


CRISPR/Cas9 Applications for Developing Disease-Resistant Crop Varieties
Abstract
Crop diseases caused by fungi, oomycetes, bacteria, viruses and nematodes continue to undermine yield stability, food security and sustainable crop production. Conventional resistance breeding remains valuable but is constrained by limited donor diversity, linkage drag, polygenic inheritance and lengthy breeding cycles. This review synthesizes CRISPR/Cas9 applications for developing disease-resistant crop varieties, emphasizing molecular mechanisms, target selection, representative crop–pathogen systems, emerging editing strategies and deployment challenges. Particular attention is given to susceptibility-gene knockout, promoter and cis-regulatory editing, modification of pathogen-interacting host factors, enhancement of immune signalling, multiplex editing, precise allele engineering and resistance stacking. Evidence across rice, wheat, potato, tomato, barley, Brassica and legume systems demonstrates that CRISPR-based manipulation of host compatibility can generate resistance while reducing dependence on conventional introgression. Recent advances involving Cas12 and Cas13, base and prime editing, CRISPRa/CRISPRi, high-throughput screening and improved delivery systems are expanding disease-resistance engineering. However, off-target effects, unintended genomic alterations, genotype dependence, transformation constraints, pathogen adaptation, biosafety and regulatory uncertainty remain important barriers. Overall, CRISPR/Cas9 is best positioned as a complement to conventional breeding, enabling rational engineering of multilayered, broad-spectrum and potentially durable resistance. Integration with pangenomics, multi-omics, artificial intelligence and precision phenotyping may accelerate development of climate-resilient cultivars and strengthen sustainable crop protection.
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1. Introduction
Crop diseases remain a major constraint to global food production, threatening yield stability, commodity quality, and the sustainability of intensive agricultural systems. Pathogens, including fungi, oomycetes, bacteria, viruses, and nematodes, can cause substantial production losses and frequently overcome host resistance through rapid evolution and adaptation. Conventional resistance breeding has contributed substantially to disease management; however, it is often constrained by the complexity of quantitative resistance, linkage drag, limited donor germplasm, long breeding cycles, and the difficulty of transferring desirable alleles without simultaneously introducing undesirable traits. These limitations are particularly challenging for crops with narrow genetic diversity or prolonged generation intervals (Ali et al., 2022; Paul et al., 2021; Yıldırım et al., 2023).
The emergence of CRISPR/Cas9 (Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR-associated protein 9) has transformed the genetic improvement of disease resistance by enabling targeted modification of defined genomic loci. Guided by sequence-specific single-guide RNA (sgRNA), Cas9 introduces a programmable double-strand break that can generate targeted mutations through endogenous DNA-repair pathways. This capability permits disruption of susceptibility (S) genes, modification of host–pathogen interaction components, enhancement of defense-associated pathways, and, increasingly, multiplex manipulation of several resistance-related loci (Kieu et al., 2021; Erdoğan et al., 2023; Singh et al., 2022). Compared with conventional breeding, genome editing can accelerate the development of resistant genotypes while providing greater allelic precision.
Against this background, this review examines the applications of CRISPR/Cas9 for developing disease-resistant crop varieties, emphasizing molecular targets, susceptibility-gene editing, resistance mechanisms, representative crop applications, technological advances, and delivery strategies. It further evaluates challenges involving off-target effects, unintended genomic alterations, genotype dependence, transformation efficiency, biosafety, and regulatory considerations, while highlighting emerging approaches for developing durable and agronomically relevant disease resistance (Chu & Agapito-Tenfen, 2022; Manzoor et al., 2024; Han et al., 2025).
CRISPR/Cas9: Principles and Mechanism
The CRISPR/Cas9 system is a programmable genome-editing platform adapted from the adaptive immune system of bacteria and has become an important tool for engineering disease resistance in crop plants. Its core components are the Cas9 endonuclease and a single-guide RNA (sgRNA), which combines the targeting functions of CRISPR RNA and trans-activating CRISPR RNA. The sgRNA directs Cas9 to a complementary genomic sequence adjacent to a protospacer-adjacent motif (PAM), thereby providing sequence-specific target recognition. Following RNA–DNA base pairing, Cas9 generates a site-specific double-strand break (DSB), generally producing blunt-ended DNA termini through coordinated cleavage of both DNA strands (Ali et al., 2022; Dhakate et al., 2022; Gan & Ling, 2022).
The resulting DSB is repaired predominantly through non-homologous end joining (NHEJ), an error-prone pathway that frequently introduces insertions or deletions (indels), enabling targeted gene knockout. Alternatively, homology-directed repair (HDR) can incorporate a designed donor template to introduce precise nucleotide substitutions, insertions or other sequence modifications, although its efficiency in plants is generally more limited than NHEJ-mediated editing (Nerkar et al., 2022; Thakur et al., 2025). For disease resistance, CRISPR/Cas9 can disrupt susceptibility (S) genes, modify pathogen-interacting host factors, alter negative regulators of immunity, or engineer resistance-associated loci. Multiplex editing further permits simultaneous modification of several genes, facilitating broader and potentially more durable resistance against genetically diverse pathogens (Paul et al., 2021; Kieu et al., 2021; Singh et al., 2022; Bhalerao et al., 2025).
Molecular Basis of CRISPR-Mediated Disease Resistance
CRISPR/Cas9-mediated disease resistance is fundamentally based on the precise reprogramming of host–pathogen interactions at the genomic level. Unlike conventional resistance breeding, which depends largely on naturally occurring allelic variation and repeated recombination, CRISPR/Cas9 enables targeted modification of genes that determine pathogen recognition, infection compatibility, immune signalling and disease development. The molecular basis of this strategy can broadly be understood through four complementary mechanisms: editing susceptibility (S) genes, modifying pathogen-interacting host genes, strengthening endogenous immune responses, and disrupting molecular interactions required for pathogen virulence. These approaches are particularly valuable because plant pathogens exploit a highly interconnected network of host proteins, transcriptional regulators and cellular processes during infection; targeted genome editing can therefore redirect these interactions towards resistance while minimizing undesirable changes to agronomic traits (Ali et al., 2022; Paul et al., 2021; Erdoğan et al., 2023).
Editing susceptibility (S) genes
One of the most direct molecular strategies for CRISPR-mediated disease resistance is the disruption or functional modification of susceptibility (S) genes. S genes encode host factors that pathogens exploit to establish infection, facilitate colonization, suppress host immunity or complete their life cycle. Consequently, loss-of-function mutations in appropriate S genes can convert a compatible host–pathogen interaction into an incompatible one. CRISPR/Cas9 is particularly suited to this approach because it can introduce targeted insertions, deletions or nucleotide substitutions that alter gene function without necessarily introducing foreign DNA into the final edited genotype (Talakayala et al., 2022; Kieu et al., 2021; Manzoor et al., 2024).
At the molecular level, CRISPR/Cas9-guided cleavage of an S gene can generate small insertions or deletions during DNA repair, frequently resulting in frameshift mutations and premature termination of the encoded protein. When the targeted host factor is essential for pathogen infection but dispensable for normal plant development, such mutations can substantially reduce pathogen multiplication. A well-established example is the manipulation of MLO (Mildew Locus O) genes, in which loss of MLO function can confer broad resistance to powdery mildew by interfering with the cellular processes required for fungal penetration and haustorial establishment. Similar principles have been explored in other host genes associated with susceptibility to bacterial, fungal and viral pathogens (Paul et al., 2021; Bhalerao et al., 2025).
The potato–Phytophthora infestans pathosystem provides an important demonstration of this concept. CRISPR/Cas9-induced mutations in susceptibility-associated genes increased resistance to late blight, illustrating that targeted removal of host susceptibility functions can contribute to disease resistance without relying exclusively on conventional resistance (R) genes (Kieu et al., 2021). The strategy is especially attractive for pathogens capable of rapidly overcoming single resistance genes because the edited host dependency may represent a more stable component of the infection process.
