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Background: The Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-Cas9 gene-editing technique has
emerged as a significant breakthrough in agricultural biotechnology. As global hunger continues, it is essential to examine how
CRISPR-Cas9 applications can assist in ensuring sufficient food production and resource management sustainability.
Objectives: This review examines the application of CRISPR-Cas9 in major staple crops (e.g., rice, wheat, maize, and soybeans),
focusing on genetic modifications that improve productivity, nutrition, and environmental stress tolerance. Particularly, this review
organizes recent research findings, which is relevant to food-insecure and resource-limited regions.

Methods: We identified and verified peer-reviewed articles from 2014 to 2024 through targeted searches in PubMed, Scopus,
and Web of Science. Studies were included if they reported experimental CRISPR-Cas9 interventions in staple crops, provided
validated outcomes, and addressed factors potentially related to food security. We extracted and grouped key data points to capture
recurring themes in the research focus, then synthesized these findings in a narrative format to highlight overarching themes and
trends.

Results: Analyses of the included studies revealed that CRISPR-Cas9 research in major crops predominantly centered around
three core themes: (1) disease resistance by editing susceptibility genes, (2) enhanced nutritional content through metabolic
pathway alterations, and (3) climate resilience by engineering stress-responsive genes. Studies that focused on CRISPR-Cas9
edited crops showed improvement of -carotene with its sixfold increase in rice and banana, GABA content increase up to 15-fold
in tomato, and drought-tolerance maize yield also increased 5% more under stresses. These results show that CRISPR’s ability to
enhance multiple traits is beneficial for crops. Despite potential benefits, there are implementation barriers. Most CRISPR-edited
crops are still only tested in laboratory conditions, not real farms. In addition, access to biotechnology and infrastructure remains
limited to small-scale farmers in low-resource regions, especially in parts of Africa and Asia, the easier access and to improve
their farm condition and increase harvest should be urged.

Keywords: CRISPR-Cas9, gene editing, agricultural biotechnology, food security, global hunger, crop improvement, disease
resistance, nutritional enhancement, climate resilience, staple crops, genome modification, sustainable agriculture, developing
countries, biotechnology policy, food production.

Introduction gues that CRISPR-Cas9 has a potential to challenge biotechnol-
ogy breakthroughs for nutritional enhancement by introducing
genetically modified staple crops to fight disease and climate
crisis, with a focus on its practical applications. This review
assesses the application of CRISPR-Cas9 to the various regions,
particularly focusing on Asia and Africa, where food systems

and governance framework for agricultural biotechnology differ.

Plant diseases contribute significantly to global food insecu-
rity, which currently affects over 800 million peoplel. Rice
blast disease from the southern US states such as Louisiana,
Arkansas, and Mississippi, threatened the nutrition stability of
60 million people. Without the use of fungicides, the loss could
rise to $1.1 Billion USD, worsening the economic loss. Also,
the drought in sub-Saharan Africa failed to provide agricultural

The Potential of CRISPR-Cas9 Technology
stability?,® Though preceding reviews stated that CRISPR-Cas9

has emerged as a transformative tool for crop improvement, they
often lacked practical implementation such as field validation,
regulatory barriers, or regional infrastructure. This review ar-

In this review, the term genome editing and gene editing are used
interchangeably when referring to targeted modification of DNA
sequences using CRISPR-Cas9. Though the terms are techni-
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cally different where genome editing refers to changes at broader
genomic level while gene editing refers to specifically targeted
genes, the two terms are frequently used and treated equivalently
in many studies. Therefore, for the purposes of consistency and
clarification, the review adopts genome editing as a standard
term unless a distinction is necessary. CRISPR-Cas9 technol-
ogy represents a groundbreaking advancement in agricultural
biotechnology, providing efficiency in genetic modification Un-
like traditional genetic modification methods, this gene-editing
system enables targeted DNA alterations without necessarily in-
tegrating foreign genetic material, addressing key concerns often
associated with conventional Genetically Modified Organisms
(GMO) technologies® CRISPR-Cas9 facilitates precise modifi-
cations within crop genomes, enhancing desirable traits such as
disease resistance, yield improvement, and environmental stress
tolerance® This technology has shown considerable potential to
accelerate breeding timelines by introducing targeted genetic
changes directly into plant germlines and significantly reducing
development time compared to traditional breeding methods*
CRISPR-Cas9 offers promising solutions for global food se-
curity by developing crops that resist pests, diseases, and en-
vironmental stresses while improving agricultural productivity
and minimizing yield losses"/ CRISPR-Cas9 has the potential to
transform agricultural practices and support sustainable global
food systems® However, despite its potential, CRISPR-Cas9 ap-
plications face notable limitations, including efficiency in some
crops, success in field trials, and regulatory uncertainties.

CRISPR-Cas9 and the Sustainable Development Goals
(SDGs)

Using CRISPR-Cas9 technology in agriculture is crucial for
achieving the United Nations Sustainable Development Goals,
particularly SDG 2: Zero Hunger. This underscores its potential
to enhance global food security and may contribute to reduc-
ing hunger by 2030? The CRISPR-Cas9 supports sustainable
agricultural practices through multiple pathways. Crops with
improved disease resistance can reduce reliance on chemical
pesticides and promote environmentally friendly farming meth-
ods. Additionally, improved genetic traits increase crop yields,
making land use more efficient and reducing stress on expanding
agricultural limits. By increasing tolerance to environmental
stressors like drought and nutrient deficiencies, CRISPR-Cas9
fosters more efficient use of natural resources, such as water and
soil nutrients® CRISPR-Cas9 offers promising tools for crop
improvement; however, infrastructure challenges and technical
limitations remain, especially in translating the technology to
the field. This review aims to compile recent research findings
to assess the role of CRISPR-Cas9 in addressing agricultural
challenges. This research is to evaluate the effectiveness of
gene-editing applications and explore the feasibility of inte-
grating CRISPR-Cas9 into sustainable agricultural practices.

