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The global population is expected to reach 9.7 billion by 2050, which will put pressure on food production
systems that are already vulnerable to climate change. Crop diseases caused by pathogenic bacteria, fungi, and
viruses cause significant yield losses in major food crops. Conventional breeding has contributed to developing
resistant cultivars, but it is time-consuming and limited by genetic variability. The clustered regularly inter-
spaced short palindromic repeats (CRISPR) and CRISPR-associated protein (Cas) systems have emerged as
transformative tools for the precise and rapid improvement of disease resistance in food crops. This review
presents a comprehensive overview of the application of CRISPR/Cas-based genome editing platforms such as
Cas nucleases, base editors, and prime editor systems for developing disease resistance in food crops. These
technologies enable targeted knockout of susceptibility (S) genes, precise nucleotide substitutions, promoter
engineering, and direct viral RNA interference for imparting disease resistance. Delivery of DNA-free ribonu-
cleoprotein (RNP) complexes further supports the development of non-transgenic (GM-free) crops for quick
regulatory approvals and field cultivation. The review highlights successful applications of CRISPR/Cas tools
across major cereals, legumes, and tuber crops for developing disease resistance. Additionally, CRISPR-enabled
diagnostics provide new prospects for rapid pathogen detection in field conditions. It also draws in roads for
future adoption of CRISPR/Cas tools for developing disease resistance in major crops and extensions to minor
cereals, such as millets. Prudent applications of CRISPR/Cas tools will play a pivotal role in promoting sus-
tainable agriculture and achieving the United Nations Sustainable Development Goal of Zero Hunger.

the Sustainable Development Goals (SDGs) as its cornerstone. SDG 2
specifically targets ‘Zero Hunger,” aiming to achieve food security,

1. Introduction

Global food security has become a critical concern in recent years as
it is threatened by several factors, such as climate change, an ever-
growing world population, and increasing incidences of both biotic
and abiotic stress. The global population is projected to reach 9.7 billion
by 2050, necessitating an estimated 70 % increase in food production
relative to 2005-2007 levels by 2050 (Bruinsma, 2009). The United
Nations (UN) has established a framework to address these issues with
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improve nutritional status, and promote sustainable agriculture (https
://sdgs.un.org/goals/goal2). Climate change has also become a major
threat to farming around the world. By 2100, the average temperature
around the world is expected to rise by 1.4 to 5.8 °C (Arora et al., 2005).
The altered patterns in the occurrence of biotic and abiotic stresses have
adversely affected plant growth and development by influencing
photosynthesis and other physiologically important mechanisms.

E-mail addresses: krishnananda.ingle@ril.com (K.P. Ingle), antony_sm2003@yahoo.co.in, saceasar@rajagiri.edu (S.A. Ceasar), abdi@pgu.ac.ir (G. Abdi).

https://doi.org/10.1016/j.stress.2026.101322

Received 30 October 2025; Received in revised form 29 January 2026; Accepted 26 February 2026

Available online 28 February 2026

2667-064X/© 2026 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0002-1983-4369
https://orcid.org/0000-0002-1983-4369
https://sdgs.un.org/goals/goal2
https://sdgs.un.org/goals/goal2
mailto:krishnananda.ingle@ril.com
mailto:antony_sm2003@yahoo.co.in
mailto:saceasar@rajagiri.edu
mailto:abdi@pgu.ac.ir
www.sciencedirect.com/science/journal/2667064X
https://www.sciencedirect.com/journal/plant-stress
https://doi.org/10.1016/j.stress.2026.101322
https://doi.org/10.1016/j.stress.2026.101322
http://creativecommons.org/licenses/by/4.0/

N.R. Thakur et al.

Abiotic stresses such as drought, extreme (high and low) tempera-
tures, waterlogging, altered rainfall patterns, and salinity aggravate the
biotic stressors (insects, pathogens, and weeds) in crops and weaken the
plants' defense responses. Moreover, they may cause minor pests to
develop into future threats, causing a serious risk to global food pro-
duction (Chawla et al., 2024; Pandey et al., 2017; Zahra et al., 2023).
The world’s primary staple crops, such as rice, wheat, maize, sorghum,
millet, soybean, and tuber crops such as potatoes, cassava, yams, and
taro, provide the main source of food for most of the global population.
Crop diseases and pests are responsible for substantial reductions in
agricultural productivity, with estimated global yield losses of 30.0 %
(24.6-40.9 %) in rice, 22.5 % (19.5-41.1 %) in maize, 21.5 %
(10.1-28.1 %) in wheat, 21.4 % (11.0-32.4 %) in soybean and 17.2 %
(8.1-21.0 %) in potato (Savary et al., 2019). Such losses threaten global
food security by jeopardizing staple crops that sustain much of the
world’s population, illustrating the importance of developing biotic
stress (disease and pest) resistant cultivars and ensuring sustainable
agricultural production. However, resistance breeding is a continuous
process, as pathogens evolve and the complexity of host-pathogen in-
teractions changes over time. The conventional approach of breeding for
resistant cultivars begins with scouting lines showing resistance to dis-
eases or pests. Sources of resistance may include landraces, obsolete
cultivars, or wild relatives. To identify these sources, rigorous charac-
terization is carried out, which can further serve as potential donors for
the resistance. Furthermore, the success of breeding for disease resis-
tance depends on understanding the underlying mechanisms at the gene,
genotype, and population levels (Nelson et al., 2018).

The nature of the resistance gene, whether it is a major gene or minor
gene, plays a crucial role in determining the appropriate breeding
strategy. Various approaches, such as backcross breeding, pedigree
breeding, recurrent selection and ultimately, mutation breeding, are
employed to develop resistant lines. Among these, backcross breeding is
the most common method used in breeding for disease resistance. It
involves a series of backcrosses to introgress the gene of interest from
donor parents along with a gradual decrease in the donor genome
content to retain maximum superior agronomic characteristics from the
recurrent parent (Hasan et al., 2015). The most popular technique to
breed crop plants with specific resistance to pests and diseases is pedi-
gree breeding. Pedigree breeding is particularly effective when resis-
tance traits are controlled by major genes with high heritability (Sahu
et al., 2022). In contrast, selection for traits with low heritability is
typically deferred to later generations, once the lines have achieved
greater homozygosity. Though conventional breeding has played a
pivotal role in the development of resistant cultivars, there is a need to
deploy the potential biotechnology tools that can supplement the goal to
develop disease-resistant cultivars.

Modern plant biotechnology for precision breeding and accelerated
crop improvement programs increasingly depends on genome editing
tools, such as clustered regularly interspaced short palindromic repeats
(CRISPR) and the CRISPR-associated protein (Cas) system (Ingle et al.,
2023; Jadhav et al., 2024). The discovery of CRISPR/Cas tools is
regarded as one of the most revolutionary breakthroughs in recent years
across biology, biotechnology, medicine, and the pharmaceutical and
agricultural sectors. CRISPR/Cas tools have opened new avenues for
dissecting gene function by enabling precise and targeted modifications,
allowing researchers to investigate the biological roles of specific ge-
netic variants. It provides an efficient way to precisely improve crops,
leading to rapid development of superior cultivars with desirable traits
(Barmukh et al., 2024). CRISPR/Cas9 marked a pivotal turning point in
the history of gene editing, owing to its high precision, ease of use, and
comparatively low-cost relative to earlier technologies such as
zinc-finger nucleases (ZFNs) and transcription activator-like effector
nucleases (TALENSs) (Ayanoglu et al., 2020). Following the development
of CRISPR/Cas9, several additional CRISPR/Cas-based tools emerged,
including CRISPR transcriptional activation (CRISPRa), CRISPR tran-
scriptional inhibiton (CRISPRi), CRISPR prime editing, CRISPR base
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editing, and alternative Cas systems, such as Cas12, Cas13, and Casl4
(Zhu et al., 2020; Ceasar et al., 2022).

The economic viability of present-day agriculture is increasingly
compromised by the challenges of biotic stress-related losses and rising
expenses associated with chemical control. Plant biotic stresses cost the
world over $220 billion a year, which impacts food security and farm
profits (FAO, 2022). Farmers have to spend a significant amount of
money on synthetic chemicals in disease management. These chemicals
also have negative consequences on the environment that could affect
long-term ecological resilience (Zhou et al., 2024). In this situation and
current era of plant breeding, genome editing using the CRISPR/Cas
system has the potential to change the economy by cutting down on the
time and money needed to create resistant varieties. Recent analyses
suggest that, in some regions where certain genome-edited crops are not
regulated as GMOs, they can often be developed and commercialized for
about USD 10-15 million within 4-6 years, whereas transgenic traits
commonly require investments exceeding USD 130 million and more
than a decade to reach the market, largely due to regulatory testing and
approval costs (Lassoued et al., 2019; Phillips, 2021). This decrease in
the cost of innovation not only makes breeding programs more profit-
able but also makes advanced genetics more accessible to everyone. This
makes it possible to develop disease resistance even for orphan crops
and marginal agricultural systems where traditional commercial
breeding isn't available.

The demand for disease-resistant plants is growing, and CRISPR/Cas
tools have been effectively employed to develop such traits in a wide
range of fields and horticultural crops (Ingle et al., 2024). CRISPR/Cas
tools have been utilized in plant pathology, especially for enhancing
resistance and improving overall agricultural practices (Das et al., 2019;
Langner et al.,, 2018). The CRISPR/Cas system enables the precise
introduction of desirable alleles or the targeted editing of endogenous
genes based on traits identified in wild relatives, accelerating targeted
improvement in plant breeding programs (Thakur et al., 2024). This
review aims to elucidate the potential of CRISPR/Cas-based genome
editing and its underlying molecular mechanisms for enhancing disease
resistance in major food crops of the world, including rice, wheat, maize,
sorghum, pearl millet, finger millet, soybean, potato, cassava, and
barley.

2. CRISPR/Cas systems: components, and engineered
applications

Recent advancements in CRISPR/Cas-based gene editing technolo-
gies have revolutionized the genetic improvement of food crops, espe-
cially for enhancing disease resistance. These tools enable precise
manipulation of the genome or transcriptome and have been applied
across diverse plant species. The major CRISPR tools like Cas9, Cas12a,
Cas13, Casl4, base editors, and prime editors offer a spectrum of editing
capabilities, each with unique mechanisms and practical applications.

2.1. Components of the CRISPR/Cas system

The CRISPR/Cas system comprises two principal elements: Cas
proteins, which cleave foreign DNA, and the CRISPR array, which serves
as a molecular memory against invading viruses. The CRISPR array
contains two to several hundred direct repeats (typically 25-36 bp in
length) interspersed with spacers (Martynov et al., 2017; Shmakov et al.,
2020). These spacers, which are short nucleic acid fragments (28-36 bp)
derived from previous encounters with mobile genetic elements (MGEs),
form the basis of CRISPR/Cas adaptive immunity. Each spacer is flanked
by repeat sequences, and the array is transcribed as a single precursor
RNA that is subsequently processed into multiple CRISPR RNAs
(crRNAs). The crRNAs are incorporated into effector complexes with Cas
proteins, which survey the cell for complementary nucleic acid se-
quences. Base pairing between the crRNA spacer and a target sequence
(protospacer) enables precise recognition, after which the effector
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complex directs cleavage and degradation of the invading genetic ma-
terial (Vink et al., 2021).

