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Abstract 

Climate change, environmental stresses, and evolving pathogens pose major threats to global food 

security. Developing resilient crops with robust defense mechanisms is crucial to ensure sustainable 

agricultural production in the face of these challenges. CRISPR-based genome editing has emerged as 

a powerful tool for precisely modifying plant genes to enhance stress tolerance and disease resistance. 

This review explores recent advancements in CRISPR-mediated modification of defense-related 

genes in major crops. We discuss the targeting of key defense pathways, such as the salicylic acid and 

jasmonic acid signaling networks, to boost plant immunity against pathogens. Additionally, we 

highlight strategies for enhancing abiotic stress tolerance by modifying genes involved in antioxidant 

systems, osmotic regulation, and heat shock proteins. The potential of multiplex gene editing for 

simultaneously targeting multiple defense traits is also examined. Furthermore, we address the 

challenges and future prospects of translating CRISPR-engineered crops from the laboratory to the 

field, including regulatory considerations and public acceptance. By harnessing the precision and 

versatility of CRISPR technology, we can develop climate-resilient crops with fortified defense 

systems, contributing to a more secure and sustainable food future. 
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Introduction 

Global food security is one of the most pressing challenges facing humanity in the 21st century. With 

the world's population projected to reach 9.7 billion by 2050, there is an urgent need to increase 

agricultural productivity to meet the growing demand for food [1]. However, this task is complicated 

by the impacts of climate change, which include increased frequency and severity of droughts, floods, 

and extreme temperatures [2]. Moreover, crops are constantly threatened by evolving pathogens and 

pests, leading to significant yield losses and economic damage [3]. 

To address these challenges, it is crucial to develop resilient crops that can withstand abiotic and 

biotic stresses while maintaining high productivity. Traditional breeding approaches have made 

significant contributions to crop improvement but are often limited by the available genetic diversity 

within a species and the time required to introgress desired traits [4]. Genetic engineering techniques, 

such as transgenic technology, have expanded the possibilities for introducing novel traits into crops, 

but they often face regulatory hurdles and public concerns regarding the integration of foreign DNA 

[5]. 

In recent years, the emergence of CRISPR-based genome editing has revolutionized the field of plant 

biotechnology. CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) is a powerful 

tool that enables precise and targeted modification of plant genomes without the integration of foreign 

DNA [6]. By harnessing the natural defense mechanisms of bacteria against viral infections, CRISPR-

Cas systems have been adapted for efficient and versatile genome editing in a wide range of 

organisms, including crops [7, 8]. 

CRISPR-Cas Systems for Plant Genome Editing 



 

 

CRISPR-Cas systems have emerged as the most powerful and versatile tools for genome editing in 

plants. These systems are derived from the adaptive immune system of bacteria and archaea, which 

use CRISPR arrays and Cas (CRISPR-associated) proteins to defend against invading viruses and 

plasmids [9]. The CRISPR array consists of short repeated sequences (repeats) interspaced by unique 

sequences (spacers) derived from previous viral infections. When the bacterium encounters a viral 

infection, it incorporates a fragment of the viral DNA into the CRISPR array as a new spacer, creating 

a memory of the infection [10]. 

In the adaptive immune system, the CRISPR array is transcribed and processed into short CRISPR 

RNAs (crRNAs), which guide the Cas endonuclease to the complementary sequence in the invading 

viral genome. The Cas protein then cleaves the target DNA, neutralizing the viral infection [11]. This 

natural defense mechanism has been adapted for targeted genome editing by designing synthetic guide 

RNAs (sgRNAs) that direct the Cas protein to specific genomic locations, where it creates a double-

strand break (DSB) [12]. 

The most commonly used CRISPR-Cas system for plant genome editing is the type II system from 

Streptococcus pyogenes, which employs the Cas9 endonuclease [13, 22]. The Cas9 protein is guided 

by a single guide RNA (sgRNA) that consists of a crRNA and a trans-activating crRNA (tracrRNA) 

[14]. The sgRNA directs the Cas9 protein to the target site in the genome, where it creates a DSB. The 

cell's endogenous DNA repair mechanisms, such as non-homologous end joining (NHEJ) or 

homology-directed repair (HDR), then repair the DSB, often resulting in targeted mutations or precise 

modifications [15]. 

