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CRISPR-Cas9 Applications in Genetic
Improvement of Fruit Crops

INTRODUCTION
Fruit crops are an essential part of human diets, supplying
critical vitamins, minerals, dietary fiber, and antioxidants
that play a vital role in general health and well-being. Apart

Shri Kant Bharty, Pankaj
Kumar Aditya®*, Jaya
Choudhary?®, Ramanand*

'Dept.of Agriculture, SR College from their nutritional significance, fruit crops also possess
of Professional Studies, great economic significance, constituting an important
Ambabai Jhansi element of international horticultural trade and contributing
?Assistant Professor, Department to the livelihoods of millions of farmers globally. Moreover,
of Botany, B. M. D. College, fruit crop cultivation supports agricultural diversification and
" Dayalpur (Vaishali) ecological sustainability by encouraging biodiversity and soil
ssistant Professor, Department health.
of Zoology, B. M. D. College, This technology enables targeted mutagenesis, gene

Dayalpur (Vaishali)
*Assistant Professor, Department
of Botany, R. P. S. College,
Chakiyaz

knockout, and even gene insertion to accurately edit desired
traits. Some of the uses for improving fruit crops are
increasing resistance to disease and pests, enhancing fruit
quality traits like shelf life, color, flavor, and nutritional
content, increasing yield potential, and creating climate-
resilient varieties that can withstand abiotic stresses such as
drought, heat, and salinity.

Numerous successful case reports have been noted in fruit
crops such as banana, tomato, grape, apple, citrus, and
strawberry where CRISPR-Cas9 has been utilized to create
varieties with less browning, retarded ripening, increased
vitamin composition, or immunity to viral and fungal
diseases. Moreover, the non-transgenic status of some
genome-edited products offers a window for ease of
regulation and public acceptance in contrast to conventional
genetically modified organisms (GMOs).
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effects, regulatory uncertainties, and the necessity for
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research and technological innovations, these constraints are

Article History being progressively tackled. This article presents the working
Received: 04.05.2025 principles of CRISPR-Cas9, its methodological strategies,
Revised: 09.05.2025 . . . .
Accepted: 14.05.2025 and delves into its current and future applications in the
genetic improvement of fruit crops, providing a glimpse into

This article is published under the a new age of precision horticulture.

terms of the Creative Commons
Attribution License 4.0.

Copyright © May., 2025; Agrospheres 50


http://agrospheresmagazine.vitalbiotech.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

4"\

&>Agrospheres:~

Available online at

ISSN (E): 2582 — 7022

,,,,,,,,, http://agrospheresmagazine.vitalbiotech.org

Though vital to agriculture, genetically
improving fruit crops is beset by special
constraints. Conventional breeding techniques of
hybridization and selection are slow, labor
extensive, and plagued by biological limitation
like lengthy juvenile phases, extreme
heterozygosity, incompatibility ~when self-
pollinated, and complicated polygenic characters.
Again, genetic advancement using traditional
procedures is slow in achieving genetic
increment, rendering conventional breeding
inadequate for coping with an increasingly
dynamic scourge like growing pests and disease,
changing  environmental  conditions, and
increased consumer interests in quality fruit of
good market value and with improved nutritional
components.

Over the last few decades, however, molecular
biology and genomics have started developing
new breeding tools. Among them, the CRISPR-
Cas9 (Clustered Regularly Interspaced Short
Palindromic Repeats and CRISPR-associated
protein 9) genome editing technology has been at
the forefront in recent years. Derived from a
bacterial immune response system, CRISPR-
Cas9 enables researchers to edit organisms'
DNA, including plant genomes, with very high
efficiency and few off-target effects by making
precise, targeted alterations.

This genome editing system is of particular
promise for the improvement of fruit crops. It
allows for the alteration of single genes linked
with desirable characteristics like disease
resistance, abiotic stress tolerance, fruit size,
flavor, color, ripening behavior, and nutritional
composition. In addition, CRISPR-Cas9 also has
the potential to circumvent some of the issues of
traditional transgenic technology, potentially
providing non-GMO results that have less
regulatory controversy and greater consumer
acceptance.

