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Abstract

Targeted genome editing by Clustered Regularly Interspaced Short Palindromic Repeat- CRISPR-associated (CRISPR-Cas)
system has revolutionized basic and translational plant research. There is widespread use of CRISPR-Cas technology which
has the potential to address challenges like food insecurity and climate crisis. Crops with improved traits (e.g., higher yield,
drought tolerant) that would take several years to generate can now be developed at a much reduced time, drastically expedit-
ing the availability of the crops for release in the market. However, several factors are involved in successfully applying the
CRISPR-Cas system in agriculture and the widespread adoption and acceptability of genome-edited products that involve
multiple institutions and people from different spheres of society. Besides the scientific and legal intricacies of releasing
CRISPR-edited crops, “public perception” equally matters in successfully deploying the technology and its products. “Lack
of” or “overwhelming” information can both affect the success of the CRISPR-Cas system in translational agriculture
research. A bird’s-eye-view of the CRISPR-Cas genome editing tool for people from different strata of society is essential
for the wide acceptability of genome-edited crops. This review provides a general overview of the CRISPR-Cas system, the
concept of technology development, challenges, and regulations involved in translational research.
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Introduction

“Molecular structure of DNA”, the groundbreaking research

Correspgnding Editor: Kailash C. Bansal; Reviewers: Ajay Singh, work that reported the structure of DNA, was published in
Ashwani Pareck. Nature on April 25, 1953 [55]. In the past 70 years, the sci-
X Basudev Ghoshal entific community has made discoveries and innovations by

basudev.ghoshal @agr.gc.ca which we can read (use of sequencing technologies), cut,

copy, paste DNA from one source of DNA to the other (use
Summerland Research and Development Centre, Agriculture . .
and Agri-Food Canada, 4200, Highway 97, Summerland, 'of reCOII}blnan't DNA technology) anq transfer foreign DNA
BC VOH 1Z0, Canada into various kinds of cells [51]. Besides, researchers have
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also studied, identified, and engineered proteins (Zinc Finger
Nuclease (ZFN) and Transcription Activator Like Effector
Nuclease (TALEN)) that can bind to any particular DNA
sequence in a sequence-dependent manner [14]. These semi-
nal discoveries and inventions have created approaches to
modify the DNA sequence of a genome in a targeted manner,
broadly known as genome editing. The discovery of the use
of the CRISPR in association with the CRISPR-associated
endonuclease to edit any sequence of DNA in a targeted
manner has catapulted the adoption of genome editing by
CRISPR-Cas systems for translational research, especially
in the areas of medicine and agriculture [8, 23, 24, 53].

Food insecurity and climate crisis are the two critical
challenges of the human population [9, 10]. The 2023 report
on food security published by FAO, IFAD, UNICEF, WFP,
or WHO estimated that in the year 2022, between 691 and
783 million people faced hunger [10]. The emissions gap
report 2022, published by the United Nations Environment
Program, states that there is a need for “rapid transformation
of societies” to address the climate crisis, and “agricultural
production” remains the largest contributor to greenhouse
gases in the food systems [50]. Several efforts have been ini-
tiated to address food insecurity and climate crisis, including
improving agricultural practices, developing newer varie-
ties of crops with higher yields, requiring reduced amounts
of fertilizers, being resistant to diseases, and increasing
resiliency against climate change. However, there is a need
to implement technologies or products that can be rapidly
deployed in the agri-food ecosystem to accelerate the efforts
toward addressing these challenges.

New plant breeding techniques such as genome editing
by CRISPR-Cas system have demonstrated tremendous
potential in expediting crop improvement through their use
in basic and translational research [4, 9, 41, 59]. Since the
first use of CRISPRs 10 years ago in plants, genome-edited
crops have been commercialized and are available in the
market, supporting the efforts toward accelerating the devel-
opment of crops with novel traits (Table 1) [9, 29, 33, 43,
49]. In addition, multiple.crops are at different stages of the
research and development pipelines [9]. Furthermore, the
combination of genomics and CRISPR-Cas system provides
the opportunity to discover novel targets for crop improve-
ment that have remained unearthed in the past because of
the high cost and lack of tools [25, 42, 48, 59].

The widespread use of the CRISPR-Cas system calls
for a “birds-eye-view” of the CRISPR-Cas genome editing
tool that is comprehensive and simple. In this review, an
attempt is made to provide a generalized overview of the
complex journey (CRISPR biology, genome-edited crop
development, regulations, associated risks, and stakehold-
ers involved) of the CRISPR-Cas system from lab to field
to market. To provide a birds-eye-view this review does not
attempt to provide a detailed list of genome-edited crops
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and the current status of regulation for genome-edited crops
in different countries, which can be found in other excellent
review articles [7, 9, 25].