The effectiveness of CRISPR/Cas9 editing depends on the creation of
highly specific single guide RNAs (sgRNAs) (Composed of CRISPR RNA
(crRNA) and tracr RNA (tracrRNA)) that guide the Cas9 nuclease to the
correct genomic site. In crop plants, sgRNAs are typically designed using
bioinformatics platforms such as CHOPCHOP, CRISPR-P, CRISPRdirect,
and Benchling (Chen et al., 2021; Jasieniecka and Domingues, 2025).
These tools facilitate the selection of target sequences with optimal
on-target efficiency while minimizing off-target risks. The protospacer
adjacent motif (PAM) is a short DNA sequence required for
Cas9-mediated target recognition and cleavage. For Streptococcus pyo-
genes Cas9 (SpCas9), the canonical PAM is 5-NGG-3' (Adli, 2018).

2.2. Engineered derivatives of CRISPR/Cas systems

To overcome the limitations of standard DSB-mediated editing, such
as off-target effects and the inefficiency of precise homology-directed
repair (HDR), researchers have developed engineered derivatives of
the Cas9 protein. These innovations range from Cas9 variants designed
for enhanced specificity and transcriptional regulation to precise fusion
systems like base editing (BE) and prime editing (PE) (Molla et al.,
2021). Unlike wild-type Cas9, which generates double-strand breaks
(DSBs), BE, and PE enable precise genomic modifications without
inducing DSBs or requiring donor DNA. Notably, BE has been reported to
boost efficiency over HDR by 200-fold (Yeh et al., 2018).

2.2.1. Cas9 variants: nickases and transcriptional modulators

To address concerns regarding off-target effects and to expand the
CRISPR toolbox beyond DSBs, engineered variants of the Cas9 protein
have been developed. The Cas9 nickase (nCas9) is generated by intro-
ducing a point mutation into one of the two catalytic domains (D10A in
RuvC or H840A in HNH), retaining the ability to cleave only a single
DNA strand. This variant is widely used in a ‘paired nickase’ strategy,
where two nCas9-sgRNA complexes generate offset nicks on opposite
strands. This approach effectively doubles the specificity of the recog-
nition site, significantly mitigating off-target mutations in crops like rice
and Arabidopsis (Mikami et al., 2015; Schiml et al., 2014). Furthermore,
nCas9 serves as the catalytic chassis for precise editing tools like BE and
PE. Another major variant is dead Cas9 (dCas9), created by mutating
both catalytic domains (D10A and H840A). The dCas9 lacks endonu-
clease activity entirely but acts as a robust RNA-guided DNA-binding
platform. This property is harnessed for transcriptional modulation:
CRISPRI uses dCas9 (often fused with repressors like SRDX) to sterically
block transcription of viral genomes or host susceptibility genes (Ji
et al., 2015). Conversely, CRISPRa employs dCas9 fused with activators
to upregulate plant defense genes. For example, the activation of SIPR-1
in tomato using a dCas9 system conferred enhanced resistance against
bacterial canker (Garcia-Murillo et al., 2023).

2.2.2. Base editing

BE is a technique that allows precise modifications at the nucleotide
level, where the desired transition mutations (C-T, T-C, A-G, and G-A)
can be introduced into the genome or transcriptome with the help of a
modified Cas protein (nCas9 or dCas9) and a modifying enzyme. BE is
bifurcated into two groups, namely, cytosine base editors (CBEs) and
adenine base editors (ABEs). CBE1 catalyzes the deamination of the
cytosine base on the target strand, converting cytosine to uracil, which is
subsequently read as thymine during replication, resulting in a C-G to T-
A transition. To improve efficiency and reduce indel formation, modern
CBEs typically utilize nCas9 (D10A) to nick the non-edited strand,
stimulating cellular repair mechanisms to favor the edited base. Simi-
larly, ABEs are employed to generate A-T to G-C transitions, where tRNA
adenosine deaminase was fused with a dCas9 (or nCas9 in later gener-
ations), which gave rise to early generations of ABEs (Gaudelli et al.,
2017). ABEs convert adenosine into inosine (I), and during DNA repair
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or replication, the intermediate I is recognized as G, leading to the
transition from A to G. In the context of disease management, a study
reported that enhanced resistance against bacterial blight in rice was
achieved through base editing, utilizing both ABE and CBE to target the
SWEET14 gene. This approach led to a reduction in SWEET14 expression
by CBE, which subsequently decreased the disease severity (Li et al.,
2025).

2.2.3. Prime editing

Prime editing is a search-and-replace system that is composed of
Cas9 nickase, an engineered reverse transcriptase (RT), and a prime
editing gRNA (pegRNA). Three components give rise to pegRNA,
namely, a primer binding site (PBS) that initiates reverse transcription,
sgRNA that targets the specified locus and a reverse transcript that en-
codes the desired edit yielding a template (Anzalone et al., 2019). PEs
enable precise substitutions, insertions, or deletions without DSBs. PE
was utilized to induce resistance against bacterial blight by introducing
effector binding element (EBE) in the promoter of gene xa23 to induce
resistance (Gupta et al., 2023a). Also, in another study, the gene OsS-
WEET11a was edited to achieve similar results (Gupta et al., 2023b). PE
has also been validated in other staple crops like wheat and maize (Jiang
et al., 2020; Lin et al., 2020; Ni et al., 2023; Qiao et al., 2023).

2.3. Delivery of CRISPR/Cas components

Efficient delivery of CRISPR components to plant cells is a critical
step in achieving precise and successful genome editing. The choice of
delivery method largely depends on the type of crop, the nature of the
target tissue, and the intended application (transient vs. stable expres-
sion). One of the most widely used techniques, particularly for dicoty-
ledonous crops such as soybean and potato is Agrobacterium-mediated
transformation. This method leverages the natural ability of Agro-
bacterium tumefaciens to transfer DNA into plant genomes, making it
highly effective for stable integration and regeneration of edited plants
(Gelvin, 2017; Hiei et al., 2014). In contrast, for monocotyledonous
crops like maize, wheat, and rice, where Agrobacterium-mediated
transformation is less efficient, particle bombardment (or biolistic
transformation) is preferred (Ozyigit and Kurtoglu, 2020). This tech-
nique involves the physical delivery of DNA-coated gold or tungsten
particles into plant cells using a gene gun, allowing for the trans-
formation of a wider range of tissues and species (Altpeter et al., 2016).

Another promising approach is protoplast transfection, which is
especially useful for transient expression studies and high-throughput
screening of CRISPR constructs. Protoplasts, which are plant cells with
their cell walls enzymatically removed, can readily take up DNA, RNA,
or ribonucleoprotein (RNP) complexes via polyethylene glycol (PEG)-
mediated methods or electroporation (Lin et al., 2018). Among the most
recent and advanced delivery strategies is the use of RNP complexes,
where pre-assembled Cas9 protein and guide RNA (sgRNA) are intro-
duced directly into the plant cells. This method offers the significant
advantage of minimizing off-target effects and avoiding the integration
of foreign DNA into the genome, thus supporting the development of
non-GMO edited crops (Ceasar and Ignacimuthu, 2023). Each of these
methods plays a crucial role in the broader application of CRISPR/Cas
tools in food crops, enabling both fundamental research and crop
improvement initiatives.

2.4. Advanced CRISPR/Cas systems for detection of pathogens

Rapid and accurate pathogen detection is vital for safeguarding
global food security, as past outbreaks have demonstrated the devas-
tating impact of crop epidemics. Traditional culture-based detection
methods, while reliable, are slow, labor-intensive, and impractical for
real-time use. Molecular approaches such as PCR and immunoassays
offer improved speed and sensitivity but remain constrained by cost,
scalability, and on-site applicability. Rapid pathogen detection is critical
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for preventing disease outbreaks. CRISPR-based technologies have the
potential to change this field by bringing together speed, accuracy, low
cost, and portability. Advanced CRISPR-based systems, such as Cas12
and Cas13 systems, enable rapid and precise pathogen detection. Cas12
and Casl3 effectors exhibit collateral (trans) nuclease activity upon
recognition of specific DNA or RNA targets, a feature that enables
nucleic acid detection through fluorescence or colorimetric readouts.
When integrated with isothermal amplification methods and portable
biosensors, they offer enhanced field applicability, making them well-
suited for decentralized and real-time testing (Liberty et al., 2025).
Wang et al. (2023) developed a rapid and sensitive detection tool for
on-site and visual detection of rice stripe mosaic virus and sorghum
mosaic virus, based on reverse transcription recombinase-aided ampli-
fication (RT-RAA) coupled with CRISPR/Casl2a. This assay exhibited
higher sensitivity than RT-PCR and demonstrated strong specificity for
the target viruses, indicating its potential for field-based detection of
major crop viruses. A comparable use of the CRISPR/Cas12a platform
was described by Changtor et al. (2023) for rapid detection of the
soil-borne phytopathogen Sclerotium rolfsii, responsible for dry stem and
root rot in cassava. By combining recombinase polymerase amplification
(RPA) with CRISPR/Casl2a, the authors developed an efficient assay
capable of accurately identifying the pathogen, highlighting its suit-
ability for field-based diagnostics. Overall, CRISPR-based pathogen
detection tools hold the potential to transform the technological land-
scape of nucleic-acid-based detection. The following tools can facilitate
the detection of RNA or DNA molecules of pathogenic origin by har-
nessing the potential of Cas12 and Cas13 variants.

2.4.1. SHERLOCK

The Specific High-sensitivity Enzymatic Reporter UnLOCKing
(SHERLOCK) system is a novel diagnostic tool based on CRISPR-Cas
technology, first reported by Gootenberg et al. (2017). Based on the
discovery of the RNA-guided RNase Cas13a, SHERLOCK was developed
to provide a rapid, inexpensive, and highly sensitive method for nucleic
acid detection without the need for sophisticated laboratory infra-
structure. This system made a paradigm shift in molecular diagnostics by
using the properties of CRISPR for signal transduction instead of genome
editing, paving the way for next-generation biosensing (Kellner et al.,
2019). In the context of pathogen diagnostics, SHERLOCK is particularly
valuable because it enables the precise detection of pathogen-specific
nucleic acid signatures, including viral RNA, bacterial genes, and
fungal or oomycete DNA, thereby allowing early and accurate identifi-
cation of infectious agents before visible disease symptoms appear.