However, S-gene editing requires careful molecular and phenotypic validation. Some susceptibility genes participate in fundamental physiological processes, including development, hormone signalling, nutrient transport or cellular homeostasis. Complete knockout may therefore cause pleiotropic effects, growth penalties or reproductive abnormalities. Accordingly, allele-specific editing, promoter modification, partial suppression and tissue-specific modulation may provide more effective alternatives to complete gene disruption. The increasing availability of precision genome-editing systems is expanding opportunities to modify regulatory sequences rather than coding regions, allowing disease resistance to be enhanced while retaining essential physiological functions (Dhakate et al., 2022; Nerkar et al., 2022; Yıldırım et al., 2023).
Modification of pathogen-interacting host genes
Pathogens rarely depend on a single susceptibility factor. Infection generally involves a complex molecular interface in which pathogen-derived effectors interact with host proteins to redirect cellular metabolism, suppress immune signalling and facilitate pathogen reproduction. Consequently, a second major CRISPR strategy involves modifying host genes that physically or functionally interact with pathogen effectors. Rather than simply eliminating a susceptibility gene, genome editing can alter specific interaction interfaces so that the host protein retains its normal physiological function but becomes less exploitable by the pathogen (Ali et al., 2022; Dong & Fan, 2024).
Pathogen effectors frequently target host transcription factors, signalling proteins, vesicle-trafficking components, metabolic enzymes and regulatory proteins. Some bacterial pathogens, for example, manipulate host transcription through effector-mediated interactions with promoter-associated transcription factors. Targeted editing of the corresponding promoter recognition sites can prevent effector-induced transcription while maintaining basal expression of the host gene. This approach represents a sophisticated form of molecular decoupling, in which the plant retains a useful endogenous function while eliminating the pathogen's ability to hijack it.
CRISPR/Cas9 can also be used to modify specific amino acids within host proteins that constitute pathogen-effector docking sites. Such edits may disrupt pathogen recognition or effector binding without completely eliminating protein activity. This strategy is particularly important where complete knockout of a host gene would negatively affect plant fitness. Multiplex CRISPR systems further enable simultaneous modification of several pathogen-interacting loci, potentially reducing the probability that pathogens can circumvent resistance through alternative molecular pathways (Singh et al., 2022; Han et al., 2025).
Promoter engineering provides another important dimension. Host promoters frequently contain cis-regulatory elements exploited by pathogen effectors to induce expression of genes beneficial to infection. Targeted modification of these motifs can prevent inappropriate transcriptional activation while preserving normal gene regulation. Such cis-regulatory editing is therefore emerging as an important route towards precision disease resistance, particularly in crops where coding-region mutations would impose substantial developmental costs (McLaughlin et al., 2025; Yıldırım et al., 2023).
Enhancement of plant immune responses
CRISPR/Cas9-mediated disease resistance can also be achieved by directly strengthening the plant's endogenous immune system. Plant immunity operates through interconnected layers, beginning with recognition of pathogen-associated molecular patterns by pattern-recognition receptors (PRRs) and progressing through intracellular signalling networks, transcriptional reprogramming, reactive oxygen species production, mitogen-activated protein kinase cascades and expression of defence-related genes. At a subsequent level, intracellular immune receptors recognize pathogen effectors or their effects on host cellular processes, activating stronger effector-triggered immune responses (Erdoğan et al., 2023; Faizal et al., 2024).
Genome editing can enhance these responses by modifying positive regulators of immune signalling or by removing negative regulators that restrain defence activation. In this context, CRISPR/Cas9 is not simply a tool for knocking out genes; it can be employed to fine-tune the quantitative strength and spatial or temporal activation of immunity. For example, editing promoter regions or regulatory elements can increase the inducibility of defence genes following pathogen perception rather than constitutively activating immunity. This distinction is important because continuous immune activation can divert metabolic resources from growth and reproduction and may result in yield penalties.
CRISPR-mediated activation of endogenous defence genes (CRISPRa) provides a complementary strategy. Instead of introducing permanent disruptive mutations, catalytically inactive Cas proteins can be directed to regulatory regions to modulate transcription. Recent developments indicate that CRISPR-based activation can facilitate the identification and functional deployment of previously underutilized genes associated with plant disease resistance (McLaughlin et al., 2025). Such approaches are particularly promising for quantitative resistance, where multiple genes contribute collectively to a broad but variable level of protection.
Another important mechanism involves modification of genes controlling hormonal and redox signalling. Salicylic acid, jasmonic acid, ethylene and associated signalling components coordinate defence responses against different classes of pathogens. Precision editing of regulators within these pathways may enhance pathogen-specific defence while minimizing antagonistic effects between immunity and growth. Similarly, manipulation of genes controlling reactive oxygen species homeostasis can strengthen early defence signalling and localized cell death where appropriate. Thus, CRISPR technology can potentially transform plant immunity from a largely naturally constrained trait into a quantitatively tunable genetic system (Li et al., 2022; Gupta et al., 2023).
Disruption of pathogen virulence-related interactions
A further molecular route to disease resistance is the disruption of host–pathogen interactions that are indispensable for pathogen virulence. Successful infection depends on highly specific molecular interactions between pathogen effectors, toxins, nucleic acids or other virulence determinants and host cellular targets. CRISPR/Cas9 can interfere with these interactions by modifying the corresponding host targets, regulatory elements or, in suitable experimental contexts, pathogen genomes.
Host-targeted disruption is particularly attractive because the pathogen may depend on a conserved host component throughout its infection cycle. Altering the host-binding interface can therefore interfere with effector activity without necessarily eliminating the physiological role of the host protein. This represents a strategic shift from conventional resistance breeding, which often focuses on introducing or pyramiding R genes, towards engineering host molecular compatibility with the pathogen (Paul et al., 2021; Dong & Fan, 2024).
CRISPR systems may also be directed towards pathogen genomes in experimental or specialized applications. In viral diseases, sequence-specific CRISPR/Cas systems can recognize and cleave viral DNA or RNA, thereby restricting viral replication. This principle extends the concept of genome editing from modification of plant susceptibility to direct interference with pathogen genetic information. Such strategies are especially relevant for viruses with well-characterized genomes and conserved sequences, although viral sequence variation and escape mutations remain important challenges (Halder et al., 2022; Jahan et al., 2025).
For pathogens with rapidly evolving genomes, multiplex targeting of several conserved pathogen sequences may improve durability. Nevertheless, direct pathogen targeting presents biological and delivery challenges that differ substantially from conventional plant genome editing. Consequently, engineering the plant genome to eliminate critical pathogen-dependent host interactions remains a particularly practical strategy for developing stable disease-resistant cultivars.
Integrated molecular framework
These four mechanisms should not be viewed as independent approaches. Disease resistance is ultimately governed by a dynamic network involving pathogen perception, host susceptibility, intracellular signalling, transcriptional regulation and pathogen virulence. A single CRISPR intervention may therefore influence several levels of this network simultaneously. For example, disruption of an S gene can reduce pathogen entry, while modification of an effector-interacting protein can restrict pathogen manipulation and enhanced expression of immune regulators can accelerate downstream defence activation.
The emergence of multiplex genome editing makes it possible to combine these mechanisms by simultaneously targeting multiple susceptibility factors, regulatory elements and immune-associated genes. Such gene stacking at the molecular level may be particularly valuable against pathogens with complex infection strategies and high evolutionary potential (Singh et al., 2022; Bhalerao et al., 2025). Nevertheless, the design of durable resistance requires consideration of genetic redundancy, pathogen adaptation, pleiotropic effects, off-target mutations and unintended genomic outcomes. Systematic evaluation of edited lines using whole-genome sequencing, transcriptomics, pathogen phenotyping and multi-environment field trials is therefore essential before deployment (Chu & Agapito-Tenfen, 2022; Miladinović et al., 2021).