Here, we discuss the concept of CRISPR-Cas9
technology, detail its potential uses in several
fruit crops, and review the ongoing
advancements, opportunities, and challenges in
exploiting this tool for sustainable horticulture
development and future-proofed fruit breeding.
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CRISPR-Cas9: Mechanism and Benefits

The CRISPR-Cas9 system is a powerful genome-
editing system that has been derived from a
natural defense system in bacteria. In its original
context, bacteria use the system to identify and
kill viral DNA. Engineered for plant
biotechnology, CRISPR-Cas9 enables precise
genetic changes at specific positions in the
genome.

The mechanism of CRISPR-Cas9 consists of two
essential elements: a guide RNA (gRNA) and the
Cas9 endonuclease. The gRNA is made to be
complementary to a certain DNA sequence in the
plant genome. It directs the Cas9 protein to that
precise site, where Cas9 creates a double-strand
break (DSB) in the DNA. The break is then
repaired by either of two repair pathways within
cells: non-homologous end joining (NHEJ) or
homology-directed repair (HDR). NHEJ usually
results in insertions or deletions (indels) that
cause gene knockouts, while HDR allows for the
insertion or exact replacement of DNA
sequences with a donor template.

The CRISPR-Cas9 system has several unique
advantages over conventional breeding and other
genetic modification methods:

High Precision and Efficiency: It enables
targeted modification of specific genes without
touching other regions of the genome, reducing
unintended effects.

Simplicity of Design and Implementation: The
system is fairly straightforward to design and
implement, hence suitable for application in a
variety of research and crop improvement
programs.

Multiplexing Capability: Several genes are
amenable to simultaneous editing in a single
transformation event, supporting complex trait
engineering.

Broad Applicability Across Species: The
technology has been easily utilized across a
broad variety of plant species, ranging from
annual to perennial fruit crops.

Applications in Genetic Enhancement of Fruit
Crops

Fruit crop application of CRISPR-Cas9 is
advancing swiftly, with notable progress made
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towards enhancing disease resistance, fruit

quality, nutritional content, yield, and stress

tolerance.

1. Disease Resistance

CRISPR-Cas9 has been highly successful in

enhancing the resistance of fruit crops to

different pathogens, such as fungi, bacteria, and
viruses.

v In banana, scientists have knocked out genes
for susceptibility like MusaDmr6, which
imparts enhanced resistance to Fusarium
wilt, a lethal fungal infection responsible for
massive losses in banana cultivation
worldwide.

v" In grapevine, CRISPR was used to knock
down downy mildew susceptibility genes,
resulting in enhanced resistance with no loss
of other desirable agronomic traits.

2. Better Fruit Quality

Improvement of the sensory and post-harvest

qualities of fruits has been one of the principal

objectives in contemporary horticulture, and

CRISPR provides a specific tool to accomplish

this.

v In tomato, knockout of the SIPMR4 gene
has been found to enhance flavor, whereas
editing of SIALC (Alcobaca gene) retards
fruit ripening, thus improving shelf life.

v In apple, the MdPPO gene, which codes for
polyphenol oxidase that causes enzymatic
browning, has been edited via CRISPR.
This leads to less browning, adding to the
visual quality and storage value of the fruit.

3. Improved Nutritional Composition

CRISPR is being successfully employed to

biofortify fruit crops by increasing the level of

vital vitamins, antioxidants, and other health-
benefiting constituents.

v" In papaya and banana, metabolic pathway
editing has been employed to increase the
content of provitamin A (jB-carotene) to
combat vitamin A deficiency in areas where
these fruits are consumed as staple foods.

v In tomato, CRISPR-mediated changes have
resulted in enhanced accumulation of
lycopene, a strong antioxidant, and -
aminobutyric acid (GABA), a useful
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compound for its blood-pressure-lowering
effect and relaxation properties.