The SHERLOCK integrates three components: isothermal nucleic
acid amplification, programmable targeting, and collateral cleavage
activity of the CRISPR/Cas13 enzyme. The target DNA or RNA is first
amplified using RPA or Loop-mediated Isothermal Amplification
(LAMP), with a T7 RNA polymerase promoter integrated into the
primers to facilitate transcription of DNA into RNA (Kellner et al., 2019).
Once the Cas13-crRNA (CRISPR RNA) complex recognizes and binds to
its specific target sequence, the enzyme undergoes a conformational
change that activates the collateral cleavage, where the enzyme
non-specifically degrades nearby single-stranded RNA (ssRNA) reporter
molecules. Variants such as SHERLOCKv2 have further refined the sys-
tem by incorporating Casl2a for DNA detection, utilizing Csmé6 to
amplify the reporter signal, and enabling the simultaneous detection of
up to four distinct targets (Gootenberg et al., 2018; Myhrvold et al.,
2018). This programmable targeting capability allows SHERLOCK as-
says to be customized for the detection of specific plant pathogens by
designing crRNAs against conserved or strain-specific genomic regions,
enabling discrimination among closely related pathogens, virulent
races, or emerging variants in agricultural and biosecurity surveillance.

Despite its significant advantages, several limitations restrict the
universal deployment of SHERLOCK in the agricultural context. The
main challenge is the heavy reliance on a pre-amplification step, which
increases the complexity of the workflow, potentially leading to false-
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positive results. Additionally, while the specificity is high, the design
of efficient crRNAs remains constrained by the preference of certain
Cas13 variants for specific protospacer flanking sites (PFS). The cost and
stability of reagents, particularly the requirement for a cold chain for
enzyme storage and the high price of synthetic RNA reporters, can be
expensive for small-scale farmers or resource-limited institutes. These
limitations are particularly relevant for field-level pathogen detection in
agriculture, where robust, low-cost, and minimal-infrastructure diag-
nostic platforms are required for routine monitoring of crop diseases,
necessitating further optimization of SHERLOCK-based assays for on-site
detection of plant pathogens under diverse environmental conditions.

2.4.2. DETECTR

The DNA Endonuclease-Targeted CRISPR Trans Reporter (DETECTR)
was introduced as a groundbreaking method for DNA detection (Chen
et al., 2018). It utilizes the Cas12a enzyme, which is specifically syn-
thesized for the rapid identification of dsDNA. This technology uses the
trans-cleavage biochemical property of Casl2a, which transitioned
CRISPR from a gene-editing tool to a diagnostic sensor. The main
advantage was its ability to combine the specificity of CRISPR-Cas
recognition with isothermal amplification, enabling high-sensitivity
detection in less than an hour without specialized laboratory equip-
ment (Harrington et al., 2018). In pathogen diagnostics, DETECTR has
been widely adapted for the detection of DNA-based pathogens,
including bacterial, fungal, and DNA viral agents, by targeting
conserved virulence genes or species-specific genomic regions, thereby
enabling rapid identification of infectious organisms in clinical and
agricultural samples.

The DETECTR consists of three main components: a Cas12a effector
protein, a designed crRNA, and a ssDNA reporter molecule labeled with
a fluorophore and a quencher. The programmed Cas12a-crRNA complex
scans for a target DNA sequence adjacent to a T-rich PAM, generally a 5'-
TTTV-3' sequence (Paul and Montoya, 2020). Then RuvC nuclease
domain of Casl2a initiates the trans-cleavage activity that
non-specifically degrades any nearby ssDNA. This cleavage releases the
fluorophore from its quencher, generating a measurable signal that
confirms the presence of the target. The DETECTR is often paired with
RPA or LAMP for higher sensitivity (Kaminski et al., 2021). Variants like
HOLMES (One-HOur Low-cost Multipurpose highly Efficient System)
also utilize Cas12a or Cas12b but differ in their optimization for specific
temperatures or multiplexing capabilities (Li et al., 2019; Paul and
Montoya, 2020). This mechanism allows DETECTR assays to be ratio-
nally designed for pathogen surveillance by selecting crRNAs against
diagnostic loci such as pathogenicity islands, resistance genes, or
strain-specific markers, facilitating sensitive detection and differentia-
tion of closely related pathogen species or pathovars.

Despite its efficiency, DETECTR faces several limitations that hinder
its use in the agricultural domain. The primary reason is the requirement
for a T-rich PAM (TTTV) sequence at the target site, which limits the
choice of genomic targets and can complicate the detection of certain
SNPs. Additionally, the system requires a pre-amplification step like
RPA or LAMP to achieve high sensitivity. There are also concerns
regarding the stability of CRISPR reagents, particularly the Casl2a
enzyme and synthetic crRNAs, which often require refrigeration that
may not be available in every region. These constraints pose particular
challenges for field-deployable pathogen diagnostics in agriculture,
where target sequence flexibility, reagent robustness, and minimal cold-
chain dependence are critical for routine monitoring of crop pathogens
and early disease outbreak management.

2.4.3. HOLMES

The One-HOur Low-cost Multipurpose highly Efficient System
(HOLMES) is a CRISPR-based diagnostic developed as a rapid-response
detector (Li et al., 2019). While CRISPR is traditionally known for its
genome-editing capabilities, HOLMES uses the intrinsic trans-cleavage
activity of Casl2. The core theme of the HOLMES comprises a Cas12
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effector protein, a crRNA for specificity, and a ssDNA reporter. The
Cas12-crRNA complex scans for a double-stranded DNA target sequence
that possesses PAM sequence. Once the crRNA hybridizes with the
complementary target DNA, the Cas12 protein undergoes a conforma-
tional change that activates its RuvC nuclease domain. While Cas9
performs only a site-specific cis-cut, the activated Cas12 in the HOLMES
system initiates trans-cleavage to degrade nearby ssDNA molecules. This
degradation separates the fluorophore from its quencher, resulting in a
visible or measurable fluorescent signal. A major advancement in this
technology is HOLMESv2, which incorporates the thermophilic Cas12b
enzyme from Alicyclobacillus acidoterrestris. As Cas12b remains stable
and active at elevated temperatures (60-65 °C), it allows for a one-pot
reaction where LAMP and CRISPR detection occur simultaneously.
This integration simplifies the workflow, reduces the risk of contami-
nation, and enables quantitative detection of target nucleic acids (Teng
et al., 2019). In pathogen diagnostics, HOLMES offers a programmable
Casl2-based detection framework that can be adapted to target
conserved genomic regions of DNA pathogens, highlighting its potential
applicability in agriculture, food safety, and environmental surveillance
where rapid decision-making is essential.

HOLMES differs from SHERLOCK and DETECTR primarily through
its use of effector proteins and its optimization for one-step detection.
While SHERLOCK utilizes Cas13 to target RNA and cleave RNA-based
reporters, HOLMES focuses on DNA targets and utilizes DNA re-
porters. Although DETECTR also uses Cas12a for DNA detection, HOL-
MESv2 specifically uses the thermophilic properties of Cas12b to enable
integration with high-temperature LAMP amplification. This compati-
bility allows HOLMESv2 to operate more effectively than Cas12a-based
DETECTR systems, which often require separate steps or lower-
temperature RPA, and reduces the chances of cross-contamination. As
a result, the streamlined, single-tube workflow of HOLMESv2 offers
practical advantages for rapid DNA detection in time-sensitive diag-
nostic settings, particularly where simplified assay design and reduced
handling steps are critical for minimizing contamination and improving
operational robustness.

2.4.4. iSCAN—OP

The in vitro Specific CRISPR-based Assay for Nucleic acids detection
(iSCAN—OP) is a diagnostic platform to address the need for rapid, on-
site detection of plant pathogens, particularly plant RNA viruses like
TMV, PVX, and PVY (Aman et al., 2020). Unlike multi-step CRISPR di-
agnostics, iISCAN—OP represents the consolidation of the entire detec-
tion process into a single reaction step. The iSCAN—OP system operates
through a one-pot reaction that integrates reverse transcription,
isothermal amplification, and CRISPR-mediated detection. The core
components include a reverse transcriptase enzyme, the reagents for
RPA, Casl2 variants, a target-specific crRNA, and a ssDNA reporter
molecule. The viral RNA target is converted into complementary DNA
(cDNA) and then amplified into dsDNA amplicons via RPA. As the
amplicons are generated, the Cas12-crRNA complex binds to the specific
target sequence adjacent to a PAM. This binding event activates the
trans-cleavage activity, leading to indiscriminate degradation of the
labeled ssDNA reporters in the reaction mixture. The degradation of
these reporters releases a fluorescent signal that can be visualized.
Variants like iSCAN-V2 have further refined this approach by utilizing
thermophilic Cas12b enzymes to enhance reaction stability and sensi-
tivity (Aman et al., 2022). Importantly, the explicit validation of
iSCAN—OP for economically important plant RNA viruses establishes it
as one of the few CRISPR-based diagnostic platforms directly optimized
and experimentally demonstrated for agricultural pathogen detection
under near-field conditions. iSCAN—OP distinguishes itself from
SHERLOCK and DETECTR primarily by one-pot system and drastically
reduces the risk of contamination. While SHERLOCK relies on Cas13 to
target RNA and DETECTR often uses a two-step process for DNA
detection, iISCAN—OP optimizes the synergy between RPA and Cas12a
for a faster workflow. While HOLMES also utilizes Cas12, iSCAN—OP is
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specifically tailored for rapid agricultural field use, demonstrating su-
perior speed by providing results in a shorter time as compared to other
tools. In contrast to more generalized CRISPR diagnostic platforms, the
plant-pathogen-specific validation of iISCAN—OP underscores its suit-
ability for on-site crop disease diagnostics, where rapid turnaround time
and minimal laboratory infrastructure are critical requirements.

3. Mechanism of disease resistance and CRISPR engineering in
food crops

Plants have developed a wide range of defense mechanisms to sup-
press diseases and protect against pathogen-induced damage. The
response of plants to pathogen attack depends on their ability to
recognize the threat at the cellular level, which then triggers complex
signaling pathways (Andolfo and Ercolano, 2015; Jones and Dangl,
2006). When plants perceive pathogen signals such as
pathogen-associated molecular patterns (PAMPs) or damage-associated
molecular patterns (DAMPs), as well as effectors, they activate stereo-
typical defense responses (Safaeizadeh and Boller, 2019). The plant
innate immune system consists of two distinct but interconnected
components: the immunity activation component (IAC) and the immu-
nity modulation component (IMC). The IAC is based on several sur-
veillance receptors, including pattern-recognition receptors (PRRs) and
nucleotide-binding leucine-rich repeat receptors (NLRs), which recog-
nize the presence of pathogens and signal invasion. In contrast, IMC
relies on phytohormones that play a fundamental role in regulating the
plant immune response (Von Essen et al., 2010). Traditionally, resis-
tance traits have been introgressed through classical breeding by
exploiting natural genetic variation and undergoing multiple rounds of
recombination. However, the efficiency of conventional breeding is
frequently constrained by linkage drag, as well as the inherently narrow
genetic base of elite germplasm. New alleles may also be introduced via
random mutagenesis. However, this approach typically requires
time-consuming screening of large populations to identify desirable
mutants (Andolfo et al., 2016). Genome editing, particularly CRISPR/-
Cas systems, enables precise and efficient modification of target genes
while minimizing off-target effects (Jhu et al., 2023). These technologies
offer considerable potential for enhancing plant disease resistance by
precisely manipulating key components of the plant immune system,
thereby providing a targeted and versatile approach for crop improve-
ment. The major applications of genome editing for enhancing plant
immunity, encompassing four primary strategies and essential delivery
methods, are schematically represented in Fig. 1. The mechanisms of
resistance engineered via CRISPR/Cas generally fall into three distinct
biological categories: the disruption of susceptibility factors (S-genes),
the enhancement or engineering of resistance loci (R-genes), and direct
molecular interference with viral genomes.

