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Abstract

Conventional breeding, which fueled the first Green Revolution, is no longer sufficient to meet the growing challenges of
global food security. With the world population projected to surpass 9.7 billion by 2050 and climate change accelerating, we
need transformative solutions. Precision breeding and agricultural biotechnology are now pivotal in ushering in a second
Green Revolution. Among these technologies, CRISPR/Cas (Clustered Regularly Interspaced Short Palindromic Repeats
and associated proteins) has emerged as a game-changing tool in genetic engineering due to its simplicity, precision, scalabil-
ity, and cost-effectiveness. Enhanced CRISPR-based systems—such as base editing and prime editing—offer even greater
versatility, allowing for single-nucleotide modifications without double-strand breaks. These advancements are expanding
the frontiers of crop improvement. Genome editing, when combined with next-generation sequencing (NGS) and function-

al genomics, enables the rapid development of designer crops that are resilient to biotic (pests, pathogens) and abiotic

(drought, salinity, temperature) stressors. This is particularly critical for vegetable crops, which are rich in essential micronu-
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trients and contribute significantly to nutritional security. Unlike traditional breeding methods such as selection and back-
crossing—which are labor-intensive and time-consuming—CRISPR/Cas9 offers a targeted, efficient alternative to enhance
crop yield, quality, disease resistance, stress tolerance, and nutritional value. It facilitates access to untapped germplasm and

accelerates the development of elite cultivars by enabling precise gene edits in key regulatory pathways.

Keywords: CRISPR/Cas; Genome Editing; Genetic Engineering; Biotechnology; Mutagenesis

Introduction

One of the most difficult problems that humanity
is currently confronting is food security. By 2050, the
world's population is predicted to reach 10 billion, meaning
that food production must rise by 60-100% worldwide [1].
This issue becomes difficult if we also consider other ele-
ments that affect farmers and producers around the world,
such as climate change, increased biotic and abiotic stresses,
dwindling arable land supply, economic disparities, and dif-
ferences in political and regulatory systems between coun-
tries [2]. Agriculture needs to adopt technological advance-
ments to enhance both the quantity and quality of food, es-
pecially as many factors affecting production are difficult or
impossible to manage. As a key source of nutrition, veg-
etable crops play a crucial role in food security. Globally,
provide essential metabolites, fiber, vitamins, and minerals
vital for human nutrition. However, their physiology makes
them particularly susceptible to climate change and adverse
weather conditions. Consequently, it is crucial to develop
new cultivars capable of rapidly adapting to these evolving

environmental challenges.

Traditional breeding has long been essential in ad-
dressing the growing the need for increased yields. Yet, this
method depends relying on current genetic diversity. More-
over, intensive selection processes have narrowed the genet-
ic pool in certain vegetable species, reducing the presence of
alleles for further enhancement [3]. Traditional breeding
process is highly labor-intensive and labor-intensive, often
requiring taking as long as 20 years to develop a novel varie-
ty and bring it to commercial cultivation —a significant
challenge when there is an urgent need for superior culti-
vars. While haploidy induction has been known since the
1950s, the adoption of double haploid plants in breeding

programs during the 1990s marked a pivotal advancement,
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substantially accelerating the development of novel varieties
[4]. However, this method still depends on the existing ge-
netic pool and has limited applicability to major vegetable
crops due to the scarcity of effective double haploid produc-

tion techniques.

Advancements and Limitations of Genetic Modifica-
tion and Genome Editing Technologies in Vegetable

Crop Improvement

To overcome these limitations, genetic modifica-
tion offers a promising alternative. Over the past three de-
cades, different techniques, such as direct DNA uptake, To
introduce foreign genetic material into vegetable cells, meth-
ods such as particle bombardment and Agrobacterium-me-
diated transformation have been employed. In 2018, Jaga-
nathan et al. These techniques have been crucial in identify-
ing the roles of genes and creating new vegetable crop fea-
tures. However, their adoption is constrained by challenges
such as inconsistent and occasionally unstable transgene
insertions, resistance in certain key vegetable species, and
concerns concerning the incorporation of undesired genetic
material from vectors and marker genes. These issues have
led to stringent global regulations [5]. Targeted genetic
changes have been a potent alternative for improving veg-
etable crops for more than ten years thanks to site-specific
nuclease-based approaches. Because of its ease of use, adapt-
ability, and higher efficiency than previous technologies like
Zinc Finger Nucleases (ZFNs) and Transcription Activator--
Like Effector Nucleases (TALENS), the Clustered Regularly
Interspaced Short Palindromic Repeat Associated Protein
System (CRISPR/Cas9) is the tool of choice among these
[6].Bottom of Form