Furthermore, given the urgent need to enhance food produc-
tion in resource-limited regions, this study will also assess how
CRISPR-Cas9 is being implemented in developing countries
and the obstacles to its adoption. Ultimately, this review in-
tends to provide insights into how gene-editing technologies can
contribute to global food security and inform future research
directions.

Research Questions

The following research questions will help to direct this review:

1. What are the common agricultural traits altered by CRISPR-
Cas9 in staple crops from 2014 to 20247

2. What genome-editing technologies are used in improving
the resilience and nutritional value of crops?

To address these questions, this review follows a structured
approach based on systematic review principles. Studies were
selected using defined search criteria, with thematic synthesis
across three core domains: disease resistance, nutritional biofor-
tification, and climate resilience.

Methods

This investigation employed a systematic literature search us-
ing three major academic databasesPubMed, Scopus, and Web
of Scienceto identify peer-reviewed experimental studies on
CRISPR-Cas9 applications in key food crops, including rice,
wheat, maize, and soybean. To highlight geographic differences
the regional information on field trials, crop target, and regional
regulatory approaches were mentioned. The search was limited
to articles published between January 2014 and January 2024
and written in English. The search strategy included combina-
tions of the following terms: "CRISPR-Cas9” OR “gene editing”
OR “genome editing” AND “agriculture” OR “crop improve-
ment” OR “food security” OR “staple crops” AND ”disease
resistance” OR nutritional enhancement” OR “biofortification’
OR ”stress tolerance” OR “climate resilience.”. Themes used in
this review were considered by single-reviewer analysis through
frequency and significance of topics in the literature, which
included tolerance on disease, drought, or cold. This method
made a comprehensive review, but may lead to biased research
that should be reviewed later.

]

Inclusion Criteria

Studies qualified for inclusion if they provided experimental
evidence demonstrating CRISPR-Cas9 genome editing in staple
food crops directly relevant to food security challenges. Each
included study needed to present validated phenotypic data,
such as disease resistance assessments, nutrient composition
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analyses, or stress tolerance evaluations, rather than focusing
exclusively on molecular or theoretical aspects. Only peer-
reviewed articles published in recognized academic journals
were included. Studies focusing on non-food model plants or
published outside the 20142024 time frame were excluded from
the following evaluation analysis. However, a few studies on
non-staple cropsincluding tomato and citruswere included when
their methods were innovative in CRISPR-Cas9 technologies
such as transgene-free editing and promoter modification, which
could be also implemented in future research in staple crops.
This is why the Liu et al. study was included in this review even
though the study did not use CRISPR-Cas9; the mention of the
literature has the potential of providing a framework for future
reference for the staple crops.

Exclusion Criteria

Studies lacking empirical evidence to support phenotypic
changes resulting from CRISPR-Cas9 modifications were ex-
cluded. This criterion applies to review papers, theoretical anal-
yses, and opinion articles that do not present original experimen-
tal findings. Additionally, research focusing solely on model
plants (e.g., Arabidopsis thaliana) without direct relevance to
food crops was omitted. Non-English publications and studies
lacking full-text availability from reputable scientific databases
were also excluded. Duplicate data and non-novel findings were
removed to maintain analytical integrity.

Data Extraction and Thematic Synthesis

The full texts of selected studies underwent a thorough review
to extract key information using a standardized data collection
framework. The extracted details included crop species, target
traits, edited genes, and CRISPR-Cas9 methodologies (such as
gene knockout, base editing, and promoter modification), along
with experimental validation approaches (including pathogen
resistance assays, nutrient quantification, and abiotic stress tests)
and principal findings related to observed phenotypic effects.
We identified common patterns in gene targets, editing strategies,
and phenotypic improvements across all categories. Addition-
ally, we analyzed several key challenges in the field, such as
off-target mutations, the efficiency of gene transformation, and
regulatory issues.

Quality and Reliability Assessment

Studies were assessed for reliability based on the quality of
experimental design, including replication, control group meth-
ods, and statistical validation. While no studies were excluded
solely due to quality concerns, limitations in experimental de-
sign, sample size, or validation techniques were noted to inform
the discussion of challenges and future directions in CRISPR-
Cas9 research for food crops.

Identification

Records identified via PubMed (116)
(n=116)

Screening
Records screened litles & abstracts
(n=116)
Records excluded (n=74)

Eligibility
Full-text articles assessed for eligibility
(n=42)

Included
Studies included in synthesis (n=42)

Fig. 1 PRISMA flow diagram showing study selection process

A total of 116 records were retrieved from PubMed. Af-
ter screening, 40 studies were included in the final selection.
The selection process for the studies that support this review is
described in Figure 1.

Results

CRISPR-Cas9 Applications in Crop Improvement (2014-
2024)

Table 1: This table summarizes the applications of CRISPR-
Cas9 in crop improvement from 2014 to 2024. It details each
studys reference, crop species, target genes, trait focus, experi-
mental setting, and key outcomes, emphasizing advancements in
disease resistance, yield, nutritional quality, and stress tolerance.
Table 1 summarizes the outcome of CRISPR-Cas9 applica-
tions in crop studies. While some studies provided experimental
controls and validated phenotypic effects, other studies pre-
sented outcomes without comprehensive statistical evidence,
such as sample size, statistical significance, and control group
data. The limitations underscore the need for further research
with standardized reporting practices. While the primary focus
of this review is staple crops such as rice, wheat, maize, and
more, a limited number of studies, including tomato and citrus,
were mentioned in the table when they demonstrated method-
ological advancements in CRISPR-Cas9 application. For in-
stance, transgene-free genome editing was used in tomatoes,
and novel promoter-editing strategy was used in citrus1 %
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Enhancing Disease Resistance