Compared to traditional plant breeding and transgenic approaches, CRISPR-Cas systems offer several 

advantages for crop improvement. First, CRISPR enables precise and targeted modifications of plant 

genomes without the integration of foreign DNA, making it a more attractive option for developing 

non-transgenic crops [16]. Second, CRISPR is highly efficient and can generate desired mutations in a 

single generation, significantly reducing the time required for crop improvement [17, 23]. Third, 

CRISPR allows for multiplexing, enabling the simultaneous editing of multiple genes or the 

introduction of multiple traits in a single transformation event [18]. 

To optimize CRISPR-Cas systems for efficient gene editing in plants, several strategies have been 

developed. One approach is to use tissue-specific or inducible promoters to control the expression of 

Cas9 and sgRNAs, minimizing off-target effects and improving editing specificity [19]. Another 

strategy is to employ ribonucleoprotein (RNP) complexes, which consist of pre-assembled Cas9 

protein and sgRNA, for direct delivery into plant cells [20]. RNP delivery has been shown to increase 

editing efficiency and reduce off-target effects compared to plasmid-based expression of CRISPR 

components [21]. 

Enhancing Disease Resistance through CRISPR-Mediated Modification of Defense Genes 

Plant diseases caused by pathogens, such as bacteria, fungi, and viruses, are a major constraint to crop 

production worldwide. To cope with pathogen attacks, plants have evolved sophisticated defense 

mechanisms that involve the recognition of pathogen-associated molecular patterns (PAMPs) by 

pattern recognition receptors (PRRs), leading to PAMP-triggered immunity (PTI) [24]. However, 

pathogens can secrete effector proteins that suppress PTI and promote infection. In response, plants 

have developed effector-triggered immunity (ETI), which involves the recognition of effectors by 

resistance (R) proteins and the activation of a stronger defense response [25]. 



 

 

The plant immune system is regulated by complex signaling networks that involve various 

phytohormones, such as salicylic acid (SA) and jasmonic acid (JA). SA is primarily involved in the 

activation of defense responses against biotrophic pathogens, while JA is associated with defense 

against necrotrophic pathogens and herbivorous insects [26]. These signaling pathways activate the 

expression of defense-related genes, such as pathogenesis-related (PR) proteins, which have 

antimicrobial activities and contribute to disease resistance [27]. 

CRISPR-based genome editing has emerged as a powerful tool for enhancing disease resistance in 

crops by targeting key components of the plant immune system. One approach is to modify the genes 

encoding PRRs or R proteins to enhance their ability to recognize pathogens and activate defense 

responses. For example, in rice, the CRISPR-mediated knockout of the OsSWEET14 gene, which 

encodes a sugar transporter targeted by the bacterial pathogen Xanthomonas oryzae pv. oryzae (Xoo), 

resulted in enhanced resistance to bacterial blight [28]. Similarly, in tomato, the modification of the 

Prf and Pto genes, which encode R proteins that recognize specific effectors from the bacterial 

pathogen Pseudomonas syringae pv. tomato, led to enhanced resistance to bacterial speck disease 

[29]. 

Another strategy is to target the genes involved in the SA and JA signaling pathways to modulate the 

plant immune response. In Arabidopsis, the CRISPR-mediated knockout of the NPR1 gene, a master 

regulator of SA-mediated defense responses, resulted in increased susceptibility to biotrophic 

pathogens [30]. Conversely, the overexpression of NPR1 in rice using CRISPR activation (CRISPRa) 

led to enhanced resistance to the fungal pathogen Magnaporthe oryzae [31]. Similarly, the 

modification of genes involved in the JA pathway, such as COI1 and JAZ genes, has been shown to 

alter plant resistance to necrotrophic pathogens and herbivorous insects [32]. 

CRISPR has also been used to enhance resistance to viral pathogens by targeting viral genomes or 

plant genes required for viral replication and movement. For example, in cucumber, the CRISPR-

mediated knockout of the eIF4E gene, which encodes a translation initiation factor required for the 

replication of many RNA viruses, resulted in resistance to multiple potyviruses [33]. In cassava, the 

CRISPR-mediated targeting of the African cassava mosaic virus (ACMV) genome led to a significant 

reduction in viral load and symptom severity [34]. 

Several successful examples of CRISPR-engineered disease resistance in crops have been reported in 

recent years. In rice, the editing of the SWEET gene family, which encodes sugar transporters targeted 

by various Xoo strains, has been shown to confer broad-spectrum resistance to bacterial blight [35]. 