3.1. Disruption of susceptibility (S) genes

The targeted inactivation of S-genes is a commercially advanced
strategy with a broad-spectrum effectiveness for engineered resistance. S
genes encode host proteins that are either essential for the pathogen's
life cycle, such as nutrient uptake (e.g., SWEET transporters) or cell
entry (e.g., Mildew Resistance Locus O (MLO) proteins), or act as
negative regulators of plant immunity (e.g., DMR6, which degrades
salicylic acid) or function as negative regulators of the plant's immune
system (Barka and Lee, 2022). This creates a compatible interaction spot
where the plant fails to mount defenses, allowing pathogen prolifera-
tion. Pathogens exploit these conditions for compatibility and infection.
By removing these conditions, genome editing can confer
broad-spectrum, durable resistance, often characterized as recessive
resistance. Genome editing technology creates loss-of-function muta-
tions in S genes, conferring recessive resistance that does not rely on
recognizing specific pathogen effectors, unlike dominant R genes. This
yields broad-spectrum, durable protection, as in MLO mutants providing
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Fig. 1. CRISPR-based strategies for engineering plant disease resistance and achieving transgene-free edits. Knockout of susceptibility (S) genes using CRISPR/Cas9
confers broad-spectrum resistance (e.g., ZmNAMT, OsERF922, TaMLO, StDMR6-1). Promoter editing disrupts TAL effector binding elements (EBEs) in SWEET gene
promoters via base or prime editing to block pathogen hijacking. Transcriptional regulation through CRISPRa (activation) or CRISPRIi (repression) fine-tunes defense
pathways and signaling genes (e.g., OsWRKY45, TaNPR1, SINPR1). CRISPR/Cas9 or Cas13-based systems also target plant DNA and RNA viruses, providing sequence-
specific viral resistance. Delivery methods include Agrobacterium-mediated or biolistic transformation and ribonucleoprotein (RNP) transfection for DNA-free,
heritable edits. Transgene-free plants offer simplified regulation, consumer acceptance, and faster approval for sustainable crop protection. (Created in www.Bior
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powdery mildew resistance in barley for decades and edited eIF4E genes
blocking potyvirus replication in melon and cucumber (Thakur et al.,
2025). Examples include TALEN-edited SWEET promoters in rice for
bacterial blight resistance (Li et al., 2025). S gene editing stands out for
precision, transgene-free outcomes, and minimal fitness penalties
compared to traditional methods, with applications in major food crops
including wheat (TaEDR1 for powdery mildew), tomato (SIMLO1), and
potato (CESA3 for late blight). Several studies highlight it as a break-
through for sustainable breeding, though challenges like pleiotropic
effects persist (Garcia-Ruiz et al., 2021; Kusch and Panstruga, 2017; Van
Butselaar and Van Den Ackerveken, 2020).

3.1.1. Overcoming trade-offs of the MLO locus

The MLO represents the archetype of S gene-mediated resistance. In
wild-type plants, MLO proteins are transmembrane regulators that
inhibit vesicle fusion needed for cell wall reinforcement against pene-
tration. Biotrophic powdery mildew fungi (Blumeria graminis, Erysiphe
spp. in wheat, and Oidium neolycopersici in tomato) exploit this sup-
pression for haustorium formation and nutrient extraction, defining S
gene dependency (Barka and Lee, 2022; Nekrasov et al., 2017). Early
triple knockout (A, B, and D genomes) of wheat TaMLO homoeologs
conferred robust immunity to Blumeria graminis f. sp. tritici but induced
growth trade-offs, including leaf necrosis and reduced biomass. Recent
CRISPR/Cas9 engineering of a 304-kb deletion at the TaMLO-B1 locus
mimics and replicates the natural Tamlo-R32 allele, decouples resistance
from fitness costs. This modification activates the adjacent TaTMT3B
tonoplast sugar transporter via chromatin remodelling, yielding
chlorosis-free plants with sustained yield and broad-spectrum efficacy
under field conditions (Li et al., 2022). Similarly, knockout of SIMLO1
using CRISPR/Cas9 generates stable, transgene-free lines with complete
resistance to O. neolycopersici. Unlike cereal mlo mutants, tomato Slmlo1
exhibits negligible pleiotropic defects, preserving photosynthesis, fruit
quality, and agronomic performance. This facilitates rapid introgression
into elite cultivars via marker-assisted or speed-breeding pipelines,
positioning SIMLO1 editing as commercially viable (Nekrasov et al.,
2017).

3.1.2. The SWEET transporters and promoter editing

Xanthomonas oryzae pv. oryzae secretes TALEs that bind specific
effector binding elements (EBEs) in the promoters of SWEET genes like
OsSWEET11, OsSWEET13, and OsSWEET14, inducing sugar efflux to
nourish the bacteria. It promotes bacterial proliferation in the xylem,
causing bacterial blight symptoms (Blanvillain-Baufumé et al., 2016;
Oliva et al., 2019). Knocking out the coding sequence of the SWEET
genes is often lethal or may cause severe defects like reduced pollen
viability and seed set, making promoter editing preferable to mutate
EBEs and block TALE binding while preserving normal gene function
(Liu et al., 2024a). Multiplex edits targeting EBEs in OsSWEET11,
OsSWEET13, and OsSWEETI14 promoters have produced lines with
broad-spectrum resistance to diverse Xoo strains (Eom et al., 2019). This
strategy fundamentally relies on cutting off the pathogen’s access to host
metabolic pathways. By preventing TALE-induced sugar efflux, the host
restricts the carbon supply essential for bacterial nutrition and inoculum
reproduction. The fact that multiple TALEs across different Xanthomonas
species convergently evolve to target SWEET family genes underscores
the critical necessity of this sugar pathway for successful pathogen
colonization (Harris et al., 2023).

3.1.3. Emerging targets in non-cereal crops

In a recent study, researchers used CRISPR/Cas9 for knocking out of
TcNPR3 defense genes. As NPR3 functions as a negative regulator of the
immune system, its knockout upregulated reactive oxygen species
pathways and pathogenesis-related proteins, achieving a 42 % reduction
in lesion size from Phytophthora infection (black pod disease). Notably,
edited plants were non-transgenic, establishing a regulatory precedent
for tree crops like cacao (Theobroma cacao) (Guiltinan et al., 2025).
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Concurrently, the ‘Project Oppotunity’ consortium reported successful
2025 field trials in Sweden and Denmark for the starch potato variety,
Kuras, with polyphenol oxidase (PPO) knockouts, which redirected sec-
ondary metabolite flux to boost antimicrobial phenolics and confer field
resistance to late blight (Phytophthora infestans). This precision editing
accelerates breeding by 8-10 years over conventional methods (Pieterse,
2025). However, the function of PPO in immunity is multifaceted and
context-dependent; while its knockout conferred resistance in Kuras, a
subsequent study by Jose et al. (2026) revealed that PPO-edited lines of
Désirée and Balatoni Rozsa exhibited increased susceptibility to bacterial
wilt (Ralstonia solanacearum) and no improvement in late blight (Phy-
tophthora infestans) resistance, suggesting that PPO-mediated quinone
production remains essential for defending against specific bacterial
pathogens. These contrasting findings highlight the complexity of
metabolic editing and reveal critical trade-offs between reduced
browning and pathogen defense that must be navigated in future
breeding.

3.2. Engineering resistance (R) genes and upstream open reading frames
(uORFs) fine-tuning

S gene knockout represents a subtractive strategy that removes or
inactivates host S genes exploited by pathogens. Whereas, engineering
resistance (R) genes takes an additive approach by introducing or
modifying these genes to equip plants with new or enhanced immune
receptors, predominantly nucleotide-binding NLR receptors (Zhang and
Coaker, 2017). These R genes detect specific pathogen effectors to
activate effector-triggered immunity (ETI), often triggering hypersen-
sitive response and defense signaling, which supports resistance
breeding, especially when integrated with upstream open reading
frames (uORF) fine-tuning for precise expression control
(Thordal-Christensen, 2020).

3.2.1. CRISPR-activation (CRISPRa)

CRISPRa systems employ a catalytically dCas9 fused to activators
like VP64 to boost expression of weakly expressed defense genes,
enhancing pathogen resistance without DNA cuts (McLaughlin et al.,
2025). Garcia-Murillo et al. (2023) targeted the SIPR-1 promoter in to-
mato via CRISPRa upregulated pathogenesis related gene, reducing the
infection and symptoms of bacterial canker (Clavibacter michiganensis
subsp. michiganensis), pathogen load, and plant damage while preserving
agronomic traits. Similarly, Rivera-Toro et al. (2025) used CRISPRa
activation of SIPAL2, which drove epigenetic changes like H3K4me3
deposition, boosting lignin in cell walls to block bacterial canker ingress
more effectively.

3.2.2. Translational control via uORFs

A continual difficulty in resistance breeding pertains to the growth-
defense trade-off, wherein improved disease resistance frequently
limits plant growth and yield due to the costs associated with resource
allocation. Studies indicate that this constitutes a significant barrier in
crops, as immune activation incurs fitness costs under normal conditions
(Hou and Xu, 2025). In a recent study, researchers targeted uORFs in the
5 UTR of genes to fine-tune translation without constitutive over-
expression. This approach relieves inhibitory effects on downstream
main ORFs, enabling controlled gene expression (Sang et al., 2025). Hao
etal. (2025) utilized CRISPR/Cas9 editing of uORFs in the BnVTC2 gene,
which is involved in vitamin C production, to enhance ascorbate con-
centrations in rapeseed (Brassica napus). This enhanced tolerance to
abiotic stimuli, such as oxidative stress, serves as an indicator of biotic
defense mechanisms, while overcoming yield penalties observed in
overexpression lines.

This suggests that the combined use of R gene engineering, uORF
fine-tuning, and CRISPRa provides accurate, fitness-preserving ap-
proaches to address growth-defense trade-offs in resistance breeding.
These methods provide flexible immunity, hence fostering the
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development of resilient crops.
3.3. Direct viral interference

CRISPR functions as a bacterial adaptive immune system that pro-
karyotes utilize to protect against viral attacks by incorporating frag-
ments of historical viral DNA into their genome. Upon the entry of an
associated virus, CRISPR transcribes these fragments into guide RNAs
(crRNAs) that instruct Cas proteins to identify and cleave the viral
genome. Upon viral entry, the Cas enzyme, guided by the crRNA, swiftly
attaches to the complementary viral DNA or RNA sequence and destroys
it through nuclease activity, thereby inhibiting replication. This direct
degradation emulates innate immunity but is sequence-specific and
heritable, providing precise antiviral protection regardless of the host's
native defenses (Tang et al., 2021).

