less scientific and more politi-
cal. If more scientific factors determined the benefits of GM, then opposition to GM
could have been diminished in past decades [5]. This chapter provides insight into the
principles, advantage, and limitations of the methods used in genetic transformation;
agronomic traits improved in Genetically Modified Crops; the potential applications of
transgenic technology in biopharming and bioethanol production; and a brief note on
biosafety and regulation of transgenic crops. The challenges and perspectives pertain-
ing to the Genetically Modified Crop development are also discussed.

2. GMCs: role of perception

Lucht [6] scrutinized the vast gap between the acceptance of GMCs by farmers and
acceptance by consumers globally. It is essential to focus on common aims, underlying
values, and reasons for the adoption and acceptance of GMCs by famers. The meta-
analysis of 147 agronomical studies showed that GMCs perform differently in different
world regions and in different agricultural systems. Farmers benefited from increases
in yield and profit, while additional non-monetary benefits, such as time savings, ease
of use, and more flexibility in their planning were accompanied. The higher seed cost
for biotech varieties can be redeemed by pronounced reduction in insecticide quantities
due to insect-resistant Bt-crops and the possibility to switch to more environmentally
benign herbicides with herbicide-tolerant crops. The vital role of GMCs as feed in many
countries like USA is also mentioned [6].

There are obvious advantages of GM crops for farmers as they address their
specific needs. The perceptions and discernment of consumers are pivotal in accep-
tance, wide spread cultivation, and adoption of GM varieties in agriculture. Insect
resistance or herbicide tolerance is beneficial traits for the farmers but have no
perceptible influence on food characteristics or quality, which will be evaluated by
consumers [6]. Mustapa et al. [7] mentioned GMCs as a controversial global issue
since their commercialization in 1996 and carried out a study to analyze farmers’
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attitudes toward GM crops in Malaysia. A descriptive study concluded that the
farmers have a high level of self-efficacy and perceived high benefits of GM crops

but are also disappointed due to the low level of support from the government [7].
Zhaleh et al. [8] analyzed factors affecting consumer’s favorable reception of GMCs
as industries or policymakers using a case study on edible oil. The analysis insists on
securing the trust of people by shedding light on the production process and scientific
debates to discuss various aspects of GMCs [8]. Rahnama et al. [9] performed com-
positional and morphological analysis of salt stress-tolerant mannitol-1-phosphate
dehydrogenase (mtld)-transgenic potato plants. The study was significant to infer
that ‘this variation is a common phenomenon among potato varieties and substantial
equivalence between transgenic and non-transgenic varieties [9]. Bekele-Alemu and
Ligaba-Osena [10] explored iz silico approach to reveal drought-responsive genes in
distinct tissues of plants like rice, wheat, maize, barley, sorghum, pearl millet, and
the model plant Arabidopsis, which were found to be promising candidates for trait
improvement in crops using transgenics [10]. Hansson [11] emphasized a scientific
approach in the design of precautionary measures to protect human health and the
environment. Advanced knowledge in genetics, plant biology, and ecology can endow
us with much better techniques and parameters to analyze the risk imposed due to
widespread use of GMCs. Relevant scientific advances should be directed at potential
danger with credible scientific evidences [11].

2.1 Example of GMCs: the Arctic apple

The Arctic® apple is developed using a sense-posttranscriptional silencing
approach, using a chimeric polyphenol oxidase (PPO) gene targeted to disrupt the
expression of the polyphenol oxidase enzyme and prevent unsightly browning in
the fruit flesh. Browning of flesh is one of the prominent causes of food wastage in
the postharvest process.

Waltz [12] mentioned a growing trend of pre-cut fruit and vegetables in the food
industry. The Arctic apple will enable food companies to cut and package the apples
without adding browning inhibitors like calcium ascorbate, making the trait useful to
food industries as well [12].

3. Tools and techniques: plant transformation methods

Genetic transformation of crop plants mainly employs direct and indirect methods.
Agrobacterium-mediated gene transfer is an indirect genetic transformation method
as it uses organisms as a vector to introduce the foreign DNA into the target cells. Direct
genetic transformation methods use external forces to deliver target genes into plant
cells, including particle bombardment/gene gun, electroporation, liposomes, silicon car-
bide, microinjection, and pollen-tube-pathway-mediated plant genetic transformation
methods. In this chapter, we are going to discuss two methods, namely Agrobacterium-
mediated transformation and Biolistic transformation/particle bombardment, which are
the most applied methods in genetic transformation of crop plants.

3.1 Agrobacterium-mediated transformation

Agrobacterium tumefaciens contains (Ti) tumor-inducing plasmids which contain
a T-DNA region that integrates with the host genome. The Ti plasmid can be modified
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to incorporate a target gene in T-DNA region, such that upon transformation of the
plant cells with this modified Ti plasmid, the target gene can be co-integrated with
the T-DNA into the plant genome. The injured part of the plant releases phenolics

or acidic sugars which are sensed by VirA, leading to the activation of VirG via
phosphorylation. Following the induction of VirD1 and VirD2, the T-DNA region is
cleaved at the left border (LB) and right border (RB) repeat sequences in the Ti plas-
mid. VirD2 attached to the 5’ end of the T-DNA (VirD2/T-DNA) leaves the bacteria
via the Type IV secretion system. Furthermore, VirD2/VirE2/T-DNA T-complex
promotes T-DNA integration into the plant genome [13].

Agrobacterium-mediated plant genetic transformation has become the most
widely applied tool for the genetic transformation of crop plants because of its high
efficiency, simple method, genetic stability of the transgene, and amenability of the
majority of dicots and a few monocot plants for transformation. However, the major
bottleneck in the application of Agrobacterium-mediated transformation in monocot
plants is that most monocots cannot be naturally infected by Agrobacterium [14].
Nevertheless, understanding the key requisites for effective infection and gene
transfer, such as using immature embryos that have a large number of actively
dividing cells; efficient selection stably transformed cells from a large number of
non-transformed cells; uing herbicide-resistant markers; and use of hyper-virulent
Agrobacterium strain, has paved the way for the development of transformation
protocols, as well as the use of suitable selectable markers [14].

3.2 Particle bombardment/biolistic transformation

The advent of biolistic transformation technique has paved the way for the
transformation of important agronomic crops such as maize [15], soybean [16], and
cotton [17], which were not attainable by Agrobacterium-mediated transformation.
Particle bombardment by gene gun is a physical method for incorporating foreign
DNA into the plant genome, which is not limited to specific target tissue but is amena-
ble to a host of different types of cells such as calli, immature embryos, and organs. A
DNA-coated microcarrier is created by coating the target DNA on the surface of gold
or tungsten particle. Using an electric discharge or a pressurized helium gas stream,
the DNA-coated microcarrier is accelerated by high-pressure helium into the gas
acceleration tube. The high-pressure created in the vacuum chamber accelerates the
particle to gain sufficient momentum to pierce recipient cells at high speed. Thus, the
target gene coated on the surface of the particles enters the cell [18, 19] and is eventu-
ally integrated into the plant’s chromosome, producing the transgenic plant [20].

Biolistic transformation can be used for diverse cell types. Although embryogenic
callus is often preferable, organized tissues such as embryos or meristems can also be
successfully produced using somaclonal variations observed in tissue culture [21].
However, biolistic transformation has a lower transformation rate, is highly expen-
sive, and uses unprotected exogenous DNA [22]. DNA fragments smaller than 10 kb
are preferred for biolistic transformation, as larger fragments may break during the
bombardment process, creating a problem for expression of the transgene as it loses
its integrity [18].

3.3 Genome editing tools

Recent advances in the field of genetic engineering have enabled genetic engineers
to precisely modify plant genomes. Lack transgene silencing, the absence of foreign
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DNA in the genome-edited plants, and the faster and cheaper method of genome
modification are a few remarkable features that have resulted in its widespread adop-
tion of genome editing in crop breeding in less than a decade [23].

Sequence-specific nucleases facilitate the precise and targeted modifications of
the complex genome soma clonal editing. SSNs are engineered endonucleases that
generate DNA double-strand breaks (DSBs) in the genome, resulting in site-specific
insertion, deletion, and substitution of the DNA. SSNs are programmed to recognize
preselected genomic sites and they make use of cellular DSB repair mechanisms
such as non-homologous end joining (NHE]) or homology-directed repair (HDR).
In NHEJ, random insertion or deletion of DNA at the cut site before reattaching of
the free DNA ends renders a gene non-functional [24]. In HDR, a Donor DNA of
choice is added which is homologous to the site of the break. Cells use this as a patch
to repair the DNA [25]. HDR facilitates the introduction of a new gene with a vital
function or correcting a mutation by replacing the mutated sequence with a healthy
sequence [26]. Based on the ability to recognize the target DNA sequence within the
complex genome, SSNs have been classified into four major classes: viz. engineered
homing endonucleases or meganucleases (MNs), zinc finger nucleases (ZFNs), tran-
scription activator-like effector nucleases (TALENS), and clustered regularly inter-
spaced short palindromic repeats (CRISPR) and CRISPR-associated (Cas) nuclease 9
(CRISPR/Cas9).

Meganucleases have target sites of up to 18 bp [27]. ZFNs were first reported by
Kim et al. as sequence-specific chimeric proteins containing a DNA binding domain
fused to a non-specific cleavage domain (derived from type II restriction enzyme
FokI) [28]. The DNA binding domain consists of 3-6 Cys2-His2 tandemly arranged
zinc finger repeats that recognize 9-18 bp sequences (3 bp by each ZFN unit) [29].
Altering the DNA binding domain and catalytic domain through mutagenesis can
facilitate the development of custom-designed zinc fingers (ZnF) [30].

TALENS consist of an endonuclease domain which pairs with multiple transcrip-
tion activator-like effector domains that recognize single base pairs [31]. TALENs
are virulence proteins derived from the plant pathogen Xanthomonas sp. consisting
of a DNA binding domain and FokI nuclease domain. These domains act as dimers,
binding to opposite strands of DNA, separated by a spacer sequence of 12-20 bp,
thus creating a double-stranded break. The DNA binding domain consists of 33-35
tandemly arranged amino acid repeats [32]. These repeats are similar except for two
highly variable amino acids at positions 12 and 13, called repeat variable di-residue
(RVD), which are responsible for specific base recognition and engineering of these
bases in repeats [33]. A total of four RVD modules can recognize each of the bases:
guanine (G), adenine (A), cytosine (C), and thymine (T), and each module is able to
function independently.

The most recent ground-breaking technology for genome editing is the type II
clustered regularly interspaced short palindromic repeat (CRISPR)/Cas9 (CRISPR-
associated) system from Streptococcus pyogenes [34]. CRISPR/Cas9 achieves target-
ing through a guide RNA (sgRNA), which are short nucleotide sequences (~20 nt)
with a specific sequence that can target the genomic sequence of interest. The Cas9
nuclease then cleaves the resulting RNA/DNA complex, creating a DSB at the target
site containing a conserved protospacer adjacent motif (PAM). Repair occurs by
NHE], which creates indels in the protein-coding regions causing frameshift or
knockdown of the desired genes [35]. The simplicity of DNA targeting through
base-pairing has led to the quick and broad adoption of CRIPSR/Cas9 reagents for
genome editing.
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4. Development of transgenic crops for important agronomic traits
4.1 Production of transgenic plants resistant to abiotic and biotic stress

Plants growing in the environment are exposed to many biotic and abiotic stresses
such as saline stress, pesticide exposure, microbial population present in soil, global
warming, and the presence of environmental pollutants [36]. As a result of this,
plants have developed elaborate mechanisms to perceive, respond to, and adapt
to stressful situations. Plants have multiple molecular signaling pathways, such as
up-regulation of stress resistance genes, and production of metabolites like proteins
which can handle adverse situations. In many cases, plants show a similar response
to different environmental stresses [37]. Plants respond to cold, salt, and drought
stresses by expressing similar genes share similar genes, which can be used by the
plants in these stresses [38]. The interaction of different stressful events can have
adverse effects on plant growth [39]. Drought stress, can weaken the plant’s defense
system, can lead to stagnant plant growth, or can encourage pathogen proliferation
in the environment [40]. Figure 1 depicts the response of plants to different types of
biotic and abiotic stress.

Conventional plant breeding practices, although improving crop yield, are not
very efficient in enhancing the tolerance of plants to abiotic stress [41]. Hence, it
becomes mandatory to adopt alternative approaches which can be used to improve
tolerance capabilities in plants to combat biotic and abiotic stresses. The International
Service for the Acquisition of Agro-Biotech Applications (ISAAA) reported that
India, America, Brazil, Argentina, and Canada were the top five countries that
produce genetically engineered crop varieties. In 2019, transgenic crops like soybean,
maize, cotton, and canola were mainly produced by these countries [42]. Thus,
continuous attempts are being made to enhance the performance of the plants in
stress conditions and to increase the plant yields. This has proved advantageous for

Production of secondary metabolites

Biotic stress

Figure 1.
Reponses of plant to different types of stress.
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humanity and for addressing the increasing food demand to feed the increasing
population. The currently used advanced techniques like CRISPR/Cas9 also helps in
selection of plants which can tolerate stress conditions [43].

Rice which is considered as one of the important food crops, is constantly exposed
to various biotic stress such as bacterial, fungal, viral, pests, and nematode infections.
Hence, there is an utmost need to develop biotic stress resistance rice variety. Genetic
engineering technologies like RNAi and the creation of transgenic rice have contrib-
uted to the development of resistance rice varieties for different bacterial, fungal, and
viral diseases. Transgenic technology inserts resistance genes which are isolated from
organisms like plants, animals, and microbes [44].

Transgenic potato lines were developed to increase the salt tolerance by introduc-
ing a pyrroline-5-carboxylate synthetase (P5CS) gene from Arabidopsis thaliana using
Agrobacterium-mediated gene transfer method. This enzyme converts glutamate to
D1-pyrroline-5-carboxylate, which is then reduced to Proline. Proline is an osmopro-
tectant that protects the cell structures under osmotic stress. The produced transgenic
potato showed enhanced proline production as compared to normal potato crops.
Proline accumulation notably increased in the presence of a 100 mM salt concentra-
tion. This transgenic plant did not have much altered tuber yield and weight [45].

Many reports on the transformation of sugarcane crops to make it resistant to biotic
and abiotic stress have been published [46, 47]. The success of creating transgenic
sugarcane highly depends upon some important factors like method of transformation,
types of promoters used in the vectors, the nature of the target tissue or explant, the
selection system used, and the system to regenerate the tissue. Sugarcane is a glycophyte
and the drought and salinity stress have a severe impact on its development and sucrose
contents. Using bioengineering approaches, the Arabidopsis Vacuolar Pyrophosphatase
(AVP1) gene, which confers drought and salinity stress resistance, was introduced into
sugarcane using Agrobacterium. Apical buds of the sugarcane variety CP77-400 were
used as explants. Agrobacterium was used for transformation with the pGreen 0029 vec-
tor had the introduced AVP1 gene under the control of 35SCaMV promoter. Addition
of acetosyringone, and some antibiotics like cefotaxime, kanamycin is required for suc-
cessful transformation. A regeneration frequency of 77.5% was obtained on MS media.
The results of the experiment highlighted the fact that apical buds can be considered
as feasible tissues for transformation of sugarcane, which produced many transgenic
plants in less time. The expression of the transgene was detected using RT-PCR. Only
the transgenic plants were able to grow in higher salt stress and water scarcity, hence
exhibiting resistance against salinity and drought stress [48].

Genetic engineering of plants to develop resistance to biotic stress is an efficient
method pathogens and pests. This technology is specific and targeted, which ensures
that only the necessary effects are visible [49]. Genetic transformation technology
thus helps to transform an unrelated gene in plants or organisms, while genome
editing helps to change, insert, or replace a specific gene sequence within the
genome [50]. Some genetic engineering experiments done in different plants to make
them resistant to abiotic and biotic stress are listed in Table 3.

4.2 Use of plant biotechnology in increasing oil content of crops

Oilseed crops are considered as an integral part of human diet and are slowly
replacing conventional fossil fuels to meet energy needs. From past many years, many
remarkable events in genetic engineering to enhance oil content in the oilseed crops
like rape, camelina, soybean, and maize [51]. Many studies have reported in the past
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Stress Trait Transferred Gene function Plant Transformation
type gene method
Biotic Herbicide EPSPS Glyphosate Sugarcane Gene gun
resistance resistance
Pest synthetic Resistance to the Maize Biolistic
resistance 8-endotoxin European Corn
cryIA(b) gene Borer (ECB)
Disease f 1,3-Glucanase Degradation of Sugarcane Agrobacterium
resistance fungal cell wall
Abiotic Drought AVP-1 Osmotic regulation Sugarcane Agrobacterium/gene
stress resistance gun
Salinity P5CS Proline synthesis Sugarcane Biolistic
Salinity OVP1 Enhanced Rice Gene gun
salt tolerance,

chlorophyll content
and membrane

stability

Salinity P5CS Improved salt Vigna Particle bombardment
tolerance and better  aconitifolia
root growth

Salinity TsVP Enhanced salinity Cotton Particle bombardment

stress, reduced
membrane leakage,
and increased
photosynthetic
performance

Salinity P5Cs Increased proline Potato Agrobacterium-
content and salt mediated
tolerance

Salinity SeVP Enhanced salt Wheat Plasmid based
tolerance

Table 3.
Genetic Modifications to create biotic and abiotic stress resistant crops.

discussing transgenic technologies used for enhancement of oil content of seeds,
which includes manipulation of Triacyl glycerol or fatty acid synthesis, and modifica-
tion of carbon lux toward triacylglycerol synthesis, and introduction of new pathways
for synthesis of triacylglycerol taken from mammalian or yeast system [52]. Many
new advanced methods like monomeric transcription activator-like effectors-based
nucleases (NTALENSs) and modified forms of the clustered regularly interspaced
palindromic repeat (CRISPR/Cas 9 system) are applied for improvement of oil crops
in terms of yield and nutritional quality of oils (Figure 2) [53, 54].

In animals, the monoacylglycerol acyltransferases (MGATS) are associated with lipid
absorption and resynthesis in the intestine. The first step of catalysis in the monoacyl-
glycerol (MAG) pathway by acylating MAG to form diacylglycerol (DAG) takes place
with the help of this enzyme. In plants, the Kennedy pathway of triacylglycerol (TAG)
biosynthesis does not involve MGAT catalysis step. The DAG and TAG are synthesized
from glycerol-3-phosphate (G-3-P) by three subsequent acylation reactions. The heter-
ologous expression of mouse MGAT acyltransferase in Nicotiana benthamiana increased
accumulation of TAG in vegetative tissues. The DAG produced by MGAT acyltransferase
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Genetic Engineering of crops to enhance oil
R

Figure 2.
Strategies for genetic engineering in crops for enhancement of oil content in seeds.

can serve as a substrate for native and co-expressed diacylglycerol acyltransferases
(DGAT). This study demonstrates a new concept of increasing oil content in vegetative
tissues by using MAG as a substrate for TAG biosynthesis was demonstrated [55].
Triacylglycerol (TAG) can be produced from high biomass crops using genetic engi-
neering approaches. TAG usually accumulates in plant seeds after germination, while
its production in vegetative tissues is less. The accumulation of 15% TAG in Nicotiana
tabacum (tobacco) leaves was reported by the simultaneous expression of three genes
involved in different steps of TAG production without any negative impact on the plant
development. Mass Spectrometry and Confocal fluorescence microscopy were used
to confirm the accumulation of TAG within the leaf mesophyll cells [56]. The genetic
modifications done in crops to increase their oil content is depicted in Table 4.

4.3 Biofortification

Biofortification is the process of increasing and concentrating the available
micronutrient in crop plants through breeding or genetic engineering. Biofortified
crops can be used to improve human nutrition and have the potential to provide the
micronutrients required in remote communities with low diet variability.

Biofortified crops have bright prospects in addressing the malnutrition challenge of
the world [57]. Rice is a food staple for more than 3.5 billion people around the world

Transferred genes Plant Oil phenotype
SDP1 Avabidopsis Increase in oil seed by 3.1%
WR11, DGAT1 Avabidopsis Increase in oil seed by 6%
MGAT 1 Nicotiana Increases in leaf TAG level 7.3 times
benthamiana
PDAT, OLE1 and WRI1 Avabidopsis (tdg5) Increase oil content by 8.5% of leaf dry weight
BnGPDH, BnDGAT, BnGPAT and Brassica napus Increase in seed oil content by 14.40%
ScLPAAT
Table 4.

Genetically Modified Crops for increased oil content.
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and therefore an ideal target crop to address the global challenge of undernutrition.

The underprivileged population is severely affected by vitamin deficiency due to poor
affordability. An important breakthrough in this direction was the development of
Golden Rice enriched with provitamin A (beta-carotene) [58]. By targeting gene encod-
ing carotene desaturase, phytoene (B-carotene precursor) level has been enhanced by
up to 23-fold in the transgenic rice lines [58]. Also, by overexpressing genes encoding
Arabidopsis GTP-cyclohydrolase I (GTPCHI) and aminodeoxychorismate synthase
[ADCS] [59], the folate content in rice has been increased up to 150-fold. Thus, the daily
folate requirements of an adult can be met by consuming 100 g of modified rice.

Wheat is another important staple food crop in the world which makes it an ideal
candidate for addressing the challenges of most nutrient deficiencies like vitamin A,
iron, and quality proteins. Enhancement of the provitamin A content by expressing
bacterial PSY and carotene desaturase genes [60] iron content expression of ferritin
gene from soybean [61]; protein content by expressing Amaranthus albumin gene
[amal] [62], antioxidant activity by expressing maize regulatory genes (C1, B-peru)
involved in anthocyanin production [63]. Wheat has also been targeted to address the
challenge of overnutrition and obesity, by silencing gene encoding SBE [SBEIIa] [64]
to enhance the content of less digestible and resistant amylose starch.

Maize, an important staple crop in developing countries, has been targeted for
increase vitamins, minerals, quality protein, and reduction of antinutrient components
by means of genetic engineering. The zinc content in barley has been improved by
overexpression of zinc transporters [65]. Sorghum is an important staple of poor rural
people. Sorghum’s seed storage protein, y-kafirin, is resistant to protease digestion
making it less digestible than the other major staple crops. The transgenic sorghum lines
created by RNAi silencing of the y-kafirin [66] have improved digestibility index.

Being a global source of vegetable oil and high-quality protein, soybean has been
genetically engineered to increase provitamin A (beta-carotene), a monounsaturated
-9 fatty acid (oleic acid) and seed protein contents by expressing bacterial PSY
gene [67]. Potato is the world’s fourth most important source of calories, and any
nutritional enhancement is of great significance. Provitamin A (carotenoid forms)
has been increased by simultaneous incorporation of three genes: PSY, phytoene
desaturase, and lycopene p-cyclase [68] in potato. As carrots are poor in calcium con-
tent, attempts have been made to increase bioavailable calcium content in transgenic
carrot by expressing the Arabidopsis H*/Ca®* transporter [CAX1] [69]. In tomato,
higher contents of lycopene, beta-carotene, and lutein have been achieved by the
expression of PSY gene [crtB] [70].