This systematic analysis highlighted disease resistance as a
primary focus of CRISPR-Cas9 applications in crop improve-
ment research, accounting for a substantial proportion of the
studies included in this review. These investigations showcased
a variety of gene-editing strategies to combat fungal, bacterial,
and viral pathogens across significant staple crops, with several
approaches advancing to promising field-level validation.
Fungal Disease Resistance
CRISPR-Cas9 has successfully engineered resistance against
powdery mildew, a common fungal disease that affects many
crops. In a groundbreaking study, Wang et al. simultaneously
targeted all three homeologs of the TaMLO gene in hexaploid
bread wheat'?, This knockout approach resulted in heritable
resistance to powdery mildew without any noticeable growth
penalties, marking the first demonstration of CRISPR-Cas9
genome editing in this complex polyploid crop. Nekrasov et al.
further validated the effectiveness of targeting MLO genes by
creating a 48bp deletion in the SIMLO1 gene of tomato, lead-
ing to transgene-free plants with strong resistance to powdery
mildew (Oidium neolycopersici)l. This resistance remained
stable through T1 and T2 generations, without impacting plant
growth or fruit production, underscoring CRISPR-Cas9’s poten-
tial for developing non-GMO disease-resistant varieties. The
advancement of targeting multiple homeologous gene copies in
polyploid crops continued with Zhang et al.’s simultaneous mod-
ification of all three homeologs of TAEDR1 in wheat'?. Their
research showed that resistance to powdery mildew increased
with the number of mutated homeologs, with triple mutants
demonstrating the highest resistance. Rice blast disease, caused
by Magnaporthe oryzae, poses another significant fungal threat
to global food security. Wang et al. tackled this issue by tar-
geting OsERF922, an ethylene response factor in rice'*. The
CRISPR-mediated knockout of this gene significantly enhanced
rice blast resistance with stable inheritance through the T2 gen-
eration while preserving typical agronomic characteristics. As
illustrated in Panel B and C of Fig. 2 from the original study by
Wang et al., CRISPR-edited rice lines exhibited around 40-60%
lower lesion area due to fungal disease15. The histograms from
Panel C and E effectively highlight that OSERF922 knockout
enhanced the fungal disease resistance. Also, Panel B and D
depicts the visual symptom reductions in CRISPR-edited lines
compared to wildtypesl15.

Figure 2. Lesion area reduction and visual comparison of
disease symptoms in OsERF922-knockout rice lines. Adapted
from Wang et al 1%,

Bacterial Disease Resistance
Bacterial diseases present significant threats to crop production,
and CRISPR-Cas9 has enabled innovative approaches to combat
them. Researchers have validated two strategies for addressing
citrus canker, a devastating bacterial disease affecting citrus
crops. Jia et al. targeted the promoter region of the susceptibility

»

3
- ]
ag =
oy M

&
9
a3

0, s
1] L] L]
KS2.781.2 GICTC-~-~- 23 ] L] 3
rm ——Topgggtecap i [
o CTRRRITEE 5 §
)
»
"
o
> S N
.‘f* & ‘e" T
& & & & & g

Lesion area (%)

e )\.._ =
—-—
'—_—
—rm
1
f e ]
T 1
e L e
- ————
F—————
——
= -
———
e
¢ ———mm
e
_
Y ———
—
m
P

.
s & & 3 &
s r b e
S A A

Flg. 2 Lesion area reductlon and visual comparison of disease

symptoms in OsERF922-knockout rice lines. Adapted from Wang et
al 1%

Lesion length (mem)
S =k

gene CsLOBI1 in sweet orange, creating mutations in the effector
binding element (EBE) recognized by the bacterial pathogen’s
transcription activator-like (TAL) effector 13 This modification
prevented Xanthomonas citri from activating the susceptibility
gene, resulting in strong resistance to citrus canker. Long et
al. provided complementary insights by identifying WRKY?22
as a negative regulator of citrus canker resistance. Their re-
search revealed that WRKY?22 increases susceptibility through
dual mechanisms (i.e., directly upregulating CSLOB1 expression
and promoting cell wall loosening to facilitate bacterial entry).
This study highlighted the importance of targeting transcription
factors that regulate susceptibility genes as an alternative to
modifying them. In rice, Oliva et al. developed a particularly
effective strategy against bacterial blight by editing the promoter
elements of OSSWEET genes targeted by bacterial TAL effec-
tors 1, Field trials in the Philippines confirmed that these edited
plants demonstrated lasting resistance against multiple strains
of Xanthomonas oryzae pv. oryzae without any yield penalties.
Viral Disease Resistance
CRISPR-Cas9 has enabled innovative approaches to managing
viral diseases in crops. Tripathi et al. addressed a unique chal-
lenge in banana breeding by targeting integrated endogenous
banana streak virus (eBSV) sequences found in the banana’s B
genome''Z, These viral sequences can activate spontaneously
under stress conditions, limiting the crossbreeding potential
with B-genome bananas. The CRISPR-Cas9 system effectively
inactivated these integrated viral sequences, with about 75%
of edited plants remaining virus-free even in water-stress con-
ditions. This breakthrough overcame a significant breeding
obstacle that had hindered banana improvement for decades.
For cassava, Gomez et al. (2019) edited two eIF4E isoforms
(nCBP-1 and nCBP-2) that viruses typically co-opt for replica-
tion''®. These edited cassava plants displayed reduced severity
of cassava brown streak disease symptoms and lower virus ac-
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cumulation. Field trials in Uganda demonstrated a significantly
lower disease incidence under natural infection conditions, high-
lighting the potential of targeting host factors essential for viral
replication as an effective strategy for developing virus-resistant
varieties in vegetatively propagated crop crops.

Field Validation and Translation
Several disease resistance studies advanced beyond greenhouse
testing to field validation, particularly Oliva et al. for bacterial
blight resistance in rice and Gomez et al. for viral resistance in
cassava® ? , These field trials confirmed that CRISPR-mediated
disease resistance remains effective under natural conditions,
marking a crucial step toward practical deployment. Numerous
studies indicate that genetic modifications do not result in crop
yield loss or unexpected changes in plant traits.