Overall, the molecular basis of CRISPR-mediated disease resistance lies in rewiring the genetic determinants of compatibility between plant and pathogen. By disabling host susceptibility factors, altering pathogen-interacting proteins, strengthening immune signalling and interfering with virulence-associated molecular interactions, CRISPR/Cas9 provides a highly programmable framework for developing disease-resistant crops. Its greatest potential may ultimately arise not from a single edited locus, but from rational combinations of host-factor engineering, regulatory editing and immune pathway optimization that produce resistance with improved durability and minimal fitness costs (Ali et al., 2022; Han et al., 2025; Sarfraz et al., 2025).
Applications in Major Crop Diseases
CRISPR/Cas9 genome editing has emerged as a precision breeding platform for converting mechanistic knowledge of plant–pathogen interactions into targeted disease-resistance traits. Unlike conventional breeding, which depends on recombination and the availability of suitable resistance donors, CRISPR/Cas9 can directly modify susceptibility genes (S genes), negative regulators of immunity, pathogen-interacting host factors, and, in some cases, regulatory elements controlling defence responses. This flexibility is particularly valuable for complex diseases in which resistance is governed by multiple host pathways or where pathogen populations evolve rapidly. Disease resistance engineering through CRISPR/Cas9 therefore increasingly encompasses both loss-of-function strategies, such as disruption of susceptibility factors, and gain-of-function strategies, including promoter editing, allele replacement and targeted activation of defence-associated genes (Ali et al., 2022; Erdoğan et al., 2023; Yıldırım et al., 2023; Bhalerao et al., 2025).
Bacterial diseases
Bacterial pathogens constitute an important target for CRISPR/Cas9-mediated crop improvement because successful infection frequently depends on highly specific host factors that can be genetically modified without necessarily altering the plant's broader physiological functions. A major strategy is the disruption of host susceptibility genes that facilitate bacterial colonization or the establishment of compatible interactions. In rice, for example, the SWEET sugar transporter family has become a prominent target because certain bacterial pathogens exploit SWEET genes to redirect carbohydrates toward infected tissues. Editing pathogen-responsive regulatory regions of SWEET genes can reduce pathogen-induced susceptibility while retaining basal transporter function, thereby providing a more targeted route to resistance than complete gene knockout (Ali et al., 2022; Talakayala et al., 2022; Paul et al., 2021).
This approach is particularly relevant to bacterial blight of rice caused by Xanthomonas oryzae pv. oryzae. The pathogen delivers transcription activator-like effectors (TALEs) that bind promoter elements of host SWEET genes and activate their expression. CRISPR/Cas-mediated editing of effector-binding elements can interfere with this transcriptional activation and consequently restrict bacterial multiplication. Importantly, promoter editing can generate allelic diversity while avoiding complete loss of gene function, providing a potentially useful balance between resistance and agronomic performance (Ali et al., 2022; Erdoğan et al., 2023; Han et al., 2025).
CRISPR-mediated modification of defence signalling components also provides opportunities for resistance against bacterial pathogens. Genes associated with pattern-triggered immunity, effector-triggered immunity, reactive oxygen species production, salicylic-acid signalling and antimicrobial metabolite biosynthesis can be manipulated to strengthen host defence. Multiplex editing is especially attractive when several susceptibility factors or pathogen-responsive loci contribute to disease development, allowing simultaneous modification of multiple genomic targets (Singh et al., 2022; Manzoor et al., 2024).
The bacterial disease examples demonstrate an important conceptual transition in genome editing: rather than introducing an external resistance gene, researchers can reconfigure the host–pathogen interface itself. Such resistance may be comparatively durable when it removes a host dependency that is difficult for the pathogen to circumvent without compromising its own fitness. Nevertheless, pathogen adaptation and functional redundancy among host susceptibility factors remain important considerations when designing durable resistance strategies (Dong and Fan, 2024; Jahan et al., 2025).
Fungal diseases
Fungal diseases represent one of the most extensively investigated applications of CRISPR/Cas9 because fungal pathogens cause major yield and quality losses in cereals, legumes, horticultural crops and root and tuber crops. Genome editing has been used to manipulate susceptibility genes, defence regulators and genes associated with pathogen recognition and downstream immune signalling. In contrast to monogenic resistance, which may be overcome by pathogen evolution, editing of susceptibility pathways offers the possibility of reducing infection through modification of host processes required for pathogen establishment (Paul et al., 2021; Bhalerao et al., 2025).
A particularly well-characterized example is late blight of potato caused by Phytophthora infestans. Although P. infestans is taxonomically an oomycete rather than a true fungus, its disease biology has provided an important demonstration of susceptibility-gene editing. Kieu et al. (2021) demonstrated that CRISPR/Cas9-mediated mutations in potato susceptibility-associated StDMR6 genes could increase resistance to late blight. The edited lines showed enhanced resistance, illustrating how disruption of host factors involved in pathogen compatibility can generate useful disease-resistance phenotypes without relying exclusively on conventional resistance genes.
For true fungal pathogens, CRISPR/Cas9 can similarly target host genes involved in fungal recognition, penetration, nutrient acquisition and defence suppression. In wheat, rice, barley and other cereals, susceptibility factors associated with pathogen colonization have attracted considerable attention. Editing promoter regions or coding sequences can reduce the ability of pathogens to exploit host cellular machinery. In addition, genes involved in defence-associated signalling, secondary metabolism and cell-wall reinforcement can be modified to strengthen resistance responses (Ali et al., 2022; Gupta et al., 2023; Mascarenhas et al., 2024).
Powdery mildew resistance provides a particularly important example of susceptibility-gene manipulation. Members of the MLO gene family encode proteins that are required for successful colonization by powdery mildew fungi in several plant species. CRISPR/Cas9-mediated disruption of appropriate MLO alleles can therefore generate enhanced resistance. Because MLO-mediated susceptibility is conserved across several host–powdery mildew systems, it illustrates the broader value of comparative genomics for identifying conserved host vulnerabilities that can be exploited through precision genome editing (Paul et al., 2021; Talakayala et al., 2022; Han et al., 2025).
CRISPR/Cas9 is also being integrated with quantitative disease-resistance breeding. Instead of relying solely on complete knockout, researchers can edit regulatory regions to achieve partial modulation of defence genes, potentially reducing the growth penalties associated with constitutive immune activation. CRISPR activation (CRISPRa) represents a complementary strategy in which endogenous resistance-associated genes can be transcriptionally activated without permanently altering their coding sequences. This expands the disease-resistance toolbox from simple gene disruption toward tunable manipulation of plant immune networks (McLaughlin et al., 2025).
Viral diseases
Viral diseases present a distinctive challenge because viruses depend extensively on host cellular machinery for replication, movement and systemic infection. Consequently, CRISPR/Cas9-based resistance can be developed by targeting either host susceptibility genes or viral genomic sequences. Host-directed strategies generally focus on disrupting proteins or pathways required by viral replication or movement, whereas pathogen-directed strategies attempt to recognize and cleave viral nucleic acids.
In plants infected by RNA viruses, direct Cas9 targeting is complicated by the fact that Cas9 is primarily a DNA-targeting nuclease. Nevertheless, CRISPR systems can be adapted through appropriate guide designs and nuclease configurations, while Cas13-based RNA targeting provides a complementary platform for direct interference with RNA genomes. Thus, CRISPR research in plant virology is progressively moving from conventional Cas9-mediated DNA editing toward a broader CRISPR effector toolbox capable of targeting different stages of the viral life cycle (Halder et al., 2022; Patil et al., 2024; Jahan et al., 2025).