The antioxidant capacity of apple has been expanded by introducing the stilbene
synthase gene from the grapevine (Vitis vinifera L.) to increase the biosynthesis of
resveratrol in transgenic apple. Banana has been predominantly targeted for beta-
carotene [71]. The content of the sulfur-containing amino acid, methionine, has been
increased by the expression of cystathionine y-synthase [AtCgS] [72] in Alfalfa.

4.4 Improvement of photosynthetic efficiency in transgenic crops

Wang et al. [73] threw light on evident fact of rising atmospheric carbon dioxide
concentration stimulating rice yields with a ubiquitous decline in nutrition like pro-
tein, iron, and zinc. The two GM rice lines, one with an enlarged root system another
with enhanced nitrate absorption, demonstrated both greater yield enhancement and
better nutritional quality at elevated carbon dioxide relative to their non-GM counter-
parts. The enlarged root system GM variety could enhance general nutrition protein
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and micronutrients and enhanced nitrate absorption. GM varieties exclusively
improved protein concentration under elevated carbon dioxide [73].

Kumar et al. [74] discussed the commercial cultivation of microalgae adversely
affected due to inefficient photosynthetic efficiency from limited biomass yield. An
effective mechanism to enhance photosynthetic efficiency and overall biomass produc-
tivity in microalgal cultures is enhanced by minimizing the light-harvesting antenna
size of the photosystems. The strategies like mutagenesis, through UV radiations and
chemical mutagenesis, genetic engineering, and DNA insertional mutagenesis have been
applied to obtain mutant strains possessing a regulated antenna with a regulated limited
number of light-harvesting molecules. The recent developments in truncated antenna
mutants of microalgae, aiming to increase the photosynthetic efficiency and biomass
productivity of the respective cultures were discussed. For example, Chlorella pyre-
noidosa, Chlovella sovokiniana, Chlorella vulgaris, and Chlamydomonas reinhardtii [74].

In order to meet increased food and energy demands of humankind, photosyn-
thetic activity has to be increased. To increase photosynthetic efficiency targets are
decreasing photosynthetic antennae size, increasing the photosynthetically avail-
able light spectrum, countering oxygenase activity of Rubisco by implementing C4
photosynthesis to C3 plants and altering source to sink transport of metabolites. The
proposed targets such as sugar alcohol metabolism and root to shoot carbon dioxide
transport are under consideration to improve photosynthetic performance and
drought tolerance at the same time [75].

4.5 Carbon credits

Brookes reviewed environmental impacts due to adoption of GMCs globally. For
example, adoption of GM insect-resistant and herbicide-tolerant crops has reduced
pesticide spraying by 775.4 million kg (8.3%), resulting in decreased the environ-
mental impact associated with herbicide and insecticide use on these crops [76].
Sutherland et al. [77] highlighted that earlier tillage was the way to control weeds
but now due to GMCs minimum or zero tillage is possible for continuous cropping
without soil disturbance. GMCs make transition of farmland as being a net car-
bon emitter to being a net carbon sequestrator. The study revealed the correlation
between genetically edited, herbicide-tolerant crops and glyphosate use is a driver
of the increased soil carbon sequestration. The removal of tillage and adoption of
minimal soil disturbances has reduced the amount of carbon released from tillage and
increased the sequestration of carbon through continuous crop production [77].

Crop production and productivity increased significantly during the era of the
adoption of GM crops; some of this increase can be attributed to GM technology and
the yield protection traits that it has made possible even if the GM traits implemented
to-date are not yield traits per se. GM crops have also been credited with helping to
improve farm incomes and reduce pesticide use [78].

5. GM crops for value added products
5.1 Bioethanol production from Genetically Modified Crops
Plants are considered as a cheap, and highly efficient energy producer since it con-

verts light energy into simple sugars using photosynthesis and carbon dioxide fixa-
tion. The sugars formed are then used to produce combustible polymers and help in
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generation of composite cellulosic secondary cell wall, hemicellulose, and lignin [79].
Recent advances in the field of plant biotechnology have proved very useful in the
production of bioethanol. This helps increase the quantity of biofuel production from
plants without a proportional increase in the cultivable land required for cultivation
of the plants. The development of genetically modified plants for increased yield of
bioethanol can probably be the most efficient and quick solution to meet the ever-
increasing energy demands, especially for the ethanol produced from lignocellulosic
biomass [80].

There are many ways to customize the biomass content of plants to obtain a good
bioethanol yield including traditional plant breeding practices or conventional
molecular biology techniques. However, apart from these techniques, the role of
genetic engineering is also important in modification grass biomass content to
produce optimum bioethanol from it. The most common methods for transferring a
foreign gene into plants are the biological method using Agrobacterium tumefaciens
and the physical method of gene gun [81]. Many researches in the past as well are in
the present indicate use of different genetically modified plants as a potential source
for bioethanol production and some of them are discussed below. In the future,
the production and usage of ethanol that is obtained from the cellulose of grains
can decrease the dependence on the use of petroleum [82]. The corn variety with
enhanced starch content can be used as a good source of biofuel [81]. The corn grains
from these genetically modified varieties may result in increased glucose levels which
eventually leads to high ethanol production. These crops which are modified to get
high ethanol yield are usually also modified in such a way that they show resistance
against biotic and abiotic stresses like insect attacks, herbicides, drought, and salinity.
As, when these traits are expressed in the plants, then only the farmers can make his
cultivation practice successful and affordable [81]. Different approaches to enhance
bioethanol production from plants includes production of transgenic cellulase,
modification of cell wall and lignin content, and increase in starch and sugar content.
There are different generations of biofuel production depending upon the sources
from which the ethanol is produced.

5.1.1 First generation biofuels

The bioethanol produced mainly from edible plants belongs to the first
generation [83]. The sugarcane (Saccharum officinarum sp.) crop varieties that are
used nowadays for biofuel production are hybrids. To increase the sucrose content
of sugarcane, a gene from bacteria was introduced in sugarcane. The gene, sucrose
isomerase converts sucrose into isomaltulose, one of its isomers [84]. The produced
isomaltulose was allowed to accumulate in the vacuoles, and the accumulated sugar
was almost twice the amount of total sugar found in control plants. The producer
plant did not metabolize the isomaltulose, which could be used for bioethanol pro-
duction. Corn derived production of bioethanol has got demand after development of
pest and herbicide-resistant corn varieties [85]. The starch biosynthesis pathway has
been manipulated in corn varieties so that the prepared starch can gelatinize at less
temperature and is more accessible to enzymatic treatment [86].

5.1.2 Second genevation biofuels

The production of second generation biofuels is still in progress. Here, bioethanol
is produced from non-edible plant sources, from the biomass that is generally wasted.
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This eliminates the food security concerns. Production of bioethanol from lignocel-
luloses involves pre-treatment of biomass to remove lignin, a constituent of the cell
wall. The lignin presence in some plants hampers the activity of enzymes that degrade
cellulose [87]. This cellulose is then broken down into simple sugars like glucose,
which is then fermented to ethanol. In corn, for cellulase production, the catalytic
domain of the p1,4-endoglucanase enzyme from Acidothermus cellulolyticus was fused
with a Pr-1a signal peptide in tobacco plant. Later, this gene was introduced into the
callus of maize plants using the gene gun method. Cellulase was seen to accumulate at
2.1% levels of total soluble proteins and could degrade cellulose [88].

A carbohydrate in wood named mannan can be degraded by mannanase. The
man gene isolated from the fungus, Tricoderma reesei was cloned and transferred to
tobacco chloroplast. The tobacco leaf extracts were mixed with different mixture
of enzymes like xylanase, esterase, endoglucanase, beta glucosidase. This experi-
ment proved successful in hydrolyzing biomass. Therefore, the production of
heterologous mannanase in plants is another way for cheap production of cellulosic
bioethanol [89].

Many strategies have been implemented to produce bioethanol from plants and
genetic engineering has played a vital role in increasing the bioethanol production to
meet the ever-increasing demand of biofuel (Figure 3) [90].

5.2 Biopharming

Biopharming, molecular farming, or gene pharming is the development of transgenic
plants and animals for the extraction of pharmaceutical substances that can be proteins,
antibodies, vaccines, etc. for the benefit of humanity [91]. Plants utilized in biopharming
are called as biological factories. The concept of molecular farming or “biopharming”
was introduced by Fischer et al. to describe “the production of recombinant proteins in
plants” and the products derived are called Plant-made pharmaceuticals (PMPs) [91, 92].
The process of developing PMPs includes identification the target protein, its respective
gene, and the vectors that can deliver target DNA. Calli are developed from plant cells
and then transferred into seed-producing plants, first in a greenhouse and then in fields.
The desired protein is later purified from leaf or seed material [91]. The advantages of
PMP over other established systems are low production costs, product safety, higher

Non-edible part of the plant.
(e.g., straw)
| | -
Figure 3.

Proposed pathway for production and purification of bioethanol from genetically modified crops (second
generation biofuel).
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scale up capacity, lower risk of contamination with human or animal pathogens, reduced
downstream processing, and inherent capability of plant cells to perform complex post-
translational modifications (Table 5) [91].

Prabavathy et al. [93] reviewed global concerns like inadequate crop production
and malnutrition. Along with isolated nutrients, herbal products, dietary supple-
ments, and nutraceuticals include genetically engineered designer foods. Genetic engi-
neering techniques are applied to improve the nutritional and therapeutic value of the
natural foods [93]. Habibi et al., seconded the use of transgenic roots as bio-factories
to produce heterologous recombinant proteins for pharmaceutical applications [94].
Ahmad et al. [95] evaluated genetic modification to produce edible vaccines which are
highly safe, cost-effective, and have many advantages over commercialized vaccines.
Transgenic plants generated as edible vaccines express recombinant proteins includ-
ing viral and bacterial antigens and antibodies e.g., banana, tomato, potato, spinach,
tobacco, rice, carrot, corn. Edible vaccines are developed against disease like hepatitis
B, cholera, HIV, measles, Norwalk virus, and rabies virus. The world most dangerous
diseases like HIV and malaria can be effectively controlled using plant-based vaccines
but since all the studies have been carried out to a limited scale, so for their effective
widespread use, up-scaling of these studies are essential [95].

Joshi and Lopez [96] reviewed bioengineering in plants for therapeutic protein
products like antibodies, vaccines, and plasma proteins while appreciating plants as
an excellent system for the production of protein therapeutics alternative to microbial
and mammalian reactor-based protein production technologies. Challenges such as
bioequivalence, product consistency, challenges related to Post-Translational Protein
Modifications (PTMs) are crucial to the structure and function of most eukaryotic
proteins. One of such challenges is glycosylation. The ‘humanization’ of plant gly-
cosylation pathways, combined with the discovery of terminal sialic acids (SAs) in
plants making it feasible in plants to produce glycoproteins with mammalian-like

Crop Disease against which biopharmaceuticals were produced

Lettuce Malarial infection (CTB-MSP1 AMA-1), Dengue virus tetra-epitope peptide, hepatitis B
Tomato Rabies

Soybean Cholera infection

Cauliflower Coronavirus pathogen in humans (proteins)

Rice Porcine epidemic diarrhoea virus (PEDV) in pigs

Potato Chicken infectious bronchitis virus vaccine

Collard (Viral coat B5) Smallpox virus in humans

Peanut Bovine rinderpest virus hemagglutinin (protein)

Arabidopsis Foot and mouth disease viral structural VP1 (protein)

White clover ~ Bovine pneumonic pasteurellosis for rabbits (Leucotoxin antigen)

Alfalfa Epitopes of bovine rotavirus VP4 protein for mice
Maize (Spike protein antigen) porcine transmissible gastroenteritis virus (TGEV) for oral vaccine
administration.
Barley (Expression of F4 fimbriae) Enterotoxigenic E. coli causing diarrhoea in farm animals for piglets
Table 5.

Examples of PMPs developed for several diseases [91].
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glycosylation. Molecular farming has been rapidly developed in plants as recom-
binant protein production systems. The therapeutic protein production is safe and
immensely cost-effective in plants. Plant as a system is preferable over microbial
fermentation and mammalian cell cultures due to their capability to perform post-
translational modifications and to remain devoid of human infective viruses and
prions. New plant expression systems have been recently developed to improve the
yields and quality of plant-made pharmaceuticals, as well as to control post-transla-
tional maturations in transgenic plants, permitting for the production of human-like
maturations in recombinant proteins [96, 97].

6. Biosensors to distinguish GM and non-GM foods

Sanchez-Paniagua et al. [98] described various biosensors based on distinct
technology to distinguish between transgenic and non-transgenic crops or food and
feed. The analytical methods for sensitive, accurate, rapid, and cheap detection of
the products are required. DNA biosensors are conceived as a novel DNA-detection
technology to substitute current amplification-based methods, providing hand-held,
quick, and ultrasensitive gene-level detection [98]. Arugula et al. demonstrated real-
time, label-free detection of DNA from genetically modified, Roundup Ready (RR)
soybeans by surface plasmon resonance (SPR) in GM soybeans [99]. Huang et al.
examined highly efficient analytical methods for rapid and high throughput screen-
ing of GMO components, as required for appropriate labeling of GMO-derived foods,
as well as for on-site inspection and import/export quarantine [100].

7. Biosafety concerns: regulation of GM crops—a global perspective

Although Biotechnology contributes immensely to development in agricultural
sectors, innovations and improvements in GM Crops have raised questions of their
safety and effectiveness. As with any new technology, risks associated with it must be
assessed and managed [101]. The definition of a GMO or GM crop given by the United
Nations (UN) Cartagena Protocol on Biosafety is a “living modified organism” (LMO).
A plant is genetically modified if satisfies two essential conditions, it contains a novel
combination of genetic material, and the genetic material is introduced by using
modern biotechnology. The GMO definition given in the Cartagena Protocol serves as
the worldwide standard that individual countries can use to form their biosafety laws.

Recently, Site directed Nucleases (SDNs) have been used to create new varieties of
crops. They can be of three types, SDN-1, SDN-2, and SDN-3. SDN-1 and SDN-2 can
introduce random or specific mutations at specific loci, while SDN-3 target transgenes
to a particular locus in the genome [102]. As opposed to traditional mutagenesis
techniques used in plant breeding to generate variants, SDN mutagenesis requires
the insertion of specific genes encoding the SDNs by transgenesis [103]. These genes
are not essential for the maintenance of the crop and can be removed by segregation.
Alternatively, SDNs can also be introduced without integrating the transgene into the
host genome or by directly incorporating proteins [104]. With the usage of SDNs, new
varieties of crops can be easily created with precision and predictability. Crops created
using SDN-1 techniques are excluded from GM crop regulations in several countries
like Germany, Netherlands, Argentina, Australia, Canada, Japan, and South Africa, as
these crops introduce SDNs as proteins or RNA without usage of any transgenes [105].
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In the US, the USDA has declared that SDN-1 crops will not fall under GM regulations
as they are produced by incorporating the SDN transgene and subsequently removing
it through segregation. For SDN 2 category crops, in some countries they do not fall
under regulations like Germany in the EU. In case of SDN-3 category crops, they are
considered as GMOs and fall under the purview of regulations [106].

In the case of GM crops, there is a difference between approvals for cultivation, for
import and export, and consumption of GM crops as food and feed products [107]. This
difference exists because of the different risks associated with cultivating, trading, and
consuming, requiring different regulatory approaches. Multiple agencies are involved
in granting of the approval request. In the United States, it is the responsibility of either
the United States Department of Agriculture (USDA), the Environmental Protection
Agency (EPA), the Food and Drug Administration (FDA), or more than one agency.
GM regulations further can be classified as process or product-oriented. The focus is on
the process used to produce the novel trait. The product-oriented regulations emphasize
the novel characteristics of the product [106]. Canada remains the only country that has
based their entire GM legislation on the product, rather than the process.

In the European Union (EU), Regulation (EC) No 1829/2003 on genetically modi-
fied food and feed binds all 27 Member States and specifically concerns GM food and
feed produced “from” a GMO. This Regulation is applicable to food and feed products
and their imports, in conjunction with Regulation 1830/2003 regarding tracking and
labeling of GM products [108]. The European Network of GMO Laboratories (ENGL)
has published a report on detecting food and feed products created by NBTs (New
Breeding Techniques), identifying various possibilities and challenges [109]. EU relies
on the GM regulation for products that are imported and so the obligation is on the
developer of the gene-edited product to provide a suitable detection method for the
product but no such products have been submitted for market authorization [110].
Since the EU imports most of their GM products, the regulations are more tailored to
gene-edited food and feed products and not much on cultivation.

Norway and Switzerland ban the cultivation of GM crops in their national legisla-
tions. Norway does not cultivate GM crops nor does it import any GM food but GM
crops are legally permitted by the Gene Technology Act [111]. The Norwegian Food
Safety Authority has not yet approved any products or their deliberate release, except
a single species of ornamental purple carnations [112, 113]. The Swiss legislation has
suggested the usage of separate GM crop zones from 2021 for the cultivation of GM
crops. This feature harbors the co-existence of GM crop cultivation with Non-GM
Crop cultivation and would result in increase of acceptance of GM crops [114].
Similarly, Russia banned the cultivation of GM plants and breeding of GM animals
under the amendments in Federal Law No. 358-FZ in July 2016 and with the recent
approval of the new Food Security Doctrine in January 2020 [115].

The United States holds 30% of the whole market share and is a global leader in
the commercialization of GM crops. Assessment of novel GM crop plant products can
occur under three agencies, including the FDA, EPA, and USDA. The USDA’s Animal
and Plant Health Inspection Service (APHIS) ensures that introduction of GM plants
does not pose a pest risk to plants. If the GM plant is intended for food use, the FDA
evaluates the safety of the GM food product.

Canada is one the largest GM cultivators, producing 6% of the total global market
share. As mentioned earlier, Canada uses product-based regulatory schemes. Here it
is the mere presence of a novel trait, not the way it was introduced that is important
[116, 117]. Irrespective of whether the characteristic was developed by new breeding
techniques (NBTs) or mutagenesis or targeted mutagenesis, the GM crop product is
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subject to the same regulations by the Canadian Food Inspection Agency. FalcoTM
Canola created by Cibus Canada Inc. (Cibus Canada Inc., 2020), is an herbicide-
tolerant variety of canola. It was created by an oligonucleotide-directed mutagenesis
(ODM) which caused a single nucleotide mutation in two genes. This ODM tech-
nique is very similar to CRISPR/Cas9 editing tool. The new canola variety was not
considered different from the traditional canola variety (unmodified variety) by the
Canadian Food Inspection Agency, giving it a non-GM crop status.

Commercial cultivation of GM crops is allowed in the following countries—India,
China, Pakistan, Australia, Philippines, Myanmar, Vietnam, Bangladesh, and
Indonesia [118]. India is both the world’s largest Bt cotton producer. In January 2020,
the Indian government, through its Department of Biotechnology, has published
proposed gene editing guidelines. These guidelines suggest a multi-layered approach,
with an increasing number of regulations for an increasing number of changes to
the DNA. As SDN-1 encompasses genome editing using small insertions/deletions,
and SDN-2 uses a small template for genome editing, plants edited using SDN-1
and SDN-2 are transgene free. Therefore, products of SDN-1 and SDN-2 (free from
transgenes) are free from the provisions of Rules 7 and 11 (both inclusive) of the
Rules, 1989. However, products of SDN-3 (with transgenes) come under regulation as
applied to genetically engineered organisms under the Rules, 1989 [23].

Regulations on GM crop production, commercialization and trade differ through-
out the globe. Nevertheless, concerns regarding GM crops remain valid and strict legis-
lation requires rigorous scientific assessments in keeping up with societal values [102].

8. Conclusion

In the light of the ever-increasing and threatening repercussions of Global Climate
Change, GMCs can be a promising driveway leading to sustainable approach toward
addressing food crisis. Transgenic technologies can enhance crop yields and biotic
and abiotic stress tolerance by imparting desirable genetic characteristics to crops.
Transgenic crops can also be used as bio-factories for expression of high value recom-
binant proteins (biopharming) and bioethanol production. Agrobacterium-mediated
and Biolistic methods by far remain the most applied tools in the development of
GMCs. With the advent of genome editing technologies, a superior precision of
genetic engineering can be achieved. But these protocols largely rely upon the existing
transformation procedures for introduction of the genome editing vectors into the
target tissue. Refining the parameters used for Agrobacterium-mediated and Biolistic
transformation shall facilitate the development of optimized protocols for tissue cul-
ture and transformation thereby improving the transformation and genome editing
efficiency. Biofortified crops appear to be promising candidates to address the global
malnutrition issue. Exempting genome-edited products from regulation (especially
in countries that suffer from malnutrition) shall facilitate the widespread distribu-
tion of such high value crops. Genome-edited crops have the potential to address
climate change, food security, nutrition and health, environmental sustainability, and
diversification of agriculture. But the concerns about the associated risks dampen the
widespread enthusiasm about the future applications of genome-edited crops. The
inability to address the regulatory, legal and trade framework, and social acceptance
may hamper the potential benefits of genome-edited crops.

Thus, Genetically Modified Crops harbor the potential to increase the product
yield, show improvement in the land use efficiency, and provide adequate nutrition
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for the ever-increasing population. This review has put a light on the importance,
tools employed, applications, and safety of transgenic technology.
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Abstract

Agricultural plant genetic resources are constantly going into extinction having
negative implications for plant genetic banks. Hence, there is a need to generate
variations. Stimulated mutagenesis offers an efficient tool to generate genetic varia-
tion and explore the function of genes. It also facilitates the identification of genes
and their roles in traits of economic interest to breeders, farmers and consumers.
Thus, transforming the agro-based industries in overcoming obstacles (poor yield,
lodging, shattering, pests and disease infestations). Exploring alternatives to integrate
farmers’ and consumers’ desirable traits into their preferred cultivars has led to major
advancements in mutation breeding. The chapter provides a comprehensive update
on induced mutagenesis approaches, increasing efficiency of targeted mutagenesis
and identification of novel traits in mutated populations. Furthermore, it reveals the
efforts of ten countries that are leading the development of varieties via mutation
across the globe and the most prioritised crops that have received critical attention in
mutation breeding. Moreover, it seeks to bring to light the current approaches used
in facilitating mutation breeding. It details the current progress made in improv-
ing plants with evidence relating to generating genetic resources, biotic and abiotic
stresses, nutritional, and quality improvement whiles providing future directions for
mutation breeding.

Keywords: mutagenesis, mutation breeding, plant improvement, plant biodiversity,
genetic resources, stress tolerance, trait improvement

1. Introduction

Genetic variation is pivotal to ensuring the evolutionary adaptation of plant spe-
cies. It also facilitates plants’ adaptation to various stresses arising from their environ-
ment. Many interventions are designed to promote increased genetic diversity in
plants not excluding mutation [1]. Mutation occurs when there is a sudden change in
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the sequences of the DNA but it is not derived through segregation or recombination.
Mutagenesis is the process by which mutation occurs. Plant mutation breeding also
termed variation breeding employs the use of physical radiations, chemical means
and/or biological mutagens to cause spontaneous genetics. Several methods are used
to induce mutagenesis in plants [2]. Physical mutagens (UV, X-ray, fast neutron, as
well as gamma radiation); chemical mutagens such as EMS (ethyl methanesulfonate),
MNU (N-methyl-N-nitrosourea), HF (hydrogen fluoride), MMS (methyl methane-
sulfonate) and biological mutagens (Agrobacterium and transposon-based chromo-
somal integration) are broadly explored. These methods are quite tedious.