While CRISPR-Cas9 biotechnology targets globally impor-
tant crops, the studies reviewed showed that there are geographic
variations in their focus and application. For instance, rice field
trials were commonly conducted in Asia, particularly in India,
Philippines, and India, where rice is a staple crop and its in-
frastructure is well-developed'®. On the other hand, cassava
and banana field trials were commonly conducted in Africa,
particularly in Uganda and Kenya®® . The patterns suggested
from the studies suggest that CRISPR interventions are heavily
influenced by regional crop preferences and cause disparities in
infrastructure and governance regulations.

Nutritional Enhancement

Enhancement of Health-Promoting Compounds
CRISPR-Cas9 has effectively increased levels of bioactive com-
pounds with potential health benefits in food crops. Nonaka et
al. demonstrated a practical approach to enhance -aminobutyric
acid (GABA) content in tomato fruits'®. This non-protein amino
acid provides several health benefits, including anti-hypertensive
effects. By creating targeted mutations in the C-terminal autoin-
hibitory domains of glutamate decarboxylase genes (SIGAD2
and SIGAD3), the researchers achieved up to a 15-fold increase
in GABA accumulation in ripe tomato fruits compared to wild-
type controls. Remarkably, these significant metabolic changes
occurred without impacting fruit development, plant morphol-
ogy, or other quality traits.

0Oil Quality Improvement
Modifying the fatty acid composition in oilseed crops is another
important nutritional enhancement objective. Do et al. utilized
CRISPR-Cas9 to simultaneously target both homologous copies
of the fatty acid desaturase genes (FAD2-1A and FAD2-1B)
in soybeans“?. They achieved highly efficient mutation rates
((90%) by employing dual guide RNAs. They dramatically
altered the oil compositionraising the oleic acid content from
approximately 20% to 80% while reducing linoleic acid from
about 50% to 4%. The resulting high-oleic oil profile offers
improved oxidative stability, extended shelf life, and enhanced
health benefits compared to conventional soybean oil. This study
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demonstrated that CRISPR-Cas9 effectively modifies polyploid
crops with multiple gene copies. CRISPR-Cas9 has also signif-
icantly reduced allergens and anti-nutritional factors in staple
foods. Snchez-Len et al. addressed a primary health concern
by targeting multiple -gliadin genes in bread wheat to decrease
gluten content?!. As shown in Figure 3, using CRISPR-Cas9,
they successfully mutated up to 35 of the approximately 45
-gliadin gene copies, reducing gluten content by up to 85%. Im-
munoreactivity assays utilizing antibodies from celiac disease
patients confirmed a significant decrease in immunoreactivity in
the modified wheat while maintaining the functional properties
necessary for bread-making.

Figure 3. Significant fold reduction in -gliadin (orange bars)
in edited plants (sgAlpha-1 and sgAlpha-2). Adapted from
Snchez-Len et al.2l'

Mineral Biofortification
Micronutrient deficiencies, particularly iron deficiency, affect
millions of people worldwide. Connorton et al. addressed this
challenge by characterizing and manipulating the wheat vacuolar
iron transporter TaVIT222, Their research indicated that TaVIT2
is involved in the transport of iron and manganese and that over-
expressing this gene specifically in the endosperm significantly
boosted the iron concentration in white flour by approximately
two-fold compared to control lines. Notably, the biofortified
wheat exhibited no yield penalty or impact on grain size, and
the iron that accumulated was in a form readily bioavailable
for human consumption. This can be seen from figure 4, where
all iron, zinc, manganese, and phosphorus content increased
for genetically modified crops, both B2 and B3, compared to
control groups.

Figure 4. Both modified B2 and B3 crops show higher
amounts of iron (Fe), zinc (zn), manganese (Mn), and phos-
phorus (p) than control groups. Adapted from Connorton et
al. 22,

Vitamin Enhancement
Vitamin A deficiency is a significant global health issue, es-
pecially in areas where bananas are a dietary staple. Kaur et
al. utilized CRISPR-Cas9 to knock out the lycopene epsilon-
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cyclase gene (LCY) in bananas, redirecting metabolic flow in the
carotenoid biosynthetic pathway toward -carotene (provitamin
A) production. As shown in Figure 5, this targeted change
resulted in a six-fold increase in -carotene content in edited
banana fruits without impacting other important agronomic or
fruit quality traits.
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Fig. 5 Approximately 6 fold increase in -carotene content for
CRISPR-Cas9 edited banana plants shown in Panel B. Adapted from
Kaur et al. 23

Figure 5. Approximately 6 fold increase in -carotene con-

tent for CRISPR-Cas9 edited banana plants shown in Panel B.
Adapted from Kaur et al 23,

Climate Resilience DevelopmentSalt Tolerance Enhance-
ment
Soil salinity affects approximately 20% of irrigated agricul-
tural land worldwide, making salt tolerance a crucial trait for
maintaining crop productivity in many regions. Zhang et al.
successfully employed CRISPR-Cas9 to knock out OsRR22, a
negative regulator in the cytokinin signaling pathway in rice.
The edited rice plants showed better salt stress tolerance than
the wild-type plants. Under high salinity conditions, the rice
demonstrated higher survival rates with fewer damage symp-
toms by maintaining lower Na+/K+ ratios in shoots during salt
stress, a vital indicator of enhanced salt tolerance. Notably, the
knockout plants exhibited normal growth and development with
no noticeable changes in key agronomic traits under standard
growing conditions, suggesting that targeting negative regulators
of stress responses provides a viable approach for crop improve-
ment. The panel (a) of Figure 6 demonstrates the enhanced
growth. The panel (b) of Figure 6 supports that CRISPR-edited
crops show stronger resistance to saline environments , as the
weights of CRISPR-edited rice plants (lighter and darker grey
bars) are higher than those of wild types (white bars). Liu et al.
characterized the molecular mechanism of GmSALT3-mediated
salt tolerance in soybeanm. Although not directly employing
CRISPR-Cas9 (thus creating a target for future editing), this
study revealed that GmSALT3 confers salt tolerance primar-
ily through chloride (Cl-) exclusion from leaves before sodium
(Na+) exclusion. Field trials demonstrated significant differ-
ences in seed yields between near-isogenic lines with functional
versus non-functional GmSALT3 under saline conditions. In-
terestingly, the gene did not enhance early seedling vigor under
salinity, indicating its effects primarily manifest at later growth
stages.
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Fig. 6 Modified plants with its gene WPB106-Cas-1 and
WPB106-Cas-2 shows higher salt tolerance than controlled WT, with
their higher height, indicating better growth with greater tolerance.
Adapted from A. Zhang et alZ
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Figure 6. Modified plants with its gene WPB106-Cas-1 and
WPB106-Cas-2 shows higher salt tolerance than controlled WT,
with their higher height, indicating better growth with greater
tolerance. Adapted from A. Zhang et al.”.