4. Yield and Abiotic Stress Tolerance

Enhancing the climatic adaptability of fruit crops

and increasing their productivity are of utmost

importance for sustainable horticulture.

v CRISPR technology has been used in citrus
to develop resistance to citrus greening
disease (Huanglongbing) and enhance
drought stress tolerance, which markedly
affects citrus yield and quality.

v"In strawberry, gene editing was aimed at
manipulating  genes that  determine
flowering time and fruit set and resulted in
enhancing yield stability against fluctuating
environments.

Regulatory and Ethical Implications
The regulatory environment for CRISPR-edited
crops is dramatically different around the world,
indicating varying public perception and policy
approach to genetic modification. In the United
States, Argentina, Brazil, and Japan, genome-
edited plants lacking foreign DNA are exempt
from strict GMO regulation if the edits simulate
natural mutations or can be attained by
traditional breeding. Such crops are categorized
as non-GMO in these countries, thus expediting
approval and commercialization.

On the other hand, the European Union has taken

a stricter approach. The Court of Justice of the

European Union (CJEU) in 2018 ordered that

organisms edited with genome editing tools, such

as CRISPR, are subject to the same regulatory
treatment as GMOs, requiring them to undergo
stringent testing and approval procedures.

This policy divergence highlights the necessity

for global harmonization of policies to facilitate

global research collaboration, trade, and
innovation. Further, ethical issues especially
those of unintended ecological consequences,
intellectual property rights, and fair access need
to be resolved in the open. Public knowledge,

discussion, and education are essential for
establishing trust and assuring informed
acceptance of CRISPR-edited fruits.
Challenges and Future Prospects
Current Challenges
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Although it has the potential to revolutionize, the
use of CRISPR-Cas9 in fruit crops is not without
constraints:

Off-Target Effects: Off-target changes at non-
target locations can impact plant phenotype or
create safety issues. While newer Cas9 variants
and bioinformatics tools are enhancing
specificity, off-target risks need to be eliminated.
Transformation Efficiency: Numerous fruit
crops, particularly woody and perennial types
such as apple, grapevine, and citrus, are
problematic for tissue culture, regeneration, and
stable gene delivery systems. Highly efficient
transformation  protocols are a principal
bottleneck.

Regulatory and Consumer Acceptance: Varied
regulatory systems and public distrust may cause
product development and market release delay,
even in non-transgenic CRISPR-edited fruits.
Future Directions

To bypass these constraints and maximize the
utility of CRISPR in fruit breeding, the following
approaches are under investigation:

Synthesis with Genomic Selection and Speed
Breeding: Synthesizing CRISPR with genomic
selection and speed breeding has the potential to
reduce the time required for the generation and
release of elite cultivars.

Transgene-Free Edited Fruits: Growing
genome-edited varieties without integrating
foreign DNA—via transient expression systems
or direct delivery of CRISPR ribonucleoproteins
(RNPs)—can alleviate regulatory challenges and
enhance public acceptance.

New Genome Editing Tools: New technologies
such as base editing and prime editing are being
created for accurate single-nucleotide edits
without causing double-strand breaks, further
improving accuracy and increasing the number
of editable traits.

CONCLUSION
The CRISPR-Cas9 technology has opened a new
frontier in plant biotechnology, providing a
potent and high-fidelity tool for the genetic
enhancement of fruit crops. Its capacity to
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transcend the limitations of conventional
breeding and provide site-specific trait
improvements makes it extremely useful in the
mitigation of global issues on food security,
climate change, and nutritional well-being.

From improving disease resistance and fruit
quality to increasing yield and stress tolerance,
CRISPR-Cas9 is transforming fruit crop
improvement. But to unlock its full potential,
technical challenges need to be overcome, use
needs to be ensured, and enabling policy and
regulatory frameworks must be developed.
Continued investment in research combined with
open stakeholder consultation and public
engagement will open the door to the next
generation of nutritious and sustainable fruit
crops.
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