The advent of molecular genetic techniques has developed the acquisition and
study of mutations. For instance, in vitro mutagenesis protocols are been established
in plants (wheat, saffron, and dendrobium) to achieve maximum variability for sub-
sequent characterisation by investigating the germplasm at various levels including
molecular, biochemical, and morphology [3-5]. In vitro mutagenesis has successfully
been employed in many plant species to overcome abiotic (drought, salt, frost, and
aluminium) and biotic stresses [6]. In addition, next-generation sequencing (NGS)
detects mutations very quickly, and it is cost-effective. Integrating induced mutation
with whole-genome sequencing supports the use of forward and reverse genetics
enabling specific genome editing techniques such as ZFNs (Zinc Finger Nucleases),
transcription activator-like effector nucleases (TALENS), and clustered regularly
interspaced short palindromic repeats (CRISPR)/CRISPR-associated9 (Cas9) endo-
nuclease. The mutants generated are termed mutagenic plants or seeds. They become
potential commercial varieties or are used as a parent plant to generate new varieties.

Mutation breeding serves as an avenue for generating demand-driven varieties
that meet the needs of customers, industries, and producers. This is made possible
by supporting the functional characterisation of genes, and the establishment of
gene-trait relationships among numerous crop types. Hence, mutation drives the
drift and leading methods in evolution and plant breeding [2, 7]. This account for the
continuous use of mutation breeding by breeders after its discovery in 1925 as they
are considered as not transgenic in nations where transgenic plants are denied [8].
The advancement in mutation breeding has been discussed to reveal its relevance in
the crop improvement process and its future directions. This chapter offers a compre-
hensive overview of the progresses induced mutagenesis provides in achieving zero
hunger by contributing to food security in the light of climate change. Specifically,
the chapter presents i) mutagenesis approaches for plant improvement ii) increasing
efficiency of targeted mutagenesis and identification of some novel traits iii) contri-
butions of mutagenesis in plant improvement (plant diversity & genetic resources;
biotic & abiotic stress resistance; & nutritional quality trait improvement) and iv)
future of mutagenesis for improving plants.

2. Mutagenesis approaches for plant improvement

Mutation breeding techniques have extensively been employed for crop enhance-
ment. The techniques involve the use of both physical, chemical, biological muta-
gens, and gene editing (CRISPR/Cas9, TALEN-based, VIGS, RNAI interference)
to generate genetic variability in crops and their effects on crops have been well
characterised [2, 9-11]. The physical mutagens commonly used include gamma
rays, alpha particles, X-rays, fast neutrons, beta particles and UV light. Also, ethyl
methanesulfonate (EMS), N-methyl-N-nitrosourea (MNU), sodium azides, diethyl
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sulfate and diepoxybutane are effective chemical mutagens used [12]. Ionising
radiations cause an array of chemical changes in crop plants by penetrating deep
into plant tissues. Inversion, translocation, breakdown, and duplication of chro-
mosomes, as well as point mutation, are among the chemical changes caused by
ionising radiations [13]. Gamma rays are the most effective and widely used among
ionising radiations in induced mutation [9]. Furthermore, chemical mutagens have
also proven effective in inducing mutation. Their usage is easy, does not involve any
specialised tools and generates a high rate of mutation. They effect changes in single
base-pair or point mutations, or single-nucleotide polymorphisms (SNPs) [9].
Chemical mutagens are often used on vegetative propagules, seedlings, seeds, and
tissues cultured in vitro such as explants of leaf and stem, ovules, anthers, micro-
spores, and cell cultures, among others [14, 15]. Biological mutagens use living
organisms such as bacteria (Agrobacterium tumefaciens, & Agrobacterium rhizogenes)
and viruses (Tobacco mosaic virus) to cause mutation in DNA of organisms. The
advancement of NGS strategies has been used to overcome random mutation. This
is supported by genome editing tools namely, TALEN, CRISPR/Cas9, and ZFNs and
they are applied in diverse plants. The effectiveness of these tools is well docu-
mented in different plants (Table 1). Currently, the combination of mutagenesis,
PCR-based techniques and NGS provides the avenue to gene function contributing
to crop improvement.

3. Increasing efficiency of targeted mutagenesis and identification of some
novel traits

The evolution and advancement of targeted mutagenesis have significantly
increased its efficiency by limiting the shortfall (error catastrophe and evolution-
ary escape) linked with the procedure. The quest for highly efficient targeted
mutagenesis has resulted in small laboratories an access to targeted mutagenesis
[46]. Targeted mutagenesis is achieved by embracing techniques such as Zinc
Finger Nucleases (ZFNs), Transcription Activator Like Effector Nucleases
(TALENS), and Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR)/CRISPR-associated protein 9 (Cas9) [10, 47]. These techniques stimu-
late double-stranded breaks within the genomic DNA section of interest and
consequently recombine [46, 48]. Setbacks within the application of ZFN include
its domain assemble in binding with the nucleotides with high-affinity couple
with target site selection [49]. However, off-target effects are reduced by using
modified ZFNs and universal deep-learning models which now facilitated targeted
mutagenesis [47, 50, 51]. Increasing the efficiency of TALENS requires heterodimer
FokI domains and the use of an effective and efficient delivery system (electro-
poration or viral vectors) [52-54]. The clarity of design, versatility, and efficiency
of CRISPR/Cas9 make it an acceptable and widely used gene editing technique
[55, 56]. Thus, leading to advances in induced mutagenesis [57, 58]. Nonetheless,
there are some challenges related to the low mutation efficiency in Arabidopsis
thaliana and Medicago truncatula compared to the improvement attained in mono-
cot species [59, 60]. Several strategies are designed in optimising CRISPR/Cas9.
These include decreasing sgRNA-Cas9 concentration and its length; and truncated
gRNAs which result in achieving high on-target efficiency [61-63]. Other strate-
gies also include the development of Cas9 variant enzymes, efficient expression of
several sgRNAs, and promotor-activated expression of Cas9 [63].
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Plant species Mutagen Mutagenic significance Reference
Hordeum vulgare L. GR, X-ray & Enhances tolerance to low [67]
Ethylene imine temperatures, drought, and frost

Brassica napus L. & Brassica GR Tolerance to salinity [67]

campestris L.

Lathyrus sativus L. GR Improves resistance to drought and [67]
high temperatures

Arachis hypogaea L. & O. sativa GR resistance to low temperature and [67]
drought

Triticum aestivum GR & Betarays Increases resistance to low [67]
temperature, salinity, alkalinity and
drought

Iris sp. GR Strengthen resistance to low [67]
temperatures

Phaseolus vulgaris L., Vigna GM Tolerance to drought, salinity and [67]

radiata (L.) Wil. & Cajanus phosphorus deficiency

cajan Millsp.

O. sativa GR Tolerance to salinity, drought, and [67]
low pH

Setaria sp. GR & FNI Tolerance to drought [67]

Brassica napus L. GR & EMS Tolerance to low temperatures and [67, 68]
drought

Glycine max Laser & GR Tolerance to drought [67]

A. thaliana & O. sativa EMS Tolerance to salinity [69, 70]

T aestivum NEU & EMS Resistance to drought, low [67,71]
temperatures and salinity

T aestivum EMS Increases salt tolerance [71]

GR, Gamma ray; EMS, Ethyl methane sulphonate; FNI, Fast-neutron irradiation; NEU, N-nitroso-N-ethyl urea.

Table 2.
Abiotic-resistant mutant varieties among different crops.

Mutation breeding presents breeders an opportunity to overcome plant deficien-
cies without changing their original identity [64]. Identification of novel traits is sup-
ported via induced mutagenesis that could otherwise not be possible in a natural gene
pool [65]. This is enhanced by the advent of molecular techniques which increase crop
improvement programmes [66]. Non-targeted mutagenesis approaches offer a high
possibility of identifying novel traits. The adoption of mutagenesis has engendered

the discovery of several unique traits within mutagenized populations of several crops
(Tables1and 2).

4. Contributions of mutagenesis in plant improvement

Mutagenesis has contributed extensively to generating a pool of plant genetic
resources (PGRs) resulting in the development of smart, climate-friendly varieties
which contribute to enhancing farming resilience, and return on investment for farm-
ers. Mutant varieties have proven to have desirable traits such as tolerance to stresses
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(biotic and abiotic), higher yields, biofortification and generally, improvement of the
genetic composition of plants (Tables1and 2).

4.1 Plant biodiversity and genetic resources

There is a constant loss of agricultural PGRs with approximately 37% of them going
extinct [72]. Thus, the genetic base of most crops is narrowing and makes them suc-
cumb to environmental stresses. Plant biodiversity is key in limiting these consequences
and induced mutation plays a vital role in supporting breeder to generate diverse
genetic resources to mitigate current climate variations to achieve food security [73-76].
Mutagenesis offers breeders a tool for generating crop variability in the shortest time as
compared to traditional crosses [77]. Consequently, establishing and maintaining PGRsis
pivotal to crop improvement. Mutation breeding allows plant breeders to work with farm-
ers to breed varieties of crops that are high-yielding and more resistant to disease, resulting
in the intensification of crop production (Tables 1 and 2). Breeding programs utilised
PGRs generated via mutagenesis by increasing the gene pools for breeding purposes,
development of genetic stocks with desirable traits, characterisation of PGRs, and cultivar
development by improving farmers’ preferred cultivars with desirable traits. The availabil-
ity of PGRs would contribute to overcoming the various challenges affecting plant growth
and development. For instance, mutagenesis has resulted in creating 2577 mutant varieties
only in 10 top countries across the globe the highest number of crop mutants developed
(Figure1) [67]. China and Pakistan have contributed to producing 817 and 59 mutant
varieties respectively [67]. Similarly, several crops have received much attention in terms
of induced mutagenesis. For example, 873 rice mutants have been developed, followed by
barley (307 mutant), Chrysanthemum (285 mutants), wheat (265 mutants), soybean (182
mutant) and the 10th rank Dahlia (36 mutant crops) globally (Figure 2) [67].

4.2 Biotic stress resistance

Population increase coupled with modernization usually leads to significant
changes in the environmental forces that influence the production of agricultural
goods. The environmental forces mainly arise from biotic and abiotic elements.
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Figure 1.
Top 10 countries in the world highest number of mutants crops developed [67].
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Figure 2.
Top 10 crops having highest number of crop mutants [67].

The biotic force arises from the actions of fungi, bacteria, viruses, nematodes, and
pests, among others. These trigger stress by impeding plants’ growth and develop-
ment, eventually leading to reduction in yield as well as value. Therefore, it is impera-
tive for crop improvement strategies to be used to devise approaches to counter the
effects of biotic stress. Hence, the application of mutation breeding in overcoming
biotic stress is crucial and it has proven to be successful. Plant breeders improve plants
by generating plant genetic resources by mimicking the process of spontaneous muta-
tion that exists in nature. Exposure of plants to stress triggers a complex and redun-
dancy signals, perception and expression levels crosstalk among several pathways
in order to overcome the stress. This demands an array of plants with varied genetic
backgrounds, biochemical and metabolic variations to generate alleles required for
engineering plants to tolerate biotic stresses.

Stress caused by disease-causing organisms in plants has witnessed improvement
in combating them. A number of plants are developed to offer resistance to particular
pathogens and insects. The durability of this tolerance is questioned due to the develop-
ment of biotypes of pathogen strains stimulating breeders to generate new resistance
against the biotic stresses that have newly emerged [78]. Many biotic stresses such as
fungi, viruses, bacteria, nematodes, and insects interrupt the structure of plants. They
are known for causing about 20-40% losses in agricultural production [79]. Specifically,
in leguminous crops such as chickpea, common bean, faba bean and alfalfa, Sclerotinia
sclevotiorum causes yield loss of up to 100% whiles affecting their seed quality and the
entire plant function [80]. To mitigate the problem of hunger, techniques that increase
pathogens’ resistance to host crops to reduce their damage to crop production are
required [81]. Plant scientists have developed crops against most of these stresses via
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mutagenesis approaches (Table 1). This is facilitated by plant molecular genetics making
induced mutation a highly efficient technique for studies in plants leading to introgres-
sion of desirable traits in several crops such as rice, soybean, wheat, and sesame [24].
Although classical plant breeding has engendered the development of novel traits in
plants, however, it is time-consuming. On the contrary, mutation breeding is affordable,
safe and has no legal restriction on its application. Induced mutagenesis is facilitated by
the evolving next-generation sequencing (NGS) and its non-destructive evaluation sys-
tems limiting the time frame, and labour needed for mutation breeding. It is undoubted
that, for decades to come, induced mutation will retain its value in plant science
especially when complex trait improvements such as diseases, and pests are involved.
Currently, mutation techniques ranging from physical, chemical, gene editing (CRISPR/
Cas9, TALEN-based, VIGS, RNAi interference) are employed in combating biotic
stresses conforming plants. For instance, 10 different disease stresses in rice (Oryza sativa
L.) are improved via mutagenesis using different approaches (Table1). Application of
EMS in soybean (Glycine max L.) has resorted in the development of Chlorsulfuron-
Resistant soybean [27]. Resistance of grapevine (Vitis vinifera), and tomato (Solanum
lycopersicum L.) to powdery mildew diseases caused by fungus have been reported to be
promoted via induced mutagenesis (Table1) [36, 38]. Similarly, bacteria blight disease in
rice (O. sativa) is reduced by CRISPR/Cas9 mutagenesis through base insertion/deletion
of genes (OsSWEET11, 13 and 14; OsXa13/Os8N3; OsAvrXa7) (Table1) [35, 39, 40]. Data
shows the power of gene editing and physical mutagens in recent decades in improving
plants’ tolerance/resistance to biotic stresses (Table1).

4.3 Abiotic stress resistance

The sessile nature of plants makes them very susceptible to the adverse effects
of abiotic stress such as cold, heat, flood, drought, salinity, heavy metals, reduced
or excessive UV radiation, acidity, alkalinity, and nutrient-deficient soils [82, 83].
Abiotic stress happens to be the primary cause of crop loss globally and leads to an
annual yield loss of over 50% in major crops [84].

In our quest to sustain agricultural production and food supply, numerous attempts
are being made to generate mutant varieties that can withstand abiotic stress in light of
climate change, with the use of various plant-breeding techniques. Currently, mutation
breeding has successfully generated superior varieties of legumes, grains and cereals,
roots and tubers, cotton, and sugarcane that are high yielding, and tolerant to some
abiotic stresses. The mutant variety database (MVD) hosts 3402 mutants of which
around 160 mutant varieties are tolerant to abiotic stresses [67]. For instance, ‘Zhefu
802’, a mutant rice variety developed in China is resistant to low temperatures [85].

In Pakistan, induced mutation in Basmati 370 rice generated a new variety “Kashmir
Basmati” that has tolerance to cold, matures early and retains parental traits such as

cooking quality and aroma [86]. Table 2 presents a highlight of breakthroughs made
through induced mutation to improve resistance to abiotic stresses of different crops.

4.4 Nutritional and quality trait improvement

The nutritional qualities of crops are of concerns to humankind. In the worldwide
efforts to feed a growing and nutritional demanding human population, mutation
breeding is a crucial strategy [87]. Several mutational breeding has targeted enhanc-
ing phytonutrients, essential minerals, proteins, and oil for humans and animals.
Mutation breeding have played a crucial component in developing variant cultivars
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having spurious modifications in genes using insertion mutagenesis such as T-DNA
insertion in rice, transposon or retrotransposon tagging in maize or rice, and chemi-
cal/irradiation mutagenesis that produces new characters for crop improvement [88].
Classical examples are the mutant varieties namely Zornitsa, Madan, and NIFA-
Mustard Canola developed with enhanced oil and protein content [67]. Similarly, the
nutritional component of rice mutants has been improved compared to its wild type
[89]. The development of mutant crops from soybean, rice, wheat and barley have
witnessed increases in their bioavailability of nutrients and minerals [90]. The ratio
of oleic to linoleic acid has been enhanced and the palmitic acid content in peanut has
been reduced through induced mutation [91]. The B-carotene levels in pepper fruits
were increased by creating mutants through the application of physical and chemical
mutagens [92]. Similarly, in rapeseed application of EMS result in improve its genetic
composition in terms of oil content and fatty acids [93].

5. Future of mutagenesis for improving plants

Induced mutation has proven essential for close to 100 years generating genetic
variations and subsequent release of mutant cultivars. Bottlenecks to mutation breed-
ing arise from its lethal, low rate, laborious screening process, and most mutations
being recessive, among others. Radiation mutation breeding now takes advantage of
space projects as this seems to become common in the future. Specifically, the space
environment denotes outer space outside the atmosphere and is accompanied by
microgravity, radiation, and alternating magnetic fields. This field will offer more
openings for mutation breeding as space breeding provides a high rate of mutation,
in several directions [94]. Aerospace (space) mutation is applied in developing a new
variety [95]. Crop space breeding studies have been carried out in China since 1987
and shreds of evidence showed have been encouraging resulting in the release of 66
mutant varieties, which include crops such as tomato, pepper, rice, wheat and sesame
[96]. This is evident that, in the future countries can tap into the space breeding
procedures. This is due to its associated benefits such as resulting inducing genetic
changes in the seed of crops and chromosomal aberrations surge in the seeds attrib-
uted to the combined effects of cosmic radiation and microgravity. More efforts will
concentrate on cooperating mutagenesis, PCR-based methods, and mapping tech-
niques (NGS techniques) to explore further the function of key genes and to embrace
integrative platforms to advance functional genomics innovations.

6. Conclusion

Induced mutagenesis is key to contributing to food security by developing climate-
smart crops. Hence, it represents a tool in fighting against hunger, and malnutrition
whiles increasing farmers’ profit margins. The usage of mutagens such as chemical
agents is easy and does not require high skills making it user-friendly. The key chal-
lenges in mutation breeding are the low efficiency in targeted mutagenesis resulting
in off-target and random mutation. Current efforts are geared towards embracing
PCR-based methods, and NGS techniques in induced mutagenesis. This integration
offers the opportunity for reverse breeding and to explore keys and their roles in
plants. In summary, multi-omics and precise mutagenesis interventions improve
plant yields and qualities by developing climate-smart crops.
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Chapter 4

Genome Editing in Potato
Using CRISPR/Cas Technology:
Applications and Challenges
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Abstract

After rice and wheat, potato is the third most important food crop for human
consumption. In Europe and several parts of America, potato is consumed predomi-
nantly. Like other vegetable crops, potato is prone to several biotic and abiotic stresses
and due to climate change, such stresses are getting worse and affecting the yield and
quality of harvested product. Both conventional breeding and transgenic approaches
are being utilized to enhance the crop production by protecting the crop for different
biotic and abiotic stresses. Genome editing technologies such as ZFNs and TALENs
were earlier utilized for crop improvement. But recently, RNA-guided nuclease called
CRISPR technology is in use for crop improvement. In potato, CRISPR/Cas is uti-
lized for phenotyping, tuber quality, late blight resistance, potato virusY resistance,
herbicide tolerance, starch quality and biosynthesis, enzymatic browning, phosphate
transport to roots and several other desirable traits. In this chapter, we summarize
the information about major genome editing approaches and use of CRISPR/Cas in
potato genome editing.

Keywords: conventional breeding, transgenics, ZFN, TALEN, CRISPR/Cas, biotic and
abiotic stress resistance, tuber quality and browning, starch content

1. Introduction

Potato (Solanum tuberosum), a member of the Solanaceae family, is at fourth
position among the most important staple food crops in the globe succeeded by
rice and wheat in terms of human consumption [1]. By 2050, the estimated world
population will be 9.7 billion and potato will have a vital role in the future in secur-
ing food resources for the human beings [2]. From breeding point of view, potato
has both morphological and genetical advantages and disadvantages. As potato is
asexually propagated, it is exempted from the need to be bred from true seeds to
produce homogenous plants. Being tetraploid makes it extremely difficult for desired
features to be passed on to offspring in the future [3]. Moreover, potato research is
complicated and time-taking process as it is highly heterozygous and polyploid crop,
which cause significant hinderance while utilizing standard breeding approaches,
ultimately making use of genome editing indispensable [4, 5]. At present, research is
being conducted for improvement of specific desirable traits in several crops through
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genome editing (GE) technologies. Different genome editing approaches are consid-
ered as revolutionary for crop improvement as gene knockout and insertion/deletion
mutagenesis are possible through genome editing technologies [6]. Crop improve-
ment using genome editing technologies come up with multiple possibilities, such as:

Alteration in only one or two nucleotides among billions obtained from genome of
living cells

¢ Alteration in whole alleles
* Insertion of a non-existing gene in the targeted region of the genome.

* Due to high accuracy of genome editing tools, these are preferred over traditional
plant breeding approaches and standard genetic engineering approaches. Along
with enhancing the nutritional profile of crops, gene editing tools can effectively
be used for incorporating biotic and abiotic stress resistance/tolerance and can
develop crop varieties that survive well in adverse climatic conditions such as
arid climate [7]. Therefore, gene editing tools can be effectively used for securing
the world’s food supply.

Genome editing tools permits double-stranded breaks (DSBs) at particular
genomic locations and recovers them using inherent DNA repair mechanisms, such
as non-homologous end joining (NHE]J) or homologous recombination (HR). Earlier,
this process was assisted by using protein-guided nucleases including zinc finger
nucleases (ZFNs) and transcription activator-like effector nucleases (TALENSs). But
lately, the RNA-guided nuclease known as Clustered Regularly Interspaced Short

Abiotic
stresses A stresses

Biotic

Postharvest A Herbicide
losses N resistance

Starch Potato plant with desirable traits Enzymatic
content ;

browning

Steroidal
glvalkaloid
(SGA)

Figure 1.
Advances in potato improvement using clustered vegularly interspaced short palindvomic repeats (CRISPR)-based

genome editing.
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Target Delivery Editing agent Phenotype Reference

gene method

Starch quality

GBSSI Protoplast Cas9 Decrease in amylose content [9]

GBSSI A. tumefaciens Cas?9, N/A [10]
PmCDA1-CBE

GBSSI A. tumefaciens Cas9 Decrease in amylose content [11]

SBE1, Protoplast Cas9 Decrease in amylose content [12]

SBE2

Browning

PPO2 Protoplast Cas9 Reduced browning [13]

PPO2 Protoplast, Cas9 Reduced browning [13]

A. tumefaciens

Steroidal glyalkaloid (SGA)

SSR2 A. tumefaciens Cas9 66% of WT tuber [14]

Biotic stress tolerance

eIF4E1 Protoplast Cas9 Partial resistance to PVY [15]

RNase ITT A. tumefaciens Cas13 Improved resistance to sweet potato [16]
virus disease

Abiotic stress tolerance

MYB44 A. tumefaciens Cas9 N/A [17]

Herbicide tolerance

ALS1 A. tumefaciens Prime Editor 2 Improved herbicide resistance [18]
Table 1.