CRISPR-Cas system—overview of its use
as genome editing tool in agriculture

The basic process of genome editing

Broadly, at the molecular and biochemical level, genome
editing tools comprise a DNA targeting component and
nucleases (Fig. 1a) [13, 14, 28]. On the expression of these
two components in a cell, the targeting component binds to
a specific sequence of DNA, while the nuclease cleaves the
double strand DNA near the proximity of the binding site,
which then gets repaired by the cellular DNA repair machin-
ery [13]. During the repair process of the targeted cleaved
site, DNA bases can get inserted, deleted, and replaced,
which changes the DNA sequence of this site, thus editing
the genome.

Types of genome editing tools

Based on the nature of the targeting component, genome
editing tools can be classified into two large categories: 1)
Zinc Finger Nucleases and Transcription Activator Like
Nucleases—In this category, a sequence specific DNA bind-
ing protein guides the endonuclease to the targeted DNA
sequence (Fig. 1b); 2) CRISPR-Cas systems—A nucleic acid
(called single guide RNA) acts as a guide to target an endo-
nuclease to the DNA (Fig. 1c) [11]. The most common type
of CRISPR-Cas system is the CRISPR-Cas9 system. The
system comprises of a single guide RNA molecule and the
Cas9 endonuclease. The Cas9 endonuclease and the guide
RNA forms a complex which binds to the target sequence
by the guide RNA. On binding to the target site, Cas9 intro-
duces a double strand break in the DNA.

Both categories of genome editing tools may require test-
ing of several variants of the targeting components (guide
RNA or protein sequences) to identify a variant that is highly
specific. Designing proteins for category 1 of the genome
editing tool that binds to DNA in a sequence-specific manner
is tedious, extremely difficult, and expensive compared to
creating a RNA sequences that can guide the CRISPR-Cas
system to its target, which is one of the primary reasons for
the success of CRISPR-Cas systems in genome editing.

CRISPR-Cas as a targeting tool for other types of editing
Besides using the CRISPR-Cas system for genome edit-
ing by introducing double-strand breaks, the system has
been adopted to target a wide range of effectors (e.g., DNA
modifying enzymes, transcriptional activators and repressor)
(Fig. 1d). To target effectors, a catalytically inactive Cas
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Table 1 Examples of gene

; ; Country Crop Regulatory  Trait of interest Technology
edited crops that are either status
commercialized (C) or are
in the different stages of the Australia Rye grass®¥ A Increase digestibility for animals Gene edited
commercialization process Sorghum®® A Increase protein content in grains Gene edited
(A) (e.g., granted for safety
approval, approved for field Brazil Soyabean©-4® A Increase digestibility for animals CRISPR-Cas
trial, waiting for approval for Corn©¥ A High amylopectin content CRISPR-Cas
commercialization) in different Canada Alfalfa®©¥ C Improve forage quality for livestock TALENS
countries of the world Mustard greens®® C Reduce pungency CRISPR-Cas
Corn®¥ A High amylopectin content CRISPR-Cas
Potato®® A Higher tuber set CRISPR-Cas
China Soybean® A Higher levels of oleic acid Gene edited
England Camelina® A Higher levels of oleic acid CRISPR-Cas
Wheat &9 A Reduce levels of asparagine CRISPR-Cas
India Rice® A Drought resistant CRISPR-Cas
Japan Tomato® C Enrich GABA CRISPR-Cas
USA Mustard greens® C Reduce bitterness CRISPR-Cas
Soyabean® C Soyabean oil with no trans fat TALEN
Cowpea® A Change in plant architecture to facili- ~ CRISPR-Cas
tate mechanized harvesting
Wheat®@ A High fibre TALEN
Camelina® A Enhance omega-3 oil CRISPR-Cas
Soyabean® A Drought and Salt tolerant CRISPR-Cas
Alfalfa® A Improve forage quality TALEN
Wheat® A Resistant to mildew TALEN
Corn® A High starch content CRISPR-Cas
Potato®@ A Delays browning of potatoes TALEN

Genetically edited crops for which details about the specific technology is not found are designated as

“gene edited”

4Global Gene Editing Regulation Tracker and Index (geneticliteracyproject.org)

®Australia: Agricultural Biotechnology Annual | USDA Foreign Agricultural Service

“Brazil: Agricultural Biotechnology Annual | USDA Foreign Agricultural Service

dGene-edited to reduce anti-nutritional factors, soybeans get green light—Portal Embrapa