The knock-out of three SWEET genes (OsSWEET11, OsSWEET13, and OsSWEET14) using CRISPR 

resulted in rice lines with enhanced resistance to multiple Xoo strains [36]. In wheat, the modification 

of the TaMLO gene, which encodes a protein that negatively regulates defense responses, led to 

resistance against powdery mildew caused by the fungal pathogen Blumeria graminis f. sp. tritici 

[37]. The CRISPR-mediated knock-out of all three TaMLO homoeologs in the hexaploid wheat 

genome resulted in broad-spectrum resistance to powdery mildew [38,39 and 40]. 

Table 1: Summary of CRISPR-mediated disease resistance in major crops 

Crop Target Pathogen Edited Gene(s) Outcome 

Rice Xanthomonas oryzae SWEET gene family Resistance to bacterial blight 

Tomato Pseudomonas syringae Prf and Pto Enhanced resistance to bacterial speck 



 

 

Crop Target Pathogen Edited Gene(s) Outcome 

Wheat Blumeria graminis MLO Broad-spectrum powdery mildew resistance 

Maize Fusarium graminearum ZmPGIP3 Reduced fungal ear rot severity 

Soybean Soybean mosaic virus eIF4E Resistance to viral infection 

Potato Potato virus Y eIF4E Reduced viral accumulation 

Cucumber Cucumber mosaic virus eIF4E Enhanced resistance to viral infection 

Improving Abiotic Stress Tolerance through CRISPR-Mediated Gene Editing 

Abiotic stresses, such as drought, salinity, and extreme temperatures, are major constraints to crop 

productivity worldwide. Climate change is expected to exacerbate these stresses, posing significant 

challenges to global food security [41]. Plants have evolved various mechanisms to cope with abiotic 

stresses, including the activation of stress-responsive genes, the accumulation of compatible solutes, 

and the modulation of plant growth and development [42]. However, the genetic diversity for abiotic 

stress tolerance in crop germplasm is often limited, and traditional breeding approaches have had 

limited success in developing stress-tolerant varieties [43]. 

CRISPR-based genome editing offers new opportunities for improving abiotic stress tolerance in 

crops by targeting key genes involved in stress response pathways. One approach is to modify the 

genes encoding transcription factors (TFs) that regulate the expression of stress-responsive genes. For 

example, the CRISPR-mediated knockout of the OsDREB1A gene, which encodes a dehydration-

responsive element-binding (DREB) TF, resulted in enhanced drought tolerance in rice [44]. 

Similarly, the overexpression of the OsNAC6 gene, which encodes a stress-responsive NAC TF, using 

CRISPR activation (CRISPRa) led to improved drought and salinity tolerance in rice [45]. 

Another strategy is to target the genes involved in the biosynthesis and accumulation of compatible 

solutes, such as proline, glycine betaine, and trehalose, which play important roles in osmotic 

adjustment and stress protection [46]. In maize, the CRISPR-mediated knock-out of the ZmPP2C10 

gene, which encodes a negative regulator of the proline biosynthesis pathway, resulted in increased 

proline accumulation and enhanced drought tolerance [47]. In Arabidopsis, the overexpression of the 

AtTPS1 gene, which encodes a trehalose-6-phosphate synthase, using CRISPRa led to increased 

trehalose accumulation and improved drought and salinity tolerance [48]. 

CRISPR has also been used to modify the genes involved in plant hormone signaling pathways that 

regulate stress responses, such as abscisic acid (ABA) and ethylene. In tomato, the CRISPR-mediated 

knock-out of the SlPYL9 gene, which encodes an ABA receptor, resulted in reduced ABA sensitivity 

and enhanced drought tolerance [49]. In rice, the modification of the OsETR2 gene, which encodes an 

ethylene receptor, led to improved submergence tolerance [50]. 

Several successful examples of CRISPR-engineered abiotic stress tolerance in crops have been 

reported in recent years. In maize, the editing of the ARGOS8 gene, which encodes a negative 

regulator of ethylene signaling, resulted in enhanced drought tolerance and yield under water-limited 

conditions [51]. The CRISPR-mediated knock-out of ARGOS8 led to reduced stomatal density and 

improved water use efficiency, allowing the maize plants to maintain higher photosynthetic rates and 

biomass under drought stress [52]. In rice, the modification of the OsRR22 gene, which encodes a 



 

 

response regulator involved in cytokinin signaling, led to enhanced salinity tolerance and improved 

seedling vigor [53]. The CRISPR-mediated knock-out of OsRR22 resulted in increased expression of 

stress-responsive genes and improved ion homeostasis under salt stress [54]. 