Modern agriculture utilizes several breeding meth-
ods, such as transgenic breeding, mutation breeding, and ge-

netic engineering (GE)-mediated breeding, to enhance
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crops. In contrast, traditional techniques like genetic recom-
bination and crossbreeding can take years to introduce bene-
ficial alleles and enhance genetic diversity. Breeding with
transgenics, a widely recognized method, accelerates the
breeding process by incorporating specific genes into eco-
nomically valuable elite cultivars via exogenous gene trans-
formation. However, this method creates transgenic varia-
tions by inserting foreign DNA into random places within
the plant genome. Conversely, GE-mediated breeding is
more rapid, accurate, and effective than by directly editing
genes or regulatory sequences or by changing DNA and
RNA bases within elite kinds, genetic engineering (GE) pro-
vides targeted improvements and drastically cuts down on
the time required to enhance desired qualities. To more typi-
cal techniques such as conventional transgenic breeding,
mutation breeding, and crossbreeding. CRISPR/Cas9, also
known as clustered regularly interspaced short palindromic
repeats (CRISPR)/CRISPR-associated protein 9 (Cas9),
zinc-finger nucleases (ZFNs), transcription activator-like ef-

fector nucleases (TALENSs), and mega nucleases (MegN) are
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examples of current GE technologies [7].

The various techniques involved in Genetic engi-

neering are as follows:
Zinc Finger Nucleases

ZFNs, are made up of two domains: nuclease,
which cleaves DNA, and zinc finger proteins, which bind
DNA. The nuclease causes a double-strand break at the spec-
ified location, while the zinc fingers are made to identify par-
ticular DNA sequences. The cell fixes the damage, possibly
adding genetic modifications. Moderately precise, but the
design of zinc fingers can be complex. The protein's ability
to bind to specific sequences depends on the correct align-
ment of fingers. Designing custom zinc fingers for each tar-
get is time-consuming and requires expertise. Each zinc fin-
ger has to be synthesized and assembled. ZFNs are effective
but have lower efficiency compared to newer methods like
CRISPR. There’s also a higher risk of off-target effects. Wel-
l-established technique with success in research; used in a

few clinical trials.
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Figure 1: Zinc Finger Nucleases Mechanism

(TALENS) or Transcription Activator-Like Effector

Nucleases

TALENs work similarly to ZFNs but with a differ-
ent DNA-binding domain. They consist of transcription ac-
tivator-like effectors (TALEs) that specifically recognize
DNA sequences through a repeat structure and a nuclease
domain that induces double-strand breaks. TALENs are
more precise than ZFNs because the DNA-binding specifici-

JScholar Publishers

ty can be altered by changing the repeat sequence, making
them versatile in targeting different genes. Designing TAL-
ENs is easier than ZFNs because the repeats are more pre-
dictable, but the process is still time-consuming. TALENs
are relatively efficient, with higher precision than ZFNs,
though still not as efficient as CRISPR. Easier design than
ZFNs, higher specificity, fewer oft-target effects, and more
flexible.
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Figure 2: Transcription Activator-Like Effector Nucleases mechanism

CRISPR/Cas9

A guide RNA (gRNA) is used by CRISPR/Cas9 to
lead the Cas9 endonuclease to a particular DNA sequence.
At the target site, the Cas9 enzyme subsequently causes a
double-strand break. Genetic changes result from the cell's
own repair system mending this break. Even though CRIS-
PR/Cas9 can be incredibly accurate, off-target effects can
still happen, particularly when guide RNA designs are
flawed. Oft-target problems have been greatly decreased by
recent advancements (such as CRISPR/Cas12 and CRISPR/-
Cas9 variations). Much easier to design than ZFNs and TAL-
ENs because all that needs to be done is create the gRNA
that attaches to the target sequence. It may be applied to a
wide range of species much more quickly and easily. With
little expense and time, CRISPR has greatly improved
genome editing and is renowned for its high efficiency.
Highly efficient, simple to design, low-cost, and applicable
to a wide range of organisms. It has rapidly revolutionized

genetic engineering across industries.