¢List of non-novel products of plant breeding for food use—Canada.ca

fChina approves safety of first gene-edited crop | SaltWire

£United Kingdom: Agricultural Biotechnology Annual | USDA Foreign Agricultural Service
"Genome Edited Wheat Field Trial Gets Go-Ahead From UK Government | Rothamsted Research

iDrought-resistant & genome edited rice variety likely to be released to farmers by 2026: Agriculture min-
ister Narendra Singh Tomar—Commodities News | The Financial Express

(called dead Cas or dCas—generated by introducing muta-
tions at the catalytic site of the endonuclease) with guide
RNAs is harnessed for site-specific manipulation of DNA
without introducing double-strand breaks [40]. Depending
on the type of effector attached to the dCas system, novel
editing technologies, such as base editing, prime editing, and
epigenome editing has been developed [12, 14, 28]. Further-
more, dCas systems has been fused to transcriptional activa-
tors or repressors to turn on or off gene expression [14]. In
addition to targeting DNA, CRISPR-Cas variants have been
identified that target RNA, thus increasing the repertoire of
application of CRISPR [26].

An overview of the concept of scientific process of discovery
to its application for the betterment of humanity with refer-
ence to CRISPR-Cas use in agriculture

In the present era of the use of CRISPR-Cas genome edit-
ing tool for crop improvement, the distinction between basic
biology and translational research is getting blurred. There-
fore, it becomes apparent that a comprehensive overview
of the discovery of CRISPR (“basic biology for knowledge
generation”) to its application ( “translational research”)
in agriculture is necessary. Here I have divided the process
of “scientific discovery” to its “availability in the market”
into four major phases (Fig. 2): Phase 1) Knowledge genera-
tion—Primarily aimed to understand the principles of life

@ Springer



The Nucleus

a b
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' ' DNA-binding Nuclease
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Fig. 1 Basics of genome editing tools. a Genome editing tools com-
prise a sequence-specific targeting component and an endonuclease
capable of introducing a double strand break in the DNA. They can
be classified into two categories based on the targeting component.
b The first category comprises genome editing tools with protein
domains acting as the DNA binding component (e.g., Transcription
Activator Like Nucleases (top) and Zinc Finger Nucleases (bottom)).
¢, d The second category comprises an RNA molecule (guide RNA)
that acts as the targeting component (e.g., CRISPR-Cas system). d

with long-term goals of improvement of humanity; Phase 2)
Invention—Development of a useful tool/process/product
based on the data available from exploratory research; Phase
3) Innovation and upscaling—Using the invention to solve
a problem of humankind, developing prototypes, examining
risks, and improving reliability; Phase 4) Release of product
to market—Providing the final products to the end-consum-
ers. Although 4 distinct phases are mentioned here, it is to be
noted that the activities among the different phases overlap
and may take several years to decades. Furthermore, legal
processes, €.g., invention disclosure, patents, and licensing,
also come into play from phase 2, which are out of the scope
of this review. Readers are encouraged to refer to the follow-
ing resources for more information [16] (https://www.techt
ransfer.harvard.edu/master-the-technology-transfer-proce
ss-with-this-step-by-step-guide/.; https://tlo.mit.edu/learn-
about-intellectual-property/technology-transfer-process.;
https://research.utoronto.ca/inventions-commercialization-
entrepreneurship/commercialize-invention.)

In the context of using CRISPR-Cas technology in
agriculture, studying CRISPR and examining its role in
prokaryotes encompasses the knowledge generation phase.
The presence of the CRISPR in the bacterial genome was
first reported in 1987 [21]. Only in early 2000 identifica-
tion of CRISPR-associated (Cas) genes and the similarity

@ Springer

ZFN
DNA-binding Nuclease
I

d Effector

Guide RNA dCas fused

effectors

The CRISPR-associated nuclease can be engineered to generate a
catalytically inactive dead Cas (dCas), which is fused to functional
proteins or protein domains (called effectors) to develop novel editing
technologies. For example, fusing DNA methyltransferases to dCAS
systems generates tools for methylating the DNA cytosine, a type of
epigenome editing. The (asterisk*) denotes a mutated Cas. The figure
depicts only one strategy of targeting DNA modifiers, several other
strategies have been developed to target multiple effectors. (1c and 1d
were created by using Biorender.com)