Table 2: CRISPR-mediated abiotic stress tolerance in crops 

Crop 
Abiotic 

Stress 
Edited Gene(s) Outcome Reference 

Maize Drought ARGOS8 
Improved drought tolerance 

and yield 

Shi et al., 2017 

[104] 

Rice Salinity OsRR22 
Enhanced salt tolerance and 

seedling vigor 

Zhang et al., 

2019 [46] 

Tomato Drought SlMAPK3 Improved drought tolerance 
Wang et al., 2018 

[55] 

Soybean 
Drought, 

Salt 

GmDrb2a, GmDrb2b, 

GmGT-2B, GmNARK 

Enhanced tolerance to 

drought and salt stress 

Cai et al., 2020 

[79] 

Wheat Drought TaDREB2 Increased drought tolerance 
Kim et al., 2018 

[102] 

Cotton Drought GhPP2C1 Improved drought tolerance 
Gao et al., 2020 

[110] 

Rapeseed Drought BnaDREB2 Enhanced drought tolerance 
Liu et al., 2020 

[115] 

Potato Cold 
StCBF1, StCBF3, StCBF4, 

StCDF1 

Reduced cold-induced 

sweetening 

Clasen et al., 

2016 [80] 

 In tomato, the CRISPR-mediated knock-out of the SlMAPK3 gene, which encodes a mitogen-

activated protein kinase involved in stress signaling, led to enhanced tolerance to drought and heat 

stress [55]. The edited tomato plants exhibited improved water use efficiency, higher photosynthetic 

rates, and increased antioxidant enzyme activities under stress conditions [56]. These examples 

demonstrate the potential of CRISPR technology for developing stress-tolerant crops by modifying 

specific genes involved in abiotic stress response pathways. 

However, it is important to note that the development of abiotic stress tolerance in crops is a complex 

trait that involves multiple genes and pathways [57]. Therefore, the modification of a single gene may 

not be sufficient to confer broad-spectrum and durable stress tolerance. To address this challenge, 

researchers are exploring the use of multiplex gene editing, which allows for the simultaneous 

modification of multiple genes in a single transformation event [58]. By targeting multiple genes 

involved in different stress response pathways, it may be possible to develop crops with enhanced 

tolerance to a range of abiotic stresses. 

Another approach is to harness the natural variation present in crop wild relatives and landraces, 

which have evolved under diverse environmental conditions and may possess novel alleles for stress 



 

 

tolerance [59]. CRISPR-based genome editing can be used to introgress these alleles into elite crop 

varieties, bypassing the limitations of traditional breeding methods [60]. For example, in tomato, the 

CRISPR-mediated introgression of a drought tolerance allele from a wild relative (Solanum pennellii) 

into a cultivated variety resulted in improved drought tolerance and yield under water-limited 

conditions [61]. 

In addition to targeting specific genes, CRISPR can also be used to modify regulatory elements, such 

as promoters and enhancers, that control the expression of stress-responsive genes [62]. By fine-

tuning the expression of these genes, it may be possible to optimize the plant's response to abiotic 

stresses without compromising growth and yield under normal conditions [63]. For example, in rice, 

the CRISPR-mediated editing of the promoter region of the OsDREB1A gene led to increased 

expression of the gene under drought stress, resulting in enhanced drought tolerance [64]. 

Multiplex Gene Editing for Simultaneous Improvement of Multiple Defense Traits 

One of the major advantages of CRISPR-based genome editing is the ability to target multiple genes 

simultaneously, a process known as multiplexing [65]. Multiplex gene editing allows for the 

modification of several genes in a single transformation event, saving time and resources compared to 

traditional breeding methods [66]. In the context of crop improvement, multiplexing can be used to 

enhance multiple defense traits, such as disease resistance and abiotic stress tolerance, in a single crop 

variety [67]. 