This adaptable, sequence-specific cleavage mechanism has been
effectively repurposed in plants to combat persistent viral infections,
utilizing nuclear-localized Cas endonucleases for DNA viruses and
cytoplasmic versions for RNA viruses. In crops such as tomato and to-
bacco, designed CRISPR systems specifically target critical viral com-
ponents during replication, resulting in significant reductions in viral
titer without off-target impacts on the host genome. Geminiviruses,
(Tomato Yellow Leaf Curl Virus, TYLCV) encapsulate single-stranded
DNA but convert it to double-stranded DNA (dsDNA) intermediates
within the host nucleus for rolling-circle replication, rendering them
susceptible to nuclear-localized Cas9. Constitutive expression of Cas9 (e.
g., through the CaMV 35S promoter) when combined with sgRNAs
directed at the Rep gene (a replication initiator protein crucial for
cleaving viral DNA) or the intergenic region (IR, which harbors bidi-
rectional promoters and origins) effectively cleaves these double-
stranded DNA forms, reducing viral titers up to 90 % in tomato pro-
toplasts and transgenic plants (Faal et al., 2020; Maio et al., 2020).

Shifting to RNA viruses, Cas13 variants offer cytoplasmic targeting.
Casl3d/CasRx revolutionized RNA virus resistance in plants, with
robust interference against viruses like Turnip mosaic virus in Nicotiana
benthamiana, outperforming other Casl3 variants. RNAi suppression by
viral proteins is common, making Casl3 alternatives appealing (Cao
et al., 2021). CasRx exemplifies this advance through its unique prop-
erties. CasRx provides HEPN-dependent RNA cleavage without PFS re-
quirements, often stronger than RNAi in transient/stable plant assays.
Still, the GVA claim overstates unverified specifics (Mahas et al., 2019).

3.4. Understanding plant-pathogen interaction by CRISPR/Cas tools

Pathogens infect plants by using effector molecules that lower the
plant's immune system and change the way the plant's metabolism
works to get nutrients. Plants fight back with a variety of defense re-
sponses, such as antimicrobial compounds, strengthening their cell
walls, and stress-signaling pathways. Omics-based technologies have
enabled the identification of R-genes, S genes, and effector targets,
providing a foundation for CRISPR/Cas-mediated functional validation.
These include next-generation sequencing (Arafa et al, 2017),
comparative genomics (Nepal et al., 2017), RNA-seq (Ma et al., 2019;
Zhang et al., 2019b), proteomics (Prabhukarthikeyan et al., 2017,
2019), and the use of mutant gene resources (O'Malley et al., 2015).
These technological developments have helped translate research into
practical crop improvements.

The CRISPR/Cas toolbox is an innovative, rapid, precise, and effi-
cient tool for addressing challenges in agriculture and elucidating plant-
pathogen interactions in crops. CRISPR/Cas tools facilitate targeted
disruption of host or pathogen genes, promoter editing to modify
effector-binding elements, and tagging of immune proteins for in vivo
interaction studies (Fig. 1). It aids in fundamental studies on
plant-pathogen interactions, facilitates the identification of pathogen
virulence genes, helps unravel resistance and susceptibility factors in
host plants, and enables genome engineering for developing host

Plant Stress 21 (2026) 101322

resistance (Karmakar et al., 2022). By enabling both single and multi-
plex gene knockouts, as well as large-scale mutant library construction,
CRISPR/Cas platforms provide a powerful means to accelerate func-
tional genomics of plant immunity and pathogen virulence. Systematic
targeting of key players involved in plant-pathogen interactions, such as
resistance gene families, receptor-like kinases, transcription factors, and
pathogen-responsive genes, will help in the identification and functional
characterization of major defense regulators (Gosavi et al., 2020).

4. CRISPR/Cas systems for identification and validation of
disease-resistant and susceptible genes

CRISPR/Cas systems serve as powerful tools to enhance broad-
spectrum disease resistance in crops by enabling the functional valida-
tion and characterization of candidate genes that confer resistance or
susceptibility (Fig. 1). ZmACD6 was found in maize and shown to be the
same as Arabidopsis ACD6 (ACCELERATED CELL DEATH 6). It works
with salicylic acid (SA) in a positive feedback loop to make the plant
more resistant. CRISPR/Cas9-mediated mutagenesis confirmed that
ZmACD6 positively regulates resistance to Ustilago maydis (Zhang et al.,
2019c). Fusarium head blight (FHB) is a devastating disease of cereals,
particularly wheat and barley, causing severe yield losses and reduced
grain quality. In Arabidopsis, the DMR6 (Downy Mildew Resistance 6) gene
encodes a putative 2-oxoglutarate Fe(II)-dependent oxygenase (20GO)
and functions as a susceptibility factor to downy mildew. Using
CRISPR/Cas9-mediated knockout, the barley 20GO gene (Hv20GO) was
validated as a functional orthologue of Arabidopsis DMR6 in mediating
susceptibility to FHB, thereby providing a molecular basis for proposing
20GO as a plant immunity suppressor in Arabidopsis and potentially in
barley, and establishing a rationale for enhancing FHB resistance
through its targeted manipulation (Low et al., 2020). Recent advance-
ments in CRISPR technology have enabled the use of CRISPRa systems to
generate gain-of-function mutations through targeted upregulation of
endogenous genes. By precisely enhancing the expression of genes
associated with plant immunity, CRISPRa offers a powerful strategy for
improving disease resilience in crops. Its high specificity and tunable
control over gene expression make it particularly valuable for modu-
lating defense pathways without adversely affecting plant growth and
development.

4.1. CRISPR/Cas for resistance against fungal pathogens

Based on current knowledge of the molecular pathways involved in
plant-pathogen interactions, various techniques have been developed to
enhance fungal resistance in plant species. These approaches focus on
identifying key candidate genes and gene products that contribute to
plant defense against fungi, making them prime targets for CRISPR/Cas
system-based gene editing (Borrelli et al., 2018). Fungi, the primary root
causes of plant diseases, substantially affect agricultural production.
Their diverse life cycles and high genetic adaptability make disease
management challenging, as they can quickly infect new hosts, over-
come R-gene-mediated resistance, and develop resistance to fungicides
(Doehlemann et al., 2017).

Recent advances in CRISPR/Cas systems targeting host S- genes have
enabled the development of genetically recessive, durable disease
resistance in plants (Fig. 1). S- genes are plant genes exploited by
pathogens to facilitate host recognition, penetration, nutrient acquisi-
tion, proliferation, and spread, or to suppress host immune signaling
(Huang et al., 2023). Powdery mildew, a pervasive fungal disease in
wheat, is developing wheat varieties with durable and broad-spectrum
resistance, which is highly desirable. A breakthrough in breeding for
such comprehensive and long-lasting resistance to powdery mildew was
the identification of barley MLO mutants (Lyngkjer et al., 2000).
Extensive research has focused on negative regulators and S genes
involved in defense pathways. For instance, knocking out the wheat
homologs of the MLO gene (TaMLOs) using the CRISPR/Cas9 system
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rendered wheat resistant to the fungus Blumeria graminis f. sp. tritici,
which causes powdery mildew (Wang et al., 2014). Rice blast, caused by
Magnaporthe oryzae, is among the most destructive diseases impacting
rice production worldwide (Dean et al., 2012). Additionally, the
ethylene responsive factors (ERFs) within the APETALA2/ERF
(AP2/ERF) superfamily play a crucial role in rice’s response to various
biotic and abiotic stresses (Mizoi et al., 2012). Several studies on major
food crops have been conducted worldwide (Table 1), where CRISPR/-
Cas systems (mostly the CRISPR/Cas9 system) were used to functionally
knock out fungal disease susceptibility genes, leading to the develop-
ment of new disease-resistant breeding materials. Most of the studies
have been conducted in rice, wheat, potato, and soybean, with a few in
maize. However, no reports were found on CRISPR/Cas-mediated
knockout of susceptibility genes in sorghum, pearl millet, or finger
millet.

4.2. CRISPR/Cas for resistance against bacterial pathogens

Traditional management of bacterial diseases in crops relies on ge-
netic resistance, agronomic practices, and biocontrol agents (Kerr,
2016). However, these approaches often fail to provide durable pro-
tection due to the rapid evolution and high genetic diversity of bacterial
pathogens. CRISPR/Cas-based genome editing offers a precise means to

Table 1
List of CRISPR/Cas studies conducted on major food crops on fungal disease
resistance.

SN Crop Targeted Gene/ Target Disease Reference
region
1 Rice Pi21 Blast Wang et al.,
2016a
2 Rice OsERF922 Blast Wang et al.,
2016b
3 Rice Bsr-d1, Pi21 and Blast Zhou et al.,
ERF922 2022
4 Rice Pi21 Blast J Yang et al.,
2023
5 Rice Bsr-d1 Blast Zhang et al.,
2024
6 Rice OsS5H Broad-spectrum disease Liu et al.,
resistance 2023a
7 Wheat TaMLO Powdery mildew Wang et al.,
2014
8 Wheat TaEDR1 Powdery mildew Zhang et al.,
2017
9 Wheat TaPsIPK1 Stripe rust Wang et al.,
2022
10  Wheat TaCIPK14 Stripe rust Heetal., 2022
11 Wheat MLO-B1 Powdery mildew Li et al., 2022
12 Wheat TaMKP1 Stripe rust and powdery Liu et al.,
mildew 2024b
13 Maize ZmNANMT Southern leaf blight, Li et al., 2023
Northern leaf blight,
Fusarium stalk rot
14  Potato StNRL1 Late blight Nourozi et al.,
2024
15 Potato StDMR6-1 Late blight Karlsson et al.,
2024
16  Potato StMC7 Late blight Poudel et al.,
2025
17 Potato StSR4 Late blight Moon et al.,
2022
18 Potato StDND1, StCHLI1, Late blight Kieu et al.,
StDMR6-1 2021
19 Potato StERF3 Late blight Razzaq et al.,
2022
20  Soybean = GmMLO Powdery mildew Bui et al.,
2023
21 Soybean = GmARM Phytophthora root rot Luo et al.,
2024
22 Soybean = GmTAP1 Phytophthora root rot Liu et al.,
2023b
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engineer host resistance by targeting S genes or enhancing defense
pathways (Fig. 1). One of the most prevalent rice diseases is bacterial
blight, caused by the vascular pathogen Xanthomonas oryzae pv. Oryzae.
This disease typically results in yield reductions of 10-20 % (Ou, 1985),
but under conditions favorable to the pathogen, such as high humidity,
losses can exceed 50 %, sometimes causing complete crop failure (Mew
et al., 1993). OsSWEET14, a sugar transporter gene, serves as a key
S-gene for bacterial blight. Zeng et al. (2020) used
CRISPR/Cas9-mediated knockout of OsSWEETI4 in rice -cultivar
Zhonghua 11 and demonstrated that disrupting OsSWEET14 in this ge-
netic background confers strong resistance to both the African Xantho-
monas oryzae pv. oryzae strain AX01947 and the Asian strain PXO86,
while also resulting in increased plant height without any yield
trade-off. Enhanced resistance against bacterial blight in rice was also
achieved through base editing, utilizing both ABE and CBE to target the
SWEET14 gene, leading to its reduced expression and subsequent
reduction in disease severity (Li et al., 2025). In potatoes, zebra chip
disease caused by Candidatus Liberibacter solanacearum leads to sub-
stantial ~ economic  losses  worldwide. = Non-expressors  of
pathogenesis-related (NPR) proteins function as receptors of the defense
hormone salicylic acid (SA), and downregulation of NPR3 has been
associated with enhanced resistance to bacterial and fungal pathogens.
Ramasamy et al. (2024) demonstrated that CRISPR/Cas9-mediated
genome editing of StNPR3 conferred resistance to zebra chip disease
in potatoes by activating SA-mediated defense responses and promoting
jasmonic acid (JA) catabolism. Together, these studies demonstrate how
CRISPR/Cas-mediated editing of susceptibility regulators, such as
SWEET transporters and NPR genes, can provide durable,
non-transgenic resistance to bacterial pathogens in major food crops.