CRISPR/Cas applications in potato genome editing.

Palindromic Repeats (CRISPR)—CRISPR associated—has captured the research-
ers’ attention (Cas) [8]. Both ZFNs and TALENS requires more time and technical
expertise than CRISPR/Cas. Numerous significantly important CRISPR/Cas studies
have been conducted in potato, here we are featuring some selected achievements of
CRISPR-based editing in potato (Figure 1 and Table 1). This chapter provides the
current status of CRISPR/Cas, future perspectives, and challenges in potato.

2. Key genome editing approaches
2.1 ZFNs (Zinc-finger nucleases)

ZFNs were first created by Kim and colleagues [19]. ZFNs develop as a result of the
interaction between DNA-binding and DNA-cleaving domains [20]. These synthetic
proteins were created based on the fact that the natural restriction enzyme FoklI exhibits
unique binding and cleaving capabilities [21]. The binding domain consists of eukary-
otic transcription factors and 3-6 zinc finger repeats which recognize between 9 and
18 base pairs [22], whereas the DNA-cleavage domain has a Fokl restriction enzyme
DNA cleavage. To cleave the DNA, the zinc finger domain fused at its C-termini viaa
peptide linker to the FokI of the cleavage domain. This cleavage domain must dimerize
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in order to cut DNA. For two cleavage domains to dimerize, the two different ZFNs with
their C-termini must bind to opposing DNA strands. If zinc finger, domains are unable
to target their specific site within the genome, then off-target cleavage occurs. This
off-target cleavage may result in significant double-strand breaks that stop the repair
process, which results in cell death or chromosome rearrangements. Further, this leads to
the random integration of donor DNA [23]. These domains can be customized to target
desired DNA sequences within the complex genomes. By utilizing endogenous DNA
repair mechanisms, ZFNs can be used for the precise genome alteration of higher organ-
isms. The efficiency of a given ZFN pair depends on its binding affinity and sequence
specificity, both of which impact long-term stability and on-target modification [24]. It
is a time taking process to design successful ZFNs. Moreover, ZFNs have poor targeting
density which leads to off-targets.

2.2 TALENs

Transcription activator-like effector nucleases (TALENS) are synthetic restriction
enzymes that merge the FokI nucleases with the DNA-binding domain of TALEs.
TALE:s are the natural lethal proteins derived from the Xanthomonas bacteria that
bind with specifically targeted DNA sites viaa DNA-binding domain in the centre
to activate host gene expression. This central domain uses a unique DNA-binding
mechanism that involves one-to-one correspondence between an individual repeat
and a single nucleotide. Each TALE array has fifteen to nineteen individual tandem
repeats and is highly conserved that varies only at amino acid positions twelve and
thirteen, known as repeat variable di-residue (RVD) [25]. The RVDs determine the
binding specificity of DNA with the TALE array base on one-to-one correspondence
along with the base as specified RVD. There are twenty-five types of natural RVDs
with good binding specificity, among which NI (Asn-Ile), HD (His-Asp), NH (Asn-
Gly), specific for identifying adenine (A), cytosine (C), guanine (G) and thymine
(T) [25, 26]. The binding specificity of TALENS is affected by cell type, target sites,
duration of effect and delivery system used. The coding for the recognition of the
TALENSs sequence is comparatively easy, which is an advantage with respect to its
targeting density when compared with ZFNs [27]. It allows genome editing with more
specificity and low cytotoxicity.

2.3 CRISPR/Cas

CRISPR/Cas is a potent tool for genetic manipulation that precisely mutates
specific DNA sequences [28]. There are different CRISPR/Cas systems that differenti-
ate on the basis of the nuclease effector used. This diversity divided the CRISPR/

Cas systems into two classes (single/multi-subunit) based on the structure and into
six types and 27 subtypes on the basis of the functions of each subunit [29, 30]. It
has two components: the Cas9 nuclease and sgRNA. The Cas9 nuclease has two

lobes viz., REC for recognition and NUC with nuclease activity. The non-coding
sgRNA is complementary to the target sequence (protospacer) of 20 base pairs. This
protospacer has a three-base sequence at its 3’ end called PAM (Protospacer Adjacent
Motif), recognized by the NUC lobe to produce double-strand breaks (DSB). The
DSBs are created when sgRNA/Cas complex binds with the target DNA sequence.
Further, these DSBs are repaired by NHE] (Non-homologous end-joining) and HDR
(Homologous directed repair) mechanisms [31].
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3. Genome editing in potato

Introduction of genes related to economically important traits from wild species
is very difficult and time intensive assignment in potato (Solanum tuberosum) is as
it is a heterozygous polyploid crop. Due to this, traditional breeding approaches
cease to work properly when numerous traits and/or new traits which are not
available in gene pool need to be introgressed for crop advancement. As genome
sequencing data of potato is accessible from public database and standard genetic
modification and regeneration protocols are also obtainable, which made potato
a prime candidate for gene editing. Thus, gene editing approaches can be used for
potato improvement by improving the production and quality characteristics of
the crop without affecting maximum allele combination in commercial cultivars
[32-36]. In tetraploid potato, the earliest successful utilization of TALENs were
reported for knocking out alleles related to sterol side chain reductase-2 (StSSR2)
[37], which are responsible for production of anti-nutritional sterol glycoalkaloid
(SGA) [38, 39]. In 2015, it was reported that genome editing approaches such as
TALENs [40] and CRISPR/Cas [41] can be utilized to precisely alter the potato
genome. CRISPR/Cas9 mediated targeted mutation of StIAA2 gene, encodes for
Aux/IAA protein, resulted in homozygous mono and biallelic mutations in the first
generation of modified plants [41].

4. Trait improvement in potato using CRISPR/Cas technology
4.1 Disease resistance

Different biotic stresses are the root cause behind major obstruction in potato
production, which ultimately results in enormous loss to farmers. Even now, several
scientists are trying to make a key advancement in development of biotic stress resis-
tant potatoes with the help of genome editing approaches. CRISPR/Cas technology of
genome editing is considered as an effective substitute for advancing potato breeding
programmes.

Phytophthora infestans cause late blight disease of potato, which is the key hinder-
ance in enhancing potato production [42]. Therefore, many researchers are emphasiz-
ing on the development of late blight resistant potato cultivars, which can be achieved
through knocking out or deleting susceptible genes (S-genes) of late blight [43]. At
present, fungicidal sprays and breeding methods are used for the management of
late blight in potato. At a recent time, late blight resistance in potato was commenced
through knocking out of susceptible genes StDMR6-1 and StCHL1 [44] and Caffeoyl-
CoA O-methyltransferase (StCCoAOMT) [45]. Extracellular receptor protein ELR
(elicitin response) is found in Solanum microdontum, a wild potato species. Du and co-
workers [46] documented utilization of ELR protein for identification of an elicitin
which is considered as an extremely conserved in Phytophthora species contributing a
wide range durable resistance against late blight pathogen.

For production of potato virus Y (PVY) resistant potatoes, four viral genes, P3,

CI, Nib, and CP were targeted through CRISPR/Cas approach. Casl3a protein was
utilized to confer resistant against three strains of RNA virus, PVY [47]. Makhotenko
and co-workers [48] demonstrated efficient use of host genes (eukaryotic translation
initiation factor eIF4E and coilin) for development of PVY resistant potatoes.
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4.2 Resistance/tolerance to abiotic stresses

Abiotic stresses include high and low temperatures, drought and salinity cause
major constraints in potato production; still limited research work is documented
until now. In 2017, Zhou et al. [17] modified MYB transcription factor gene
(StMYB44), responsible for restraining StPHO1 gene expression which negatively
control phosphate transport activity in potato, with a proficiency rate of 85%. In
2020, Tiwari et al. [49] documented the utilization of gene editing approach CRISPR/
Cas for modification of nitrogen metabolism genes to enhance the nitrogen use
efficiency of potato plants.

4.3 Herbicide resistance

Butler and co-workers [50] developed a ss gemini virus-based DNA replicon
(GVR) as a vector for transfer of TALEN genes and a mutated fragment of ALS1 gene.
TALEN genes were transferred to target Acetolactate synthasel (ALS1) gene in potato
while the mutated ALS1gene fragment verified tolerance for numerous categories of
ALS-inhibiting herbicides.

4.4 Post harvest

Potato is harvested annually which makes it imperative for producers and sellers to
store these tubers in cold stores. Cold storage reduces sprouting and extend shelf life.
But during storage in cold storage houses the sucrose in tubers is reduced to sugars
which react with amino acids on heating and cause the processed potato products to
turn brown and bitter. Moreover, the acrylamide level also goes up. This deterioration
in organoleptic properties and enhancement in acrylamide levels negatively affects
potato tuber quality thereby leading to a reduced public demand. Accretion of reduc-
ing sugars through cold induced sweetening is swayed by several metabolic processes
vig starch synthesis, degradation, glycolysis, hexogenesis and mitochondrial respira-
tion. A family of ubiquitous enzymes termed invertases degrades starch into sucrose
and fructose [51]. These invertases have been sub-localized to cell wall, vacuole and
cytoplasm. Vacuole localized invertases (VInv) play a significant role in cold induced
sugar production. Therefore, these have been targeted most to prevent cold induced
sweetening. Silencing VInv gene has been accomplished mostly by RNAi [52], TALEN
[23] and CRISPR/Cas technologies [53]. Significant reduction in sugar levels were
observed in the transgenics developed via these technologies.

4.5 Starch

Potato is a valuable source of starch. Potato starch is used for both culinary and
industrial purposes. It is often made up of amylose (20-30%) and amylopectin
(70-80%) [54]. The amylose/amylopectin ratio influences the characteristics of both
dietary and industrial starch [55]. Amylose-free starch has better freeze-thaw stability
and is thus a key component in the manufacturing of frozen foods. Amylopectin has
good binding properties and is therefore employed in the paper and glue industries
[56]. Therefore, to increase amylopectin content; earlier the genetic engineering
efforts primarily aim to produce amylose-free (waxy) potatoes. This might be accom-
plished by targeting specific genes involved in starch production [57]. Potatoes that
produce amylopectin starch may be created by knocking out or silencing the GBSS
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gene. Various methods have been used to accomplish development of amylopectin
rich cultivars viz., radiation-induced mutagenesis, antisense technologies like RNAI,
TALENS, and, more recently, CRISPR/Cas [58]. Amylose-free or amylose-reduced
lines of sweet potato cultivars have also been developed utilizing CRISPR/CAS
genome editing system [59].

Nowadays main focus of researchers has been on altering starch properties to
reduce its harmful effects on humans prone to obesity and diabetes. Potatoes with less
digestible starch i.e., resistant starch has been engineered by RNAi mediated silencing
of genes encoding for starch binding enzymes (SBE). Essentially identical results have
been achieved by different means of reducing expression of both SBE isoforms (SBE1
and SBE2): antisense RNA [60], expression of single-domain SBE-specific camelid
antibodies [61] and CRISPR/Cas [12, 62]. Though genome editing technologies
proved useful in lowering or boosting starch content in potatoes but transient applica-
tion of vectors harboring inserted DNA fragments lead to the unwanted insertions of
vector genome into targeted regions [63].

4.6 Steroidal glyalkaloid (SGA)

Solanaceous plants produce secondary metabolites called glycoalkaloids. More
than 80 steroidal glyalkaloids have been identified in different potato species; the
two most common ones in cultivated potatoes are a-solanine and a-chaconine
[64]. Higher levels of steroidal glyalkaloids have neurotoxic and anti-nutritional
effects on human [65]. Therefore, the amount of steroidal glyalkaloids in tubers
meant for eating should not exceed the threshold value of 200 mg/kg fresh weight.
Nonetheless, significant efforts have been made to reduce SGA content. RNAi sup-
pression of the SGA biosynthetic genes sterol side chain reductase 2 (StSSR2) [26]
and GLYCOALKALOID METABOLISM 1 (GAME1) [66] resulted in decreased SGA
content. One study on the CRISPR/Cas system’s use for controlling SGA levels in pota-
toes looked at knocking down the gene encoding steroid 16-hydroxylase (St16D0OX),
which appears in the genome in a single copy [67]. Two mutants showed positive
results for no detectable levels of solanine or chaconine but the plants as a whole were
not regenerated so success for CRISPR/Cas-mediated deletion of St16DOX was partial
and not all attempts at SGA reduction in potato were equally successful [67]. CRISPR/
Cas9-editing of StSSR2 was used to manipulate the SGA level in the cv. Atlantic
with significant success [14]. But on the other hand, SGAs are the plant’s first line of
defense against viruses and herbivores and participate in ecological interactions with
microorganisms therefore eliminating SGAs would be damaging to the plant.

4.7 Enzymatic browning

High tuber quality is a desirable characteristic in the potato processing business
and among consumers. Enzymatic browning (EB) causes nutritional quality loss and
alters the flavor and texture of tubers. Mechanical injury caused when tubers are cut,
sliced or peeled disrupts subcellular compartmentation, resulting in the release of
amyloplast-localized PPOs and vacuole-localized phenolic compounds [68]. PPOs
catalyze the oxidation of monophenols and/or o-diphenols to o-quinones in the pres-
ence of oxygen, which then polymerize and form complexes with proteins, resulting
in brown pigment build-up [69]. This enzyme is coded by a multi-gene family, and
five PPO genes in potato have been recognized thus far, with numerous allele variants
for each gene [68]. Though enzymatic browning is a quantitative characteristic, PPOs
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are frequently used as target genes to minimize browning in tubers because the PPO
loci have a strong correlation with the QTL associated with browning of tubers [70].
Because PPOs are involved in numerous physiological functions as well as defense
against diseases and pests, knocking out all PPO genes would almost certainly be
fatal to plants. As a result, specific gene targeting or allele silencing is necessary [68].
Substantial progress has been made in this direction. StPPO2 gene was effectively
modified in the cv. Desiree via CRISPR/Cas9 [13]. Two different types of edited lines
were created by the four-allele StPPO2 edition: those with 111-bp non-frameshift
alterations and those with frameshift mutations in the coding region that may have
affected the activity of the enzyme after translation. No matter the mutation type, all
lines had lower PPO expression levels and were less susceptible to EB than the wild
type [13]. GM potato varieties (Innate® potato) with decreased enzymatic browning
(EB) and minimal acrylamide generation have been successfully developed and are
under cultivation [71].

5. Challenges in potato gene editing

Potato is an asexually propagated, heterozygous and polyploid crop, which causes
multiple obstacles in utilization of genome editing approaches. Major obstacles are:
complications in target designing for gene editing and acquiring homozygous mutants
with mutation of all targeted gene(s), which make it essential to screen a vast number
of transformed plants to identify and propagate mutated lines carrying multiple
alleles. Additionally, not each and every potato variety is responsive to transforma-
tion. Protoplast mediated transformation and regeneration of plants from leaf as an
explant can also cause somaclonal variation, ultimately negatively affecting plant
development [8].

To understand complicated economically important traits, breeders are making
efforts for development of diploid lines of potato. Self-incompatibility (SI) causes the
significant obstruction in development of potato inbred lines, as SI impede in fixing
of gene edits and selection of progeny by segregating out the inserted gene. Ye and co-
workers [72] used CRISPR/Cas9 approach for production of diploid self-compatible
lines of potato by knocking out the Stylar ribonuclease gene (S-RNase), responsible
for self-incompatibility in potato. Yet a number of diploid, SI potato lines shows
recalcitrant response to transformation through traditional Agrobacterium tumefa-
ciens [73]. To avoid this, Butler and co-workers [73] used A. rhizogenes for speedy
production of stable mutants within hairy root clones in potato genotypes which were
already showing recalcitrant nature to A. tumefaciens. But in this method, analysis of
hairy root clones was the major drawback. Genome editing approach CRISPR/Cas9
was implemented for targeting phytoene desaturase (StPDS) gene in potato. This gene
is found in hairy root clones of potato. This method resulted in 64-98% mutation in
transformed hairy root clones.

Production of off-target mutants in non-target gene(s) in potato while genome
editing is an additional area to be studied. Off-target mutants cause unaccept-
able alterations in plants and also it complicates the procedure of mutant analysis.
Synthetic proofreading Cas9 variants [74], test of sgRNA activity and developing
good design [75] are the approaches used to decrease or even remove these off-target
mutants.
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Also, it is important to produce transgene or foreign gene free potato. To be
adopted by consumers and accepted by policy makers, gene edited (GE) crops should
not contain any traces of foreign DNA [76].

6. Conclusion

Genome editing can perform a key role in potato improvement by enhancing
the tuber starch content, developing resistance/tolerance against biotic/abiotic
stresses and reducing antinutritional factors and toxic compounds. As genome
editing approaches are highly effective and accurate, this escalates the possibilities
of improvement of other economically valuable plant characteristics also. In case
of potato, it requires much efforts and skills for advancement of plant characters
governed by multiple genes as compared to those governed by single gene due to
heterozygous polyploid nature and asexual reproduction of potato plants. In spite
of all these bottlenecks, significant success has been obtained in potato for few plant
characteristics and many of them using gene editing approaches (gene knockout or
addition/deletion of gene). Researchers have reported multiplexing of SpCas9 along
with protoplast mediated transformation as an ideal choice for potato improvement.
Over and above, it is important to aware consumers about difference between genome
edited (GE) crops or crop varieties and genetically modified (GM) crops or crop vari-
eties. Efforts are being made to keep genetically edited and genetically modified crops
separate, which is important for advancement of gene editing approaches and their
success. Collectively, genome editing through CRISPR/Cas is an efficient and precise
next generation approach for rapid potato breeding to obtain sustainable crop yield.
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Abstract

Crop genetic improvement in Latin America is necessary to address the region’s
agricultural challenges and to enhance food security. The use of advanced
biotechnological techniques, such as genetic engineering and molecular breeding,
should enable the development of crops with improved traits tailored to the unique
agroecological conditions prevalent in the region, similar to the observed impact
of improved germplasm in leading countries using transgenic or edited plants.
Research has focused on enhancing key agricultural traits, including tolerance to
abiotic stresses, such as drought and salinity, resistance to pests, and herbicide
resistance. However, other modifications designed to cope with emergent diseases
and increase in nutritional content key nutrients such as vitamins and proteins
should be addressed. Despite the benefits of genetic improvement, challenges, such
as public perception, heavy regulatory frameworks, and a deficient communication
on the benefits of these technologies, persist. Collaborative efforts among scientists,
policymakers, and the public are essential to overcome these challenges. Through the
application of innovative biotechnological tools, scientists are crafting crops with
enhanced biotic and abiotic resistance, productivity, and nutritional value. As Latin
America continues to grapple with the complexities of a changing climate and the
imperative to feed a growing population, genetic improvement stands as a crucial
ally in the pursuit of a sustainable and resilient agriculture.

Keywords: genetic improvement, biotechnology, Agrobacterium tumefaciens, gene
editing, integrated crop management

1. Introduction

1.1 Agriculture in one of the most diverse regions on the planet

In 2022, the population in Latin America and the Caribbean reached 659,310,564
[1]. Globally, it is estimated that the population will reach 10 billion by 2050, with a

79 IntechOpen



Genetically Modified Organisms

demand for cereals of 1 billion tons and an additional 200 million tons of livestock
products per year [2]. It is calculated that in the region, there are 576 million hectares
of agricultural land, contributing 14% to the world’s agricultural production and
accounting for 23% of net agricultural exports. Farmers number over 15 million, and
sometimes whole families are involved in agricultural activities. The region has 23.4%
of forested areas, including 31% of the planet’s freshwater. It is paramount to men-
tion that 50% of the world’s biodiversity is present in the region [3]. The region is not
immune to limitations in agricultural land; indeed, demographic pressure has caused
the conversion of land to housing and has reduced cultivable land area, which is
currently estimated at 11% of the Earth’s surface and utilizes 70% of freshwater from
underground aquifers, rivers, and lakes. In addition to this problem, we must consider
that climate change increases vulnerability to food security due to the emergence of
new pests and diseases. According to National Aeronautics and Space Administration
(NASA), the average surface temperature of the Earth in 2023 was the warmest ever
recorded, 1.2 degrees Celsius above NASA’ reference period average (from 1951 to
1980) [4]. This extreme heat was associated with forest fires, rising sea levels, and
the emergence of pathogens affecting plants, animals, and humans. In the same year,
the climatic phenomenon ENSO (also known as El Nifio) affected and continues

into 2024, although in a neutral ENSO phase with a 79% probability in the second
semester [5]. In a conservative risk analysis, considering that the population of Latin
America supports its growth rate, food self-sufficiency is a challenge. Projections on
global food supply assume that 60% of more production in 2050 will have to result
from improved yields in agriculture by 90%, and only 10% from expansion of culti-
vated areas [6]. Therefore, improvements will have to come from the effective use of
water, rational and efficient use of agrochemicals, the use of technologies to predict
meteorological phenomena, and predominantly the use of genetically improved
genotypes with greater genetic diversity, obtained through available biotechnological
tools [7]. The region comprises 29 countries, which have diverse internal organiza-
tions, have faced climate challenges, suffer from high input and service costs, soil
fertility loss, difficult access to credit, lack of training and technical assistance, and
insufficient infrastructure for production, among several others. Political instability
and penetration of organized crime are also widespread.

2. Challenges facing agricultural crops in the region

Food production is affected by factors that limit its production and yield; the main
problems faced by producers in the region are described below.

2.1 Climate change

A change in climate is considered when it differs from the pattern recorded in a
specific area [8, 9]. Erratic changes in temperature, precipitation, and increased car-
bon dioxide (CO,) concentration are examples of climate changes that have a negative
impact on agriculture. Therefore, plants tolerant to drought, cold, excessive heat, high
irradiation, as well as those with the capacity to fix CO, more efficiently, are necessary
to mitigate climate change. The strategy for their development and acquisition should
include all available improvement tools to allow such plants to be grown on a commer-
cial scale. Undoubtedly, modern biotechnology, including precision biotechnology or
gene editing, will play a prominent role in the near future [10, 11].
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2.2 Poor soils

The region’s soil presents problems due to being alkaline or acidic, high salinity,
and low organic matter content. To counteract these problems, strategies to increase
the availability of nutrients in these soils are necessary. Undoubtedly, the use of
modern fertilizers, as well as the use of microbial bioinoculants, will improve the soil
profiles that, currently, hinder optimal plant growth in the region [12].

2.3 Lack of modern fertilizers

In addition to the use of macro- and micronutrients, the use of growth regulators,
such as auxins and cytokinins, which significantly increase the vegetative and repro-
ductive growth of crops, is a biotechnological resource underutilized in the region.
The production of endogenous beneficial microorganisms is necessary to provide
plants with nutrients that impact plant health, as well as their safety by having fewer
pesticides used for pest and disease control [13]. The production of organic vegetable
crops is not only an important market niche for domestic consumption, but also as an
opportunity to export products to high-demand countries, with a significant eco-
nomic return for the producer [14].