Host-factor editing has considerable potential for developing virus-resistant crops. Viral pathogens frequently depend on host translation factors, membrane-associated proteins, susceptibility factors and other cellular components for replication and movement. Targeted modification of these factors can impair viral infection while preserving sufficient host function for normal development. However, complete disruption of essential host genes can produce undesirable pleiotropic effects; consequently, allele-specific or promoter-level editing may provide a more appropriate strategy (Ali et al., 2022; Yıldırım et al., 2023).
Rice, tomato, potato and cucurbit crops provide representative systems in which CRISPR-based approaches have been investigated against economically important viral diseases. Viral genome editing and host susceptibility-gene editing are particularly promising when combined with multiplex CRISPR designs, because viral populations can exist as genetically heterogeneous quasispecies and may rapidly acquire mutations that allow escape from a single recognition site. Simultaneous targeting of multiple viral sequences or host dependency factors could therefore increase the genetic barrier to resistance breakdown (Singh et al., 2022; Samoo et al., 2024).
An additional development is viral-vector-mediated delivery of CRISPR components. Viral delivery systems can facilitate transient expression of genome-editing reagents and potentially accelerate the generation of edited plants, although vector capacity, host range, biological containment and regeneration remain important technical constraints. Such delivery approaches may become increasingly valuable for crops in which conventional transformation is inefficient (Patil et al., 2024; Ebrahimi and Hashemi, 2024).
Oomycete and other emerging pathogens
CRISPR/Cas9 has considerable potential against oomycete pathogens, which include some of the most destructive plant disease agents, despite their evolutionary distinction from true fungi. The potato–Phytophthora infestans pathosystem is an important model because late blight resistance requires the integration of host immune recognition, effector biology and quantitative defence mechanisms. The successful editing of susceptibility-associated genes in potato demonstrates that genome editing can be used to alter host compatibility with oomycete pathogens (Kieu et al., 2021).
Oomycete pathogens often possess extensive repertoires of secreted effectors that manipulate host cellular processes. This creates opportunities for CRISPR-based editing of host proteins targeted by these effectors. Identification of effector-targeted susceptibility factors through transcriptomics, proteomics, protein–protein interaction studies and functional genomics can therefore provide a rational pipeline for selecting CRISPR targets. Editing such genes may interfere with pathogen manipulation while retaining the plant's intrinsic immune competence (Dong and Fan, 2024; Krishna et al., 2025).
The technology is also being extended conceptually to emerging and neglected pathogens, including pathogens affecting orphan crops and regionally important food crops. These crops often possess limited genomic resources and underdeveloped breeding programmes, making rapid genome editing particularly attractive. Advances in reference genomes, pangenomics, genome-wide association studies and gene-editing delivery systems are progressively reducing these constraints (Venezia and Krainer, 2021; Nerkar et al., 2022).
Another emerging direction is the use of CRISPR to manipulate pathogen genomes themselves for functional validation and disease-management research. Genome editing of fungal and other pathogen systems can identify virulence genes, effector functions and essential infection determinants, thereby informing the selection of corresponding host targets. Consequently, CRISPR/Cas technology increasingly operates at both sides of the plant–pathogen interaction: it can modify the crop to enhance resistance and dissect the pathogen to reveal vulnerabilities that can subsequently be exploited in breeding programmes (Paul et al., 2021; Das et al., 2023).
Table 1 : Representative crop–pathogen examples
	Crop
	Major pathogen/disease
	Representative CRISPR/Cas target or strategy
	Resistance principle

	Rice (Oryza sativa)
	Xanthomonas oryzae pv. oryzae – bacterial blight
	Editing SWEET promoter/effector-binding regions
	Prevents pathogen-mediated activation of host sugar transporters

	Rice
	Magnaporthe oryzae – blast
	Editing susceptibility/defence-associated genes
	Reduces pathogen compatibility and/or enhances immunity

	Wheat (Triticum aestivum)
	Powdery mildew
	Editing MLO susceptibility loci
	Restricts fungal penetration and colonization

	Potato (Solanum tuberosum)
	Phytophthora infestans – late blight
	Editing StDMR6 susceptibility-associated genes
	Enhances basal resistance to late blight

	Tomato (Solanum lycopersicum)
	Bacterial, fungal and viral diseases
	Editing host susceptibility and defence-regulatory genes
	Disrupts pathogen exploitation or strengthens immunity

	Barley (Hordeum vulgare)
	Powdery mildew
	MLO gene editing
	Loss or reduction of susceptibility

	Brassica crops
	Downy mildew and other foliar pathogens
	Editing susceptibility/defence-associated loci
	Strengthens host resistance mechanisms

	Legumes
	Diverse fungal, bacterial and viral pathogens
	Multiplex editing of susceptibility and defence genes
	Simultaneous modification of multiple disease-response pathways

	Root and tuber crops
	Fungal, oomycete and viral pathogens
	Targeted editing of susceptibility and defence genes
	Enhances pathogen resistance while retaining agronomic traits


Examples synthesized from Ali et al. (2022), Paul et al. (2021), Kieu et al. (2021), Erdoğan et al. (2023), Dong and Fan (2024), Mascarenhas et al. (2024), Manzoor et al. (2024), Bhalerao et al. (2025) and Han et al. (2025).
Cross-pathogen perspective
Collectively, these applications demonstrate that CRISPR/Cas9 is not simply a substitute for conventional mutation breeding; it provides a mechanism-guided framework for redesigning plant–pathogen interactions. Bacterial disease resistance frequently exploits pathogen-dependent host promoters and susceptibility factors, fungal resistance commonly involves modification of compatibility genes and immune regulators, viral resistance requires manipulation of host dependency factors or nucleic-acid targeting systems, while oomycete resistance increasingly focuses on effector-targeted host proteins and susceptibility pathways. Multiplex editing further permits several loci to be modified simultaneously, which is particularly valuable for polygenic resistance and for reducing the probability of pathogen escape (Singh et al., 2022; Faizal et al., 2024).
An important future direction is therefore the integration of CRISPR/Cas9 with pangenomics, transcriptomics, effectoromics, genome-wide association studies and artificial intelligence-assisted target discovery. Such integration can accelerate identification of conserved susceptibility determinants and favourable regulatory alleles. CRISPR activation and promoter editing may further allow quantitative tuning of defence rather than binary gene knockout, potentially minimizing fitness penalties. At the same time, careful assessment of unintended genomic outcomes, off-target activity, pleiotropic effects and genotype-dependent responses remains essential before edited resistance traits are deployed at scale (Chu and Agapito-Tenfen, 2022; Miladinović et al., 2021; McLaughlin et al., 2025).
Thus, the most promising trajectory is moving from single-gene editing toward precision engineering of disease-resistance networks. Such an approach could generate crop varieties with broader-spectrum, more durable and agronomically compatible resistance, while reducing dependence on repeated chemical disease-control interventions and strengthening the resilience of agricultural production systems (Ali et al., 2022; Dong and Fan, 2024; Bhalerao et al., 2025).
CRISPR/Cas9 Strategies for Disease-Resistant Crop Improvement
The development of disease-resistant crop varieties has progressively shifted from conventional phenotypic selection toward molecular strategies capable of modifying defined components of plant–pathogen interactions. Among these approaches, CRISPR/Cas9 has emerged as a particularly versatile genome-engineering platform because it enables targeted modification of genes and regulatory sequences associated with susceptibility, immunity, pathogen recognition, and defence signalling. Unlike conventional transgenic approaches that frequently introduce heterologous genetic material, CRISPR/Cas9 can generate precise sequence alterations within endogenous loci, thereby creating resistance-associated alleles while retaining much of the agronomic background of elite cultivars. Its utility is especially relevant to disease resistance because plant susceptibility is often governed by complex molecular networks involving susceptibility (S) genes, negative regulators of defence, transcriptional control elements, pathogen effector targets, and immune receptor pathways (Ali et al., 2022; Paul et al., 2021; Bhalerao et al., 2025).
