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ABSTRACT

CRISPR/Cas9 has emerged as a breakthrough site-specific genome-editing technique due to
its ease of use, simplicity, and high efficiency that has revolutionized the field of genome
editing. It allows scientists to create transgene-free genome-edited plants by allowing them
to target and modify specific DNA sequences. The foremost step designing this system in
plants is to identify the target gene followed by designing the construct which includes
identification of appropriate Cas proteins, design and selection gRNAs, and selection of
regulatory elements to express gRNAs and Cas proteins. It complexes with sgRNA for DNA
targeting and requires PAM site downstream of its target sequence for DNA recognition.
Once Cas9 recognizes its PAM sequence, the Cas9-sgRNA complex binds to the target
sequence and generates a DSB at the target site. DNA cleavage activity of Cas9 is achieved by
the combined effort of two parts of the protein (RuvC and HNH). In most genome editing
experiments, the gRNA as well as the Cas9 and selectable marker genes, have been delivered
into plant cells using either T-DNA (Agrobacterium infection) or plasmid DNA (particle
bombardment). For most purposes, validation and characterization of edits on both the
molecular and phenotypic level, will be required to assess their biological relevance. The
CRISPR/Cas9 system has been successfully applied in various plant species. These include not
only model plants, such as Arabidopsis, but also crops, such as rice, tobacco, sorghum,
wheat, maize, soybean, tomato, potato, poplar, apple and banana.
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INTRODUCTION

n a calm laboratory in 2012, a scientific

breakthrough unfolded that would forever

change the way we understand and
manipulate life itself. A team of researchers,
led by Jennifer Doudna and Emmanuelle
Charpentier, introduced the world to
CRISPR/Cas9, a genome-editing tool that was
as elegant as it was powerful. What began as a
natural bacterial defense mechanism quickly
became one of the most celebrated innovations
in modern science, earning the duo the Nobel
Prize in Chemistry in 2020. But its story
doesn’t end in the lab—it’s in the fields, where
CRISPR is reshaping the way, we grow food
and adapt to an ever-changing planet. The
dawn of CRISPR/Cas9 has transformed the
world of science and agriculture, making once-
impossible genetic maodifications not only
feasible but efficient and precise. This
technology was derived from a natural
bacterial defense system (Jinek et al., 2012).
CRISPR, an acronym for "Clustered Regularly
Interspaced Short Palindromic Repeats," along
with the Cas9 protein, offers a method to edit
DNA with unmatched accuracy. Its simplicity,
affordability, and versatility have paved the
way for its extensive application in plants,
including staples like rice, maize, and wheat
(Osakabe & Osakabe, 2015).

For agriculture, the implications were
profound. With a growing population and a
changing climate threatening global food
security, scientists found in CRISPR a tool to
address some of the most pressing challenges
of our time. Imagine a world where crops
could survive severe droughts, resist
devastating diseases, or pack more nutrients
into every bite. CRISPR is making that dream
a reality. CRISPR’s journey begins in the
microbial world, where bacteria and archaea
have long used it to protect themselves from
viral invaders. These organisms store snippets
of viral DNA, known as spacers, between their
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palindromic repeats to act as memory markers.
When a virus strikes again, the stored spacers
guide the bacterial defense machinery to target
and destroy the invader. Cas9 acts as the
executioner, cutting the viral DNA with
precision (Mojica et al., 2005). Scientists soon
realized that this system could be adapted to
edit genes in other organisms, including plants,
where it has revolutionized breeding programs.