2.4 Lack of pesticides and herbicides with lower residuality

Emerging pathogens have overcome the genetic resistance of current germplasms,
and despite a long list of commercial agrochemicals that can potentially limit their
spread, it is necessary to count with new active ingredients to address multidrug
resistance, as well as compounds with lower residuality and toxicity that are thus
environmentally friendly [15]. The use of germplasm resistant to insect pests based
on Bacillus thuringiensis has allowed for a pause in the evolution of multiresistance to
chemical pesticides, with the advantage of reduced use of these chemical agents in
our food. Additionally, the use of plants resistant to herbicides with low residuality
such as glyphosate is a technically desirable example, which despite its advantages,
has been banned in countries like Mexico, although scientific evidence proves its
safety. However, in addition to the ban on the use of these herbicides, the use of other
agrochemicals with high toxicity and residuality is increasing; such is the case of the
use of paraquat replacing the feared glyphosate in weed management tasks [16].

2.5 Drought

Drought is defined as a prolonged period of abnormally dry weather that directly
influences human activities [17]. The United Nations Convention to Combat
Desertification (UNCCD) classifies drylands according to their aridity index as arid,
semiarid, and dry sub-humid. These areas, generically referred to as drylands, are char-
acterized by climatic conditions, such as scarce and irregular precipitation, a significant
difference between daytime and nighttime temperatures, soils with low organic matter
and moisture, as well as high potential evapotranspiration [18]. According to the
UNCCD, 12.1% of the Earth's land surface corresponds to arid zones; 17.7% to semiarid
zones, and 9.9% to dry sub-humid zones [19]. Over two billion people live in these
areas (approximately one in every three inhabitants of the planet), most of them in
developing countries. In addition, dry areas host around 50% of livestock and 44% of
the worlds agricultural land [20]. Latin America has a marked water deficit affecting
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its agricultural productivity; however, countries like Chile stand out, where 68% of

its territory is classified as arid zone, and in the last decade has experienced the phe-
nomenon of mega-drought, reducing up to 40% the expected average rainfall [21, 22].
Mexico is also suffering from several years of drought, and as of January 2024, 81.8% of
its municipalities are under diverse degrees of water stress, of which 63% is moderate to
exceptional [23]. Despite this, semi-arid regions of the region have greater technifica-
tion and productivity, but the balance between production and sustainability is fragile
[24]. The lack of comprehensive strategies for efficient water uses and low technifica-
tion has caused not only social, but also environmental and economic problems. Plants
with drought tolerance would be an advantage for producers.

2.6 Floods

Floods are defined as events that, due to precipitation, wave action, storm surge,
or failure of a hydraulic structure, cause an increase in the level of the free water sur-
face of rivers or the sea, generating invasion or penetration of water in places where
it is not usually present, and generally causing damage to the population, agriculture,
livestock, and infrastructure [25].

The record of floods has increased globally, with its main cause being considered
the growth of human populations in proximity to local ecosystems with effluents,
which exposes populations to the risk of flooding during rainy seasons [26]. The loss
of flooded crops generally occurs due to root anoxia, as well as invasion by opportu-
nistic microorganisms. In recent years, research has been conducted on the develop-
ment of new GM crops of agricultural interest that are tolerant to periods of flooding
and adverse environmental factors [27].

2.7 Pests

In Mexico, phytosanitary measures for the transport of plants and plant-derived
goods are highly regulated to reduce the likelihood of introduction and spread of
pests to the country and protect the phytosanitary condition of crops [28]. However,
authorities in coordination with academic institutions must be prepared to identify
and control the emergence of novel pests, pathogens, and associated diseases in a
timely manner. The development of plants resistant to some pests is already a reality,
and the benefits of this technology have been proved in various crops and in parts of
the world [11]. Economically important crops such as cotton and maize have been
genetically transformed by introducing genes encoding proteins with insecticidal
action against the main pests of these crops [29]. The main source of insecticidal
proteins comes from the bacterium B. thuringiensis, with demonstrated activity against
pests of lepidoptera, coleoptera, or diptera. Other genes encoding insecticidal proteins
such as vegetative insecticidal protein (VIP) from B. thuringiensis, lectins, and protease
inhibitors have also been evaluated and demonstrated potential for pest control [30].
The application of Bacillus spp. and other plant-growth promoting bacteria is a novel
strategy that may also be helpful for protecting plants against diverse pathogens.

3. Scenarios for increasing agricultural production

The increase in food production should be the consequence of expanding plant-
ing areas, as well as the use of cultural practices such as backyard planting for
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self-sufficiency, as proposed by various ideological trends. However, it is important to
consider that the increase in food demand results not only from a growing population
but also from an increase in the demand of specialty foods as well as for non-food
products such as biofuels, coupled with the challenges posed by the emergence of
novel pests and diseases, climate change, water deficit, decrease of arable land, and
soil degradation in cultivated areas. Considering these limitations, there is a need

for substantial acceleration in crop improvement and production [31]. Ideally, the
increase in food production could come from expanding planting areas; however,
arable land and water are two limiting resources not only in Latin America but
worldwide. In fact, the conversion of agricultural areas to urban ones in major cities
has been observed. Therefore, it is considered that increasing productivity in the field
should be the result of a set of science and technology-based strategies that allow for
the technification to optimize water, fertilizer, and pesticide use, as well as counting
with germplasm displaying resistance or tolerance to biotic and abiotic stress through
integrated crop management schemes [32]. Obtaining improved seeds selected from
their centers of origin has the advantage of having germplasm with greater genetic
diversity, desirable for resisting or mitigating pest or disease attacks, including
emerging pathogens. These materials are a genetic source to identify new alleles for
pest and disease resistance, as well as other traits for incorporation into cultivated
plants and improving their health and safety [33].

3.1 Biotechnology as a tool to solve agricultural problems

Genetically modified plants, including those obtained through new precision
technologies such as gene editing, are options that should be considered as part of an
integrated strategy to address the agricultural problems of the region and ensure its
food security. Considering that biotechnology has had a significant impact over the
past 50 years in agriculture and has greatly expanded the objectives of plant breeding
programs, there has been a substantial increase in the area of production of biotech-
nological crops since their first introduction in the 1990s, and it is expected to provide
greater benefits with the introduction and commercialization of new germplasms
[33]. Biotechnology has shown exceptional performance in weather prediction, early
pest, and disease diagnosis, and of course, the generation of genetically improved
plants. In the value chain of an agricultural product, it will also be especially impor-
tant to consider its postharvest, labeling, and traceability of products to reach their
consumer markets [34].

3.2 Use of improved plants in Latin America

The use of genetically improved plants is regulated in all countries, and there
is no consensus on this issue. Almost all countries are signatories to the Cartagena
Protocol and have developed biosafety legal frameworks, which have allowed them
to authorize requests for planting genetically modified plants. However, only 58% of
countries have an operational regulatory system [35, 36]. In fact, misinformation and
commercial interests have fostered polarization in opinions about the use of these bio-
technology products. On the other hand, due to the general interest in biotechnology
applications, countries with regulatory systems have established a series of technical
requirements to authorize their open-field testing in three scenarios: experimental
planting, pilot planting, and commercial planting. According to a report from the
Food and Agriculture Organization (FAO) Regional Office for Latin America and
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the Caribbean, in 2021, sustainable projects associated with the use of biotechnology
were achieved, although there is substantial lag in the benefits of using biotechnology
products [37].

The regulation of edited plants seems to foresee a niche of opportunity, since,
if the product is regulated, the plants produced would only contain modifications
consisting in one or few base substitutions or deletions, undistinguishable from those
obtained through physical or chemical mutagenesis. Furthermore, the latter usually
result in multiple changes throughout the genome, as is the case of most agronomi-
cally relevant crops obtained since the 1930s to the 1960s. For this reason, gene-
edited plants resulting in discrete insertions or deletions would not be subject to the
biosafety laws that regulate genetically modified organisms (GMOs). In contrast, if
the editing considers insertion of DNA from another organism, it could be subject to
the assumptions of the biosafety law. These scenarios have been discussed in various
countries in the region, although in some, the issue has yet to be defined, as in the case
of Mexico, which has not expressed its position on precision biotechnology products.
The future is promising for this technique, which, if not overregulated, will help
provide the desired improved plants for the region [36].

In the following section, we describe the production and consumption of GMOs
in the countries of Latin America. In Mexico, maize production is a fundamental
part of the Mexican diet; it is imperative to improve its productivity since Mexico has
become the world’s leading importer of maize, increasing food dependency on the
United States, from importing 396,000 tons in 1992 to 13.2 million tons in 2022. It is
important to mention that Mexico is the main producer in the world of white maize, not
so much yellow, which is mainly destined for livestock and industrial sectors. Indeed,
the national production of yellow maize is deficient, and if the trend in the production
and consumption of animal products, starches, and fructose continues, the shortfall
could significantly increase in the short term [38]. Mexico only reports the planting
of genetically modified (GM) canola and cotton, although the trend of not using GM
plants is concerning, despite having signed trade treaties with Canada and the United
States that include the use of genetically improved plants in the Biotechnology sector.
However, Mexico has the infrastructure and human resources to produce genetically
improved germplasm, including gene editing. Appropriate legislation would make
developments evaluated under biosafety conditions to become commercially available
for Mexican agriculture. Other technological applications related, but not restricted to
agriculture, include the development of projects with efficient and low-emission tech-
nology, achieving 1842 agribusinesses to reduce greenhouse gas emissions (GHGs) by 6
million tons of CO,, in addition to the production of electricity from biomass [39, 40].

An amendment introduced to the Constitution of Ecuador in 2008 has banned
the cultivation of transgenic plants. However, a transgenic banana is being developed
by researchers at an Ecuadorian university; this germplasm is intended to confer
protection against one of the most devastating fungal diseases affecting this crop:
Fusarium oxysporum f.sp. cubense tropical race 4. It will be interesting to see the use
of this edited banana worldwide, which will positively impact the bioeconomy of
countries where this fruit is considered a basic staple [41, 42]. Additionally, technol-
ogy has been implemented in Ecuador that allows intelligent climate control directed
to 800 farms with 1056 farmers, who have accordingly increased their production.
Additionally, they have improved soil quality on 40 thousand hectares, thereby
reducing emissions by 20% [39, 42].

Chile is one of the most accepting countries of innovative technologies, with three
commercial events featuring Argentine herbicide-resistant canola and soybean, and
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maize resistant to lepidopteran pests. Chile adopted a regulatory approach for new
plant breeding techniques. Parallel technological improvements have resulted in
reduced energy usage, optimized pesticide application, and improved water and soil
management by producers in the Maule region [43].

In Uruguay, GM maize and soybeans are actively cultivated, and researchers
at universities are generating crops with novel traits, nurturing valuable human
resources with the potential to produce new varieties for the region. Moreover, they
have devised strategies for the effective and efficient use of herbicides in soybeans,
resulting in net savings in crop production [39, 44].

Colombia is considered a megadiverse country that has been able to finalize
agreements and progress in its public policies to reap the benefits of biotechnological
applications, reflected in the commercial authorization of Argentine canola, carna-
tion, cotton, flax, maize, rice, roses, soybeans, sugar beet, and wheat. Colombia
has organized technical agroclimatic forums to help producers in predicting climate
changes and reducing production costs [36, 40].

Brazil is an impressive example of technological advancements stemming from
the Academia. The case of EMBRAPA (Brazilian Agricultural Research Corporation)
producing common bean resistant to viruses has garnered global attention for suc-
cessfully complying with over-regulated GMO legislation [45, 46]. Additionally, it
has commercial authorizations for cotton, maize, soybeans, sugarcane, wheat, and
eucalyptus. Brazil also stands out for generating new plant varieties obtained through
gene editing, positioning it as a regional leader in this field [47].

Argentina is a regional benchmark and promoter of the safe use of genetically
modified plants (and animals). The authorized commercial events include alfalfa,
cotton, maize, potato, safflower, soybeans, sugarcane, and wheat. Its legislation is the
result of consensuses that could serve as example for the development of similar laws
in other countries in the region. In 2023, 24 million hectares were planted, repre-
senting 12-13% of the global transgenic surface area. Argentina is positioned as the
third-largest producer of GM crops worldwide, behind the United States and Brazil.
Argentina was the first to market drought-resistant GM wheat [48].

Costa Rica actively participates in regional initiatives on biotechnology and
biosafety, and although it produces genetically modified cotton and soybean seeds,
they are entirely for export to the country of origin as the seeds are not allowed
for local consumption. Currently, about 1600 hectares of cotton and soybeans
are planted for the purpose of seed multiplication for export to the United States.
Despite this fact, research at public universities aims to obtain gene-edited rice with
drought tolerance [49].

Cuba faces important deficits in food security, importing maize and soybeans for
animal feed. Although they have produced GM plants, environmental debates have
hindered significant plantings. However, they have the potential to produce modified
plants, as they have the infrastructure and specialists to generate them [50].

Paraguay has authorized soybeans, maize, and cotton, showing a tendency toward
increasing the area of GM crops to occupy significant positions in commercial plant-
ing. Paraguay has a planting area of 4 million hectares of GM plants [36].

Bolivia is also a major cultivator of herbicide-resistant soybeans. Legal discussions
focus on the coexistence of GM maize with native varieties, considering the benefits
in crop yield and production costs [51].

Honduras is the only country in Central America that allows commercial pro-
duction and field trials of agricultural biotech crops, as it has allowed commercial
planting of maize and rice. GM maize is sold for internal consumption and exported
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to Argentina, Colombia, and United States, while it imports yellow corn and soybean
from the United States [52].

Panama has approved GM maize, although no data are available on the productiv-
ity of such commercial events [53].

3.3 Genetic improvement techniques

Genetically modified plants are species into which a gene encoding a novel trait
has been introduced; this genetic modification aims to increase or decrease the
expression of a gene or to introduce a gene encoding a novel trait. If the gene comes
from the same plant, it is termed intragenic; if it comes from another plant, cisgenic;
and if it comes from another species, transgenic [54, 55].

3.3.1 Process to obtain a genetically modified plant

Genetic modification conducted through genetic engineering differs from con-
ventional plant breeding in precision and specificity. The process of generating a
genetically modified crop can be divided into the following stages: 1. Identification
and characterization of the gene of interest encoding a new trait. This step involves
basic research showing the effectiveness and safety of the trait, such as drought
tolerance or pest resistance. 2. Cloning of the gene into a vector with plant regulatory
signals, typically using constitutive expression promoters in all plant tissues or dif-
ferential expression promoters to ensure the trait is present where needed. 3. Genetic
transformation and regeneration of the entire plant, involving the introduction
of the gene of interest into plant explants through various methods, with the most
used being Agrobacterium-mediated transformation and bioballistics. 4. Selection of
plants encoding the gene of interest, characterizing the number of copies and inser-
tion sites, transcriptional expression levels, and detection of the protein in tissues.

5. Efficacy assays under biosafety conditions and then in open-field trials. 6. Mass
multiplication of the variety and/or sexual crosses with compatible elite germplasm
for next field use (Figure 1) [54, 55].

The bottleneck in genetic transformation is the introduction of the recombinant
vector and the regeneration of transformed tissue. There are biological and physical
methods for introducing genes from any donor species, thus expanding the possibil-
ity of transferring novel traits. Among the most used tools are the natural genetic
engineer Agrobacterium, particle bombardment, protoplast transformation, and pol-
len magnetofection, among others [56]. Other transformation techniques have been
described; however, the limiting factor is the regeneration of the complete and fertile
plant. The biotechnologist selects the transformation tool based on the possibility of
regenerating a complete plant from a transformed explant [55, 56].

3.3.2 How to edit a plant genome

In recent years, the generation of improved plants via genome editing, also known
as New Breeding Techniques, has accelerated. The methodology involves the use of
enzymes that allow cutting the gene to be modified and enabling natural repair mech-
anisms to result in discrete base insertions or deletions during the repair of the dam-
aged chain. Different methods have been described, as zinc finger nucleases (ZFN),
transcription activator-like effector nuclease (TALEN), Meganucleases, although the
broadly used method is the CRISPR-Cas9 gene editing system, brilliantly developed
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Figure 1.

Process to obtain a genetically modified plant. 1. Identification and characterization of the gene of interest. 2.
Cloning of the gene into a plant expression vector. 3. Genetic transformation and regeneration. 4. Selection of GM

plants. 5. Efficacy assays and multiplication.

by Doudna and Charpentier [57]. It is also possible to provide a healthy DNA template
that serves as a reference for DNA repair and incorporates base changes into the target
sequence. It is particularly interesting to note that plants produced with the generated
mutations may be free of the editing tool used and be indistinguishable from plants
obtained by conventional mutagenesis, a method employed to obtain a large portion

of the plants we currently consume worldwide (Figure 2) [54].

Among the available genome editing tools, the use of the CRISPR-Cas9 strat-
egy has produced an impressive number of developments, stemming from both
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industry and academia. CRISPR-Cas9 stands for Clustered Regularly Interspaced
Short Palindromic Repeats and the nuclease Cas9. Originally identified as part
of a defense mechanism in some bacteria. The CRISPR-Cas9 system is a newly
developed plant breeding method that uses site-specific nucleases to target DNA
sequences [57]. This method allows modifications such as base insertion of dele-
tions, provoking gene silencing or editing using DNA templates for repair via
homologous recombination (HR), and even allows for transient gene silencing
or transcriptional repression. Currently, there is a diversity of editing vectors
that allow the design of ad hoc complexes, solely with the sequence of the gene of
interest. Once the nuclease guided by the complementary RNA has cut the DNA
sequence of interest, it must be repaired. If the break is repaired by the non-homol-
ogous end-joining (NHE]) mechanisms, the DNA will likely encode inserted or
deleted bases, resulting in permanent silencing of the target gene [54, 58]. Genome
editing can be DNA-free if the protein and RNA complex are provided directly into
the cells, thus eliminating the need to segregate the editing machinery in the next
generation. It is also possible to insert a DNA sequence, also known as “Knock-ins.”
For this purpose, a donor template encoding the new sequence must be provided,
allowing homology-directed repair to incorporate the new sequence. New CRISPR-
Cas variants are employed to regulate gene expression, epigenetic modifications,
and chromatin interactions [59].

According to the International Service for the Acquisition of Agri-biotech
Applications (ISAAA) reports in 2022, the market for plant breeding based on CRISPR
in Latin America is projected to increase from 2021 to 2028, with a compound annual
growth rate (CAGR) of 12.7% and is expected to reach USD 11.1 million by 2028 [40, 60].
Several international companies are expected to lead this regional development, although
numerous public and private universities and research centers are already developing
new genotypes, many of which contain insertions or deletions in target genes and are
indistinguishable from those obtained by conventional mutagenesis techniques, which
consumers are already used to acquiring as part of their diet.

3.4 Commercial developments of GM plants

Currently, the following genetically improved crops are commercially available
and have various new characteristics, ranging from those desirable for producers such
as resistance to biotic or abiotic stress, herbicides, to those attractive for consumers
such as improved oleic profile, flavor, and color (Table 1). Alfalfa, apple, Argentine
Canola, beans, carnation, chicory, cotton, cowpea, creeping bentgrass, eggplant,
eucalyptus, flax, maize, melon, papaya, petunia, pineapple, plum, Polish canola,
poplar, potato, rice, rose, safflower, soybean, squash, sugar beet, sugarcane, sweet
pepper, tobacco, tomato, and wheat [61, 62].

3.5 Plants obtained with edited genomes

Crops that have been genetically modified using nucleases for different purposes,
such as increased resistance to pests, herbicides, improved nutritional profiles, and
other desirable traits, are described below.

Soybean (Glycine max): Genes have been edited to confer resistance to pests,
diseases, and herbicides, as well as to improve nutritional content and yield [63].
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Trait

Cultivar

Introduced gene

2,4-D herbicide resistance

Cotton, maize, safflower, soybean

aad-1oraad-12

Altered lignin production

Alfalfa

ccomt (inverted repeat)

Anti-allergy

Rice

7crp

Coleopteran insect
resistance

Maize, potato

Cry34Abl, cry35Abl, mcry3A, mery3A,

dvsnf7, cry3Bbl, ipd079Ea, cry3A

Delayed fruit softening

Tomato

Pg (sense, antisense)

Delayed ripening/ Carnation, melon, pineapple Sam-k, acc, accd or anti-efe
senescence

Dicamba herbicide Argentine canola, cotton, maize, dmo

resistance soybean

Drought stress tolerance

Maize, soybean, sugarcane, wheat

cspB, Hahb-4, EcBetA, RmBetA

Enhanced photosynthesis/
yield

Maize, soybean

Zmm?28, bbx32

Enhanced Provitamin A Rice Crtl, psyl
content

Fertility restoration Argentine canola, maize Bar star or ms45
Foliar late blight resistance Potato Rpi-vntl
Glufosinate herbicide Argentine canola, chicory, Bar, pat,

tolerance cotton, maize, Polish canola, rice,

safflower, soybean, sugar beet
Glyphosate herbicide Alfalfa, Argentine & Polish cp4 epsps (aroA: CP4), gat4621,
tolerance canola, cotton, bentgrass, maize, goxv247.

potato, soybean, sugar beet,
sugarcane

Hemipteran insect Cotton mCry51Aa2
resistance

Imazamox herbicide Argentine canola AtAHAS
tolerance

Increased ear biomass Maize Athbl17
Isoxaflutole herbicide Cotton, soybean hppdPF W336
tolerance

Late blight disease Potato RB

resistance

Lepidopteran insect

Cotton, cowpea, eggplant, maize,

Cry1F, crylAc, crylF, vip3A(a),

resistance poplar, rice, soybean, sugar cane, cry2Ab2, crylAc, crylAb-Ac,
tomato,

Low gossypol Cotton dcs

Lowered free asparagine Potato asnl

Lowered reducing sugars Potato PhL, R1, VIinv

Male sterility Argentine canola, chicory, maize barnase

Mannose metabolism Maize, rice pmi

Mesotrione herbicide Soybean Avhppd-03

tolerance

Modified alpha-amylase Maize Amy797E
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Trait

Cultivar

Introduced gene

Modified amino acid

Maize

cordapA

Modified flower color Carnation, petunia, rose Dfr, hil (f3°5’h), bp40 (£3°5’h), dfr-
diaca, cytb5, 5SAT

Modified fruit color Pineapple b-Lyc, e-Lyc, Psy, acc

Modified oil/fatty acid Argentine canola, safflower, Te, Lackl-delta12D, Micpu-delta-6D,

soybean Pavsa-delta-4D, Pavsa-delta5D,

Picpaomega 3D, Pyrco-delta-5E,
Pyrco-delta-6E, OtDSE, OtD6D,
PirO3D, PID4D, PpD6E, PsD12D,
TeD4D, TcD5D, TpD6E, fad2.2, fatB,
gm-fad2-1, D6D

Modified starch/ Potato Gbss (AS)

carbohydrate

Multiple insect resistance Cotton, maize, poplar CpTI, ecry3, IAb, API

Nematode resistance Soybean cryl4Ab-1.b

Nicotine reduction Tobacco NtQPT1 (AS).