CRISPR/Cas9-mediated resistance breeding can be broadly organised into five complementary strategies: knockout of susceptibility genes, promoter editing and transcriptional regulation, multiplex genome editing, precise allele replacement and targeted modification, and stacking of resistance traits. These strategies differ in their molecular objectives but share the common principle of redirecting endogenous plant genetic networks toward enhanced and, ideally, durable resistance. Importantly, the most effective applications are increasingly moving beyond simple gene disruption toward fine-scale engineering of gene expression, allelic diversity, and multilocus resistance architectures (Dhakate et al., 2022; Nerkar et al., 2022; Yıldırım et al., 2023).
Knockout of Susceptibility Genes
One of the most direct CRISPR/Cas9 strategies for disease resistance is the targeted disruption of host susceptibility genes. Susceptibility genes encode host factors that are exploited by pathogens for penetration, colonisation, nutrient acquisition, replication, movement, or suppression of host immunity. Inactivating such genes can therefore reduce the compatibility between host and pathogen without necessarily introducing a conventional resistance gene. This strategy represents a conceptual shift from strengthening pathogen recognition alone toward eliminating host cellular functions that facilitate disease development (Ali et al., 2022; Ajayi et al., 2024).
CRISPR/Cas9-mediated knockout is generally achieved by directing Cas9 to a selected coding region using a sequence-specific single-guide RNA (sgRNA). Cas9-induced double-strand breaks are subsequently repaired predominantly through error-prone non-homologous end joining, generating insertions or deletions that can cause frameshifts, premature termination codons, or loss of functional protein domains. When the targeted susceptibility gene is functionally dispensable or its loss does not impose a major agronomic penalty, such mutations can generate stable resistance phenotypes suitable for breeding (Gan and Ling, 2022; Das et al., 2023).
A well-established example is the editing of MLO (Mildew Locus O) genes. Loss-of-function mutations in MLO can confer resistance to powdery mildew in several plant species. Similarly, targeted modification of susceptibility-associated genes has been explored in rice, tomato, wheat, potato, and other economically important crops. In potato, CRISPR/Cas9-induced mutations in susceptibility-associated genes have been demonstrated to enhance resistance against late blight, illustrating the potential of host-factor engineering for disease management (Kieu et al., 2021). Such examples demonstrate that resistance can sometimes be achieved by removing specific molecular dependencies required by pathogens rather than by introducing novel resistance determinants.
However, susceptibility-gene knockout is not universally advantageous. Some S genes participate in fundamental developmental, metabolic, or physiological processes; complete loss of their function may therefore cause pleiotropic effects, developmental abnormalities, reduced productivity, or compromised adaptation. Consequently, functional validation is essential before selecting a candidate S gene for complete knockout. Tissue-specific susceptibility, gene redundancy, paralogous gene families, and pathogen-specific requirements further complicate target selection (Paul et al., 2021; Erdoğan et al., 2023).
The strategic value of this approach is consequently greatest when the targeted gene has a strong contribution to pathogen compatibility but a relatively limited role in normal plant development. Genome-wide association studies, transcriptomics, proteomics, pathogen effector screens, and comparative genomics can facilitate identification of such targets. CRISPR/Cas9 then provides a mechanism for experimentally validating candidate genes and rapidly converting favourable mutations into breeding material (Manzoor et al., 2024; Han et al., 2025).
Promoter Editing and Transcriptional Regulation
Disease resistance is not determined solely by whether a gene is functional; the magnitude, timing, tissue specificity, and environmental responsiveness of gene expression can be equally important. Promoter editing therefore represents a more refined alternative to complete gene knockout. Rather than eliminating gene function, CRISPR/Cas9 can be used to modify cis-regulatory elements controlling transcription, enabling quantitative adjustment of defence-related or susceptibility-associated genes (Miladinović et al., 2021; Bhalerao et al., 2025).
Promoter engineering is particularly attractive for genes in which complete loss-of-function is detrimental but reduced expression can provide a beneficial disease-resistance phenotype. Pathogens frequently manipulate host transcriptional networks through effectors that interact with promoter-associated transcription factors or induce expression of host genes required for infection. Altering critical transcription-factor-binding motifs may therefore disrupt pathogen-induced gene activation while preserving basal expression required for normal plant physiology.
CRISPR/Cas9 can generate small insertions, deletions, or sequence substitutions within promoter regions. A series of independently edited promoter alleles can consequently produce an allelic gradient of gene expression. This creates the possibility of selecting an expression level that balances disease resistance with growth and yield. Such quantitative promoter engineering represents an important progression from binary gene knockout toward precision breeding (Nerkar et al., 2022; Yıldırım et al., 2023).
Another emerging strategy is CRISPR activation (CRISPRa), in which a catalytically inactive Cas protein is directed to regulatory regions and coupled with transcriptional activation domains. Instead of permanently changing the DNA sequence, CRISPRa can increase expression of endogenous defence-associated genes. This approach is particularly relevant when beneficial resistance genes already exist within the crop genome but are expressed at insufficient levels or at inappropriate developmental stages. Recent work has highlighted CRISPR activation as a promising strategy for identifying and exploiting endogenous genes with potential roles in plant disease resistance (McLaughlin et al., 2025).
Transcriptional regulation can also be used to manipulate defence signalling networks. Controlled enhancement of genes involved in pathogen perception, hormone signalling, reactive oxygen species regulation, antimicrobial metabolite biosynthesis, or programmed cell death could strengthen immunity. Nevertheless, constitutive activation of defence pathways can impose metabolic costs and result in growth penalties. Therefore, promoter editing and transcriptional modulation offer an opportunity to develop resistance that is inducible, tissue-specific, or quantitatively tuned rather than continuously activated (Erdoğan et al., 2023; McLaughlin et al., 2025).
Multiplex Genome Editing
Plant diseases rarely depend on a single gene–pathogen interaction. Pathogen populations are genetically heterogeneous, while host immunity is controlled by interconnected and partially redundant pathways. Consequently, editing one genomic locus may provide incomplete protection or may be overcome by pathogen adaptation. Multiplex CRISPR/Cas9 editing, which enables simultaneous modification of multiple genomic targets, provides a powerful solution to this limitation (Singh et al., 2022).
Multiplex systems generally employ multiple sgRNAs within a single editing construct or coordinated expression of guide RNAs targeting several loci. Depending on the biological objective, simultaneous editing can disrupt multiple susceptibility genes, modify several promoter elements, introduce mutations into paralogous genes, or combine resistance-associated alleles from distinct pathways. Such strategies are particularly useful in polyploid crops where multiple homologues may need to be modified to obtain a strong phenotype (Singh et al., 2022; Divya et al., 2024).
A major advantage of multiplex editing is its capacity to address genetic redundancy. If several homologous genes perform overlapping susceptibility functions, editing only one copy may produce little or no measurable resistance. Simultaneous targeting of multiple members of a gene family can overcome this limitation. In addition, multiplex approaches can combine resistance against different pathogens or pathogen strains within a single breeding event, potentially reducing the time required to assemble complex resistance genotypes through conventional crossing (Ali et al., 2022; Bhalerao et al., 2025).
Multiplex editing is also relevant to pyramiding defence-related traits. For example, one editing system could theoretically modify a susceptibility gene, enhance the expression of a defence regulator, and introduce favourable allelic changes in an immune receptor-associated locus. This enables coordinated engineering of multiple components of the plant immune system rather than treating disease resistance as a single-gene trait.