4.3. CRISPR/Cas for resistance against plant viruses

Globally, major agricultural crops suffer substantial yield losses due
to severe diseases caused by diverse plant viruses that disrupt normal
physiological processes, thereby reducing both yield and produce
quality. With estimated annual economic losses of approximately US
$30 billion, plant viral diseases represent a major concern for farmers,
researchers, and policymakers alike, owing to their profound impact on
agricultural productivity, food security, and long-term sustainability
(Sharma, 2023; Tatineni and Hein, 2023).

Plant pathologists are increasingly exploring CRISPR/Cas systems to
combat viral diseases in both host plants and pathogens (Dort et al.,
2020). Plant virus pathosystems exemplify host-pathogen interactions
that can be dissected through gene-targeting approaches, where
CRISPR/Cas systems are employed to disrupt viral genomes or host
susceptibility factors (Ali et al., 2016; Zhang et al., 2018). CRISPR/Cas
systems have been employed in two major ways to engineer virus
resistance: (i) direct targeting and cleavage of viral genomes (DNA vi-
ruses by Cas9/Cas12 and RNA viruses by Cas13) (Fig. 1), and (ii) editing
host S genes essential for viral replication, movement, or transmission.
Cas9 and Cas12 systems have been primarily used to target DNA viruses
such as geminiviruses, while Cas13 effectors target RNA viruses like
CMV, TMV, and TuMV, offering both preventive and curative potential.
Different S gene knockout studies mediated by CRISPR/Cas systems
were carried out in maize, Potato, cassava, and barley (Table 2). These
non-GMO mutants are highly specific, involve no foreign DNA, and
enable precise edits within the native genome, reducing unintended
effects (Kanchiswamy, 2016). Additionally, CRISPR/Cas
system-mediated engineering of pathogen resistance in plants offers a
promising approach to reduce disease outbreaks while also aiding in the
development of avirulent strains and improving our understanding of
plant-pathogen interactions (Dort et al., 2020).

Prior to the advent of genome editing, pathogen-derived resistance,
such as transgenic expression of viral coat proteins, replicase genes, or
RNA sequences, was extensively employed to enhance plant virus
resistance (Das et al., 2023). Viral RNA genomes cannot be directly



N.R. Thakur et al.

Table 2
List of CRISPR/Cas studies conducted on major food crops on bacterial disease
resistance.

SN Crop Targeted Gene/region Target Disease Reference
1 Maize ZmGDla Maize rough Liu et al., 2022
dwarf disease
2 Potato coilin Potato virus Y Makhotenko
et al., 2019
3 Potato elF4E Potato virus Y Noureen et al.,
2022b
4 Cassava ~ MeSWEET10a Bacterial blight Elliott et al., 2024
5 Cassava  eIF4E isoforms nCBP-1 Brown streak Gomez et al.,
and nCBP-2 disease 2018
6 Barley MP, CP, Rep/RepA, LIR  Wheat dwarf Kis et al., 2019
virus disease
7 Barley EIF4E Yellow mosaic Hoffie et al., 2021
virus disease
8 Barley HvPDIL5-1 Yellow mosaic Cheng et al., 2022

virus disease

targeted by traditional CRISPR/Cas9 systems, as these typically cut
double-stranded DNA. However, the development of novel CRISPR/-
Cas9 variants capable of targeting RNA offers new possibilities for en-
gineering plants resistant to RNA viruses. For instance, scientists have
used CRISPR/Casl3a to develop potato plants that are resistant to vi-
ruses. Transgenic potato lines expressing Casl3a/crRNA constructs
exhibited reduced accumulation of potato virus Y (PVY) and attenuated
disease symptoms (Zhan et al., 2019). In a similar approach, CRISPR/-
Casl3 systems have conferred broad-spectrum resistance against mul-
tiple PVY strains in potato (Noureen et al., 2022a), while
Cas13d-mediated multiplex RNA targeting has been shown to provide
broad-spectrum protection against diverse RNA viruses in potato (Zhan
et al., 2023). In soybean, CRISPR/RfxCas13d (CRISPR/CasRx)-mediated
resistance was reported against the soybean mosaic virus (Gao et al.,
2024). These advanced CRISPR/Cas technologies provide promising
alternative strategies for breeding crops with enhanced resistance to
biotic stresses, facilitating the development of resistant germplasm and
accelerating improvements in crop productivity.

5. Ethical issues and regulations in food crop gene-editing

By enhancing agricultural traits and minimizing waste, plant gene
editing via CRISPR offers a range of solutions to food security and
climate resilience. However, it also raises complex social and ethical
concerns that must be addressed alongside scientific advancements
(Venkataraman and Hefferon, 2025). Public perception plays a crucial
role in the acceptance of gene-edited crops. Recent studies suggest that
consumers tend to view gene-edited foods more favorably than trans-
genic genetically modified organisms (GMOs), particularly in terms of
perceived safety and ethical considerations (Bearth et al., 2022; Yang
and Hobbs, 2020). Many regard gene editing as a climate-smart tech-
nology, but safety concerns, particularly regarding off-target effects and
the potential use of gene drives, remain unresolved (Chavhan et al.,
2025). Proponents contend that democratized access to gene editing has
diminished corporate supremacy due to lower development costs and
regulatory hurdles (Hefferon and Herring, 2017). On the other hand,
detractors highlight patent schemes that strengthen corporate domi-
nance over agricultural methods and seeds. Words like ‘precision’ and
‘editing’ have the potential to minimize moral dilemmas and influence
public opinion (Helliwell et al., 2019). What risks CRISPR-edited crops
offer if the ultimate products of modified plants are transgene-free is a
crucial topic. This also applies to some genetically modified products,
including canola oil. In the European Union (EU) nations, gene-edited
crops were historically regulated under the general GMO framework,
which, following the 2018 Justice of the European Union (CJEU) ruling
on mutagenesis, placed most gene-edited plants in the same category as
GMOs and fueled public resistance to agricultural biotechnology.
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However, the regulatory landscape shifted with the provisional political
agreement on plants produced by certain new genomic techniques in
late 2025, introducing a two-tier system that distinguishes New
Genomic Techniques (NGT), ‘conventional-like’ NGT-1 plants, treated
similarly to conventionally bred plants, from NGT-2 plants, which
remain subject to standard GMO rules (Anonymous, 2025a; Zimny and
Sowa, 2021). The potential threats to human health and the environ-
ment remain central drivers of the primary sources of public concern.
Because gene-edited goods might appear just as the non-edited ones;
hence, clear labeling is essential to safeguarding consumer rights. To
preserve the uniqueness of organic farming, agroecological organiza-
tions advocate for more defined boundaries between it and gene editing
(Wozniak-Gientka et al., 2022). In support of responsible innovation
aligned with broader societal values, recent policy discussions have
emphasized the need for non-safety assessments. These assessments
would consider the ethical, social, and sustainability implications of
gene-edited crops before deregulation (Myskja and Myhr, 2020; Turn-
bull et al., 2021).

5.1. Sustainability in food crops gene editing

CRISPR/Cas gene editing has potential for sustainable agriculture by
reducing the usage of pesticides, increasing disease resistance,
increasing yields, and improving tolerance to drought and other envi-
ronmental stresses (Purohit et al., 2026). Furthermore, it can improve
marketability, shelf life, and nutritional quality, and can also play a
significant role in reducing environmental waste and leaving a smaller
environmental footprint by enhancing the qualitative features and
shelf-life of postharvest crops (Shipman et al., 2021). Consequently, a
growing number of gene-edited crops have successfully navigated reg-
ulatory pathways to reach the market, as detailed in Table 3.

Since sustainability is a dynamic and evolving process rather than a
fixed goal, continuous evaluation of gene-editing outcomes is essential
to ensure they align with long-term ecological and societal objectives
(Keiper and Atanassova, 2022; Shan, 2024). Large -scale monocultures
and farming systems that may be detrimental to the environment,
human health, and food accessibility may be sustained and intensified
by the commercial dominance that agri-biotech companies have over
industrial agriculture systems, farmers, and consumers. Regulations
regarding patents could address issues such as environmental degrada-
tion and monocultures (Houvener, 2024; Khatoon, 2025).

Achieving sustainability requires a careful balance between ecolog-
ical preservation and the needs of future generations. Mepham's matrix
and other ethical frameworks offer direction but may overlook critical
socioeconomic dimensions (Dassler and Myhr, 2021). Environmental
protection, social and economic aspects of sustainability, and the con-
nections between them must be considered when managing gene-editing
breakthroughs, as research on gene editing and its commercial use is
expected to grow rapidly in the near future. To ensure fair, responsible,
and inclusive use of gene editing technology, regulatory policies must
evolve to incorporate environmental, ethical, and economic consider-
ations (Wray-Cahen et al., 2022).