Non-browning Apple PGAS PPO suppression gene

Oxynil herbicide tolerance

Argentine canola, cotton, tobacco

bxn

Phytase production

Argentine canola

phyA, maize, phyA2, phy02

Reduced black spot

Potato

Ppo5

Sulfonylurea herbicide
tolerance

Carnation, cotton, flax, maize,
soybean

surB, S4-HrA, als, zm-hra, csr1-2,
gm-hra,

Tolerance to HPPD
inhibiting herbicides

Soybean

hppdPf4Pa

Viral disease resistance

Bean, papaya, plum, Ppotato,
squash, sweet pepper, tomato

Acl (sense and antisense), prsv_cp,

prsv_rep, ppv_cp, pvy_cp, plrv_orfl,
plrv orf2, cmv_cp, wmv_cp, zymv._cp.

Volumetric wood increase

Eucalyptus

cell

Modified from Ref. [61].

Table1.
Expressed traits in genetically modified (GM) cultivars.

Maize (Zea mays): Edited genes provide resistance to pests, such as corn borers and
corn rootworms, tolerance to herbicides, and enhanced nutritional quality [64].

Cotton (Gossypium hirsutum): Edited genes to increase fiber strength, as well as
tolerance to herbicides [65, 66].

Canola (Brassica napus): Genes have been edited to confer resistance to herbicides
and pests, along with modifications to improve oil content and quality [67].

Potato (Solanum tuberosum): Edited genes provide resistance to pests and diseases,
such as late blight, as well as improved nutritional traits and reduced bruising [68].

Tomato (Solanum lycopersicum): Genes have been edited to enhance traits like shelf
life, disease resistance, and nutritional content, including increased levels of antioxi-
dants and vitamins [69].

Apple (Malus domestica): Edited genes are used to reduce browning after slicing
and improve disease resistance [70].
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Rice (Oryza sativa): Genes have been edited to enhance traits such as pest and
disease resistance, tolerance to environmental stresses, and improved nutritional
content [71, 72].

Wheat (Triticum aestivum): Edited genes provide resistance to pests and diseases,
along with improved yield, nutritional quality, and tolerance to environmental
stresses [73].

Common mushrooms (Agaricus bisporus) with browning prevention (not a plant)
are commercially available [74].

4. Benefits of biotechnology products

Since their commercialization in 1996, the benefits related to increased plant pro-
ductivity, environmental impact, health, and poverty reduction have been documented
in countries that have adopted their cultivation. Over the period 1996 to 2020, the esti-
mated economic income increased by $261.3 billion US dollars, considering the main
crops (soybean, corn, cotton, and canola). This equates to an average farm income gain
across all GM crops grown in this period of about $112/ha. In 2020, the farm income
gains were $18.8 billion (average of $103/ha) [39]. The global adoption of GM cotton
also displayed a positive impact, as farmers registered a gross farm income gain of about
$134.8 million and in the 1997-2020 period [75]. Cost savings in Mexico represented a
29% increase in production compared to conventional varieties in the year 2000 [76].

In general terms, in 2008, the production of the four main crops in the world increased
by 29.6 million metric tons (10.1 million tons of soybeans, 17.1 million tons of maize, 0.6
million tons of canola, and 1.8 million tons of cotton) thanks to the cultivation of GM
crops [77]. Economic estimates in Argentina report revenues of $19.7 billion since the
adoption of herbicide-tolerant soybeans (1996-2006); $482 million for B. thuringiensis
(Bt) maize and $19.7 million for insect-resistant cotton in the period between 1998 and
2005, giving a total of $20.2 billion in gross revenues for these three crops in the coun-
try. Additionally, it is estimated that the adoption of herbicide-tolerant soybeans has
contributed to the creation of around one million jobs, being a 36% increase in employ-
ment rates in the period 1996-2006 [78]. The first example of drought-tolerant wheat
was developed in Argentina, and with the same technology, HB4 transgenic soybeans
were already approved for use in the United States, Brazil, Paraguay, Canada, and China
in 2022 [79]. Brookes (2022) analyzed for the Antama Foundation the agricultural envi-
ronmental impact of GM crops in the period 1996-2020, concluding they have benefi-
cially impacted global food, feed, and fiber production by almost one billion tons, with
areduction of its environmental footprint over 17%, calculated in a reduction of carbon
emissions by 39,100 million kilograms, saving 14,700 million liters of fuel, similar to
removing 25.9 million cars. From 1996 to 2020, the benefit of global net agricultural
income was $ 288.54 USD billion, equivalent to an average increase in income of $ 123
USD per hectare. Globally, insect-resistant cotton and maize crops increased yields by
an average of 17.7 and 14.5%, respectively, compared to conventional production of
equivalent crops. Over 25 years of grown GM crops, global production has increased by
330 million tons of soybeans, 595 million tons of maize, 37 million tons of cotton fiber,
15.8 million tons of rapeseed, and 1.9 million tons of sugar beet. If transgenic crops had
not been available to farmers in 2020, additional 11.6 million hectares of soybeans, 8.5
million hectares of maize, 2.8 million hectares of cotton, and 0.5 million hectares of
rapeseed would have been needed. These crops have allowed 23.4 million hectares not to
be dedicated to agriculture [39, 40].
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5. Desirable examples of improved plants in Latin America

Several plant cultivars could benefit from improvement through gene editing
or other breeding techniques to address specific challenges faced by farmers in the
region. Cultivars that could be targeted for improvement include:

Maize is a staple crop in Latin American countries, improving traits, such as
drought tolerance and resistance to may beetles (Phyllophaga spp.), could signifi-
cantly benefit farmers. In addition, a desirable trait is the resistance to infestation by
Aspergillus spp. in stored seeds, while the high accumulation of aflatoxins in stored
maize is currently provoking health problems in consumers.

Soybean cultivation is widespread in Latin America, and enhancing traits, such
as herbicide tolerance, reduction of infestation by white fly, and resistance to fungal
pests, caused by Phakopsora pachyrhizi could lead to increased productivity and
profitability for farmers.

Rice is an essential food crop in Latin America, improving its tolerance to flood-
ing or drought could help ensure stable rice production in the region. Golden rice
produced through genetic engineering to biosynthesize beta-carotene, a precursor
of vitamin A, is a highly desirable development in the region, mainly for children,
pregnant women, and elderly population. This crop started to be grown in 2021 in
the Philippines, the first country in the world to approve Golden Rice for commercial
propagation [80].

Beans are a valuable source of protein and nutrients in Latin American diets.
Enhancing productivity could contribute to improving food security and nutrition
for local communities. In addition, softer beans would be desirable, as they need to
be cooked for longer times to be edible. The hardness of the seeds is discouraging the
population from consuming beans, due to the time and energy spent to cook the seeds.

Potatoes are an important staple crop not only in countries like Peru and Bolivia,
but are also highly consumed in the region. Improving traits, such as disease resis-
tance, drought tolerance, resistance to nematode infestation, and yield potential,
could help safeguard potato production and enhance farmer livelihoods.

Wheat cultivation is expanding in Latin America, improving traits such as yield,
disease resistance, and tolerance to heat and drought could support sustainable
production in the region. The International Maize and Wheat Improvement Center
(CIMMYT) in Mexico is performing an impressive work in providing new genotypes
of wheat, maize, and other cultivars adapted to the region [81].

Cotton cultivation is significant in Mexico, Brazil, and Argentina, enhancing traits
such as lepidopteran pest resistance, fiber quality, and drought tolerance could sup-
port the textile industry, in which the postharvest technology is well established.

Sugarcane is an important crop for sugar production and biofuel, as proven
by Brazil for many years, with positive impacts on economy and environment.
Improving traits such as yield, disease resistance, and drought tolerance are desirable,
as well as the adoption of ethanol and other more energetic alcohols in the region.

Coffee is a vital cash crop in many Latin American countries. Enhancing traits such
as yield, disease resistance, coleopteran resistance, and tolerance to climate change
could help coffee farmers adapt to changing environmental conditions and market
demands. The infestation by nematodes is also a concern in coffee-growing areas.

Bananas are important food crops in Latin America. Improving fungal disease
resistance is a key request in the region, currently threatened by Fusarium oxysporum
f.sp. cubense tropical race 4. In addition, postharvest shelf life could help ensure stable
production and supply during its value chain.
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Pepper is an important crop in Mexico, but also appreciated worldwide nowadays.
Insect pest resistance is the most urgent request, including resistance to viral infec-
tion, vectored by insects.

Cassava is a staple food around the world, adopted in Latin America, the culinary
use of cassava roots and leaves is held back by the presence of cyanogenic glycoside
compounds. Improved cassava with lower content of these harmful substances is in
demand in the region.

6. Conclusions

Twenty-eight years after the appearance of genetically modified crops, a signifi-
cant number of them have been released for commercial production with satisfactory
results worldwide; proving their quality, safety, and absence of environmental effects.
Latin America is a region with asymmetrical adoption of biotechnology products,
although with specific demands due to preferences in its diet. Access to biotechnol-
ogy products also needs to foster national research capacity to generate, evaluate,
and adapt innovations according to local needs, support academic groups and public
institutions in the country, have clear and appropriate regulations with reliable and
transparent biosafety procedures, and have adequate intellectual property rights
policies, as well as the integration of academic, industrial, and governmental actors in
decision-making regarding the implementation, development, and commercializa-
tion of genetically improved crops.
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Chapter 6

Genetically Modified Organisms in
Urological Cancer

Le Qu, Cheng Chen, Yaoming Li and Xin Pan

Abstract

Genetically modified organisms (GMOs) have become indispensable tools in
pre-clinical research for urological cancer. Through genetic engineering techniques,
researchers can modify the genetic composition of organisms, enabling the creation
of appropriate experimental animal models that provide a deep insight into the
mechanisms of tumorigenesis, progression, and potential therapeutic strategies
for urological cancer. In this chapter, we provide a comprehensive overview of the
current status of research utilizing GMOs in the investigation of prostate cancer, renal
cancer, urothelial cancer, and other urological cancers. Topics covered the develop-
ment of different genetically modified animal models, and the application of these
models in urological cancer research. In addition, the limitations of GMOs in cancer
research will be discussed.

Keywords: genetically modified organisms, renal cancer, prostate cancer, urothelial
cancer, transgenic animal models

1. Introduction

Urological malignancies, including cancers of the prostate, bladder, kidney, and
other organs of the urinary system, pose a rapidly increasing global cancer burden [1].
In 2020, Global Cancer Observatory (GLOBOCAN) data indicated that over 2.5
million individuals were diagnosed with malignant tumors of the urinary system,
resulting in nearly 800,000 deaths [2]. Prostate cancer accounts for 29% of all new
cancer diagnoses among men, as per the American Cancer Society, with bladder, kid-
ney, and renal pelvis cancers also ranking in the top 10 for incidence. Among women,
renal cancer is the 9th most common cancer [3]. Despite advances in diagnostics and
treatments, the outlook for patients with advanced urological cancers remains bleak
[4-9], underscoring the critical need for more research into their pathogenesis and
treatment options.

The use of genetically modified organisms (GMOs), through transgenic technol-
ogy, has revolutionized biology and medical research [10, 11]. Genetically modified
animal models, in particular, have become indispensable for studying intricate
biological processes, including development, aging, and disease progression [12-15].
These models stand out from other animal models by more accurately mimicking the
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genetic and pathological aspects of human urological cancers. Notably, some of these
models can spontaneously develop metastatic disease, facilitating study of the micro-
environment at various stages of tumor metastasis. They also allow for the assessment
of therapeutic effects and the validation of drug targets across different stages of the
disease [16-18].

This chapter provides a comprehensive review of the utility of GMOs, particularly
genetically modified animal models, in uncovering the pathogenesis of urological
cancers and identifying new therapeutic strategies or drug targets.

2. GMOs as essential models in urological cancer research
2.1 Prostate cancer (PCa)
2.1.1 TRAMP model

The transgenic adenocarcinoma of the mouse prostate (TRAMP) model, first
reported by N. M. Greenberg in 1995 [19], employs transgenic technology to intro-
duce the androgen-dependent, prostate tissue-specific protein rat probasin (rPB)
into fertilized mouse eggs. This process inactivates tumor suppressors p53, retino-
blastoma 1 (Rbl), and protein phosphatase 2A (PP2A) in the prostate, leading to
PCa development in mice [20, 21]. Characterized by its clinicopathological features
and widespread metastasis, the TRAMP model is considered the most detailed PCa
model available. By 8 weeks, TRAMP mice show abundant Simian Virus 40 (SV40)
large T-antigen markers in the dorsolateral lobes of the prostate, progressing from
low-grade to high-grade prostatic intraepithelial neoplasia by 10 weeks. At 12 weeks,
distant metastasis begins, with all mice developing metastatic PCa by 28 weeks—a
100% tumor formation rate [22, 23]. Metastases occur in various locations, predomi-
nantly in the dorsolateral lobe of the prostate [24]. Due to its extensive metastatic
spread [25, 26], the TRAMP model is pivotal for studying PCa’s pathogenesis and
metastatic behavior [27].

2.1.2 LADY model

The LPB promoter driving the large T-antigen (LADY) model, using the large PB
promoter (LPB) to express SV40 Large T-antigen (Tag) without the small t-antigen,
contrasts with the TRAMP model to highlight neuroendocrine differences in metastatic
lesions [28, 29]. It demonstrates progression from prostatic intraepithelial neoplasia
(PIN) with neuroendocrine features to invasive neuroendocrine carcinoma [30].
Metastatic lesions appear at one site by 6 months and at multiple sites by 9-10 months,
yet only 14% develop bone metastases. The model typically shows metastasis to lymph
nodes, liver, lung, spleen, kidney, and occasionally bones [29, 30] but exhibits limited
PCa cell proliferation and less invasiveness compared to TRAMP. It serves as an effective
model for studying early PIN changes and tumor stroma [31, 32], making it suitable for
exploring the mechanisms of neuroendocrine PCa (NEPC) [28].

2.1.3 Other SV40 T-antigen

Beyond the commonly used TRAMP and LADY models, other transgenic models
have been developed using SV40 large T-antigen and small t-antigen, combined with
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various promoters. Jeffrey E. Green et al. introduced a C3(1) initiator to express SV40
large T-antigen, creating the first PCa genetically modified animal model [33, 34].
This model causes female mice to develop breast cancer at 6 months and male mice

to develop prostate hyperplasia by 8 months, which can progress to PIN and PCa,
occasionally metastasizing to the lung and bone [35]. This genetically modified
animal model facilitates the study of hormone response components iz vivo, as well as
the multistage progression from normal tissue to PCa [36, 37].

Jeffrey I. Gordon et al. developed a model for metastatic PCa using the Cryptidin-2
gene promoter to direct expression of SV40 large T-antigen in prostate neuroendocrine
cells, leading to neuroendocrine PCa [38]. The model mice developed PIN at 8 weeks,
followed by invasive cancer within 2-4 weeks and metastasis to lymph nodes, liver, lung,
brain, and bone within 16 weeks [39]. The tumors were androgen-independent, reca-
pitulating multiple histopathological features of human PCa while avoiding androgen
dependence on neuroendocrine cancer evolution [40, 41]. Compared to the TRAMP
model, this model has a shorter tumor induction period and provides new biomarkers
for clinical diagnosis of PCa neuroendocrine differentiation.

Jim W. Xuan et al. utilized the knock-in technique, using the prostate secretory
protein 94 amino acid (PSP94) gene promoter/enhancer to target and regulate mouse
prostate-specific expression of SV40 large T/small t-antigen, establishing a new
PCa model, prostate secretory protein-knock-in mouse adenocarcinoma prostate
(PSP-KIMAP) [42, 43]. This model recapitulates aspects of human PCa, with PIN
observed around 10 weeks, progressing to invasive adenocarcinoma by 24 weeks and
accompanied by distant metastases to lymph nodes, lungs, and liver [40]. Compared
to TRAMP and LADY models, PSP-KIMAP more accurately simulates human PCa
development, exhibiting more stable phenotypes and precise prostate tissue targeting
[30, 44]. While the PSP-KIMAP study is not comprehensive, it is worth acknowledg-
ing for replicating PCa and serving as a valuable addition to other models, holding
broad application prospects.

2.1.4 Pten

Phosphatase and tensin homolog deleted on chromosome ten (Pten) gene, a sig-
nificant tumor suppressor, is often deficient in various human cancers [45]. In human
PCa, Pten deletion is found in 23% of high-grade PIN (HGPIN), 69% of localized
cases [46], and 86% of metastatic castration-resistant PCa (CRPC) [47]. This defi-
ciency underscores Pten’s crucial role in PCa initiation, leading to the development of
Pten-deficient mouse models. Shun you Wang et al. created a model with prostate-
specific Pten deletion, revealing that heterozygous mice developed PIN at 10 months,
while homozygous deletion resulted in invasive adenocarcinoma by 9 weeks, with
metastasis by 12 weeks [48]. However, tumors also appeared in non-prostate tissues
[49-51], which could limit the model’s specificity for PCa research.

Researchers have explored the role of interleukin-17 (IL-17) in PCa using these
models, shedding light on the tumor microenvironment [52, 53]. They also investi-
gated the interaction between tumor suppressors Rb and Pten using double mutant
mice with cyclin-dependent kinase (Cdk) inhibitor p18Ink4c and Pten knockout [54].
Results show that double mutant mice have faster and more extensive tumor growth
in the prostate anterior and dorsolateral lobes [54]. Additionally, loss of Nkx3.1,
combined with Pten deficiency, significantly increases HGPIN incidence, mirroring
early stage human PCa [55, 56]. Similarly, DePinho et al. found that prostate-specific
deletion of Pten (Pten P*”'~) and prostate-specific deletion of Smad4 (Smad4 P*'~)
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in mouse models exhibited highly invasive characteristics with deep lymphatic and
pulmonary metastases [57]. Based on these findings, the Pten P*~'~/Smad4 P*”'~ mouse
model was constructed and applied to research on combinations of hypoxia-activated
prodrug TH-302 and checkpoint blockade [58]. They found that the combination of
TH-302 and checkpoint blockade significantly increased the survival of Pten P~/
Smad4 P~ mice [58]. Moreover, Xin Lu and colleagues also utilized this model

to reveal potential pathways for improving immunotherapy in advanced prostate
cancer through Pygo2 (Pygopus2 (Pygopus family plant homeo domain (PHD)
finger 2))-targeted treatment [59]. Additionally, a model with Pten deletion and
speckle-type pox virus and zinc finger protein (Spop) mutation demonstrated the
role of Spop mutations in activating phosphatidylinositol-3-kinase/mammalian
target of rapamycin (PI3K/mTOR) and androgen receptor (AR) signaling, advanc-
ing the understanding of PCa progression [60]. The Pten/Kras (Kirsten rat sarcoma
viral oncogene homolog) model reported by David J. Mulholland et al. was found

to accelerate prostate cancer progression due to Pten deficiency, with concomitant
epithelial-mesenchymal transition (EMT) and extensive metastasis [61].

2.1.5 Myc

Previous studies have suggested that upregulation of Myc may be a critical driving
event in the onset and progression of human PCa [62, 63]. Charles L. Sawyers and his
team created transgenic mice expressing human c-Myc in the prostate [64], catego-
rized into Hi-Myc and Lo-Myc groups based on androgen sensitivity, with Hi-Myc
being androgen-sensitive. The Hi-Myc mice showed accelerated PIN progression
compared to the Lo-Myc group [64]. Despite its advantages, the model’s lack of trans-
ferability is a significant limitation [64]. Interestingly, concurrent Myc overexpression
and Pten deficiency in mice resulted in aggressive adenocarcinomas with distant
metastases. The research on this animal model has confirmed that Homeobox protein
Hox-B13 (Hoxb13) played a pivotal role in the causation of prostate cancer [65, 66].
Combining Hi-Myc mice with PB-Hepsin mice reduced adenocarcinoma progression
from 24 to 12 weeks [67]. However, studies show that mTOR inhibitors are ineffective
against Myc overexpression mice, suggesting that they may be contraindicated in Myc
overexpression PCa patients [68]. Given Myc’s early amplification in PCa [62, 69], the
Myc transgenic model serves as a foundational tool for studying genetic alterations in
PCa progression, often used in conjunction with other PCa-related genes.

N-Myc and L-Myc, members of the Myc family, play roles in PCa development
and progression. Mycl amplification is observed in precancerous lesions and early
tumors [70], whereas N-Myc is associated with aggressive castration-resistant PCa
(CRPC) and NEPC [71]. Etienne Dardenne et al. established a transgenic mouse
model overexpressing N-Myc and identified it as an oncogenic driver of NEPC [72].
This model suggests that AR signaling is abolished and Polycomb Repressive Complex
2 (Ezh2) signaling is induced [72]. The model helps identify and validate potential
therapeutic targets for treating NEPC, such as Ezh2 and Aurora A kinase.

2.1.6 Cdcp1

Abdullah Alajati et al. developed a mouse model of prostate cancer (PCa) that
overexpresses CUB domain-containing protein 1 (Cdcpl, 73]. In this model, 50% of
mice exhibited prostate hyperplasia within 4-6 months, which progressed to PIN by
7-9 months and to HGPIN by 14 months [73]. The simultaneous overexpression of
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Cdcpl and knockdown of Pten markedly accelerated the development of metastatic
PCa in these mice. Utilizing this model, the researchers identified promising drug
treatment strategies for combating metastatic PCa [73].

2.2 Renal cancer

Research highlights the critical tumor-suppressing role of von Hippel-Lindau
(Vhl) in clear cell renal cell carcinoma (ccRCC) development [74], notably at
tumorigenesis’ initial stages [75]. While modern sequencing technologies corroborate
this [76], studies indicate that Vhl loss alone does not suffice to induce renal cell car-
cinoma (RCC) [77-81]. This insight has led researchers to combine Vhl deletion with
other oncogenic modifications, aiming to develop an optimal renal cancer model.
Following Vhl, Polybromo 1 (Pbrm1) emerges as the second key suppressor gene in
renal cancer, with about 40% of ccRCC cases involving Pbrm1 mutations [82-84].
Interestingly, single knockdown of Pbrm1 by some researchers through knockout
technology did not result in the expected renal cancer model. However, discoveries of
ccRCC with combined mutations in Vhl and Pbrm1 [83, 85], and metastatic ccRCC
with mutations in both Brcal-associated protein 1 (Bapl) and Pbrm1 [85, 86], suggest
ccRCC may require simultaneous knockdown of two or more genes.

2.2.1 Vhl/Pbrm1

Amrita M Nargund and colleagues have developed a ccRCC mouse model by knock-
ing out both Vhl and Pbrm1 genes via the Ksp-Cre method [87]. This model not only
led to renal cyst formation but also successfully induced ccRCC. Mice deficient in both
Vhl and Pbrm1 showed a 30% incidence of preneoplastic polycystic kidney diseases by
6-9 months and a 50% ccRCC incidence by 10 months [87]. Similarly, Yi Feng Gu’s team
created a double knockout model using Paired Box 8 (Pax8)-Cre, resulting in about 85%
of mice developing extensive tumors by 9 months, escalating to 100% by 13 months [88],
with tumors eventually nearly replacing the kidneys by 16 months [88]. The Vhl/Pbrm1
model serves as a valuable tool for exploring the molecular dynamics of Vhl and Pbrm1
mutations and for conducting drug efficacy tests.