Despite its advantages, multiplex editing requires careful guide-RNA design because increasing the number of targets can increase the complexity of genotyping and the probability of unintended genomic alterations. Efficient simultaneous editing also depends on guide activity, target accessibility, transformation efficiency, genotype, and delivery system. Therefore, multiplex designs must be accompanied by rigorous molecular validation of individual loci and comprehensive assessment of unintended genomic outcomes (Chu and Agapito-Tenfen, 2022; Ebrahimi and Hashemi, 2024).
Precise Allele Replacement and Targeted Modification
CRISPR/Cas9-based disease resistance is increasingly progressing from random mutation toward precision allele engineering. Whereas conventional Cas9-mediated knockout primarily exploits error-prone DNA repair, targeted modification can be designed to reproduce naturally occurring resistance-associated alleles or create defined nucleotide changes at predetermined genomic positions. This is particularly important when a favourable allele differs from a susceptible allele by only one or a few nucleotides.
Precise allele replacement can involve homology-directed repair or other precision-editing strategies in which a donor template or appropriate editing machinery directs the desired sequence modification. The objective is to recreate or engineer a functional allele while minimising unnecessary genomic changes. Such approaches are valuable for converting elite but disease-susceptible cultivars into resistant forms without extensive backcrossing (Miladinović et al., 2021; Nerkar et al., 2022).
The conceptual advantage of allele replacement is considerable for resistance genes and susceptibility factors where complete disruption is undesirable. A single amino-acid substitution in a host protein may alter interaction with a pathogen effector while retaining the protein's physiological function. Similarly, modification of a regulatory nucleotide can alter transcription-factor binding without eliminating promoter activity. Thus, precise editing can potentially separate desirable disease-resistance phenotypes from deleterious pleiotropic effects.
The emergence of base editing and related precision-editing technologies further expands this spectrum. Base editors can mediate selected nucleotide conversions without requiring conventional double-strand DNA breaks, while prime-editing-type approaches provide broader possibilities for introducing defined substitutions and small sequence changes. Although these technologies extend beyond canonical CRISPR/Cas9 knockout, they represent an important evolution of CRISPR-based crop improvement toward nucleotide-level engineering (Dhakate et al., 2022; Saini et al., 2025).
For disease-resistance breeding, precision allele engineering is especially promising where natural genetic diversity provides validated resistance-associated variants. Comparative genomics and pangenomic analyses can identify favourable alleles in landraces, wild relatives, or resistant germplasm, after which genome editing can reproduce these variants directly in elite backgrounds. This approach can substantially reduce linkage drag and accelerate the deployment of disease-resistance traits (Venezia and Krainer, 2021; Yıldırım et al., 2023).
Nevertheless, precise editing remains technically demanding. Editing efficiency, genotype dependence, delivery of editing reagents, repair pathway activity, and accurate discrimination between desired and unintended sequence changes remain important considerations. Comprehensive molecular characterisation is therefore required before edited lines are advanced into breeding or field evaluation (Ebrahimi and Hashemi, 2024; Chu and Agapito-Tenfen, 2022).
Stacking of Resistance Traits
The genetic complexity and evolutionary adaptability of pathogens make resistance stacking an important strategy for achieving durable disease control. Resistance stacking, or pyramiding, involves combining multiple resistance mechanisms within a single cultivar. CRISPR/Cas9 provides an efficient framework for this strategy because multiple genes or regulatory elements can potentially be modified simultaneously or assembled through sequential editing and breeding (Ali et al., 2022; Talakayala et al., 2022).
Resistance traits can be stacked at several biological levels. One level involves combining multiple immune receptor genes that recognise different pathogen effectors. Another involves simultaneous modification of several susceptibility genes. A third approach combines pathogen recognition with enhanced downstream defence signalling. The resulting genetic architecture may impose multiple barriers to pathogen infection, reducing the probability that a pathogen genotype can overcome all resistance components simultaneously.
For example, a cultivar could be engineered to contain a favourable resistance allele, a modified promoter that strengthens pathogen-inducible defence expression, and loss-of-function mutations in one or more susceptibility factors. Such multilayered resistance could provide stronger protection than any individual modification. Importantly, the goal should not simply be to maximise resistance intensity but to establish a genetically and physiologically balanced resistance architecture that minimises fitness penalties and reduces selection pressure favouring pathogen escape (Paul et al., 2021; Han et al., 2025).
CRISPR-based stacking is also particularly relevant to crops threatened by multiple pathogens. A single elite genotype may require simultaneous resistance to fungal, bacterial, viral, or oomycete pathogens. Conventional pyramiding through repeated crossing can be time-consuming, particularly for crops with long generation times or complex genomes. Genome editing can accelerate the assembly of favourable alleles, although subsequent breeding, segregation, and molecular screening may still be required depending on the editing strategy and regulatory framework (Faizal et al., 2024; Jahan et al., 2025).
An important consideration is the stability of stacked resistance under field conditions. Resistance mechanisms that perform strongly under controlled laboratory or greenhouse conditions may interact differently with environmental stresses, pathogen population structure, plant developmental stage, and microbiome composition. Therefore, edited lines should be evaluated across multiple environments and pathogen populations. This is essential for determining whether the engineered resistance is genuinely durable rather than simply highly effective against a limited pathogen isolate.
Integrated Perspective
The five CRISPR/Cas9 strategies are not mutually exclusive; rather, they represent complementary components of a precision disease-resistance breeding framework. Susceptibility-gene knockout is highly effective when pathogen compatibility depends on a dispensable host factor, whereas promoter editing is more appropriate when quantitative or inducible regulation is required. Multiplex editing addresses genetic redundancy and enables simultaneous modification of several loci, while precise allele replacement permits the recreation of favourable natural variants with minimal genetic disturbance. Resistance stacking integrates multiple mechanisms to improve the breadth and durability of disease protection.
The future direction of CRISPR-enabled disease resistance is therefore likely to move from single-locus disruption toward rational engineering of interconnected host–pathogen networks. Integration of pangenomics, transcriptomics, proteomics, metabolomics, pathogen effector biology, artificial intelligence-assisted target identification, and high-throughput phenotyping can improve the selection of editing targets and predict potential pleiotropic consequences. At the same time, improved delivery technologies—including DNA-free ribonucleoprotein systems, nanoparticle-based approaches and viral delivery platforms—may expand the range of cultivars and crops amenable to genome editing (Ebrahimi and Hashemi, 2024; Patil et al., 2024).
However, technological precision should not be equated automatically with biological or ecological predictability. Unintended genomic outcomes, off-target mutations, altered regulatory networks, pleiotropic effects, and genotype-by-environment interactions require systematic evaluation before commercial deployment (Chu and Agapito-Tenfen, 2022; Das et al., 2023). Moreover, durable resistance must be assessed in the context of pathogen evolution because strong selection imposed by a single resistance mechanism may favour the emergence of virulent pathogen variants.
Overall, CRISPR/Cas9 has transformed disease-resistance breeding from a largely selection-driven process into a more rational form of genome engineering. Its greatest potential lies not in replacing conventional breeding but in complementing it by enabling targeted creation, refinement, validation, and combination of resistance-associated alleles. The integration of susceptibility-gene editing, regulatory-region engineering, multiplex modification, precise allele replacement, and resistance stacking provides a flexible molecular toolbox for developing crop varieties with broader, more durable, and potentially more sustainable resistance to economically important plant diseases (Bhalerao et al., 2025; Manzoor et al., 2024; Han et al., 2025).