CRISPR-CAS9 in Transforming Vegetable Crop Im-

provement

Using CRISPR-Cas9, the Argonaute 7 gene was
deleted to create the first tomato needle-leaf mutant in
2014. Since then, a great deal of study has been done on its
possible uses, which include boosting resistance to biotic

and abiotic stressors, prolonging shelf life, optimizing plant
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architecture, and improving fruit quality. The method is cur-
rently being researched for a number of crops, including

mustard, cabbage, tomatoes, and melons.

Mutating the endogenous phytoene desaturase
(PDS) gene and examining the ensuing albino plants is a
popular technique to assess gene-editing effectiveness. A rec-
ognizable albino phenotype is produced when the PDS gene
is disrupted, which lowers the production of carotenoid and
chlorophyll. Because Agrobacterium-mediated transforma-
tion is easily accessible and gene-editing products produced
using this method have no commercial value, tomatoes in
particular have emerged as a model crop for exploring CRIS-
PR-Cas9 applications. Crop breeding methods have traditio-
nally involved crossing a superior variety with a donor varie-
ty to produce offspring with desirable traits. However, cross-
breeding is a lengthy process, often taking 8-10 years to en-
hance specific traits, such as disease tolerance or resistance,
within a species. The selected offspring must undergo multi-
ple backcrosses with the elite variety to eliminate unwanted
traits before introducing new desirable traits from the
donor variety into the elite line. Mutant breeding, on the
other hand, relies on inducing genetic variations through
chemical treatments or physical irradiation, typically im-
proving traits over 6-7 years. Transgenic breeding, a sim-
pler and well-established approach, involves introducing ex-
ternal genes into elite varieties, significantly accelerating the

process and achieving desired crop improvements in 4-6
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years. Genome editing represents a breakthrough in breed-
ing methods, offering precise modification of target genes
or regulatory sequences by altering DNA or RNA bases in
elite varieties. This technique enables rapid enhancement of

specific traits, often within just 2-3 years.

Tomato

Tomato the vegetable crop on which the most
CRISPR/Cas research has been conducted. This reflects
both the abundance of genomic data and the economic sig-
nificance of this species. It is also a prime candidate for gene
editing due to the availability of extremely effective transfor-
mation techniques. Actually, [8] published the first research
utilizing the CRISPR/Cas9 technology for any vegetable
crop. A. rhizogenes was used to transform the roots of a sta-
ble transgenic strain that expressed mGFP controlled by the
SCARECROW (SCR) promoter from Solanum lycoper-

sicum.

By altering the mGFP gene's coding region, the ini-
tial construct sought to test the system. Different degrees of
gfp expression were found in the roots, and the edition
events were later verified by restriction enzyme and PCR
analysis. By creating a A 19-bp sgRNA similar to eGFP but
with only 4 nucleotides different from the mGFP sequence,
their second vector evaluated the degree of specificity. The
excellent specificity of the sgRNA was confirmed by the
absence of any roots exhibiting decreased levels of GFP ex-
pression. In order to ascertain whether the function of the
gene SHORT-ROOT (SISHR) was conserved across species,
they finally focused on it. Their findings validated the sys-
tem's ability to carry out gene knockout for functional char-
acterization since they displayed a phenotype that was com-
parable to that of Arabidopsis. The gene SLARGONAUTE
(SLAGOQ?7) was selected because its disruption would lead to
a distinct and unique phenotype. According to the data, TO
plants had a significant amount of needle-like leaves. These
outcomes demonstrated the efficacy of this gene edition sys-
tem once more. Research has been conducted on a wide
range of subjects since the initial studies validated the idea
of utilizing CRISPR/Cas 9 to modify the tomato genome
changes made to a number of genes involved in develop-
mental pathways; Targeting the gene RIN in 2015, Ito et al.
produced plants with incomplete fruit ripening. CLV3 and
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SPGS5, which are involved in meristematic proliferation and
flowering repression, respectively, were altered to produce
lines with larger fruit because of aberrant meristem growth
and plants that bloomed early because they were less sensi-

tive to long days [9,10].