2.2.2 Vhl/Bapl

Subsequent research identified the Bapl gene as significantly associated with ccRCC,
ranking it as the third most important ccRCC-associated gene with a mutation rate of
approximately 15% [83, 85, 89]. Bapl mutations are linked to higher-grade ccRCC, con-
trasting with the lower-grade associations of Pbrm1 mutations. Shan Shan Wang et al.
initially attempted a simultaneous Vhl/Bapl deletion using Six2-Cre, but mice with Bapl
deficiency died within a month of birth [89]. Later, Yi Feng Gu et al. successfully created
a'Vhl/Bapl deletion model with Pax8-Cre, which, alongside the Vhl-Pbrm1 model,
elucidates the role of these genes in ccRCC formation and tumor grading. Bapl-deficient
tumors tend to be of higher-grade compared to Pbrm1-deficient tumors [88, 90].

2.2.3 Vhl/Trp53/Rb1

Sabine Harlander and colleagues developed a new ccRCC mouse model by deleting
Vhl, transformation-related protein 53 (Trp53), and Rbl in renal epithelial cells [91].
This model provides a basis for studying hypoxia-inducible factor-alpha (HIF-a)
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inhibition as a potential ccRCC treatment and offers a platform for drug screening
and testing new therapies [91]. However, such triple gene inactivation is rare in
human ccRCC, and the model does not exhibit metastases to lung, liver, bone, or
brain, highlighting its limitations.

2.2.4 Myc/Vhl/Cdkn2a

Sean T. Bailey and his team created a metastatic renal cancer model by over-
expressing Myc and deleting Vhl and cyclin-dependent kinase inhibitor 2A
(Cdkn2a), mimicking human ccRCC [92]. Remarkably, about one-third of the mice
developed liver metastases [92]. However, the combination of Vhl and Cdkn2a
loss, along with Myc activation, is relatively rare in humans, limiting the model’s
representativeness [92].

2.2.5Flen

The folliculin (Flcn) gene, identified from a Birt-Hogg-Dube syndrome (BHD)
patient [93, 94], plays a role in causing BHD syndrome, which includes RCC among
other diseases. Initially established whole-body Flcn knockout homozygote mice died
at the embryonic stage, whereas heterozygous mice had a very late onset of disease
with a low and erratic morbidity rate [95-97]. Using Ksp-Cre, researchers established
an Flen-deficient model that successfully mimics RCC [98-100], showing 100%
renal cyst incidence and about 70% tumor incidence within 6-7 months [100]. Thus,
the Flcn-deficient model can be utilized for molecular mechanism studies and drug
testing and screening in renal cancer. Unfortunately, there is a diversity of histologic
subtypes of RCC observed in this model, and it is not yet possible to determine
whether there are other factors that determine the histologic type of RCC in this
model, a question that remains to be investigated.

2.2.6 Other renal cancer models

Zachary S. Morris et al. developed a genetic mouse model with neurofibromatosis
type 2 (Nf2) knockout using Villin-Cre [101], observing renal cell hyperplasia and
cysts at 15 days, and small renal tumors by 3 months that progressed to invasive
renal cancer by 6 to 10 months. This model also exhibited elevated epidermal growth
factor receptor (Egfr) expression, indicating that Nf2 inactivation activates the Egfr
signaling pathway, promoting renal cancer development [101]. Although Nf2 is not
primarily associated with renal cancer, this model presents an early onset opportunity
for studying Nf2-related renal cancer pathogenesis and drug screening.

Lorraine J. Gudas et al. reported a mouse model for Vhl renal cancer known as the
TRAnsgenic model of Cancer of the Kidney (TRACK). This model is characterized by
the specific expression of mutant hypoxia-inducible factor 1-alpha (Hifla) in the renal
proximal tubule cells, closely mirroring many early stage features of ccRCC [102].

Alessia Calcagni et al. created the first genetic animal model of renal cancer
with transcription factor EB (Tfeb) overexpression using cadherin 16 (CDH16)-
Cre [103]. This model sheds light on the mechanism of TFE-fusion RCC and
suggests a therapeutic approach targeting the Wingless/integrated (WNT)
pathway [103]. However, the model mice developed severe renal impairment, an
outcome not commonly seen in humans, which may limit the model’s utility for
therapeutic exploration.

108



Genetically Modified Organisms in Urological Cancer
DOI: http://dx.doi.org/10.5772/intechopen.1005472

Qiang Hua Hu et al. produced a Wilms tumor (WT) mouse model by increas-
ing Igf2 expression and eliminating WT1, making it the only WT transgenic mouse
model closely resembling human tumors [104]. Visible tumors appeared at 9 weeks,
providing a valuable tool for testing therapeutic strategies [105].

2.3 Urothelial cancer (UC)

The uroepithelium, one of the body’s slowest-renewing epithelia, undergoes
unique biological transformations. Oncogene inactivation or activation plays a
crucial role in bladder tumorigenesis [106]. With gradual clarification of UC-related
molecular mechanisms and maturing molecular biology techniques, GMOs have
been successfully established, better reproducing human UC biological behavior at
the molecular level. GMOs are widely used to study specific gene functions of Hras
(Harvey rat sarcoma viral oncogene homolog), P53, Pten, Rb, fibroblast growth factor
receptor 3 (Fgfr3), and epidermal growth factor receptor (Egfr) in bladder cancer
development [107].

2.3.18V40 T-antigen

Zhong Ting Zhang et al. developed a transgenic mouse model in 1999 using the
uroplakin I (UpII) promoter to express SV40 T-antigen urothelially [108]. This model
showed that both low and high copy number SV40T transgenic mice develop bladder
carcinoma in situ (CIS), with high copy number mice progressing to invasive and
metastatic transitional cell carcinoma (TCC) [108]. Francisco Ayala de la Pefia et al.
later created a model using UPK II-Cre that did not progress to invasive tumors [109].

2.3.2 Hras

Hras, the first oncogene identified in human UC [110], led Zhong Ting Zhang
etal. in 2001 to establish a mouse model activating Hras in the uroepithelium. This
resulted in urothelial hyperplasia and superficial papillary non-invasive bladder
tumors [111]. They found that low copy number Hras transgenic mice developed non-
invasive lesions, whereas high copy number mice died by 5 months, highlighting the
RAS pathways role in developing low-grade, non-invasive papillary UC [111].

2.3.3P53

P53, crucial for uroepithelial cell growth control [112], is frequently mutated
or deleted in human UC [113]. Jing Gao and his team have demonstrated that the
complete loss of p53 is a prerequisite for the activation of Hras to promote the genera-
tion of UC via a model constructed by hybridizing active Hras transgenic mice with
p53-deficient mice [114]. In addition, Anna M. Puzio-Kuter et al. have shown that
combined deletion of p53 and Pten in bladder epithelial cells leads to invasive cancer
in a novel mouse model that provides a validating tool to study mTOR inhibitors for
the treatment of invasive UC [115].

2.3.4 Pten

Chao Nan Qian and colleagues created a model by specifically knocking out Pten
in kidney epithelial cells using Ksp-Cre [116]. About 57% of these mice developed UC
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of the renal pelvis by 12 months, with significantly increased phosphorylated mTOR
levels, suggesting mTOR inhibitors as effective treatments [116].

2.4 GMOs of other urological cancers

Testicular germ cell tumors (TGCTs), the predominant form of testicular cancers
among young men, originate from germ cells [117]. James A. Gill et al. developed
TGCT in zebrafish by expressing SV40 large T-antigen under the pufferfish lympho-
cyte-specific protein tyrosine kinase (Flck) promoter, observing TGCT development
after a latency of up to one year. Additionally, overexpression of the stem cell leuke-
mia (Scl) gene in zebrafish testis also led to TGCT [118]. These findings demonstrate
the viability of studying TGCT in vivo. Earlier mouse models were limited to benign
tumors, not reflecting the malignant TGCT more commonly seen in young men
[119-121]. Amy M. Lyndaker et al. constructed a mouse model of malignant TGCT
by localizing Kras activation and Pten inactivation in mouse premeiotic germ cells
(122, 123].

Penile cancer, a rare urinary system malignancy, is often preceded by penile
intraepithelial neoplasia (PeIN), a precancerous lesion linked to human papil-
lomavirus (HPV) [124, 125]. Beatriz Medeiros Fonseca and colleagues introduced
the first mouse model mimicking HPV-related penile cancer [126]. This model was
created by treating 10-week-old HPV16 transgenic mice with dimethylbenz(o)
anthracene (DMBA) over a 16-week period, leading to the development of HPV-
associated penile cancer traits similar to those observed in humans, such as con-
dylomas and PeIN [126]. Their pioneering research has paved the way for further
studies into the underlying mechanisms and potential treatment options for penile
cancer.

3. Challenges and limitations of GMOs

Advances in genome editing, such as clustered regularly interspaced short
palindromic repeats/CRISPR-associated protein 9 (CRISPR/Cas9) [127], face
challenges like off-target effects and exogenous mutations, complicating the
maintenance of transgenic models and impacting research. The complexity of gene
regulation in urological cancer adds to the difficulty of creating accurate models.
These challenges hinder the broader application of transgenic models in urological
cancer research. Ethical and safety considerations of GMOs also demand careful
attention.

4. Potential development trends of GMOs

Improvements in CRISPR/Cas9 and the advent of new editing techniques
like the National Institute for Cancer Epidemiology and Research (NICER) and
AsCas12f promise enhanced transgenic model efficiency and accuracy [128, 129].
Future urologic oncology research may benefit from interdisciplinary collaboration
and integrating technologies like three-dimensional (3D) printing and artificial
intelligence (AI), potentially revolutionizing our understanding of urological
tumors.
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Cancer type Model Time of penetrance, Pathology Characteristics References
Prostate cancer TRAMP 10 weeks: LGPIN to HGPIN First autochthonous [19]
12 weeks: distant metastasis begins mouse model of PCa
28 weeks: 100% metastatic tumor
formation
LADY 6 months: metastatic tumor at Less invasiveness [28]
one site
9-10 months: metastatic tumor at
multiple sites (14% bone)
C3(1) 8 months: prostate hyperplasiaeven =~ Hormone response [33]
PIN and PCa components in vivo
Cryptidin-2 8 weeks: PIN Shorter tumor [38]
10-12 weeks: invasive cancer induction period
Within 16 weeks: metastasis to
lymph nodes, liver, lung, brain,
and bone
PSP-KIMAP 10 weeks: PIN More accurately [42]
24 weeks: invasive AD simulates human PCa
accompanied by distant metastases
to lymph nodes, lungs, and liver
Pten Pten*’ Tumors also appeared [48]
10 months: PIN in non-prostate tissues
Pten™'"
9 weeks: invasive AD
12 weeks: metastasis
Pten/p18Ink4c 9 months: Faster and more [54]
Pten*/” /p18~/- extensive PCa growth
HGPIN
12 months:
Pten*/” /p18*/-
HGPIN or carcinoma
Pten/Nkx3.1 26-52 weeks: 60% HGPIN Mirror early stage [55,130]
52 weeks: 100% HGPIN human PCa
>52 weeks: 84% AD, 25% lymph
node metastasis
Pten/Smad4 7 weeks: Highly invasive [571
LGPIN
11 weeks: invasive PCa
15 weeks: highly aggressive PCa
32 weeks: 100% lymph node, 12%
lung metastasis
Ptne/Kras 10 weeks: PIN EMT and stem-like [61]
20 weeks: AD features
40 weeks: Death
Hi-Myc >13 weeks: PIN Accelerated PIN [64]
>26 weeks: AD progression
Hi-Myc/PB-Hepsin 4.5 months: invasive AD Higher-grade AD [67]
N-Myc/Pten NEPC Abolish AR signaling [72]
Cdcpl 4-6 months: prostate hyperplasia SRC/MAPK pathway [73]
7-9 months: PIN activation

14 months: HGPIN
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Cancer type Model Time of penetrance, Pathology Characteristics References
Renal cancer Vhl/Pbrm1 Ksp-Cre Valuable tool for [87]
6-9 months: 30% preneoplastic ccRCC research
polycystic kidney
10 months: 50% ccRCC
Pax8-Cre
9 months: 85% ccRCC
13 months: 100% ccRCC
13 months: tumor nearly replace
kidney
Vhl/Bapl Six2-Cre: die within a month of Higher-grade tumors [88]
birth
Pax-8cre: different grades of ccRCC
Vhl/Trp53/Rbl 10 of 25 develop a total of 64 No metastasis [91]
tumors
Myc/Vhl/Cdkn2a one-third of the mice developed Rare in human ccRCC [92]
liver metastases
Flcn 6-7 months: 100% renal cyst, 70% Diversity of histologic [100]
tumor subtypes
Nf2 15 days: renal cell hyperplasia and Nf2-related renal [101]
cysts cancer
6-10 months: invasive renal cancer
TRACK ccRCC Hifla activation [102]
Tfeb TFE-fusion RCC First genetic animal [103]
models of RCC
Igf2 WT The only WT [104]
transgenic mouse
model
Urothelial SV40 T-Antigen low copy number: CIS Develop bladder CIS [108]
cancer high copy number: metastatic TCC and TCC
Hras low copy number: urothelial RAS pathway [111]
hyperplasia, superficial papillary activation
non-invasive bladder tumors
P53/Pten Invasive cancer NA [115]
Pten 12 months: 57% UC Develop UC of the [116]
renal pelvis
Testicular germ  SV40 T-antigen >1year: TGCT Develop TGCT in [118]
cell tumors zebrafish
Scl TGCT NA [118]
Kras/Pten TGCT NA [122]
Penile cancer HPV16 16 weeks: condylomas and PeIN First mouse model [126]
mimicking HPV-
related penile cancer

Abbreviations: PIN prostatic intraepithelial neoplasia; PCa prostate cancer; NEPC: neuroendocrine prostate cancer;
LGPIN: low-grade prostatic intraepithelial neoplasia; HGPIN: high-grade prostatic intraepithelial neoplasia; AD:
adenocarcinoma; AR: androgen receptor; ccRCC: clear cell renal cell carcinoma; WT: Wilms tumor; CIS: carcinoma in
situ; TCC: transitional cell carcinoma; UC: urothelial cancer; TGCT: testicular germ cell tumor; NA: not applicable;

PelN: penile intraepithelial neoplasia.

Table 1.

Commonly GMOs in urological cancers.
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5. Conclusions

In conclusion, these GMOs have greatly aided understanding of urological can-
cers’ etiology, progression, and metastasis, and are critical for testing novel drug
targets, and assessing treatment responses (Table 1). They promote urological cancer
research and allow researchers to choose suitable models for deep exploration in their
fields.
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Chapter7

Gene Therapy for
Hypophosphatasia: Current
Management and Future

Tae Matsumoto, Sonoko Narisawa, José Luis Milldn
and Koichi Miyake

Abstract

This review provides a comprehensive overview of hypophosphatasia (HPP),
arare genetic disorder marked by defective bone and teeth mineralization due to
mutations in the ALPL gene. It reviews the evolution of HPP treatment, from early
symptomatic management methods to the latest therapeutic approaches, emphasizing
significant milestones achieved over time. In addition, this review delves into gene
therapy’s historical development, outlining its successes and challenges. Furthermore,
it presents a detailed analysis of why this innovative therapy holds promise for HPP,
focusing on its efficacy in correcting the underlying biochemical defects and signifi-
cantly improving patient outcomes. Moreover, the review discusses future research
directions, highlighting the critical need for ongoing innovation and rigorous clinical
trials to further enhance the efficacy and safety of gene therapy for HPP. Continuous
research is essential to developing more effective treatments and ultimately improv-
ing the quality of life for patients affected by this debilitating condition.

Keywords: Hypophosphatasia, alkaline phosphatase, therapeutics, progress, genetic
therapies, adeno-associated virus vector

1. Introduction

Hypophosphatasia (HPP) is a rare genetic disorder characterized by defective
mineralization of bones and teeth due to low activity of the tissue-nonspecific
alkaline phosphatase (TNAP) isozyme, encoded by the ALPL gene. The severe forms
of HPP primarily exhibit autosomal recessive inheritance, whereas the milder forms
predominantly exhibit autosomal dominant inheritance. Symptoms vary widely from
embryonic to adult onset, depending on the levels of residual alkaline phosphatase
(ALP) activity. The disorder is classified into six types: perinatal, benign prenatal,
infantile, childhood, adult, and odontohypophosphatasia [1, 2].

Inorganic pyrophosphate (PPi), a calcification inhibitor, is typically hydrolyzed
by TNAP. Elevated PPi levels in the plasma of patients with HPP prevent hydroxy-
apatite mineral precipitation and growth. Another substrate of TNAP is pyridoxal-
5’-phosphate (PLP), which is essential for a wide range of biochemical reactions,
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including neurotransmitter synthesis [3]; its deficiency in the brain can cause vitamin
B6-dependent convulsions [2]. In addition, urinary phosphoethanolamine (PEA)
levels are elevated in patients with HPP, aiding in the diagnosis of HPP. However, the
clinical significance of PEA levels and the affected metabolic pathways remain unclear.

The incidence of severe HPP is reported to be 1/100,000 people in North America
[4], 1/300,000 people in Europe [5], and 2-3/1,000,000 people in Japan [6, 7],
whereas the nonlethal forms are more prevalent. Actual prevalence of HPP is possibly
higher than previously reported, as clinical symptoms are less prominent in certain
individuals, while the same mutations cause severe phenotype in other patients.
Additionally, many patients with minor illnesses may remain undiagnosed [8, 9]. For
example, the del1559 mutation in ALPL is frequently observed in Japanese popula-
tion, and its carrier incidence is approximately 1 in 480 individuals [8]. Adult-onset
HPP often presents with nonspecific symptoms, such as chronic pain and osteopo-
rosis-like radiographic findings, leading to frequent misdiagnosis and may go unde-
tected because of inaccurate diagnosis [10-12]. The number of patients with HPP
may be higher than previously reported, as some cases are asymptomatic but have
genetic mutations in TNAP or heterozygous genetic mutations [8, 13]. Furthermore,
over 400 mutations of the ALPL gene have been reported [14, 15]; these mutations
result in a spectrum of clinical manifestations, ranging from mild to severe skeletal
abnormalities.

As a single-enzyme-deficient disease, HPP is suitable for therapeutic interven-
tions. Asfotase alfa, a recombinant enzyme replacement therapy (ERT), became
available in 2015 [16] and revolutionized HPP treatment. However, ERT requires
frequent injections throughout a patient’s life, posing a burden, particularly in pedi-
atric cases with early onset of the disease [17]. The success of ERT has propelled gene
therapy to become the next frontier in HPP treatment. In this chapter, we review the
history of HPP treatment, evolution of gene therapy, ongoing gene therapy research
on HPP, and prospects for future treatments.

2. Pathophysiology

In children with HPP, serum ALP levels are significantly lower than age-matched
normal levels. The reference range for serum ALP varies with age and is typically
higher in children due to active bone metabolism during growth [18]. Thus, ALP
values that are usually normal in adults may fall below the normal range in children,
often leading to misinterpretation and delays in diagnosis and treatment. Therefore,
age and sex must be considered when assessing ALP levels to avoid overlooking HPP
cases [19].

Furthermore, HPP in pregnancy requires caution. Owing to the presence of
placenta-derived ALP, serum ALP activity is generally higher in pregnant than in
nonpregnant women. Thus, low plasma ALP activity could be normal or high during
pregnancy, masking a physiologically low bone-derived TNAP [20, 21].

The ALPL gene, recently renamed “alkaline phosphatase, biomineraliza-
tion associated” [22], encodes TNAP and is located at 1p36.12 on the short arm
of chromosome 1. More than 400 mutations have been reported associated with
HPP [14, 15], and the genotype and phenotype do not always correlate. Patients
with identical genotypes may exhibit variations in the timing of disease onset and
symptom presentation. Predicting symptom onset and presentation in later-born
children, even if they share the same genetic mutation as earlier-born children in
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Mechanisms of tissue nonspecific alkaline phosphatase (TNAP) in bone minervalization and brain function: In the
bone, TNAP functions as a pyrophosphatase in bone tissue, producing phosphate (Pi) from pyrophosphate (PPi),
which binds to calcium and deposits on hydroxyapatite, facilitating ossification (a). In the brain, TNAP functions
as a pyrophosphatase in the blood converting pyridoxal 5'-phosphate (PLP) to pyridoxal (PL). Only PL crosses
the blood—brain barrier;, wheve it is reconverted to PLP to act as a neurotransmitter metabolism coenzyme (b).

a family linkage, remains a challenge [1, 5, 23]. Diminished TNAP activity leads to
accumulation of TNAPs substrates including PPi, PLP, and PEA. Besides, TNAP

is known as the liver-bone-kidney type ALP because it is abundantly expressed in
those tissues. However, it is also extensively distributed throughout other organs.
Other notable tissues that may also contribute to serum ALP activity through the
expression of distinct ALP encoding genes (ALPI, ALPP, ALPPL?2) include the small
intestine, placenta, and germ cells.

In the body, PPi binds directly to hydroxyapatite crystals, thereby inhibiting
ectopic calcification of soft tissue. In contrast, in the skeleton and teeth, TNAP
hydrolyzes PPi to inorganic phosphate, thereby promoting crystal growth. The result-
ing phosphate binds to calcium to form hydroxyapatite; thus, the calcium that is not
utilized for bone formation remains in the bloodstream, leading to hypercalcemia and
hypercalciuria (Figure 1a).

Furthermore, PLP is involved in the synthesis of neurotransmitters in the brain.
Because PLP cannot cross the blood-brain barrier, it is first dephosphorylated by
TNAP to pyridoxal (PL). After crossing the blood brain barrier, PL is re-phosphory-
lated in the brain to PLP for utilization as an active cofactor of glutamate decarboxyl-
ases (Figure 1b). Thus, decreased TNAP activity is associated with reduced PLP levels
in the brain, leading to vitamin B6-dependent convulsion [24-26].

3. Clinical presentation

Typically, HPP is classified according to the time of onset and severity, as pre-
sented below. However, as the disease progresses, the symptoms may increase, leading
to a change in diagnosis [27]. Moreover, diagnosis is challenging because the pheno-
type does not always correlate with the type of genetic variant [5].
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3.1 Perinatal hypophosphatasia

Typically, perinatal HPP [28] is fatal because of recurrent iz utero fractures and
respiratory complications arising from decreased thoracic circumference malfor-
mations, regardless of normal trunk length [29-31], as is shown in Figure 2 [32].
However, there has been a paradigm shift with the advent of ERT, which has signifi-
cantly improved survival rates and outcomes in patients with perinatal HPP. Perinatal
HPP usually results from homozygous or compound heterozygous mutations of the
ALPL gene, following an autosomal recessive inheritance pattern. On radiographs,
it is evident that bone calcification manifests randomly [23]. For instance, some
vertebrae may display calcification, whereas other vertebrates may not. In the skull,
the frontal bone typically undergoes initial ossification; among the bones of the body,
the clavicle represents the initial ossification site. Nevertheless, bones throughout the
body are typically sufficiently thin to avoid detection on radiographs. Symmetrical
defects in metaphysis of long bones such as femurs are characteristic of HPP, a condi-
tion referred to as central “tongue” [33].