between spacers and bacteriophage sequences were
noticed, providing the first hints of CRISPR in bacterial
immunity [22, 30]. Finally, indications of CRISPR playing
a role against bacteriophage were demonstrated in 2007
[5]. Knowledge generation (Phase 1) for the CRISPR-Cas
system is still undergoing with many novel discoveries
being made [2, 54]. The seminal work (invention) dem-
onstrating the sequence-specific double-stranded DNA
cleavage by combining Cas9 protein with a single guide
RNA by Dr. Jennifer Doudna and Dr. Emanuele Charpen-
tier in 2012 initiated the phase 2 [23]. This was followed
by the demonstration of successful genome editing by the
CRISPR-Cas system in eukaryotic cells in the laboratory
of Dr. Feng Zhang and Dr. Jennifer Doudna [8, 24]. In the
same year, three different groups simultaneously demon-
strated gene editing by CRISPR in model plants [29, 33,
43], which opened the avenue for application of CRISPR
in agriculture leading to the initiation of the innovation
phase. Several labs around the world initiated experiments
to edit the genome of various crops to improve traits such
as disease resistance, drought tolerance [59]. Since the
first demonstration of using CRISPR in agriculture in
2013, multiple crops with improved characteristics have
been developed to address specific problems (Table 1) [9].
For example, bacterial blight-resistant rice and powdery
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Basic Biology

1. Knowledge Generation
(Discovery of repeat sequences called CRISPRS)

2. Invention
(CRISPR-Cas9 to introduce changes into DNA)
3. Innovation & upscaling
(CRISPR-Cas9 use for bacterial blight resistant rice)

4. Release of product to market
(Product - Bacterial blight resistant rice; Consumer : Grower)

¥

Translational Research

Fig.2 Conceptual roadmap of scientific discovery from basic biology
to translational research. The journey from basic biology to transla-
tional research can be divided into four phases 1) knowledge genera-
tion, 2) invention, 3) innovation and upscaling, and 4) release of end
product. An example is provided in parentheses depicting the stages
of CRISPR development

mildew-resistant wheat have been developed [36, 56]. The
innovation phase also includes validation, quality control,
and risk assessment of the genome-edited crops. Finally,
the end products are released to the market, i.e., to the
end consumers, which is phase 4. The purview of the term
“consumers” for a genome-edited crop can vary depending
on the end product and the trait improved. For example,
consumers of genome-edited products aimed at increasing

food and feed quality, e.g., “tomatoes with high content
of Gaba amino butyric acid,” are the buyer consuming
the fruit [35]. While the “consumers” for a genome-edited
crop with improved agronomic traits, e.g., “bacterial speck
resistant tomatoes”, are the growers themselves [37]. The
first CRISPR-edited crop available in the market is GABA-
enriched tomatoes [52].

People involved in the 4 phases of discovery to application

In the four phases of basic to translational research,
researchers (scientists, professors, students, and postdoc-
toral fellows) are highly involved in the first three phases
of the process, which include the basic understanding of
the CRISPR biology, development of CRISPR as a genome
editing tool, examining and assessing the associated risks
and optimizing the genome-edited products (Fig. 3). The
third phase can also include agricultural corporations
and growers. The fourth phase includes consumers of the
genome-edited products, which usually includes people
from all strata of society (anyone purchasing/consuming
the end product). Besides, lawyers and policymakers are
also heavily involved in this process. It has been suggested
that a high engagement among all the stakeholders will
facilitate research and innovation [27]. Therefore, knowl-
edge about the stakeholders is key to developing strategies
for wider acceptability of the CRISPR-Cas system.

Challenges associated with the use of CRISPR-Cas system
in agriculture

Any new technology faces several challenges before it
is successfully adopted [34]. Several reports and reviews
are available on the impacts, hazards, and challenges of
CRISPR-Cas technology use in agriculture [3, 18, 38, 46].
Here we highlight a few key challenges associated with the
different phases:

Individual/entities
DIRECTLY involved with
CRISPR technology & its product

Phase 2 & 3:

_____ ==l g
I ’ !
e.g., Scientists,

Iprofessors, Researchersly Researchers, Lawyers,
I Agricultural corporations,

Policymakers, Growers

|
Ile.g., Scientists, Professors,

f Individuals/entities
NOT DIRECTLY involved with
CRISPR technology & its products

e.g., Scientists, Professors, Researchers, Lawyers,
Growers, Policymakers, Engineers, Mechanics, Chef,
Housemakers, College and school students, Artists,

Phase 4: Consumers

Writers, Filmmakers etc.