Mutations in the SIAGL6, which caused plants to
produce fruit without seeds. As reported in the second publi-
cation, the deletion of SITAA9 led to plants with modified
leaf shapes and the expected seedless fruit. This also result-
ed in the successful generation of mutant lines with higher
levels of aminobutyric acid. [11], lycopene content [12], and
a longer shelf life [13] have been reported in relation to sig-
nificant agronomical features. Research on tomatoes has al-
so focused on several biotic and abiotic stressors. [14] found
that when the gene SIMAPK3 was knocked out, the result-
ing lines had reduced resistance to drought stress. Breeding
could benefit from these findings identifying the conserved
function by choosing people with high expression of this
gene. In order to address the serious issue of plant infec-
tions and the vulnerability of certain elite cultivars to them,
the gene SIMlol was knocked out in order to give tomatoes
resistance to powdery mildew. The results showed that this
approach was successful in generating pathogen-resistant
lines [15]. In the same way. The Moneymaker tomato varie-
ty, which is resistant to the bacterial speck disease caused by
Pseudomonas syringae pv. tomato. They produced short-
ened JAZ?2 variants devoid of the C-terminal Jas domain by
concentrating on altering the SIJAZ2 gene. This modified va-
riety's resistance to necrotrophs was unaffected, although it
did exhibit decreased bacterial penetration through the sto-
mata. Along with focusing on desired phenotypic and agro-
nomic characteristics, scientists have also searched for novel
uses for this technology. In place of traditional mutagenesis
techniques like EMS or fast neutron, [16] suggested using
pooled CRISPR/Cas9 libraries to create mutant popula-
tions. Their findings demonstrated both high efficiency in
producing such mutations and good specificity on the tar-

geted genes.

Cucumber

Cucumber was the first member of the Cucurbi-
taceae family to successfully use the CRISPR-Cas9 system

for gene editing [17]. The researchers targeted two specific
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sites of the elF4E gene to enhance broad viral resistance.
While they achieved virus resistance in cucumbers, the pro-
cess had low efficiency. Subsequently, [18] aimed to gener-
ate gynoecious cucumber lines through CRISPR-Cas9-medi-
ated mutagenesis of the CsWIP1 gene. They used the more
resilient CsU6 promoter to increase the system's efficiency.
In contrast to the wild-type plants, the resulting TO mutants
had a gynoecious phenotype, which included smaller leaves

and exclusively female flowers on the top nodes.

Watermelon

Tian et al. successfully altered this species' CIPDS

genes in 2016 to produce knockout mutations. Although
plantlets with the anticipated albino phenotype were pro-
duced by the disturbance, these lines eventually died as a re-
sult of poor shoot development. In a subsequent study, [19]
targeted the Acetolactate Synthase (ALS) gene in an attempt
to produce watermelon plants that are resistant to herbi-
cides. To confer herbicide resistance, they employed a point
mutation technique, specifically creating a C to T alteration
in one of the gene's codons. Forty-five of the 199 plants that
were created had the necessary mutation. In contrast to the
wild-type plants, which were badly impacted by the herbi-
cide Trigonuron, the homozygous mutant lines exhibited to-

tal resistance, showing no damage after 14 days.

Table 1: CRISPR/Cas9 research in vegetable crops

Crop Target gene Trait References
Carrot F3H Phenotypic characteristics [20]
Chicory CIPDS Phenotypic characteristics [21]
Cucumber elF4E CsWIP1 Virus resistance Gynoecious induction [17,18]
Lettuce BIN2 LsNCED4 Developmental traits, Abiotic stress tolerance [22,23]
Herbicide resistance
Potato SIALS1 SHAA2 SIALSI Abiotic stress [24-29]
StMYB44 GBSS .
Starch quality
mGFP, SISHR
SLAGO7
RIN Gene functional characterization
ANTI Gene functional characterization
CLV3 Fruit ripening
SIPDS, SIPIF4 Phenotypic
SPG5 Fruit size
PSY1 Phenotypic
ALC Early flowering
LRR-XII family, PDS SIAGL6, Phenotypic
SITAA9 Prolonged shelf life Phenotypic/Mutagenised
DELLA, ETRI populations
Tomato SIMlo1 Parthenocarpy [8,10-16,30-44]
SIMAPK3 Developmental
SIGAD2, SIGAD3 Fungal resistance
SITAA9 Drought tolerance
GABATPI-3, CATY, GABA increase Parthenocarpy control
SSADH Increase in aminobutyric acid
SLCBF1 Abiotic stress
SGR1, LCY-E, Bl, Lycopene content
LCY-B, LCY-B2 Phenotypic
CRITISO, PSY1 Bacterial resistance
SLMYBI2 Plant architecture
SLJAZ2
DELLA family
CIPDS Phenotypic characteristics,
Watermelon ALS Herbicide resistance [45.46]
JScholar Publishers J Adv Agron Crop Sci 2025 | Vol 4: 104