Drought Tolerance Improvement
Drought represents one of the most significant climate-related
threats to global crop production. Shim et al. demonstrated that
the overexpression of the NAC transcription factor OsNAC14 in
rice significantly enhanced drought tolerance®. Through com-
prehensive transcriptome analysis and chromatin immunoprecip-
itation (ChIP) experiments, they identified the direct target genes
of OsNAC14, including those involved in stress response, ROS
detoxification, and hormone signaling. It maintained higher
relative water content and exhibited increased survival rates un-
der severe drought conditions. Enhanced root development was
also observed, improving water uptake in water-limited condi-
tions. This study established OsSNAC14 as a master regulator
in a gene network controlling drought response, providing a
valuable target for CRISPR-mediated enhancement. In a study
from Shim et al, expression of OsNAC14 in crops, especially
in rice, revealed significant effects of drought tolerance and
yield-related traits with stress conditions. OsNAC14-expressed
plants showed an increase in panicles per hill by 18.62% com-
pared to non-transgenic control under drought stress. Grain
filling rate got improved as well where it increased from 12.25
to 36.64%, which indicates greater reproductive result. In addi-
tion, as shown in Figure 7, re-watered plants showed from 83 to
92% survival rate whereas NT plants showed 12%. Overall, this
study revealed the effect of OsNAC14 as genetically targeted
crops showed resilience to drought.

Figure 7. Improved survival rates in OsNAC14-expressing
plants (gray and black bars). Adapted from Shim et al.>>.

Shi et al. employed an innovative approach using CRISPR-
Cas9 for targeted promoter replacement rather than gene knock-
out in maize”®. By replacing the native promoter of ARGOSS
with the moderately constitutive GOS2 promoter, they created
variants with enhanced expression under drought conditions.
Field trials demonstrated that the edited plants showed ap-
proximately a 5% yield increase in water-limited environments
without any yield penalty under well-watered conditions. The
CRISPR-modified plants exhibited reduced inhibition of plant
and ear growth under stress and decreased sensitivity to ethy-
lene.

Cold Tolerance Development

Low-temperature stress significantly limits the geographi-
cal distribution and growing seasons of many crops, especially
those of tropical or subtropical origin. Zhang et al.identified
OsGATA16, a GATA transcription factor, as a positive regula-
tor of cold tolerance in rice seedlings’®. They demonstrated
that OsGATA 16 enhances cold tolerance by directly binding
to the promoter of OsWRKY45-1 (a negative regulator of cold
tolerance) and repressing its expression. Transgenic rice lines
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Fig. 7 Improved survival rates in OsNAC14-expressing plants (gray
and black bars). Adapted from Shim et al. 2>

overexpressing OsGATA16 displayed significantly improved
cold tolerance, while RNAi-mediated knockdown lines showed
increased cold sensitivity. Under cold stress, the overexpress-
ing lines maintained higher survival rates, chlorophyll content,
and lower reactive oxygen species (ROS) accumulation than
wild-type plants. This study uncovered a novel transcriptional
regulatory module (OsGATA16-OsWRKY45-1) that could be
targeted to enhance cold tolerance in rice and potentially other
Ccrops.

Figure 8. Survival rate of OE-1 and OE-2 under cold condi-
tions. Adapted from Hongjia Zhang et al. 1>

In Figure 8, It can be seen that WT shows survival rate about
17% whereas OE-1 and OE-2 shows about 70% and 67%, respec-
tively. This reveals that genetic modification made it possible for
crops to fight against cold conditions. The difference between
WT and OE-1 or OE-2 is about 4 times, which OsGATA16 had
a beneficial effect on price crops->.

Field Validation and Practical Application
In several instances, the shift to field validation was an auspi-
cious aspect of climate resilience studies. The performance of
CRISPR-edited ARGOSS variants under drought stress, along
with the validation of OsSNAC14 overexpression lines in field tri-
als, illustrated that improvements observed in the laboratory can
be viable in real-world conditions. Additionally, the OsRR22
knockout rice demonstrated stable yields under normal condi-
tions.

Yield and Quality ImprovementDe Novo Domestication
of Wild Species
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Zsgn et al. pioneered an innovative method using CRISPR-
Cas9 to simultaneously edit six domestication-related genes in
wild tomato (Solanum pimpinellifolium)%Z. The researchers tar-
geted genes controlling plant architecture (SELF-PRUNING and
SELF-PRUNING 5G), fruit size (CLAVATA3 and WUSCHEL),
and fruit shape (OVATE and FASCIATED). This multiplex edit-
ing transformed wild tomatoes into plants with domesticated
characteristics while preserving advantageous traits from the
wild germplasm. The edited plants exhibited remarkable im-
provements across several agronomic traits: three times larger
fruits, a tenfold increase in fruit number, altered fruit shape
for easier harvesting, five times higher lycopene content than
cultivated varieties, and a compact determinate growth structure
suitable for modern agriculture.
Implications for Crop Improvement