Bowdler spurs represent a prevalent osseous characteristic of HPP [34-38]; they
manifest as osteophytes projecting transversely from long tubular bones with deep
skin dimples. However, the presence of Bowdler spurs alone does not warrant the
exclusion of other diseases [35].

Osteogenesis imperfecta (OI) is more common [39] than HPP and should be dif-
ferentiated based on the fetal bone abnormalities. OI manifests as a bone abnormality

Figure 2.

Radiographs of a neonatal hypophosphatasia born at 42 weeks showing ossification failure and respivatory
complications. Cesarean delivery was performed at 42 weeks, and 1-day gestation following fetal ultrasound
showed extremity shortening. The baby received vespiratory support from birth until death at 5 months due to
respiratory failure. Clinical findings included vertebral ossification failure, and thoracic narrowing (a), skull
ossification failure (b), and rickets-like changes in the femur (c). Reproduced with permission from Hirayama, T
etal.
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during the fetal stage, and bisphosphonates are used to suppress bone resorption and
improve ossification [40]. Conversely, HPP presents as a condition in which ossifica-
tion is inherently impaired, rendering the application of bisphosphonates futile; thus,
the use of bisphosphonates should be avoided [27]. Distinguishing these conditions is
imperative, even in cases of prenatal bone anomalies.

3.2 Benign perinatal hypophosphatasia

Fetal echogenic bone abnormalities are detected prenatally, with a favorable prog-
nosis characterized by improvement in bone abnormalities postnatally or in the third
trimester of pregnancy [1, 5, 41]. Numerous studies on benign perinatal HPP [42] have
been published in Japan, with some studies suggesting the effectiveness of treatment
with asfotase alfa [43, 44]. However, treatment, particularly for rare diseases, is expen-
sive and exerts pressure on the healthcare economy [45]. Ongoing discussions and
research are crucially important to establish eligibility criteria for treatment among
patients and explore potential alternatives for improved therapeutic outcomes [46].

3.3 Infantile hypophosphatasia

Infantile HPP [28] occurs within the first 6 months of life [1]. It usually results
from homozygous or compound heterozygous mutations of the ALPL gene [27], fol-
lowing an autosomal recessive inheritance pattern. Craniosynostosis, severe skeletal
abnormalities, hypercalcemia, hypercalciuria, and vitamin B6-dependent convulsion
are the most common symptoms and are usually severe. Symptoms of infantile HPP
are similar to those of perinatal HPP; however, the progression is comparatively
slower, resulting in an extended lifespan for affected patients compared with those
with perinatal HPP.

3.4 Childhood hypophosphatasia

HPP occurring after 6 months of age is typically classified as childhood HPP [47]
and typically characterized by premature loss of fully developed teeth. It usually
results from homozygous, compound heterozygous, or heterozygous mutations of
the ALPL gene, following an autosomal recessive inheritance pattern. In addition,
patients with childhood HPP frequently present with bone pain, muscle weakness,
limb deformities, shortening, and dental symptoms. Furthermore, childhood HPP is
characterized by tooth loss, primarily the front teeth, before age four, with the roots
remaining intact [48, 49]. The median age at symptom onset in patients with autoso-
mal recessive disease is 1 year, which is younger than that in patients with autosomal
dominant disease (4 years). Blood levels of PPi and PLP were notably elevated in
patients with recessively inherited conditions. However, clinical manifestations such
as delayed ambulation and skeletal alterations were comparable between the two
groups, although a higher incidence of bone fractures was observed among patients
with the dominantly inherited disease [50]. Childhood HPP is nonfatal; however, it
reduces quality of life and disrupts the ability to lead a typical childhood.

3.5 Adult-onset hypophosphatasia

Patients with adult-onset HPP [51] frequently complain of widespread chronic
pain and muscle weakness [52, 53]; however, the pathophysiology remains unclear.
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These patients may constitute undiagnosed cases of pediatric HPP; nonetheless, they
often lack distinctive clinical features for identification. Symptoms, such as delayed
fracture healing and those resembling osteoporosis, are commonly observed, along
with pseudofractures and dysplasia of the bony bridges. Misdiagnosis as osteopo-
rosis is frequent when HPP is not considered in the differential diagnosis [52, 54].
Bisphosphonates, one of the basic therapies for osteoporosis, is contraindicated in
HPP [55, 56], making it crucial to include HPP in the differential diagnosis. Asfotase
alfa has been shown to enhance bone mineralization and facilitate the healing of
delayed union fractures in adult patients [57-61]. Moreover, ERT can restore muscle
strength [62, 63]. Given the nonspecific symptoms observed in adult patients with
HPP and the frequent misinterpretation of imaging results resembling osteoporosis,
assessment of serum ALP levels is a valuable initial diagnostic approach [54]. In
addition, a single diagnostic test is often inadequate. Notably, a substantial proportion
of patients with milder forms of HPP show improvement with supportive treatments
alone [64, 65]. However, a subset of patients requires ERT. Judicious selection of
patients eligible for ERT poses an ongoing challenge in clinical management [66].

3.6 Odontohypophosphatasia

In odontohypophosphatasia, a notable feature is premature tooth loss at a
young age, despite the absence of bone abnormalities [7]. The root of the fallen
tooth remains intact, and pathology reveals cementum dysplasia. Typically,
poor calcification of both the acellular cementum and dentin is observed [48].
However, it is challenging to prevent the losing of primary teeth upon initiation of
ERT, which may commence within days of birth in cases of timely diagnosis. This
difficulty arises because the primary teeth are formed during fetal development
[67]. Therefore, absent teeth cannot be transplanted, necessitating denture place-
ment. Although the mild variant of the condition has a more favorable prognosis
than its severe counterpart, it nonetheless represents a significant detriment to the
patient’s quality of life. Cases initially diagnosed solely based on dental symptoms
or considered odontohypophosphatasia may later be re-diagnosed as pediatric
or adult-onset HPP after presentation of bone or muscle symptoms [49]. Studies
indicate that ERT has positive effects on dental symptoms associated with infantile
and childhood HPP [68, 69].

4. Treatment

Before the advent of ERT, only symptomatic management options were available.
For severe perinatal HPP, treatment options were limited to ventilation and low-cal-
cium milk for hypercalcemia, hypercalciuria, and vitamin B6-dependent convulsions
[1]. Numerous modalities have been explored to address the needs of individuals with
HPP. These interventions include bone marrow cell transplantation [70, 71], trans-
plantation of bone fragments along with cultured osteoblasts [72], administration
of teriparatide (recombinant human parathyroid hormone PTH 1-34) [73, 74], ERT
utilizing ALP-enriched serum derived from patients with Paget’s disease of the bone
[75], and infusion of plasma sourced from healthy donors [76] or ALP purified from
hepatic tissue [77]. Despite these interventions, noticeable clinical and radiographic
enhancements have been observed only in some patients, reflecting the limited
efficacy of these therapeutic modalities.
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The clinical manifestations observed in TNAP knockout (Alpl~"~) mice closely
mimic those seen severe infantile HPP, making Alpl”’"~ mice an optimal animal model
for studying HPP [78]. Although initially appearing phenotypically normal at birth,
these mice progress to exhibit growth failure, vitamin B6-dependent convulsions,
and hypomineralization, typically dying before weaning. Alpl~'~ mice were rescued
by daily subcutaneous administration of a bone-targeted variant of TNAP obtained
by conjugating a bone-targeting deca-aspartate sequence to the C-terminus of soluble
TNAP (TNAP-Dyg) [79]. These promising preclinical outcomes paved the way for the
clinical implementation of ERT in HPP patients [80]. This significant advancement
has not only extended survival rates in patients with severe infantile HPP but also
enhanced the quality of life for patients with pediatric and adult-onset HPP [81].

ERT significantly enhances prognosis, particularly for patients with severe
perinatal HPP. However, as the enzyme degrades over time, continuous replenishment
by subcutaneous injections 3-6 times a week is required [82]. Patients seek to allevi-
ate the persistent pain due to the frequent injections and receive definitive curative
therapy [83].

Furthermore, the use of ERT is associated with some challenges, such as the
development of lipodystrophy at the site of injections and the development of
antidrug antibodies [84]. Improvements in infantile HPP cases following bone mar-
row transplantation have been reported. In addition, allogeneic mesenchymal stem
cell transplantation has demonstrated efficacy in fatal perinatal HPP [85]. However,
the treatment is accompanied with pre-therapy procedures, such as chemotherapy,
radiation therapy, and immunotherapy, and associated with potential posttransplant
complications, such as graft-versus-host disease.

5. Gene therapy
5.1 History

Gene therapy was initially proposed as a radical treatment for diseases via repair
of damaged genes. However, this modality proved challenging. In the early days of
gene therapy, recognizing target genes was challenging, and gene modification tech-
niques were insufficiently developed, making it difficult to alter target genes [86, 87].
Alternative approaches to deliver functionally missing molecules were necessary.

Not all genetic diseases can be treated using gene therapy. However, gene therapy
can serve as a potentially curative approach for diseases that meet two criteria: 1) the
condition must be attributable to a single gene and 2) the expression of that gene can
reach a therapeutic level.

The direct introduction of a functional gene into the body is known as i vivo
therapy. The vectors employed for gene delivery include viral and nonviral vectors
such as plasmid vectors, bacterial vectors, and lipoplexes. At present, the primary
clinical application of viral vectors is therapeutic because of their high transduction
efficiency. Although the use of viral vectors is simple and efficient, it requires a large
viral dose and there is a possibility that the viral vectors may enter organs besides
the target organs. Meanwhile, ex vivo therapy describes the process of cell collection,
culturing, and transduction of functional genes prior to their administration to the
patient. Ex vivo therapy is applicable in certain primary immunodeficiency diseases,
congenital errors in metabolism, and other conditions that necessitate hematopoietic
stem cell transplantation [88, 89]. CAR-T cell therapy [90], which exhibits antitumor
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effects against refractory B-cell tumors, has been classified as an ex vivo therapy. It
is expected to reduce side effects, such as secondary malignancy after CAR-T cell
therapy, by allowing therapeutic cells to grow outside the body before returning to
them and avoiding the transcription start site, thereby making gene therapy safer.
Patient burden is substantial because of the necessity of pre-treatment before hema-
topoietic stem cell gene therapy.

In the years leading up to the 1990s, various attempts were made to use gene
therapy for genetic diseases and cancer with the goal of achieving curative treatment.
These attempts, however, had limited success. The first notable success was achieved
in2000 [91, 92]. Nevertheless, safety concerns arose a few years later because of
incidences of leukemia development [93] and deaths resulting from other treatments
[94, 95], thereby dampening public expectations. As a result of these limitations,
advancements in techniques characterized by enhanced safety measures and ethical
considerations have resulted in documented success since the late 2000s. For example,
Zolgensma®, an in vivo gene therapy utilizing an adeno-associated virus (AAV)
vector, significantly enhanced life expectancy and motor function in patients with
spinal muscular atrophy, a condition previously lacking curative treatment. Although
this represents a significant advancement in healthcare, the associated substantial
expenses remain a significant challenge.

Studies have focused on genome-editing technologies, such as CRISPR-Cas9, to
correct genetic defects caused by gain-of-function mutations in dominant genetic
disorders [96]. CRISPR-Cas9 is a technology used for cutting and editing specific
sections of DNA and has been clinically applied to treat sickle cell disease and
beta-thalassemia. This method precisely targets and modifies faulty genes, thereby
offering potential solutions for previously untreatable conditions. Casgevy® for
beta-thalassemia [97, 98] was approved in Europe, the UK, and the USA. Extensive
research and clinical trials are necessary to confirm the safety and efficacy of these
techniques before wide application in clinical practice. In addition, CAR-T therapy
involves genetically modifying a patient’s T cells to recognize and attack specific can-
cer cells, primarily in blood cancers, such as multiple myeloma and lymphoma [99].
Kimliah® (CD19-CAR), Abecma® (BCMA-CAR), and nine other CAR-T therapy
drugs have been approved. This therapy has been primarily applied in clinical settings
for the treatment of blood cancer. Furthermore, oncolytic virus therapy involves the
introduction of a natural or genetically engineered virus into the uterus, where it
selectively replicates in the tumor tissue and targets tumor cells for destruction [100].

5.2 Challenges with gene therapy

Gene therapy faces several challenges, particularly regarding the use of different
vectors. Local administration of AAV vectors is relatively safe, as seen with interven-
tions like Luxturna® and Upstaza®, which require smaller doses and prevent sig-
nificant immune responses. Luxturna® (1.5x10" vg/eye) is an intraretinal injection
of voretigene neparvovec-rzyl [101] gene therapy drug, and Upstaza® (1.81x10" vg
total) is an intraputamen injection of an AAV vector containing the human AADC
gene (AAV2-hAADC) [102] gene therapy drug. However, systemic administration
presents greater risks, including the requirement for large quantities of vectors. In
cases of X-linked myotubular myopathy, the systemic administration of AAVS at
high doses results in fatal liver failure in some patients. At a low dose of 1.3x10"*
vg/kg in seven patients and at a high dose of 3.5x10"* vg/kg in 17 patients, three
patients from the high-dose group and one from the low-dose group experienced
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fatal liver failure [103-106]. Similarly, in the treatment of Duchenne muscular
dystrophy, high doses of intravenous recombinant AAV (rAAV) cause fatal immune
responses and capillary leakage [107, 108]. The long-term sustainability and safety of
AAV vectors remain uncertain, with the risks of inappropriate gene expression and
immune responses. In addition, treatment efficacy relies on the absence of antibod-
ies in the body that can neutralize AAV vectors (negative neutralizing antibodies),
thus preventing treatment with AAV vectors [109].

Although advancements in gene therapy are underway, researchers must be
mindful of uncharted areas that require exploration. To date, no study has established
an association between systemic administration of AAV vectors and gene integration
into germ cells. However, owing to the inability to examine all germ cells, a thorough
confirmation of the absence of germ cell modification is essential [110, 111].

Lentiviral vectors, which integrate genes into random chromosomal loca-
tions, pose a risk of insertional mutagenesis, potentially leading to leukemia [112].
However, advancements in research have made self-inactivating (SIN) lentiviral
vectors safer, eliminating the occurrence of leukemia. Recent clinical trials using SIN
lentiviral vectors have brought them closer to clinical application [112, 113]. Other
viral vectors can induce immune responses that diminish the efficacy of gene therapy
and cause adverse effects. Although nonviral vectors pose fewer safety concerns
and immune responses, they are associated with issues pertaining to efficiency and
targeted gene delivery to specific tissues.

The high costs of gene therapy, particularly for rare diseases, pose a significant
barrier. For example, Glybera®, a gene therapy for lipoprotein lipase deficiency
approved in 2012, was discontinued in 2017 owing to low cost-effectiveness despite
its high price [114]. The allocation of medical expenses for rare diseases is, therefore,
heavily influenced by societal values and political policies. Gene therapy drugs such
as LUXTURNA® for Leber congenital amaurosis, Zolgensma® for spinal muscular
atrophy (SMA), and Hemgenix® for hemophilia B are notably expensive, costing
$850,000 for both eyes, $2.1 million per injection, and over $3.5 million per injection,
respectively. The high development costs coupled with the limited patient population
for rare diseases contribute to the high prices of these treatments. To address these
issues, preclinical trials in the United States are exploring the potential of modifying
genes within the same viral vector to treat multiple diseases [115, 116]. Collaborative
efforts between public and private sectors are crucial to advancing clinical develop-
ment and enhancing efficiency.

5.3 HPP gene therapy

Despite the availability of ERT as an effective treatment for HPP, the discomfort
associated with frequent injections and injection site reactions pose challenges for
patients. Therefore, we aimed to employ gene therapy techniques to enable the
patient’s body to continuously and autonomously produce enzymes.

Intravenous therapy using AAV8 viral [117] and lentiviral vectors [118], fetal
therapy using AAV9 viral vectors [119], bone marrow transplantation using lentiviral
vectors [120], and intramuscular therapy using AAV8 viral vectors [121] have all
demonstrated success in an HPP model, Alpl~'~ mice. Bone marrow transplantation is
challenging because of the risk of leukemia and burden of pretreatment on patients.
Systemic administration of AAV is avoided to prevent systemic immune reactions and
antibody production. Consequently, intramuscular injection is selected as the pre-
ferred method. AAV vectors offer safe and efficient gene delivery to nondividing cells
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such as muscle cells, liver cells, and neurons, though the size limitation of inserted
genes and the challenge of efficient production [103]. Moreover, AAV vectors exhibit
tropism, allowing for the use of different subtypes tailored to specific organs [122].
Additionally, employing a tissue-specific promoter ensures that gene expression
occurs exclusively within the targeted organ [122, 123]. Based on our previous study,
intramuscular injection therapy using AAVS viral vectors has emerged as the safest,
most practical, and simplest approach.

5.4 Toward clinical application: AAV8-TANP-D10

Leveraging AAV organ tropism, we aimed to utilize AAV8, known for its tropism
to infect liver and muscle tissues [122, 124], for localized injection into the muscle.
The advantages of local administration include simplicity and safety, low risk of
migration to other organs, suppression of immune responses associated with intra-
venous administration (i.e., antibody production and reactions that affect the whole
body), and low potential for tumor formation. Furthermore, if adverse events cause
the patient to discontinue enzyme expression, the muscle at the inoculation site can
be surgically removed in the worst-case scenario.

AAVS-TNAP-D;, a viral vector product expressing TNAP, is a gene therapy
designed to extend lifespan, suppress symptom progression, and ameliorate symp-
toms in patients with HPP via a single intramuscular injection. AAV8-TNAP-Dyg is
an AAV8-TNAP vector with deca-aspartate (Do) that targets the bone using a non-
tissue-specific CAG promoter [121]. A single injection of AAV8-TNAP-D;, was admin-
istered into the thigh muscle of neonatal Alpl”'~ mice (Figure 3a). Administration of
AAVS-TNAP-Dy led to increased weight and a healthier appearance in Alpl”’~ mice
compared to untreated Alpl '~ mice (Figure 3b). The injection of AAVS8-TNAP-Dy,
into the thigh muscle of neonatal Alpl”"~ mice extended their lifespan and sustained
elevated ALP activity in moribund Alpl~"~ mice for 18 months at a dose of >3.0x10"
vg/body. Micro-CT examination showed that bone maturation in treated Alpl~'~ mice
was comparable to that of wild-type mice (Figure 3c). Micro-CT examination of
Alpl™"" mice’s mandibles revealed that the mandibular structure in treated mice
improved to the level of the wild-type mice. Moreover, there were notable improve-
ments in the cementum and periodontal ligament structures compared to those in
untreated mice. Enamel thickness, pulp structure volume, and thickness improved
posttreatment to a degree where they could be assessed as comparable to those of the
wild-type mice [125].

The use of Alpl "™"/*™! mice allows long-term studies of bones and teeth that are
not possible with untreated lethal Alpl”'~ mice [126]; moreover, they can be used as
an adult HPP model or for tooth analysis. Treatment of Alpl ™" mice with AAVS-
TNAP-D;, improves ossification, thus demonstrating that AAV8-TNAP-Dj is effective
even in adult HPP models [127].

Prior to clinical trials, efficacy must be demonstrated in rodents and larger ani-
mals. A sheep model of HPP has been established in large animals using CRISPR-Cas9
technology to introduce a missense mutation (c.1077C > G; p.I359M), which serves as
an effective model for studying alveolar bone conditions [128], but gene therapy has
not yet been explored in that model. We selected the cynomolgus monkey (Macaca
fascicularis) as a large animal model to assess the effectiveness of AAV8-TNAP-Dyj.
Our objectives were to 1) evaluate whether a single intramuscular injection of AAVS-
TNAP-D;o maintained plasma ALP activity, 2) assess any potential antibody-mediated
rejection of the protein expressed in animals with differing immune systems, and
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Figure 3.

Impact of one-time intramuscular AAV8-TNAP-D,, treatment on survival in Alp™" mice. Alpl™"~ mice injected
with a single intramuscular injection of AAV8-TNAP-D,, in the quadriceps muscle within 3 days after birth
(1.0x10" vg/body; n = 7, 3.0x10" vg/body; n = 7, 1.0x10" vg/body; n = 5) were observed for 18 months (a).
Untreated model mice typically died before weaning. Physical appearance of untreated Alpl™~ mice vs. treated
Alpl™" mice (b). Plasma ALP activity, the survival curves, and bone mineval density at 18 months with computer
tomography reconstruction of the femur bone. Bone mineral density at 18 months of age. CT reconstruction of the
femur in AAV8-TNAP-D,, treated Alpl™~ mice (1.0x10" vg/body) vs. wild type (c).

3) examine adverse effects such as ectopic calcification, organ damage, or carcinogen-
esis, which have been previously reported following gene therapy failures.
AAV8-TNAP-D,, was injected into the lateral vastus lateralis muscle of two
macaque monkeys under anesthesia. One monkey received 1 x 10" vg/body and
was observed for 266 days, whereas the other received 4 x 10" vg/body (1 x 10 vg
at four sites) and was observed for 196 days. Both monkeys were compared to the
controls. The rationale for increasing the number of the administration site instead
of solely increasing the dosage was prevention of the leakage of the injected sub-
stance into the bloodstream from the muscle site, which could lead to inadvertent
intravenous administration. The results showed that monkeys had higher serum
ALP activity than the controls, which was maintained throughout the observation
period. Although anti-TNAP antibodies appeared and caused a temporary decrease
in serum ALP activity, these antibodies eventually decreased, thereby maintaining

135



Genetically Modified Organisms

high ALP activity. Anti-AAV antibodies also appeared but did not affect ALP activity.
Regarding side effects, all blood tests, including those for liver function (aspartate
aminotransferase, alanine aminotransferase), renal function (blood urea nitrogen,
creatinine), and calcium metabolism (calcium, phosphate), showed no abnormalities.
There were no pathological findings (no tumor formation or ectopic calcification),
either macroscopically or microscopically. No local inflammation was observed at

the injection site. Vector biodistribution was confirmed in each organ; furthermore,
AAVS-TNAP-D,, was detected only in the skin and muscles, where it was adminis-
tered (ongoing research and unpublished data).

6. Conclusions

We have discussed the treatment of HPP, the history of gene therapy, and our
review of gene therapy for HPP. Although the approval of ERT has marked a revo-
lutionary advancement, its reliance on regular and frequent injections significantly
impacts the quality of life of patients and their families. Therefore, alternative treat-
ments are urgently required.

In our study, AAV8-TNAP-D;, administered via a single intramuscular injection in
both the early- and later-onset HPP mouse models demonstrated sustained elevation
of serum ALP activity throughout the lifespan, along with improvements in bone
and tooth ossification. No adverse effects were observed within this treatment range.
In addition, AAV8-TNAP-D;, was shown to be safe and effective in primates. Thus,
AAV8-TNAP-D;, intramuscular muscle injection treatment appears to have promising
efficacy and safety profile for clinical application.

Given the costs associated with gene therapy as well as the broad spectrum of
symptoms in patients with HPP, it is crucial to address societal considerations regard-
ing patient selection for gene therapy.

Our future studies will include safety assessments and further investigations in
preparation for clinical trials. We intend to advance our research efforts in the pursuit
of enhanced safety profiles.
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