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lant diseases caused by fungi, bacteria, viruses, oomycetes and nematodes cause massive 

yield losses roughly 20–40% globally each year threatening food security (Savary et al., 

2019). Traditional disease management (pesticides, cultural practices, breeding) has helped, 

but is often slow, costly and environmentally problematic. In recent years, genome 

editing has offered a precise route to resistant crops. In particular, CRISPR-Cas9 (Clustered 

Regularly Interspaced Short Palindromic Repeats with Cas9 nuclease) has emerged as a 

simple, efficient, and versatile editing platform (Jinek et al., 2012; Bortesi & Fischer, 2015). 

CRISPR-Cas9 allows researchers to target and modify specific plant genes such as 

susceptibility (S) genes or regulatory elements without necessarily introducing foreign DNA 

(Bortesi & Fischer, 2015; Chen et al., 2019). This technology has been successfully applied 

in major crops (rice, wheat, tomato, potato, citrus, grapevine, etc.) to enhance resistance 

against bacterial, fungal and viral diseases (Chen et al., 2019; Zhu et al., 2020). Beyond 

higher yields and stable production, CRISPR-derived resistance could reduce pesticide use 

and promote more sustainable agriculture (Zhu et al., 2020). This article reviews the 

CRISPR-Cas9 system, its application strategies for disease resistance, key successes in crop 

plants, current challenges, and future prospects for safeguarding global food supply. 

Introduction 
Agriculture underpins global food security, but crops face constant threats from diseases. 

Fungal, bacterial, viral, nematode and oomycete pathogens collectively reduce yield and 

quality, with estimated losses of about 20-40% each year worldwide (Savary et al., 2019). 

These losses occur in both developed and developing nations, and are aggravated by climate 

change, expanding pathogen diversity and the emergence of new virulent strains. For 

decades, farmers have combated plant diseases with chemical pesticides and cultural controls. 

Pesticides act fast but raise concerns about environmental pollution, food residues, non-target 

effects and resistant pathogen populations. Plant breeders have also introduced resistance 

genes (R genes) into crops. However, breeding is time-consuming and relies on existing 

genetic variation; resistance obtained may break down as pathogens evolve. In summary, 

conventional methods alone cannot keep pace with the urgent need for durable, broad-

spectrum resistance. 

 The genetic revolution of the 21st century has brought precise genome-editing tools 

that accelerate crop improvement. Earlier technologies such as Zinc Finger Nucleases 

(ZFNs) and TALENs (Transcription Activator-Like Effector Nucleases) proved that targeted 

DNA breaks could be engineered, but these required complex protein engineering for each 

target (Bortesi & Fischer, 2015). The discovery of the CRISPR-Cas9 system in bacteria 

(Barrangou et al., 2007) changed the game. In bacteria and archaea, CRISPR acts as an 

adaptive immune system that captures snippets of viral DNA and uses them to guide Cas 

nucleases against invading viruses. In 2012, Jinek and colleagues showed how the Cas9 
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protein could be programmed with a simple guide RNA to cut any complementary DNA 

sequence (Jinek et al., 2012). This RNA-guided DNA cleavage is easy to design and can be 

applied broadly across organisms. In plants, CRISPR-Cas9 can introduce precise mutations 

(small insertions, deletions or substitutions) at specific genes (Bortesi & Fischer, 2015; Chen 

et al., 2019). It can also achieve transgene-free edits in many cases, meaning the final crop 

has changes that could mimic natural mutations (Bortesi & Fischer, 2015). This system is 

remarkably flexible: scientists can knock out susceptibility (S) genes, tweak resistance (R) 

genes or regulatory elements, and modulate immune signaling pathways. Such targeted 

genome modifications have already improved resistance to major diseases in rice, wheat, 

tomato, potato, citrus, grapevine and other crops (Chen et al., 2019; Zhu et al., 2020). 

Because multiple genes can be edited at once (multiplex editing), CRISPR allows the 

stacking of resistance traits for broad-spectrum protection. 

 Given growing food demand, climate challenges and the need to reduce 

agrochemicals, CRISPR-Cas9 represents an innovative strategy to accelerate crop breeding 

(Zhu et al., 2020). Its precision and speed have made it a key tool for next-generation 

breeding programs aimed at higher yields, reduced pesticide use, and sustainable agriculture. 

CRISPR-Cas9: A Powerful Genome-Editing Technology 
The CRISPR-Cas9 system consists of two main components: a guide RNA (gRNA) and 

the Cas9 nuclease. The gRNA is engineered to be complementary to a target DNA sequence 

in the plant genome, while Cas9 is the enzyme that cuts the DNA. Cas9 requires a short DNA 

motif called the Protospacer Adjacent Motif (PAM) near the target site to initiate binding and 

cleavage. When the gRNA directs Cas9 to the matching genomic DNA, Cas9 induces 

a double-stranded break at that location. The cell then repairs this break using its natural 

DNA repair machinery. Two main repair pathways are used: 

 Non-Homologous End Joining (NHEJ): A quick but error-prone repair mechanism that 

often introduces small insertions or deletions (indels) at the break site, frequently 

disrupting the gene’s function (knockout). 