Recent Advances and Emerging CRISPR Technologies
The rapid evolution of CRISPR genome-editing platforms has expanded the scope of plant disease-resistance breeding beyond conventional CRISPR/Cas9-induced gene knockout. Although Cas9 remains the principal platform for targeted disruption of susceptibility (S) genes, immune regulators and pathogen-interacting host factors, newer CRISPR-associated nucleases and precision-editing systems provide greater flexibility in modifying alleles, regulatory sequences and complex resistance pathways. This technological diversification is particularly important because durable disease resistance frequently requires subtle modulation of host–pathogen interactions rather than complete loss of gene function (Ali et al., 2022; Bhalerao et al., 2025; Han et al., 2025).
CRISPR/Cas12 and Cas13 systems. Cas12-family nucleases have emerged as complementary alternatives to Cas9 because of their distinct protospacer-adjacent motif requirements, guide-RNA architecture and DNA-cleavage characteristics. These properties can broaden the range of genomic sites accessible for disease-resistance engineering and facilitate multiplex targeting of genes involved in pathogen susceptibility and host immunity. Cas12a, in particular, can process arrays of CRISPR RNAs, making it attractive for simultaneous manipulation of multiple loci. Such flexibility is relevant when resistance is controlled by several genes or when combinations of susceptibility factors must be modified to obtain a stronger phenotype (Dhakate et al., 2022; Singh et al., 2022; Sarfraz et al., 2025). Cas13 represents a further conceptual shift because it targets RNA rather than genomic DNA. Consequently, Cas13-based approaches offer opportunities for sequence-specific interference with viral or endogenous RNA molecules without permanently altering the plant genome. This feature is particularly promising for combating RNA viruses and for developing transient or programmable antiviral strategies (Jahan et al., 2025; Sarfraz et al., 2025).
Base and prime editing. Base editing has substantially increased the precision of genome engineering by enabling programmable nucleotide conversion without generating conventional double-strand DNA breaks. Cytosine base editors and adenine base editors can introduce specific transition mutations, allowing researchers to recreate favourable naturally occurring resistance alleles or modify regulatory and coding sequences while potentially reducing the genomic disruption associated with nuclease-mediated cleavage. This approach is valuable when disease resistance depends on a particular amino-acid substitution rather than complete gene disruption. Prime editing extends this capability by coupling a Cas-derived nickase with a reverse-transcriptase activity and a prime-editing guide RNA, thereby enabling targeted sequence replacement, insertion or deletion with greater sequence flexibility. These precision platforms could facilitate the rational reconstruction of resistance-associated alleles and fine-tuning of susceptibility genes while minimizing unnecessary genomic alterations (Nerkar et al., 2022; Yıldırım et al., 2023; Sarfraz et al., 2025).
Multiplex and high-throughput editing. Plant pathogens interact with host plants through highly interconnected molecular networks; therefore, editing a single locus may be insufficient to achieve broad-spectrum or durable resistance. Multiplex CRISPR systems address this limitation by directing several guide RNAs against multiple genes or genomic regions simultaneously. Such approaches can target combinations of S genes, pathogen effector-interacting proteins, immune suppressors and transcriptional regulators in a single editing programme. Multiplex editing is consequently becoming important for pyramiding resistance traits without the prolonged crossing and selection required in conventional breeding (Singh et al., 2022; Dong & Fan, 2024). Coupling multiplex CRISPR with high-throughput sequencing, automated phenotyping and computational target prioritization further enables systematic interrogation of candidate resistance genes. This creates a functional-genomics pipeline in which multiple alleles can be generated and screened rapidly for disease phenotypes, accelerating the identification of favourable genetic combinations (Miladinović et al., 2021; Bhalerao et al., 2025).
CRISPR-assisted gene regulation and pathogen detection. The CRISPR toolbox is also expanding from permanent sequence modification toward programmable regulation of gene expression. Catalytically inactive Cas proteins can be coupled with transcriptional activators or repressors to achieve CRISPR activation (CRISPRa) or interference (CRISPRi), respectively. These systems permit functional assessment and potentially controlled modulation of defence-associated genes without necessarily introducing permanent sequence changes. CRISPRa is particularly relevant for disease-resistance breeding because activation of otherwise weakly expressed defence genes may reveal useful resistance phenotypes that are difficult to obtain through conventional knockout strategies (McLaughlin et al., 2025). In parallel, CRISPR-associated nucleases are increasingly being adapted as molecular diagnostic platforms. Their programmable nucleic-acid recognition can support sensitive detection of pathogen-specific DNA or RNA sequences, creating a bridge between pathogen diagnostics and genome engineering. Integration of CRISPR-based detection with field-deployable diagnostic systems could facilitate early pathogen identification, while genome-editing platforms can subsequently be used to develop resistant germplasm. Thus, the emerging CRISPR landscape increasingly represents an integrated technology continuum encompassing pathogen detection, functional genomics, precision allele engineering and resistance breeding (Ajayi et al., 2024; Ebrahimi & Hashemi, 2024; Han et al., 2025).
Advantages, Limitations and Biosafety Considerations
CRISPR-mediated genome engineering offers major advantages for disease-resistance breeding, including high targeting precision, comparatively rapid trait development, direct modification of elite germplasm and the capacity to manipulate multiple resistance-associated loci simultaneously. By avoiding extensive linkage drag associated with conventional introgression, genome editing can accelerate the development of disease-resistant cultivars while retaining desirable agronomic backgrounds (Ali et al., 2022; Miladinović et al., 2021). Nevertheless, the technology is not free from biological and technical constraints. Off-target editing, unintended genomic alterations and on-target structural changes remain important considerations, particularly when edited plants are advanced toward field deployment (Chu & Agapito-Tenfen, 2022). Efficient delivery of CRISPR reagents and reliable transformation and regeneration are also difficult in many economically important, recalcitrant or orphan crops (Ebrahimi & Hashemi, 2024; Venezia & Krainer, 2021). From a phytopathological perspective, resistance based on a single edited target may impose strong selection pressure on pathogen populations, potentially favouring virulent or resistance-breaking variants; therefore, gene pyramiding and mechanistically diverse resistance strategies remain important for durability (Paul et al., 2021; Dong & Fan, 2024). Finally, biosafety assessment must consider unintended molecular changes, ecological consequences, gene flow, effects on non-target organisms and trait stability. Regulatory classification differs among jurisdictions, while public acceptance remains influenced by perceptions concerning genome editing, food safety, environmental risks and transparency. Consequently, responsible deployment requires molecular characterization, phenotypic and environmental assessment, proportionate regulation and clear science-based communication (Das et al., 2023; Gan & Ling, 2022; Bhalerao et al., 2025).
Future Perspectives
The future of CRISPR/Cas9-mediated disease resistance will increasingly move beyond the modification of individual resistance genes toward predictive, systems-level and precision-oriented crop improvement. Integration of genome editing with multi-omics datasets, artificial intelligence (AI), high-throughput phenotyping and advanced delivery systems is expected to improve the identification of host susceptibility factors, regulatory elements and durable resistance loci. Rather than treating disease resistance as an isolated genetic trait, emerging breeding strategies are likely to consider resistance within the broader context of plant development, environmental stress responses, pathogen evolution and genotype × environment interactions. Such integration could substantially shorten the interval between target discovery and deployment of elite disease-resistant cultivars (Ali et al., 2022; Yıldırım et al., 2023; Bhalerao et al., 2025).
Integration with genomics, transcriptomics and AI
A major future direction is the convergence of CRISPR/Cas9 with genomics, transcriptomics, epigenomics, proteomics and metabolomics. Genome-wide association studies, pangenomics and comparative genomics can reveal allelic variation and candidate loci associated with quantitative and broad-spectrum resistance, while transcriptomic analyses can identify genes and regulatory networks that are differentially activated during pathogen recognition and infection. These datasets can provide a rational basis for selecting targets such as susceptibility genes (S genes), negative regulators of immunity, pathogen-responsive transcription factors and promoter elements rather than relying predominantly on conventional candidate-gene approaches (Ali et al., 2022; Manzoor et al., 2024; Han et al., 2025).