Potato

In Europe and certain regions of the Americas, it
is currently regarded as a staple crop and it has grown to be
a highly significant crop globally. The current breeding ini-
tiatives place a larger premium on the requirement for culti-
vars that can improve their nutritional value and adapt to
climatic change. This crop has a great chance to benefit
from the application of gene edition technology. [24] de-
scribed the CRISPR/Cas9 technology in potatoes for the
first time. To alter the StALS1 gene, they employed diploid
and tetraploid types. Three out of the four main events
showed more than two types of mutations at a single ALS
gene, suggesting that somatic mutations were most promi-
nent in the diploid context. In contrast, four of the five indi-
viduals with a tetraploid background exhibited only one
type of mutation. The transmission rates of single-targeted
mutations ranged from 87% to 100%, and these mutations
were inherited through the germlines of both backgrounds.
[26] utilized CRISPR-Cas9 to create knockouts in the pota-
to's StIAA2 gene, which is crucial for shoot morphogenesis.
Their study demonstrated that this technique was successful
in inducing directed mutations for gene functional charac-
terization, as they obtained homozygous and heterozygous
plants with different mutations. In another study, [25] tar-
geted the ACETOLACTATE SYNTHASE I (ALSI) gene in
potatoes to reduce their susceptibility to ALS-inhibiting her-
bicides. Their approach involved incorporating a repair tem-
plate into their vector to facilitate the use of homologous re-

combination for obtaining modified events.

Additionally, they employed a Geminivirus Repli-
con (GVR) system and Agrobacterium as transformation
techniques. It's interesting to note that their findings demon-
strated that only the plants produced via the GVR approach
had a greater resistance to herbicides. [28] knocked down
the GBSS gene to improve the nutritional content and
starch quality. In up to 2% of the regenerated lines, muta-
tions were achieved in all four alleles in a single transfec-
tion. Building on these results, [29] utilized CRISPR-Cas9 ri-
bonucleoproteins (RNPs) to deliver the target gene to pota-
to protoplasts, employing a DNA-free genome editing ap-
proach. All modified lines were free of transgenes, and
RNA-induced mutations were detected in up to 9% of the

cases. Unintentional insertions were found at the cut site in
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over 80% of the shoots with confirmed modifications; how-
ever, these insertions were within the expected range of
DNA delivery.

Carrot

Carrots are one of the most economically impor-
tant vegetable crops and a vital species in biotechnology.
They are vulnerable to genetic transformation mediated by
Agrobacterium and have been crucial in the development of
plant tissue culture techniques. However, because of their
biennial reproductive cycle, out-crossing tendencies, and
the significant consequences of inbreeding depression, car-
rot research has progressed more slowly than that of other
crops. Nevertheless, [20] used the CRISPR-Cas9 system to
show targeted mutagenesis in carrots. The researchers used
multiplex CRISPR-Cas9 vectors that expressed two sin-
gle-guide RNAs (gRNAs) to target the flavanone-3-hydroxy-
lase (F3H) gene in order to decrease the production of an-
thocyanins. They also evaluated the editing effectiveness of
three codon-optimized SpCas9 variants (AteCas9, zCas9,
and Cas9p) in order to improve the technique. With an as-
tounding 90% mutation rate, the results demonstrated that
AteCas9 was the most effective. The F3H gene's crucial func-
tion in the biosynthetic pathway that produces antho-
cyanins was verified by the darkening of calli caused by dis-

ruption of the gene.