The CRISPR/Cas9 system works in three main
steps. First step is to design a guide RNA
(gRNA), a short RNA molecule that directs the
Cas9 protein to the desired DNA sequence.
Once bound, Cas9 introduces a double-strand
break (DSB) at the target site. The cell’s repair
mechanisms—nonhomologous end joining
(NHEJ) or homology-directed repair (HDR)—
then take over. NHEJ often introduces small
insertions or deletions, while HDR allows for
precise edits (Wang et al., 2016). The choice
between these pathways can be leveraged to
either knock out genes or correct mutations,
making CRISPR incredibly versatile. What
makes CRISPR particularly revolutionary is its
ability to generate transgene-free plants,
sidestepping many regulatory and public
acceptance challenges. By precisely targeting
DNA sequences, scientists can enhance traits
like disease resistance, drought tolerance, and
even nutritional content without introducing
foreign genes. For instance, low-gluten wheat
has been developed by targeting specific genes
responsible  for immunogenic  peptides,
reducing gluten content by 85% (Sanchez-
Ledn et al., 2018).

Designing CRISPR/Cas9 systems for plants
requires a meticulous approach. The first step
is to identify the target gene and design a
complementary gRNA. Tools like the
ChopChop web tool simplify this process,
ensuring that the chosen sequence minimizes
off-target effects. Once designed, the CRISPR
construct, including the Cas9 protein and
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gRNA, is introduced into plant cells through
methods such as Agrobacterium-mediated
transformation, PEG-mediated delivery, or
biolistic bombardment. Each method has its
strengths and limitations. For instance,
Agrobacterium-mediated transformation s
highly efficient and widely used, while PEG-
mediated delivery produces DNA-free edits,
avoiding regulatory concerns (Svitashev et al.,
2015). The precision of CRISPR lies not only
in its targeting but also in its delivery. The
Cas9 protein and gRNA can be introduced as
plasmids, ribonucleoproteins, or even through
magnetofection. In plants, promoters like
CaMV35S or ubiquitin ensure robust
expression of the Cas9 protein, while U6 or
U3 promoters are typically used for gRNA
expression. These design elements are critical
for achieving high editing efficiency and
minimizing unintended edits (Kanchiswamy,
2016).

Once the CRISPR system is delivered, the
success of the experiment must be validated.
Techniques like mismatch detection assays,
Sanger sequencing, and phenotypic analyses
help confirm whether the desired edit was
achieved. For instance, mismatch detection
assays identify structural deformities in DNA,
while phenotypic assays assess changes in
traits like disease resistance or flowering time.
Each method offers unique insights, allowing
researchers to fine-tune their approach for
future experiments.

One of the most striking applications of
CRISPR is its ability to enhance crop
resilience in the face of climate change. By
editing genes involved in drought tolerance or
nitrogen-use  efficiency, researchers are
developing crops that can thrive in harsh
environments. Similarly, CRISPR is being
used to combat plant diseases by silencing
susceptibility genes. For example, rice has
been engineered to resist bacterial blight by
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targeting the SWEET gene family. These
advancements are not only increasing
agricultural productivity but also reducing
reliance on chemical inputs like pesticides and
fertilizers.

Despite its immense potential, CRISPR is not
without challenges. Off-target effects, where
unintended regions of the genome are edited,
remain a concern. Scientists are continually
refining gRNA design and delivery methods to
minimize these risks. Ethical and regulatory
considerations also play a significant role in
determining the future of CRISPR in
agriculture. While transgene-free plants often
face fewer regulatory hurdles, public
perception can influence their adoption. Clear
communication and transparency are essential
to build trust and ensure that the benefits of
this technology are widely recognized.

SUMMARY

CRISPR’s potential extends beyond the
laboratory and into the fields, where it is
shaping a new era of agriculture. Its ability to
precisely edit DNA is enabling the
development of crops that are more nutritious,
resilient, and sustainable. As Jennifer Doudna
aptly remarked, “If scientists can think of a
genetic manipulation, CRISPR can now make
that happen.” From reducing gluten in wheat
to enhancing nitrogen-use efficiency in crops,
CRISPR is opening doors to possibilities that
were once the realm of science fiction. As we
look to the future, the promise of CRISPR lies
in its ability to address some of the most
pressing challenges of our time—climate
change, food security, and sustainable
agriculture. While challenges remain, the seeds
of innovation have already been sown. With
careful  stewardship, this  remarkable
technology has the potential to transform
agriculture, ensuring that we can feed a
growing population while protecting the
planet.
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