 Homology-Directed Repair (HDR): A high-fidelity repair pathway that can copy a 

supplied DNA template to introduce specific edits or insert new sequences at the cut site. 

 By harnessing these pathways, researchers can disable S genes, alter regulatory 

motifs, or insert precise changes (Bortesi & Fischer, 2015; Chen et al., 2019). For example, 

knocking out an S gene via NHEJ-induced indels can eliminate a vulnerability that a 

pathogen exploits. Compared to ZFNs and TALENs, CRISPR-Cas9 is much easier to 

program (simply design a new gRNA), more cost-effective, and capable of editing multiple 

genes simultaneously. Its efficiency and broad applicability across plant species have been 

well documented (Jinek et al., 2012; Bortesi & Fischer, 2015). 

CRISPR-Cas9 for Disease Resistance 
Researchers exploit CRISPR-Cas9 to enhance plant immunity by editing genes involved in 

host–pathogen interactions. Instead of introducing foreign resistance genes, CRISPR allows 

modification of the plant’s own genome. Three main strategies are used: 

 Knockout of susceptibility (S) genes: Many pathogens hijack plant genes to infect the 

host. Disrupting such S genes can make the plant resistant. For example, MLO genes in 

wheat, barley and tomato normally allow powdery mildew infection; knocking out MLO 

confers broad mildew resistance (Yin et al., 2019). Similarly, editing the DMR6 gene 

enhances resistance by boosting innate immunity. These knockouts often do not harm the 

plant’s normal growth. (For a review of CRISPR S-gene targets, see Yin et al., 2019.) 

 Editing promoter regions: Some bacterial pathogens produce TAL effectors that 

activate plant S genes by binding promoter sequences. In rice, several OsSWEET sugar 

transporter genes are S genes induced by Xanthomonas TAL effectors. CRISPR editing 

of the OsSWEET promoters blocks this activation, conferring durable resistance to 

bacterial blight (Yin et al., 2019). Similarly, editing the promoter of the citrus LOB1 gene 
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produces citrus canker-resistant trees. By mimicking natural genetic variation, these edits 

leave beneficial traits intact while preventing pathogen exploitation. 

 Direct pathogen targeting: Emerging CRISPR tools target the pathogens themselves. 

For RNA viruses, CRISPR-Cas systems like Cas13 (an RNA-guided RNase) can degrade 

viral RNA genomes in infected cells. Cas13-mediated strategies have shown robust 

interference against plant viruses (Mahas et al., 2019). This approach offers a new way to 

combat viral diseases that are otherwise hard to control. 

 These strategies-gene knockouts, promoter editing, and pathogen genome targeting—

provide versatile routes to engineer durable resistance (Yin et al., 2019; Mahas et al., 2019). 

 
Figure: CRISPR-Cas9 genome-editing workflow in plants. A guide RNA (sgRNA) targets 

Cas9 to a specific genomic sequence adjacent to a PAM, Cas9 cleaves the DNA, and the cell 

repairs the break via NHEJ or HDR, resulting in gene edits. 

Key Applications in Major Crops 
CRISPR-Cas9 has been applied across a wide range of crops. Some notable examples 

include: 

 Rice: Broad-spectrum resistance to bacterial blight (Xanthomonas oryzae pv. oryzae) has 

been achieved by editing the promoter regions of the OsSWEET11, 

OsSWEET13  and OsSWEET14 genes, preventing TAL effector binding. Resistance to the 

fungal pathogen Magnaporthe oryzae (rice blast) has been improved by knocking out 

the OsERF922 gene. Multiplex editing of several susceptibility genes in rice 

simultaneously has led to multiple disease-resistance traits in one variety. 

 Wheat: Powdery mildew of wheat has been mitigated by mutating all three homeologous 

copies of the TaMLO gene. A landmark study showed that TALEN/CRISPR edits 

of TaMLO genes in hexaploid wheat conferred heritable, broad-spectrum resistance to 

powdery mildew without growth penalty (Wang et al., 2014). Scientists have also used 

CRISPR to enhance resistance to rust diseases by targeting susceptibility-related genes 

(Yin et al., 2019). 

 Tomato: In tomato, CRISPR knockout of SlMLO1 confers complete resistance to 

powdery mildew. Editing the jasmonate signaling repressor SlJAZ2 has increased 

resistance to bacterial speck caused by Pseudomonas syringae. Knocking 

out SlDMR6 yields broad resistance to multiple pathogens. Virus resistance has been 

achieved by editing the tomato eIF4E gene, which viruses exploit for infection (Yin et al., 

2019). 
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 Other crops: Potato late blight (Phytophthora infestans) has been addressed by mutating 

the StDMR6 gene to reduce susceptibility. In citrus, CRISPR editing of 

the CsLOB1 promoter gives canker resistance. Grapevine resistance to downy mildew has 

been improved by editing the grape VvDMR6 gene. These and other examples show 

CRISPR’s wide applicability across cereals, vegetables, fruits and specialty crops (Yin et 

al., 2019; Zhu et al., 2020). 