Lettuce

It is highly important crop with a short life cycle,
contributing to a multibillion-dollar industry worldwide.
Due to the availability of extensive genomic data, it is con-
sidered an ideal candidate for genome editing research. [22]
conducted the first study exploring the use of the CRISPR--
Cas system in this species. [23] further advanced this re-
search by successfully creating targeted genome modifica-
tions in several plant species, including lettuce. Ribonucleo-
proteins (RNPs) were delivered straight into protoplast cells
to accomplish this. The goal was to cause mutations in the
BIN2 gene, which functions as a negative regulator in the
signaling pathway for brassinosteroids. Analysis showed
that the mutant allele might be passed on to the progeny
when complete plants were successfully regenerated. The Ls-
NCED4 gene, which controls the thermo-inhibition of let-

tuce seed germination, was another focus of the team.
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When this gene was disrupted, the seed's ability to withs-
tand higher germination temperatures significantly im-
proved. More than 70% of the seeds in a trial including 368
T2 plants and 47 primary transformants (T1) were able to
germinate, indicating the potential of this genetic change to
improve seed germination under stressful circumstances
37°C.

Chicory

One significant vegetable crop that is well-known
for generating secondary metabolites with possible medical
uses is chicory. Additionally, the food sector uses it, especial-
ly in the manufacturing of inulin, a sugar replacement. Chi-
cory is widely grown, thus there is increasing interest in ge-
netically altering it to increase its nutritional value and pro-
ductivity. [21] investigated the application of targeted muta-
genesis based on CRISPR/Cas9 in chicory to accomplish par-
ticular genetic alterations. In order to induce a distinct albi-
no phenotype, they concentrated on the CiPDS gene. De-
pending on the technique, which included direct delivery in-
to protoplasts and Agrobacterium-mediated transforma-
tion, they were able to successfully recover albino plants by
targeting this gene at rates varying from 4.5% to 31.3%. Th-
ese results highlight the potential of CRISPR/Cas9 in chico-
ry research, suggesting that such techniques could be fur-
ther developed to enhance the nutraceutical value of the

plant in the future.

Crispr Technology Help in Developing Crops that

are more Resilient to Climate Change

CRISPR technology can help develop crops that
are more resilient to climate change by enabling precise,
rapid, and targeted genetic modifications that enhance toler-
ance to a range of environmental stresses. By editing genes
associated with drought, heat, salinity, and flooding toler-
ance, CRISPR allows crops such as rice, maize, and wheat to
better withstand extreme weather conditions and water
scarcity, which are becoming more frequent due to global
warming for example, CRISPR has been used to knock out
specific genes in rice to improve salt and drought tolerance
without compromising yield or growth. The technology can
also bolster resistance to diseases and pests whose preva-

lence and distribution are shifting with climate change, re-
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ducing crop losses and the need for chemical pesticides Ad-
ditionally, CRISPR can be used to improve nutrient use effi-
ciency, allowing crops to thrive with less fertilizer, which
not only supports productivity under stress but also reduces
agriculture’s environmental footprint Other applications in-
clude extending shelf life and reducing food waste, which is
critical as climate change increases post-harvest losses. Over-
all, CRISPR’s speed, accuracy, and versatility make it a pow-
erful tool for developing climate-smart crops that can help

secure food supplies in a changing world.

Regulatory Aspects and Public Acceptance of Cris-
pr-Edited Crops

The regulatory landscape for CRISPR-edited crops
is complex and evolving, with significant variation across re-
gions. In the United States, the USDA’s APHIS requires de-
velopers to notify authorities before advancing gene-edited
crops, reflecting a cautious approach, while the SECURE
rule exempts certain CRISPR modifications that could be
achieved through conventional breeding from stringent reg-
ulation, and the FDA and EPA oversee food safety and envi-
ronmental impacts based on product characteristics rather
than editing methods. In the European Union, CRISPR-edit-
ed crops are still largely regulated under strict GMO frame-
works, making commercialization difficult, though recent
policy shifts aim to ease regulations for some gene-editing
techniques by enhancing transparency and patent disclo-
sure requirements. Other countries, including China, Thai-
land, Uruguay, New Zealand, and India, have updated or
clarified regulations to support genome-edited crops, often
exempting those without foreign DNA from GMO regula-
tions and biosafety assessments, with China notably approv-
ing several CRISPR-edited crops for nationwide cultiva-
tion36. Intellectual property disputes further complicate
commercial access and licensing, influencing innovation
and adoption globally. Public acceptance of CRISPR-edited
crops varies widely, shaped by cultural, ethical, and informa-
tional factors; while some regions are increasingly receptive,
skepticism persists, especially where GMOs have faced resis-
tance, underscoring the need for transparent communica-
tion about safety and benefits, as well as robust, sci-
ence-based regulatory frameworks and public education to

foster trust and sustainable adoption.