5.2. Maintaining biodiversity

Biodiversity is essential for sustainable development because di-
versity at genetic, species, and ecosystem levels underpins resilient food
systems, ecosystem services, and long-term human well-being. Novel
molecular breeding approaches, such as CRISPR/Cas systems, offer
promising tools to enhance or restore genetic diversity and support
conservation and genetic rescue efforts for vulnerable and endangered
species. However, modern plant breeding that has prioritized a narrow
set of trait-specific crop varieties has often led to the replacement of
diverse local landraces and a narrowing of the cultivated gene pool,
contributing to genetic erosion and the loss of traditional crop varieties
(Khoury et al., 2021; Thakur et al., 2024; Yin et al., 2024). Concerns
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Table 3
Global regulatory frameworks and approved genome-edited crops by continent and country.
Continent Country Regulatory Agencies GMO Approved Approved Regulation Governing the SDN-1 SDN-2 SDN-3 References
Commercial Genome Year Release of Gene-Edited
Cultivation Area  Edited Crops Crops
(Million
Hectares)
(2024)
North Us United States Department of 75.4 Rapeseed/ 2014 Coordinated Framework for ~ Deregulated Case-by-case/ Regulated as Ledesma and Van
America Agriculture (USDA); Animal and Canola Regulation of Deregulated GMO Eenennaam, 2024;
Plant Health Inspection Service Non- 2016 Biotechnology (1986, SeedWorld, 2025;
(APHIS); Food and Drug browning updated 2017, 2020 Vengadesen et al., 2025;
Administration (FDA); and Mushroom SECURE Rule); USDA Global Gene Editing
Environmental Protection Agency Innate (non- 2016 exempts SDN-1 via 7 CFR Regulation Tracker, Genetic
(EPA) browning) Part 340 if no plant pest risk Literacy Project, 2024
Potato
Drought- 2016
resistant
Maize
High-oleic 2019
Soybean
Less Pungent 2023
Mustard
Greens
Non- 2024
browning
Lettuce
Canada Canadian Food Inspection Agency 11.7 Non- 2015 Plants with Novel Traits Deregulated/ Deregulated/ Regulated as Vengadesen et al., 2025;
(CFIA) browning Regulations (novel trait- Novelty-based Novelty-based GMO/ Global Gene Editing
Potato based, no method-specific); Regulation Regulation Novelty- Regulation Tracker, Genetic
Non- 2017 SDN-1 treated as based Literacy Project, 2024
browning conventional; Regulation
Apple Directive94-08 (Dir94-08)
South Argentina National Advisory Commission on 23.8 Drought 2020 Resolution No.173/15 Deregulated Deregulated Regulated as Ledesma and Van
America Agricultural Biotechnology Resistant (2015) (Case-by-case) (Case-by-case) GMO Eenennaam, 2024; Neocrop,
(Comision Nacional de Wheat 2025; Nature Biotechnology,
Biotecnologia Agropecuaria) High-fiber 2025 2021; Orrono and Vesprini,
(CONABIA) Wheat 2018; SeedWorld, 2025
Brazil Commission for Biosafety (CTNBio) ~ 67.9 Drought 2023 Normative Resolution Deregulated Deregulated Regulated as Court of Justice of the
Tolerant No.16 (2018) (Case-by-case) (Case-by-case) GMO European Union, 2018;
Soybean (RESOLUCAO Entine et al., 2021; ISAAA,
Sugarcane 2022 NORMATIVA N° 16, 2018) 2023; Kumar et al., 2024;
Ledesma and Van
Eenennaam, 2024;
SeedWorld, 2025
Chile Ministry of Agricultural and <1 High-fiber 2025 Introduction of Deregulated Deregulated Regulated as Agbiolnvestor, 2025;
Livestock Services (SAG); National Wheat methodological procedure (Case-by-case) (Case-by-case) GMO ChileBio, 2025; Sanchez,
Service of Agri-Food Health and (2017) 2024; Zarate et al., 2023
Quality (Servicio Nacional de
Sanidad y Calidad
Agroalimentaria) (SENASA)
Colombia Colombian Agricutural Institute 0.1 Drought 2023 Resolution No. 00,029,299 Deregulated Deregulated Regulated as Entine et al., 2021; Global
(ica) Tolerant (2018) (Case-by-case) (Case-by-case) GMO Gene Editing Regulation
Soybean Tracker, Genetic Literacy

Project, 2024; Kuiken and
Kuzma, 2021; Zarate et al.,
2023

(continued on next page)

D 30 IDYL U'N

zz€101 (9202) 1T Ssaus uvld



[

Table 3 (continued)

Continent Country Regulatory Agencies GMO Approved Approved Regulation Governing the SDN-1 SDN-2 SDN-3 References
Commercial Genome Year Release of Gene-Edited
Cultivation Area  Edited Crops Crops
(Million
Hectares)
(2024)
Honduras National Committee of <1 No approved - Acuerdo No. 1570-98 and Deregulated Deregulated Regulated as Gatica-Arias, 2020; Zarate
Biotechnology and Biosecurity crops Agreement for genome (Case-by-case) (Case-by-case) GMO et al., 2023
(NCBB); National Service of Agri- editing SENASA C.D. -
Food Health and Quality (Servicio 008-2019
Nacional de Sanidad y Calidad
Agroalimentaria) (SENASA);
Ministry of Agriculture and the
National Biosafety Committee
(CTNBio)

Asia and China National Biosafety Committee 3.5 Fungal 2024 Administrative rules for Simplified Simplified Regulated as Agbiolnvestor, 2025; Feed
the (NBQC), Ministry of Agriculture and Resistant safety of agricultural Regulation Regulation GMO Strategy, 2025; Global Gene
Pacific Rural Affairs (MARA) Wheat GMOs, Guidelines issued by Editing Regulation Tracker,

High Oleic 2023 MARA (2022) Genetic Literacy Project,
acid Soybean 2024; Reuters, 2023; Sprink
Wheat 2025 et al., 2022; Vengadesen
Rice 2025 et al., 2025; Zhu, 2022
India Genetic Engineering Appraisal 11.2 Improved 2025 Regulatory Framework and ~ Deregulated Deregulated Regulated as Agbiolnvestor, 2025;
Committee (GEAC); and Ministry of Drought and Guidelines for Risk GMO Priyadarshini, 2025;
Environment, Forest and Climate Salt Tolerance Assessment (2022); 2022 Tachikawa and Matsuo,
Change (MoEFCC) Rice MoEFCC OM (SDN-1/2 2024
exempt from GMO rules)
Japan The Ministry of Agriculture, - GABA Tomato 2021 GMO as defined under the Deregulated Case-by-case Regulated as Global Gene Editing
Forestary, and Fishries (MAFF); Waxy high 2024 Japanese Cartagena Act (foreign DNA)/ GMO Regulation Tracker, Genetic
Ministry of Health, Labour and starch Corn (Act No. 97 of 2003) (2014) Regulated Literacy Project, 2024;
Welfare (MHLW); Ministry of the Sakurai et al., 2022;
Environment (MOE); and Tachikawa and Matsuo,
Consumer Affairs Agency (CAA) 2024
Pakistan Ministry of Climate Change and 1.9 Sugarcane 2025 Pakistan National Biosafety =~ Under Under Regulated as Agbiolnvestor, 2025; Babar
Environmental Coordination Herbicide 2025 Rules, 2005 development development GMO et al., 2019; Jones et al.,
(MoCC&EC); National Biosafety Tolerance and 2022; PDI, 2025
Committee (NBC); and Pakistan Bollworm
Environmental Protection Agency Resistance
(Pak-EPA) Cotton
European Only Spain ~ National Biosafety Commission <1 No approved - Directivel8/2001/EC Regulated Regulated Regulated as Agbiolnvestor, 2025;
Union and (CNB); and Directorate General for crops (2001) and court decision GMO European Commission,
Portugal Food and Veterinary (Direcao- in case C-528/16; 2025 2021; European Parliament,
Geral de Alimentacao e NGT Regulation (Category 2024; Vengadesen et al.,
Veterindria) (DGAV) 1 exempt, appl. 2028). 2025
Oceania Australia Office of the Gene Technology 1.4 No approved - Gene Technology Act 2000  Deregulated/ Regulated Regulated as Agbiolnvestor, 2025; Ivanov
Regulator (OGTR) crops (am. 2019); SDN-1 exempt Case-by-case GMO et al., 2025; Pacillo, 2025;
from GMO rules Tachikawa and Matsuo,
2024
New Environmental Protection - No approved - Hazardous Substances and Regulated/ Regulated/ Regulated as New Zealand Legislation,
Zealand Authority (EPA) crops New Organisms Act Case-by-case Case-by-case GMO 2024; Schmidt et al., 2020

(HSNO) (1996); Gene Tech
Bill (2025, low-risk
exemptions via Schedule
3A)

Note: SDN (Site-Directed Nuclease) genome editing creates targeted DNA modifications using programmable nucleases (e.g., CRISPR/Cas9, TALENSs, ZFNs), as mentioned previously in this paper, that induce double-strand
breaks repaired by endogenous cellular mechanisms. SDN-1: Editing without a donor template; breaks are repaired via Non-Homologous End Joining (NHEJ), leading to random small indels; resulting variants are often
indistinguishable from natural mutations. SDN-2: Editing with a small donor template; breaks are repaired via Homology-Directed Repair (HDR) to induce precise nucleotide substitutions or small insertions (mimicking

0 30 JDYL YN

zz€101 (9202) 1T Ssaus uvld



N.R. Thakur et al.

allele conversion); typically uses short DNA templates homologous to the target site. SDN-3: Editing with a large DNA template; involves the site-specific insertion of large sequence stretches (e.g., full genes or promoters)

via HDR; often results in the integration of foreign (transgenic) or cisgenic DNA; GMO: Genetically Modified Organisms.
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have been raised that the deployment of modern, particularly trans-
genic, crop varieties in biodiversity hotspots may have direct effects on
non-target species and that transgenes can move via gene flow into
landraces and wild relatives, potentially altering or eroding their genetic
diversity (Tobon-Niedfeldt et al., 2022; Warwick et al., 2009).

The degree of transgene integration in the local gene pool is influ-
enced by several processes and variables, including genetic drift, the
degree of selective advantage, the rate of migration, epistatic effects,
and the interaction between genotype and environment (Barton, 2016;
Simard, 2010). Many domestication-related traits involve recessive al-
leles that primarily adjust crops to cultivated environments. In contrast,
transgenic traits related to insect resistance can modify pests’ natural
enemy interactions and non-target biodiversity. Organic farming com-
munities, therefore, argue that genome editing technologies may disrupt
natural evolutionary dynamics, although the extent of these impacts
remains uncertain (Mmbando and Ngongolo, 2024).

5.3. Upholding social justice

Gene editing raises significant social justice concerns, particularly
regarding equitable access to technology and its benefits across different
socioeconomic groups. Plant breeders’ rights, established under frame-
works like the UPOV Convention, aim to compensate breeders for their
innovations while still allowing farmers to legally cultivate protected
varieties (Anonymous, 2024; Louwaars and Jochemsen, 2021).
Although the purpose of plant breeders' rights was to equitably reward
innovation, ongoing discussions concerning patents, particularly in
relation to gene-edited crops, highlight issues of monopolization and
restricted access (Anonymous, 2025b).

Although patent dominance is lessened by European frameworks
such as sui generis systems and exemptions, ownership of breeding
techniques is still permitted (Euroseeds, 2023; Jiang, 2020). Indeed,
gene editing has resulted in a significant increase in the number of
patents in recent years. This trend has sparked concerns regarding
possible social costs stemming from the monopolization of intellectual
property, which may affect the profitability aspect of reaching sustain-
ability objectives (Feeney et al., 2021; Geissler et al., 2024). Current
intellectual property rules offer only partial solutions, frequently limited
by voluntary licensing and bureaucracy. Therefore, as a more open and
respectable substitute for ethical licensing, a government-run patenting
system was suggested (Scheinerman and Sherkow, 2021). Proposals to
remedy the situation include reforming the TRIPS Agreement, estab-
lishing a WTO ethics advisory board, and implementing a
government-led patent classification system. By taking these actions, the
global governance of gene-editing technologies is intended to be equi-
table, moral, and inclusive (Feeney et al., 2021).

5.4. Obligations of breeders and corporates for food crop genome editing

Beyond legal compliance, breeders and corporations engaged in
plant gene editing bear ethical responsibilities encompassing social
justice, environmental stewardship, and corporate accountability
(Venkataraman et al., 2025). Although corporate conduct is guided by
voluntary norms set by, The Organization for Economic Co-operation
and Development, Paris, France, discussions between enforceable obli-
gations and soft-law methods continue. Transparency in breeding
practices and labeling becomes especially important when gene editing
leaves little to no detectable traces in final products (WozZniak-Gientka
et al., 2022). Recent studies emphasize that without clear traceability,
consumer trust may be eroded (Spok et al., 2022).