Several CRISPR-based tools have been developed for multiplex gene editing in plants, including the 

CRISPR/Cas9 system, the CRISPR/Cas12a (Cpf1) system, and base editors [68]. The CRISPR/Cas9 

system, which is the most widely used tool for plant genome editing, can be multiplexed by designing 

multiple sgRNAs that target different genes [69]. The sgRNAs can be expressed from a single 

construct using different promoters or from a single promoter using a polycistronic strategy [70]. For 

example, in rice, the simultaneous editing of three genes involved in bacterial blight resistance 

(OsSWEET11, OsSWEET13, and OsSWEET14) using a single CRISPR/Cas9 construct resulted in 

broad-spectrum resistance to the disease [71]. 

The CRISPR/Cas12a system, which is an alternative to the CRISPR/Cas9 system, has been shown to 

be more efficient for multiplex gene editing in plants [72]. Cas12a recognizes a different PAM 

sequence than Cas9 and can process its own crRNA array, allowing for the simultaneous targeting of 

multiple genes using a single crRNA array [73]. In maize, the use of Cas12a for multiplex gene 

editing resulted in the successful modification of four genes involved in plant architecture and yield 

[74]. 

Base editors, which are CRISPR-based tools that enable the precise conversion of one base to another 

without inducing double-strand breaks, can also be used for multiplex gene editing in plants [75]. By 

using multiple sgRNAs that target different bases in the same gene or different genes, base editors can 

introduce precise modifications in multiple targets simultaneously [76]. In wheat, the use of a cytosine 

base editor for multiplex gene editing resulted in the successful modification of three genes involved 

in grain size and weight [77]. 

Several successful examples of multiplex gene editing for improving multiple defense traits in crops 

have been reported. In rice, the simultaneous editing of three genes involved in bacterial blight 

resistance and three genes involved in blast resistance using a single CRISPR/Cas9 construct resulted 

in lines with enhanced resistance to both diseases [78]. In soybean, the simultaneous editing of two 

genes involved in drought tolerance and two genes involved in salt tolerance using a single 



 

 

CRISPR/Cas9 construct led to the development of lines with improved tolerance to both stresses [79]. 

In potato, the simultaneous editing of four genes involved in cold-induced sweetening using a single 

CRISPR/Cas9 construct resulted in lines with reduced accumulation of reducing sugars during cold 

storage [80]. 

 

Figure 1: Schematic representation of multiplex gene editing in plants using CRISPR-Cas 

systems. 

Despite the progress made in multiplex gene editing for crop improvement, several challenges remain. 

One challenge is the potential for off-target effects, which can increase with the number of sgRNAs 

used [81]. To mitigate this risk, researchers are developing strategies for improving the specificity of 

CRISPR-based tools, such as using truncated sgRNAs or high-fidelity Cas variants [82]. Another 

challenge is the limited cargo capacity of plant transformation vectors, which can restrict the number 

of genes that can be targeted simultaneously [83]. To overcome this limitation, researchers are 

exploring the use of novel vector systems, such as plant artificial chromosomes, that can 

accommodate larger inserts [84]. 

In addition to technical challenges, the regulatory landscape for crops developed using multiplex gene 

editing is still evolving [85]. In some countries, such as the United States, crops developed using 

CRISPR-based tools are regulated based on the final product, not the process used to develop them 

[86]. However, in other countries, such as the European Union, crops developed using CRISPR-based 

tools are subject to the same regulations as genetically modified organisms (GMOs) [87]. The lack of 

global harmonization in the regulation of CRISPR-edited crops can create barriers to their 

commercialization and adoption [88]. 

Despite these challenges, multiplex gene editing using CRISPR-based tools holds great promise for 

developing crops with enhanced defense traits. By targeting multiple genes involved in different 

aspects of plant defense, such as disease resistance, abiotic stress tolerance, and insect resistance, it 

may be possible to develop crops that are resilient to a wide range of biotic and abiotic stresses [89]. 

Moreover, by combining multiplex gene editing with other breeding strategies, such as marker-

assisted selection and genomic selection, it may be possible to accelerate the development of 

improved crop varieties that meet the needs of farmers and consumers [90,91]. 