AI and machine-learning algorithms are expected to further strengthen this pipeline by integrating heterogeneous biological datasets and predicting high-confidence gene targets, guide-RNA activity, off-target propensity and genotype-specific editing outcomes. AI-assisted target prioritization may be particularly valuable for complex diseases governed by polygenic resistance, where editing a single locus may provide insufficient protection. CRISPR activation (CRISPRa) and related regulatory approaches could additionally enable the functional screening of previously under-characterized genes without permanently disrupting their genomic sequences (McLaughlin et al., 2025). Consequently, the future CRISPR platform is likely to evolve from a gene-editing technology into an AI-assisted precision breeding ecosystem.
Climate-resilient disease resistance
Climate change is altering the epidemiology of plant diseases by modifying pathogen distribution, host susceptibility, vector abundance and infection dynamics. Increased temperature variability, altered precipitation regimes, drought, flooding and elevated atmospheric CO₂ can simultaneously impose abiotic stress and modify plant–pathogen interactions. Therefore, future disease-resistant cultivars will need to combine pathogen resistance with resilience to climatic stress, rather than addressing these traits independently (Erdoğan et al., 2023; Li et al., 2022; Sarfraz et al., 2025).
CRISPR/Cas systems offer an opportunity to pyramid or coordinately modify genes involved in immune signalling, stress perception, hormonal regulation and cellular homeostasis. Multiplex genome editing may facilitate simultaneous modification of several loci controlling disease resistance and abiotic-stress adaptation, thereby generating cultivars with more stable performance across fluctuating environments (Singh et al., 2022). Rice and other climate-sensitive crops provide important examples of how genome editing can be positioned within broader strategies for maintaining productivity under simultaneous biotic and abiotic stresses (Shaheen et al., 2023). Future breeding programmes should therefore prioritize climate-stable resistance, in which the protective phenotype remains effective across contrasting temperature, moisture and pathogen-pressure regimes.
Precision breeding and gene-editing pipelines
The next generation of CRISPR-enabled breeding is expected to become increasingly precise, multiplexed, rapid and genotype-aware. Improvements in Cas variants, guide-RNA design, base editing, prime editing, CRISPRa/CRISPRi and allele-specific editing will expand the range of genomic modifications possible beyond conventional double-strand-break-mediated knockout. These approaches can facilitate the generation of specific nucleotide substitutions, regulatory modifications or targeted alterations of susceptibility genes while potentially reducing undesirable genomic changes (Dhakate et al., 2022; Nerkar et al., 2022; Thakur et al., 2025).
An integrated pipeline may increasingly follow the sequence: pangenome analysis → candidate-gene discovery → AI-assisted target prioritization → guide-RNA design → precision editing → molecular validation → high-throughput phenotyping → pathogen challenge → multi-environment field evaluation → regulatory assessment → cultivar deployment. Improvements in DNA-free editing, transient delivery, viral vectors and other delivery technologies could further reduce the technical barriers associated with transformation and regeneration, particularly in recalcitrant crops (Ebrahimi & Hashemi, 2024; Patil et al., 2024). This is especially important for orphan and regionally important crops, where limited genomic resources and inefficient transformation systems have historically restricted the application of advanced breeding technologies (Venezia & Krainer, 2021).
Nevertheless, precision should encompass more than the molecular editing event itself. Off-target mutations, unintended genomic outcomes, pleiotropic effects, linkage with undesirable traits and long-term phenotypic stability must be systematically evaluated. Comprehensive molecular characterization and multi-environment testing will therefore remain essential components of responsible CRISPR breeding (Chu & Agapito-Tenfen, 2022; Miladinović et al., 2021).
Prospects for sustainable crop protection
The most significant long-term contribution of CRISPR/Cas9 may be its potential to shift crop protection from predominantly reactive chemical intervention toward genetically enabled, preventive disease management. Cultivars carrying durable and broad-spectrum resistance could reduce pathogen establishment and disease severity, thereby decreasing dependence on repeated fungicide and bactericide applications. Such reductions could contribute to lower production costs, reduced pesticide residues and diminished environmental loading when integrated with other components of integrated pest and disease management (Ajayi et al., 2024; Faizal et al., 2024).
Future sustainable crop protection is unlikely to depend on CRISPR-edited resistance alone. Instead, genome-edited cultivars could form the genetic foundation of an integrated system combining host resistance, biological control, disease forecasting, precision pesticide application, pathogen surveillance and digital decision-support systems. Editing multiple susceptibility genes or stacking complementary resistance mechanisms may also help reduce the probability that pathogen populations rapidly overcome a single resistance mechanism (Kieu et al., 2021; Paul et al., 2021; Dong & Fan, 2024).
A particularly important research priority will be the development of durable rather than merely strong resistance. Excessive selection pressure imposed by a single resistance mechanism can favour pathogen adaptation. Consequently, future breeding should emphasize combinations of quantitative resistance, modified susceptibility factors and immune-regulatory components that impose more complex evolutionary barriers to pathogens. Continuous genomic surveillance of pathogen populations should be incorporated into breeding programmes to anticipate emerging virulence profiles and guide subsequent editing cycles (Ali et al., 2022; Han et al., 2025).
Overall, CRISPR/Cas9 is likely to become one component of a broader precision crop-protection framework in which genomic information, AI, multi-omics, rapid phenotyping and field-scale environmental data collectively inform the design of resilient cultivars. The transition from proof-of-concept editing to widespread agricultural deployment will depend not only on editing efficiency but also on trait durability, ecological safety, regulatory clarity, transformation accessibility and farmer acceptance. If these dimensions are addressed concurrently, CRISPR-enabled breeding could provide a scientifically robust route toward disease-resistant, climate-resilient and resource-efficient crop production systems (Saini et al., 2025; Sarfraz et al., 2025; Dhamija et al., 2026).
Conclusion
CRISPR/Cas9 has fundamentally reshaped the development of disease-resistant crop varieties by enabling targeted modification of the genetic determinants underlying plant–pathogen compatibility. Its applications have progressed from conventional knockout of susceptibility (S) genes to promoter engineering, multiplex genome editing, precise allele modification, CRISPR-mediated transcriptional regulation, and strategic stacking of complementary resistance mechanisms. These advances have demonstrated considerable potential against bacterial, fungal, oomycete and viral diseases, while emerging Cas12, Cas13, base-editing, prime-editing and CRISPRa/CRISPRi platforms are further expanding the precision and functional range of genome engineering. Nevertheless, substantial challenges remain, including off-target and unintended on-target genomic alterations, genotype-dependent transformation efficiency, difficulties in regenerating recalcitrant crops, pleiotropic effects of susceptibility-gene disruption, pathogen adaptation, resistance instability across environments, biosafety assessment and heterogeneous regulatory frameworks. Importantly, molecular precision does not necessarily guarantee biological or ecological predictability, necessitating comprehensive genomic characterization, pathogen-population analysis, multi-omics validation and multi-environment field evaluation.
The future potential of CRISPR/Cas technologies lies in integrating genome editing with pangenomics, functional genomics, AI-assisted target discovery, high-throughput phenotyping and pathogen surveillance to engineer resistance that is broad-spectrum, durable and climate-resilient. Rational combination of quantitative resistance, modified susceptibility factors and inducible immune responses could increase evolutionary barriers to resistance breakdown while minimizing fitness costs. Such genome-edited cultivars could reduce reliance on repeated chemical disease-control interventions and complement biological control, disease forecasting and precision crop protection. Thus, CRISPR/Cas technologies should be viewed not merely as genome-editing tools, but as enabling components of a sustainable precision-breeding framework capable of strengthening crop productivity, resilience and long-term food security.
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