This de novo domestication approach establishes a new
paradigm for crop improvement that is particularly valuable
in addressing climate change challenges. The strategy offers
significant advantages over traditional breeding: dramatically
accelerated timelines, the precise introduction of traits without
linkage drag, the ability to work with sexually incompatible wild
species, and the preservation of valuable stress resistance traits
from wild germplasm. The success of multiplex genome editing
in wild tomatoes demonstrates the potential for applying strate-
gies similar to those of other crops, especially orphan crops and
those with narrow genetic bases. The ability to simultaneously
modify multiple yield-related genes represents a powerful tool
for crop improvement previously unattainable with conventional
breeding or earlier genetic engineering techniques. Among the
20 studies in Table 1, approximately 35% (7 out of 20 studies)
included field trials, either as standalone or in combination. The

remaining, 65% of the studies, were conducted in controlled en-
vironments like greenhouses or labs. The imbalance between the
types of studies, either fully controlled or not, demonstrates that
CRISPR-Cas9 applications still require field-level validation.

Biosafety and Risk Concerns

While CRISPR-Cas9 is a precise genome-editing biotechnol-
ogy, safety concernsincluding off-target effects at untargeted loci
of genes and ecological risksstill remain. Such mutations can
lead to unwanted or unpredictable phenotypic traits. The poten-
tial for gene flow to the environment, where genome-edited or-
ganisms are not welcome, raises environmental concerns. These
issues call for further investigation into how genome-edited
crops should be managed in environmental settings. There are
concerns regarding the ethics of using CRISPR-Cas9 technol-
ogy. There would be inequality in accessing technology and
unwanted mutation. First, not only the CRISPR-Cas9 product
but also other genetically modified crops are expensive. Use
of CRISPR-Cas9 is also expected to require a large amount of
income from farmers to access it, which also means that those
who receive low payment can hardly use this technology®. This
eventually leads to increasing class differences between high-
and low-income farmers. Second, Mark et al. revealed that with
errors caused by CRISPR-Cas9, such as off-target effects, this
potentially causes unwanted consequences to the human body
once mutated crops are consumed. Even though this technol-
ogy is highly precise, it is still possible to affect organisms in
negative ways, either directly or indirectly=?.

Regional Applications in Developing Countries

Severity of Crop Challenges by Region

Table 2: Agronomic and Environmental Challenges in Devel-
oping Regions This comprehensive overview synthesizes critical
agricultural challenges across developing regions, quantifying
the significant impact of pathogenic infections, nutrient defi-
ciencies, and climate-related stressors on staple crop production.
The tabulated data illustrates the complex nature of agricultural
constraints, demonstrating yield reductions, pathogen diversity,
and soil nutrient limitations that threaten food security in vul-
nerable agricultural communities, ecosystems.

Viral, bacterial, and fungal pathogens threaten food security
across developing regions, particularly impacting staple crops es-
sential for subsistence agriculture. Cassava (Manihot esculenta),
a primary caloric source for approximately 800 million people in
Africa, is vulnerable to various devastating pathogens. Cassava
brown streak disease (CBSD) causes yield reductions ranging
from 30% to total crop failure in Tanzania"?. Cassava mosaic
disease (CMD), caused by several species of geminivirus, re-
sults in annual production losses estimated at 43 million metric
tons across East and Central Africal. Quantitative assessments
in Uganda show that CMD infection reduces root yields by
63% in susceptible cultivars, with similar reductions observed
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in vegetative parameters>l. Musa species (banana and plan-

tain) cultivation face similar pathogenic challenges. The banana
bunchy top virus (BBTV), recently identified in Nigeria, poses a
significant threat to banana production systems in West Africa”2.
The prevalence of diverse bacterial pathogens complicates dis-
ease management strategies, illustrated by the identification of
18 distinct pathotypes of Xanthomonas axonopodis pvmaniho-
tis affecting cassava production across African agroecological
zones"?. Despite sufficient caloric intake in many regions, mi-
cronutrient deficiencies remain a major nutritional challenge,
especially in sub-Saharan Africa®%. In the Indian subconti-
nent, zinc deficiency impacts approximately 49% of agricultural
soils, contributing to widespread zinc deficiency in human pop-
ulations, with an estimated prevalence of 26%>,°%. Abiotic
stresses linked to climate variability further worsen crop pro-
duction limitations. Rainfed rice ecosystems in Eastern India,
covering over 30 million hectares, experience yield reductions
of 24-84% during periods of drought*’. The Indo-Gangetic
plains, supporting a population of over 400 million, are increas-
ingly vulnerable to climate variability, negatively affecting both
yield parameters and the nutritional composition of rice (Oryza
sativa), the primary staple crop in the region=®.

Enhancing Disease Resistance

CRISPR-Cas9 genome editing technology provides precise
molecular interventions to address pathogen susceptibility in
crops grown in developing regions. Oliva et al. demonstrated the
successful field implementation of CRISPR-edited rice exhibit-
ing broad-spectrum resistance to bacterial blight in the Philip-
pinesi®. The researchers targeted promoter elements of sus-
ceptibility genes (OsSWEET), which are typically exploited by
transcription activator-like (TAL) effectors from Xanthomonas
oryzae pv. oryzae. Modifying these promoter elements hindered
pathogen-induced activation of these genes, thereby conferring
resistance to multiple bacterial strains. Field trials confirmed the
durability of resistance without yield penalties, marking one of
the initial successful field implementations of CRISPR-edited
germplasm in the agricultural context of a developing country.
In a comprehensive review of applications in Africa, Tripathi
et al. documented ongoing research utilizing CRISPR-Cas9 to
develop resistance against various viral diseases affecting staple
crops, including cassava, banana, and sweet potato, which are
crucial for food security across diverse African agroecological
zones~?.