Challenges and Considerations for Translating CRISPR-Engineered Crops to the Field 

1. Technical Challenges 

 Off-target Effects:  



 

 

o Unintended mutations at similar sequences 

o Need for improved specificity (truncated sgRNAs, high-fidelity Cas) 

 Vector Limitations:  

o Limited cargo capacity 

o Development of new vector systems needed 

 Editing Efficiency Issues:  

o Variability across species/genotypes 

o Influenced by chromatin structure and DNA methylation 

 Stability Concerns:  

o Mutation inheritance across generations 

o Need for monitoring and selection 

2. Regulatory Challenges 

 Inconsistent Global Regulations:  

o US: Product-based regulation 

o EU: Process-based regulation (treated as GMOs) 

 Need for Harmonization:  

o Creates commercialization barriers 

o Requires international coordination 

3. Biosafety Considerations 

 Environmental Impact:  

o Effects on non-target organisms 

o Ecosystem interactions 

 Health Concerns:  

o Need for risk assessments 

o Monitoring requirements 

4. Implementation Needs 

 Science-based regulatory frameworks 

 Risk-proportionate approaches 



 

 

 Environmental monitoring systems 

 International coordination 

 Stakeholder engagement 

 

Public perception and acceptance 

1. Current Public Perception 

 Viewed as more precise than traditional genetic engineering 

 Still faces safety concerns and misconceptions 

 Questions about environmental and health impacts 

2. Communication Strategy 

 Need for transparent dialogue 

 Importance of accessible information 

 Focus on benefits and risks 

 Engagement with diverse stakeholders:  

o Farmers 

o Consumers 

o Policymakers 

o Civil society organizations 

3. Ethical Considerations 

 Equity in access 

 Fair benefit-sharing 

 Protection of small-scale farmers 

 Respect for indigenous communities 

4. Implementation Goals 

 Building public trust 

 Ensuring responsible development 

 Creating equitable distribution of benefits 

 Establishing inclusive decision-making processes 



 

 

Table 3: Challenges and considerations for CRISPR-engineered crops 

Challenge/Consideration Key Points Potential Strategies 

Technical limitations - Off-target effects - Optimize sgRNA design and 

delivery 

 - Variability in editing efficiency 

across species and genotypes 

- Use high-fidelity Cas variants or 

paired nickases 

 - Stability and inheritance of edited 

traits 

- Monitor inheritance and select 

stable lines 

Regulatory aspects - Lack of global harmonization in 

regulations 

- Engage in dialogue to develop 

science-based regulations 

 - Lengthy and costly approval 

process in some countries 

- Conduct rigorous environmental 

risk assessments 

 - Biosafety concerns - Develop monitoring strategies 

for potential adverse effects 

Public acceptance - Concerns and misconceptions 

about safety and impact 

- Engage in transparent and 

inclusive public dialogue 

 - Need for public trust and support - Provide accurate and accessible 

information 

 - Ethical and social considerations - Address equity, access, and 

benefit-sharing considerations 

Future Perspectives and Research Directions 

1. Integration with Omics Technologies 

 Combining CRISPR with transcriptomics, proteomics, and metabolomics 

 Enables better understanding of complex traits 

 Allows more precise breeding strategies 

2. Exploration of Wild Genetic Resources 

 Utilizing crop wild relatives and landraces 

 Accessing novel alleles for defense traits 

 Introgressing beneficial traits into elite varieties 

3. Development of Climate-Resilient Crops 

 Creating varieties for marginal environments 

 Improving root architecture and nutrient uptake 



 

 

 Enhancing photosynthesis and carbon metabolism 

 Developing drought-resistant varieties 

4. Inclusive Agricultural Development 

 Addressing smallholder farmer needs 

 Considering indigenous communities 

 Making technology accessible and affordable 

 Ensuring cultural appropriateness 

5. International Collaboration 

 Fostering public-private partnerships 

 Promoting developed-developing country cooperation 

 Sharing knowledge and resources 

 Developing responsible use frameworks 

. 

 

 

Figure 2: Overview of future research directions in CRISPR-mediated crop improvement for 

enhanced resilience. 



 

 

Conclusion 

The development of resilient crops that can withstand the challenges posed by climate change, 

environmental stresses, and emerging pests and diseases is critical for ensuring global food security 

and sustainability. CRISPR-based genome editing has emerged as a powerful tool for precisely 

modifying crop genomes to enhance their defense mechanisms and stress tolerance. By targeting 

specific genes involved in disease resistance, a biotic stress tolerance, and other defense-related traits, 

researchers have successfully developed CRISPR-engineered crops with improved resilience to a 

wide range of biotic and abiotic stresses. 
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