Fig.3 Schematic diagram showing people involved at differ-
ent phases of the development of CRISPR-technology. The dia-
gram shows that consumers of CRISPR-edited crops can be broadly
divided into two groups (Individuals/entities directly involved and

not- directly involved) based on their association with the develop-
ment of the technology and its products. Examples of stakeholders
involved at different phases is mentioned to provide a broader picture
of the society

@ Springer



The Nucleus

1. Challenges in phases 2 & 3—(a) Off-target or non-
specific edits —A major concern in the use of CRISPR
is the introduction of unwanted edits by non-specific
binding of the CRISPR-Cas system to other parts of the
genome when expressed in a plant [58]. These off-target
effects may introduce changes that might be lethal for a
genome edited crop, thus posing a significant challenge
for the use of CRISPR-Cas tool in translational research
[47, 57]. Researchers involved at phase 1, 2 and 3 have
developed different strategies to reduce off-targets which
includes identifying or generating CRISPR-Cas variants
with higher specificity and developing computational
tools that aid in designing guide RNAs with lesser
chances of binding to unwanted regions of the genome
[58]. In addition, tools to identify genome-wide off-
target effects have also been developed [44]. (b) Stable
insertion of CRISPR-Cas constructs—The most popular
method of expressing the CRISPR-Cas system for agri-
cultural purposes is by agrobacterium-mediated gene
transfer, which inserts the CRISPR-Cas system into the
plant’s genome, hence, involving the generation of trans-
genic plants [15]. The transgene is eventually segregated
out [19]. Several novel methods using nanotechnology,
plant viral vectors, and protein delivery have been inno-
vated to avoid inserting the CRISPR-Cas system into the
plant’s genome [1, 17, 28].

2. Challenges in Phase 4: This step is critical as they
involve the direct involvement of growers and consum-
ers. An important consideration at this stage is the “per-
ception” of the technology and the product by its grower
[46]. A recent study in Germany indicated that “public
perception” towards technology is critical [31, 32]. If
the consumer or the grower does not perceive it well,
then the risks of rejection in an open market are very
high. For example, if consumers perceive genome-edited
crops as harmful to health and the environment, even
though scientifically proven otherwise, growers would
not use genome-edited crops because of the risk of not
getting any consumers. Therefore, it is crucial to develop
outreach programs to make people aware of the technol-
ogy’s pros and cons and be transparent to consumers
[6]. For example, an effective outreach approach might
be to explain the genome editing tools to school and
university students by organizing seminars and by incor-
porating discussion about the genome editing tools in
university courses. These courses should be mandatory
for all students.

3. Regulatory Challenges—The controversy on genetically
modified crops is longstanding and remains unresolved
[45]. CRISPR-Cas technology has re-ignited the discus-
sion on the regulating genetically modified crops [39].
Whether genome-edited crops should fall under the
regulations of crops developed by genetic engineering
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or the traditional breeding practices have been debated
in many countries in the last few years. To facilitate the
process of regulation for genome-edited crops, several
experts have recommended protocols for the regulation
of genome-edited crops [20]. Currently, it seems that
several countries are inclined to have similar regulations
for genome-edited crops as conventional breeding crops
if no foreign DNA is present in the crop that was used
to introduce the edit [7]. However, countries that are
relaxing the regulations, the level of relaxation may vary
among countries and the genome edited products being
considered.

Conclusion

This review provides a birds-eve-view of the scientific pro-
cess of CRISPRs, from being a research topic to its use in
translational research for improving agricultural traits. The
field of CRISPR-Cas system and its use for genome editing
has exponentially grown in the past 10 years. Therefore,
it is to be noted that many complexities have not been
discussed in this review to give a broad picture of the field.

The CRISPR-Cas technology and CRISPR-edited prod-
ucts are already under scrutiny by people from different
strata of society, which will rapidly increase as more
genome-edited products get released into the market. A
critical component in accepting, adopting, and deploy-
ing genome-edited crops is the “public (consumer) per-
ception” of CRISPR-Cas technology. The “consumers”
include a broad range of people who can be categorized—
(1) people directly involved in developing the technology
and its products and (2) people not directly involved in
developing the technology (Fig. 3). It is onerous for the
proponents of the CRISPR-Cas systems to be transparent
to the other communities in explaining the pros and cons
of the technology [27].

With the ease of the use of the CRISPR-Cas system, its
benefits to crop improvement, and the ease of regulations
on genome-edited crops, it is apparent that there will be an
increase in the commercialization and availability of the
number of genome-edited crops and their products. How-
ever, the success of the genome-edited crop will largely
depend on its acceptability by consumers. A birds-eye-view
provides an overview of the whole process of CRISPR-tech-
nology development that can help consumers make better-
informed choices about CRISPR-edited products.
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