Nutritional Enhancement

The application of CRISPR-Cas9 technology for nutritional
biofortification offers a promising solution to address micronu-
trient deficiencies common in developing regions. Dong et al.
reported the successful development of carotenoid-enriched rice
through CRISPR-Cas9-mediated targeted gene insertion*’. This
research showed effective accumulation of -carotene (provita-
min A) in the rice endosperm, with the trait demonstrating stable

inheritance across multiple generations. In addition, Endo et al.
conducted the trials with targeting Osor gene in rice that resulted
in an increase in -carotene accumulation. This can be seen from
the pronounced orange pigment of the tissues*!. Establishing
stable provitamin A biosynthesis in rice endosperm has signif-
icant implications for combating vitamin A deficiency, which
affects an estimated 190 million preschool children globally,
particularly in developing areas. Tripathi et al. identified several
key targets for biofortification, including increasing provitamin
A in cooking bananas, enhancing iron and zinc content in cere-
als, and improving protein quality in root crops=2. They stressed
that these nutritional enhancements could serve as sustainable
solutions to combat hidden hunger, especially in rural communi-
ties that lack access to diverse food sources.

Climate Resilience Development

Santosh Kumar et al. reported the successful editing of the
Drought and Salt Tolerance (OsDST) gene in MTU1010, an
elite indica rice cultivar widely grown in rainfed ecosystems
in India®. The researchers utilized CRISPR-Cas9 technology
to target this negative regulator of stress tolerance, resulting in
the creation of homozygous mutant lines that demonstrate im-
proved resilience to drought and salinity stresses. Physiological
analyses of the edited lines revealed significant enhancements
in stress tolerance parameters, including better maintenance of
relative water content, reduced membrane damage, elevated pro-
line accumulation, and preservation of chlorophyll under stress
conditions. The OsDST gene encodes a zinc finger transcription
factor negatively regulating stress-responsive gene expression.
By inactivating this gene through precise CRISPR-Cas9 editing,
the researchers could upregulate stress-responsive genes, lead-
ing to increased tolerance without any apparent adverse effects
on agronomic performance under non-stress conditions.

Implementation Challenges and Progress

The application of CRISPR-Cas9 technology in developing
countries continues to face numerous challenges. A number
of nations lack clear and consistent guidelines for gene-edited
crops, which contributes to uncertainty and hindering the adop-
tion of this technology*®. In Africa, inadequate biosafety fa-
cilities and ineffective regulatory systems complicate the safe
implementation of CRISPR-Cas9 techniques“?. Furthermore,
most studies are conducted in laboratory or greenhouse settings,
with few being evaluated under actual field conditions.

Nonetheless, there are also notable advancements. Field trials
in the Philippines have shown that CRISPR-edited rice exhibits
resistance to bacterial blight without affecting yield'®. CRISPR-
based biotechnology efforts have been proven with banana, cas-
sava, and rice across Asia and Africa®* ? . Additionally, es-
tablishing regional centers of excellence for genome editing
has promoted the development of local expertise in developing
countries=?, However, due to the high cost of infrastructure, the
need for skilled personnel, regulatory uncertainty, and unequal
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access to CRISPR biotechnology, low-resource regionspartic-
ularly in parts of Africa and Asiaface significant challenges in
scaling genome-editing applications. Many African countries,
including Kenya, Nigeria, Ghana, and Uganda, lack fully devel-
oped biosafety approval frameworks and necessary laboratory
infrastructure, limiting the scalability of CRISPR-Cas9 technolo-
gies*3. Smallholder farmers in these regions also face a shortage
of local expertise, making them reliant on international research
centers for genome-editing innovation=?. While the Philippines
has demonstrated success in field trials of CRISPR-edited rice
for bacterial blight resistance'l°, its domestic research infrastruc-
ture remains relatively underdeveloped. This lack of technical
capacity may be hindered by uncertain regulatory environments,
leading to unequal access to genome-editing technologies. To
address these barriers, CRISPR infrastructure should be devel-
oped alongside regionally tailored biosafety regulations. In the
initial stages, international partnerships can help bridge capacity
gaps until independent, locally managed systems are established.
Through interdisciplinary collaboration, CRISPR-Cas9 has the
potential to enhance crop performance significantly and con-
tribute to alleviating global hunger in developing nations.

Conclusions and Implications

This review indicates that CRISPR-Cas9 research in agriculture
primarily targets disease resistance, nutritional enhancement,
and climate resilience. In terms of disease resistance, the tech-
nology has been utilized to target susceptibility genes and mod-
ify regulatory elements to combat fungal infections like powdery
mildew in wheat'2, bacterial pathogens such as Xanthomonas
oryzae in rice''®, and even viral threats like the endogenous ba-
nana streak virus'Z. Efforts in nutritional enhancement have led
to significant advances, including a 15-fold increase in GABA
levels in tomatoes?, an 85% reduction in gluten immunoreac-
tivity in wheat?!, and a 6-fold increase in provitamin A content
in bananas®?. Regarding climate resilience, CRISPR modifi-
cations have increased salt tolerance in rice through OsRR22
knockout”, boosted drought resistance in maize via promoter
replacement in ARGOSS8 20l and improved cold tolerance in rice
through transcription factor regulation'’>. Even with its demon-
strated advantages, CRISPR-Cas9 encounters limited efficiency
in some crops, and uncertain biosafety and approved systems,
especially in developing countries. Notably, several studies from
developing countries have been emphasizedsuch as field trials
of CRISPR-edited rice in the Philippines and virus-resistant
cassava in Ugandademonstrating the practical potential of these
innovations in regions facing severe food security challenges.
These findings emphasize the need for clear, science-based reg-
ulatory frameworks to guide using CRISPR-Cas9 in agriculture,
particularly in developing nations where food insecurity is most
pronounced. The review suggests that although many develop-