Table 1. Examples of disease-resistant crops developed using CRISPR-Cas9. 

Crop Disease Target Gene(s) Outcome 

Rice Bacterial blight OsSWEET gene promoters Enhanced resistance 

Rice Blast OsERF922 Improved resistance 

Wheat Powdery mildew TaMLO Durable resistance 

Wheat Stripe rust 
TaEDR1/other susceptibility 

genes 
Enhanced resistance 

Tomato Powdery mildew SlMLO1 Complete resistance 

Tomato Bacterial speck SlJAZ2 Increased resistance 

Tomato 
Multiple 

pathogens 
SlDMR6 

Broad-spectrum 

resistance 

Potato Late blight StDMR6 Improved resistance 

Citrus Citrus canker CsLOB1 promoter High resistance 

Grapevine Downy mildew VvDMR6 Enhanced resistance 

Advantages of CRISPR-Cas9 Technology 
CRISPR-Cas9 offers several key benefits over traditional breeding and earlier genome-

editing tools (Chen et al., 2019; Zhu et al., 2020): 

 Precision and efficiency: It can modify specific genes with minimal unintended changes, 

making trait development more predictable. 

 Speed: Varieties can be developed much faster than by conventional crossing and 

selection. 

 Multiplexing: Multiple genes can be edited at once, allowing the stacking of resistance 

traits in one step. 

 Transgene-free products: Many edited plants do not contain foreign DNA, potentially 

easing regulatory and public acceptance issues. 

 Cost-effectiveness: Synthesizing guide RNAs is relatively inexpensive, reducing 

development costs. 

 Broad applicability: CRISPR works in a wide range of crops (cereals, pulses, fruits, 

vegetables), enabling uniform strategies across agriculture (Chen et al., 2019). 

 Environmental benefits: By enabling resistant varieties, CRISPR can reduce the need 

for chemical pesticides, lowering environmental impact and farming costs. 

These advantages make CRISPR-Cas9 a cornerstone of sustainable crop improvement (Zhu 

et al., 2020). 

Challenges and Future Prospects 
Despite its promise, CRISPR-Cas9 editing faces some challenges. Off-target 

effects (unintended cuts at similar DNA sites) can occur, though improved guide design and 

high-fidelity Cas9 enzymes are greatly reducing this issue (Chen et al., 2019). Delivering 

CRISPR components efficiently into certain crops (especially perennial trees or recalcitrant 

varieties) and regenerating plants from edited cells can be technically difficult. Regulatory 

frameworks vary by country: some regulate gene-edited crops strictly (like traditional 

GMOs), while others have granted exemptions for edits without foreign DNA (Zhu et al., 

2020). Public acceptance will also influence adoption of CRISPR-derived crops. 

 The future of plant genome editing is bright, with new innovations on the 

horizon. Base editors and prime editors (CRISPR variants that can change individual DNA 

letters without double-strand breaks) offer even greater precision (Zhu et al., 2020). 
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 Alternative Cas proteins (Cas12, Cas13, etc.) and improved delivery methods (e.g. 

RNP particles, nanotechnology) are expanding CRISPR’s capabilities. Integration of CRISPR 

with genomic selection, speed breeding, and artificial intelligence will further accelerate 

development of disease-resistant, climate-resilient crops. 

 With careful oversight and continued research, genome editing is poised to become a 

key tool in securing global food supply. The ability to rapidly develop resistant varieties will 

be increasingly important as we face population growth, climate change and evolving 

pathogens. 

Conclusion 
CRISPR-Cas9 has revolutionized crop breeding by providing a fast, accurate, and versatile 

method to develop disease-resistant plants. By precisely modifying susceptibility genes, 

regulatory regions or pathogen targets, CRISPR enables breeders to create crops with 

enhanced resistance to bacteria, fungi, viruses and other pathogens (Barrangou et al., 2007; 

Chen et al., 2019). Unlike traditional breeding, CRISPR can achieve these improvements in a 

single generation without introducing foreign genes, greatly shortening development time. 

Early examples in rice, wheat, tomato and other crops have demonstrated the technology’s 

effectiveness in the field. Although challenges in delivery, regulation and public perception 

remain, ongoing advances are rapidly overcoming these hurdles. As research continues to 

refine genome-editing tools (including new Cas proteins and editing approaches), CRISPR-

Cas9 and its successors are expected to play an increasingly vital role in sustainable 

agriculture and global food security (Chen et al., 2019; Zhu et al., 2020). 
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