Although breeders encounter challenges when operating in nations
with unclear gene-editing rules, organic and biodynamic farming ide-
ologies advocate moral integrity in breeding techniques. Given the
technical difficulty of detecting gene-edited traits, supply chain trans-
parency is essential. Tools like private labeling and certification can
safeguard consumer rights and encourage educated decision-making
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(Spok et al., 2022). Beyond risks, ethical considerations also include
moral duty and larger society values. Building public trust in biotech-
nology requires adherence to ethical frameworks rooted in sustainabil-
ity, fairness, and precaution, as well as inclusive, continuous
communication among stakeholders (Chhikara and Maurya, 2024).

5.5. Regulations pertaining to gene-editing

Gene editing in food crops can make it difficult to strike a balance
between safety and innovation when focusing on process-based versus
product-based regulation (Macnaghten and Habets, 2020). CRISPR/Cas
technology modifies DNA without introducing foreign genes, prompting
questions about the need to waive stringent biosafety regulations.
Regulatory approaches vary globally, creating a diverse landscape
where countries are categorized by their acceptance of transgene-free
edits. This global divergence is illustrated in Fig. 2. Several nations,
including the US, Canada (under novelty-based regulation), Brazil,
Australia, India, and Argentina, have determined that laws governing
GMOs will not apply to specific categories of plants developed from
genome editing methods (such as Site-Directed Nuclease (SDN) SDN-1
or SDN-2), provided they do not include foreign DNA (Entine et al.,
2021). In contrast, the European Court of Justice (ECJ) ruled in case
C-528/16 that plants/organisms/products created by mutagenesis are
subject to the GMO directive and regulated as genetically modified or-
ganisms (GMOs) because the process of mutagenesis modifies the or-
ganism’s genetic material in a way that does not occur naturally.
However, the ruling also clarifies that there is a distinction between
older mutagenesis techniques (which have a long safety record and may
be exempted) and newer mutagenesis methods (such as targeted genome
editing), which are not exempt and must comply fully with GMO
legislation (Court of Justice of the European Union, 2018).

In the United States, the regulatory framework has faced recent
instability. While the 2020 SECURE Rule initially exempted many gene-
edited crops, a federal district court vacated the rule in December 2024,
forcing the USDA-APHIS to revert to legacy regulations and “Am I
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Regulated?” inquiries to determine exemption status on a case-by-case
basis (Lewis-Burke Associates, LLC, 2025; Rostoum, 2025; USDA,
2024). In contrast, China has accelerated its process-based approval
system, granting safety certificates for gene-edited crops including two
soybeans, one wheat, one corn, and one rice, alongside 12 GM varieties
in 2024 and 2025 to enhance national food security (Rostoum, 2025).
Similarly, India’s Ministry of Environment, Forest, and Climate Change
solidified its exemption for SDN-1 and SDN-2 crops in 2022, leading to
the commercial release of gene-edited rice varieties in May 2025 (Press
Information Bureau, Delhi, 2025). In the European Union, a provisional
agreement reached in December 2025 aims to establish a dual-track
system: 'NGT-1' plants (equivalent to conventional breeding) will be
exempt from GMO rules, while 'NGT-2' plants will remain strictly
regulated. This marks a significant shift from the 2018 ECJ ruling that
classified all mutagenesis products as GMOs (Anonymous, 2025a;
Stokstad, 2024).

While some countries exempt gene-edited products from strict
oversight, others still require case-by-case risk assessments. Intellectual
property frameworks like the CRISPR patents owned by MIT and the
University of California, Berkeley, also impact ethical regulation
through controlled licensing (Guerrini et al., 2017). Trade and techno-
logical adoption are hindered by uneven international rules, particularly
in view of the EU's rigorous GMO legislation that applies to all
gene-edited crops (Anonymous, 2025a). A detailed comparison of these
evolving regulatory frameworks, including the specific status of SDN-1,
SDN-2, and SDN-3, as well as approved varieties across key countries, is
provided in Table 3.

5.6. Transgene-free genome editing with CRISPR/Cas RNP

Transgene-free genome editing represents a transformative
advancement in plant biotechnology that enables precise genome
modification without the permanent introduction of foreign DNA
(Ceasar and Ignacimuthu, 2023). In this approach, pre-assembled
CRISPR/Cas RNP complexes, consisting of purified Cas nuclease and
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Fig. 2. Global regulatory status of gene-edited crops as of May 2024. Countries shaded in dark green (e.g., Japan, Canada, Australia, Philippines, USA, etc.) generally
treat transgene-free gene-edited crops as conventional plants with no unique restrictions. Countries in light green (e.g., Argentina, Brazil, China, India, etc.) approve
on a case-by-case basis. Regions in yellow (e.g., Cuba, Norway, UK, Switzerland, etc.) have not set any norms yet, and the debate is still ongoing. Whereas countries in
grey color indicate that regulations remain unclear (e.g., Russia and several countries in Africa). Countries with red shade have strict norms (e.g., Mexico, New
Zealand, etc.). * and " indicate ‘Approved crops’, and research in the ‘Field and/or lab trials’ stage, respectively. (Note: The authors neither agree nor disagree with the
borders or the accuracy of the map, as the figure is directly sourced from the Genetic Literacy Project website. Source: Global Gene Editing Regulation Tracker, Genetic

Literacy Project (2024).
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synthetic guide RNA, are directly delivered into protoplasts or
embryogenic tissues through PEG-mediated uptake, electroporation, or
biolistic methods (Gu et al., 2021). Once inside the cell, the RNP tran-
siently performs site-specific cleavage and is subsequently degraded,
leaving behind only the desired genomic change (L. Yang et al., 2023).
This strategy minimizes off-target activity, avoids transgene integration,
and produces non-GMO edited plants, simplifying regulatory approval
and enhancing public acceptance. Compared to conventional Agro-
bacterium-mediated transformation, RNP-based editing offers faster
generation of edited lines, reduced somaclonal variation, and compati-
bility with elite genotypes that are difficult to transform (Ramakrishnan
et al., 2025). Moreover, DNA-free editing aligns with evolving global
biosafety frameworks that exempt non-transgenic edits from GMO
legislation (Zhang et al., 2020). Collectively, this technology bridges
precision breeding and regulatory compliance, enabling the rapid
development of disease-resistant crops suitable for sustainable
agriculture.

6. Limitations and prospects of gene editing

Owing to its precision, simplicity, and cost-effectiveness, the
CRISPR/Cas system has revolutionized genome engineering across
plants, animals, and microorganisms. While its application has advanced
rapidly in cereals, oilseeds, and fruit crops, comparable breakthroughs
in minor cereals such as millets remain limited (Ceasar, 2022; Jadhav
et al., 2024; Papade et al., 2025). We expect the use of this technology in
agriculture to continue growing. However, it is crucial to establish social
and ethical protection in a manner that considers public opinion. We
must promptly take proactive steps to address these issues and ensure
fair implementation across agriculture as research on CRISPR/Cas9
applications advances.

Moreover, it is crucial to consider the consequences of CRISPR/Cas9
that go beyond its effects on plants, microorganisms, pests, soil, in-
dividuals, etc. This innovative technology has implications for in-
teractions between plants or organisms and the environment,
highlighting the need for an assessment of its effects. While ethical and
social factors are important, there is also a need to address agricultural
issues. Applications of CRISPR/Cas9 go beyond the human realm,
prompting concerns about how it may affect ecosystems and biodiver-
sity. Crucial factors to consider in risk assessment are the purposeful
harm principle and the application of safety measures to reduce
ecological risks (Hirsch et al., 2019; Rodriguez, 2016). For example,
there are significant ecological concerns associated with the discharge of
genetically modified organisms (GMOs), whether under control or not.

The public's acceptance of GMOs created with CRISPR/Cas9 tech-
nology is still a hotly debated topic in agricultural settings. Regardless of
the technology employed, historical opposition to GMOs emphasizes
how critical it is to address public concerns (Carroll, 2017). Further-
more, safety concerns are raised by the challenge of identifying organ-
isms changed by CRISPR/Cas9 outside of laboratory conditions
(Shinwari et al., 2017). Furthermore, the challenge of identifying or-
ganisms altered by CRISPR/Cas9 outside of laboratory conditions raises
safety concerns. Before items changed with CRISPR/Cas9 are released
onto the market, regulatory organizations need to make clear and
thorough statements and explanations. This proactive strategy creates
strong protection to maintain public safety in addition to preventing
misinterpretation. To ethically negotiate the ethical, ecological, and
agricultural dimensions of technology, strict precautions and regulatory
frameworks must be put in place.

Given the potential influence on the general deployment of this
technology, the question of patenting in this field deserves careful
thought. Patents have a great deal of power and frequently determine
the course and availability of such groundbreaking innovations. Uni-
lateral patenting, however, may potentially make bioethical co-
nundrums worse and give rise to questions about access and justice.
Comprehensive legislation and regulations governing these partnerships
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must be drafted as soon as possible, with a focus on transparency and
public involvement. Given the complex issues and ethical nuances sur-
rounding technology, stakeholders from the scientific community, social
sciences, law, and government must be involved in creating a strong
framework for the responsible use of CRISPR/Cas9 (Cathomen et al.,
2019; Otieno, 2015; Shinwari et al., 2017). This collaborative endeavor
has the potential to pave the way for a persuasive long-term strategy that
advances science while predicting moral dilemmas and developing
solutions.

7. Conclusion

As the global population grows, the demand for sustainable agri-
culture increases. CRISPR/Cas gene editing offers a precise way to boost
disease resistance in key food crops, reducing reliance on chemicals and
supporting environmental health. This technology targets genes linked
to pathogen susceptibility, enhancing crop immunity and potentially
increasing yields. Despite the potential for global food security and
ecosystem stability, we must carefully manage ethical, regulatory, and
public perception issues. It holds significant potential to transform plant
breeding, making it more resilient and sustainable. By selectively tar-
geting susceptibility genes and enhancing host immunity, CRISPR/Cas
makes it possible to create cultivars that need fewer chemicals by
selectively targeting S genes and boosting host immunity. This helps
keep the environment clean and promotes ecological balance. Beyond
improving crop productivity, gene editing holds immense promises for
strengthening food and nutritional security, especially in regions reliant
on climate-sensitive crops. However, realizing this potential demand is
more than technological progress. Ethical considerations, transparent
regulatory frameworks, and equitable access must accompany scientific
innovation to ensure that its benefits are shared fairly across societies.
To build trust and clear up any misunderstandings about genome-edited
crops, there needs to be strong governance systems, good communica-
tion, and public involvement. In the future, combining CRISPR/Cas tools
with multi-omics methods, advanced phenotyping, and data-driven
breeding will speed up the creation of new crops that are both high-
yielding and environmentally friendly. Collaborative efforts among
scientists, policymakers, industry stakeholders, and local communities
can transform CRISPR/Cas from a laboratory innovation into a corner-
stone of global food security and climate-smart agriculture.
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