ing countries face regulatory and infrastructure obstacles*** |

there are encouraging examples of progress. For instance, suc-
cessful field trials of CRISPR-edited crops in the Philippines
have shown that these technologies can be effectively imple-
mented even in resource-limited environments. To fully lever-
age CRISPR-Cas9s potential in addressing global hunger, poli-
cies should differentiate between traditional transgenic methods
(i.e., GMOs) and precise genome edits (i.e., CRISPR-Cas9) that
can occur naturally or through conventional breeding, thereby
streamlining approval processes. Furthermore, promoting in-
ternational partnerships and regional centers of excellence can
help develop local expertise and facilitate technology transfer
to smallholder farmers in developing regions=". The regional
disparities in CRISPR-Cas9 adoption underscore the need for
regionally adapted governance, regulatory and infrastructure.
The findings of this review present valuable implications for
multiple stakeholders, including farmers, plant breeders, poli-
cymakers, and biotechnology firms. Farmers can benefit from
CRISPR-edited crops with improved yield of harvest that is
disease resistance and climate resistance. This leads to reduced
dependency on chemical fertilizers and pesticides, ensuring the
safety of the crops. CRISPR-Cas9 allows plant breeders to
precisely conduct genome editing. This leads to various crop
development with targeted traits in fewer breeding cycles. In
order to accelerate the safe implementation of CRISPR biotech-
nology, policymakers need to establish a regulatory framework
that differentiates between CRISPR-edited crops and GMOs.
Also, they develop simplified, scientifically grounded approval
systems to enhance real-world adoption in food-insecure re-
gions. Lastly, biotechnology firms can establish commercial
seed pipelines in collaboration with public institutions, ensuring
that CRISPR-edited crops are effectively regulated and aligned
with public agricultural needs.

Limitations and Future Directions

This review has several limitations. First, the analysis primarily
relies on peer-reviewed studies that report successful applica-
tions of CRISPR-Cas9 in crops. This may introduce publication
bias by underrepresenting studies with negative or inconclusive
results. Second, while many promising applications are identi-
fied across various crop species, most studies were conducted in
controlled laboratory or greenhouse settings. Only a few of these
studies conducted field trials. Consequently, the actual effective-
ness of CRISPR-Cas9 in different environmental settings and
agricultural methods remains unclear. Additionally, this review
follows a narrative approach, allowing for a broad synthesis of
existing research and presenting limitations. Unlike systematic
reviews incorporating statistical analysis, this approach does not
provide quantitative measures such as effect sizes or statistical
significance. This makes it difficult to compare the effectiveness
of different CRISPR-Cas9 applications directly. Furthermore,
without standardized assessment tools like risk-of-bias scoring,
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the methodological quality of the studies cannot be objectively
evaluated. This means that studies with varying levels of rigor
may have been assigned equal weight in the analysis. Lastly, the
review only includes studies published between 2014 and 2024,
indicating that ongoing or unpublished research may have been
overlooked.

Future systematic reviews should address quantitative anal-
yses, such as meta-analyses, to evaluate the effectiveness of
CRISPR-Cas9 across different crops. This approach would
yield measurable insights into effect sizes, statistical signifi-
cance, and variability among studies. Additionally, implement-
ing structured risk-of-bias assessments would help ensure a more
objective evaluation of study quality. Future reviews should
also prioritize research that includes field trials, as most cur-
rent studies are confined to controlled environments, which
makes it challenging to assess real-world performance. Lastly,
interdisciplinary reviews integrating genomic research, agricul-
tural science, and socioeconomic factors would offer a broader
perspective on CRISPRs feasibility, adoption challenges, and
economic impact, ensuring a more comprehensive assessment
of its role in sustainable agriculture. Due to plant diseases, cli-
mate change, scarce resources or abiotic factors, global food
insecurity affects more than 800 million people in the world.
Introduction of CRISPR-CAS9 was one of innovative findings
that suggested great potential for dealing such problems through-
out world such as rice blast in the southern United states that
made economic loss around 1.1 billion dollars , and drought in
sub-Saharan that made food shortage. While many critiques see
drawbacks and limitations of CRISPR-CASY such as off-target
and formation of mutation, this genetic engineering method can
allow crops to endure such high temperature,severe drought or
extreme cold weather. Resilience of crops is made with this
technology, where it shows huge potential. With its possible
ethical, technical and regulatory challenges, CRISPR-CAS?9 is
going through comprehensive assessment.

Crop types

This section is to show crop focused parts with how each plant
got enhanced their genes with Crispr Cas9 technology. Even
though the technology used is the same, the ability of each
crop to improve is all different. In this section, the blended
information will be organized.

* Rice: Genetic technology improved on resistance to blast
and bacteria blight. This is due to editing on genes Os-
ERF922 and OsSWEET. The tolerance that rice got en-
hanced are salt, drought, and cold, which is possible due
to modification on OsRR22, OsNAC14, and OsGATA16.
Lastly, knocking out LCY enables nutritional improve-
ment.

* Wheat: By modifying TAMLO and TaEDR1, wheat gains

the ability to resist disease. Nutritional value also got
improved by reducing gluten through knockout of alpha
gliadin and increased iron content with TaVIT2.

* Maize: Drought resistance is done with the editing pro-
moter of ARGOSS, which resulted in an increase in yield,
about 5%.

* Soybean: With modification of FAD2 gene, it leads to
nutritional quality improvement with its oil production with
80% oleic acid. In addition, salt tolerance was enhanced

through GmSALT3.

* Banana: Edit of eBSV sequence leads to 75% virus-free
plants. Moreover, nutritional improvement was done with
LCY knockout, which increased -carotene sixfold.

* Tomato: Powdery Mildew resistance achieved with
SIMLO1 gene got deleted. With editing of SIGAD2 and
SIGAD3 gene, GABA content increased. In addition, wild
tomato improved its limitation with multiple editing of six
domestication genes. This resulted in a threefold increase
in fruit size, tenfold increase in their number , and fivefold
increase in lycopene content.

» Cassava: Viral resistance was enhanced by knocking out
nCBP-1 and nCBP-2, reducing cassava brown streak dis-
ease severity.

¢ Citrus: Resistance of disease, citrus canker, was enabled
with gene editing, specifically CsLOB1 promoter and sup-
pressing the WRKY?22 transcription factor.
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