J Adv Agron Crop Sci 2025 | Vol 4: 104



Discussion

As the global demand for food increases, the
agribusiness sector must rely on innovative technologies to
address the challenges associated with genome editing. Tra-
ditional breeding methods are slow and can take years to
bring superior cultivars to market, while the public's resis-
tance to transgenic options limits their widespread use [47].
As a result, sequence-specific nucleases such zinc finger nu-
cleases (ZFNs) and transcription activator-like effector nu-
cleases (TALENs) have become viable substitutes for crop
improvement. However, there were restrictions on their ap-
plication and design. Because of its accessibility, simplicity,
and accuracy, CRISPR/Cas9-mediated mutagenesis has
rapidly emerged as a considerably superior tool in crop im-
provement [48,49]. This strategy can be used for a number
of things, including gene knockdowns, point mutation intro-
duction, mutagenized library creation, and homologous re-

combination template insertion [50].

The CRISPR/Cas9 system has certain disadvan-
tages despite its efficacy, including the possibility of off-tar-
get mutations because of its poor selectivity. Furthermore,
not all Cas9 proteins function as well in various crops,
which limits its utility [51]. Furthermore, when developing
CRISPR-based technologies, government laws and legisla-
tion pertaining to gene-edited plants must be considered.
For instance, public opinion and research levels in that re-
gion have been greatly impacted by the European Union's
position on CRISPR [52]. How the technology is incorporat-
ed into plant cells will also determine how well CRISPR
works in agriculture. The majority of recent studies have
employed transformation methods based on Agrobacteri-
um, which could result in two important consequences for
genetically modified organisms (GMOs). First, selection
genes may be used during the vector generation process,
and second, vector DNA may permanently integrate into
the host genome. Off-target mutations may increase if the
sgRNA is poorly designed or shares a lot of similarities with
other genomic areas. Thus, effective and transient delivery

methods are essential for enhancing CRISPR's functionality.

Researchers are investigating techniques such as
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magnetoception, lipofection, and nonoperation for transfec-
tion into single cells as alternatives to conventional ap-
proaches. About 80% of study studies have concentrated on
tomatoes and potatoes, despite the fact that CRISPR technol-
ogy has not yet been extensively used to the genome editing
of vegetable crops. Due in significant part to their signifi-
cance as staple crops in many regions of the world, toma-
toes and potatoes are the focus of genome editing research.
Because they can be subjected to genetic transformation,
molecular delivery, and regeneration procedures, these spe-
cies are perfect for genetic research [1]. The advancement of
genome editing has been hampered by the greater resis-
tance of other significant vegetable crops, such pepper and
onion, to genetic alteration. Developing efficient techniques
for molecular delivery and regeneration is necessary to
make genome editing a feasible option for these and related

crops.

Fortunately, it has been shown that ribonucleopro-
teins can effectively induce mutations when they are deliv-
ered directly into cells [28]. This strategy might be a useful
means of avoiding the requirement for in vitro regenera-
tion. Without a question, CRISPR/Cas9-mediated genome
editing has the potential to soon transform commercial and
research approaches to improving vegetable crops. We
think that a new era in food production may be approach-
ing with the correct mix of laws, implementation plans, in-
tellectual property protection, and sustained investment.
CRISPR/Cas has immense potential in plant genomics, espe-
cially in addressing both biotic (pest and disease-related)
and abiotic (environmental stress such as drought, salinity,
and temperature extremes) stresses. As genome editing tech-
nology advances, CRISPR/Cas is expanding its application
to various areas. It can now precisely modify plant genes by
editing individual nucleotides, altering amino acids, and
even "knocking out," "knocking in," or "knocking up" specif-
ic genes. By using CRISPR/Cas to target key genes that regu-
late a plant's response to these stresses, it is possible to en-
hance crop growth, yield, and resilience. This approach
broadens the genetic resources available, ultimately helping
to develop crops that can better withstand environmental

challenges and meet the growing global demand for food.
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Conclusion

CRISPR/Cas9 is revolutionizing vegetable crop im-
provement by enabling targeted, efficient, and rapid devel-
opment of varieties with improved yield, quality, stress resis-
tance, and nutritional value. Continued advances in
genome sequencing, regeneration techniques, and regulato-

ry clarity will further expand its impact in the vegetable sec-

tor.
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