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ABSTRACT

CRISPR/Cas-based genome editing has emerged as a transformative tool for precise genetic improvement of cereal crops. Recent
advances in CRISPR technologies, including Cas9, Cas12, Casl3, base editing, and prime editing, have enabled targeted modifi-
cation of genes and regulatory elements controlling yield, stress tolerance, and grain nutritional quality in major cereals such as

rice, wheat, maize, and barley. This review summarizes current progress in CRISPR-mediated genome editing systems, delivery

strategies, and representative applications in cereal crop improvement. Emphasis is placed on how genome editing reprograms

enzymatic activities and biological pathways underlying complex agronomic traits rather than acting through single-gene ef-

fects. The review also discusses challenges related to trait complexity, regulatory considerations, and prospects for translating
genome-edited cereal crops from laboratory research to field-level application. Collectively, this review highlights the potential
of CRISPR/Cas genome editing as a powerful approach for developing high-yielding, resilient, and nutritionally improved cereal

Crops.

1 | Introduction

Cereals have been a staple food in our diet since the beginning
of agricultural practice, owing to their significant health ben-
efits, nutritional content, and production. Cereals are high in
complex carbohydrates, which supply us with a lot of energy.
Cereals are a good source of protein, lipids, fats, vitamins,
minerals, and fiber. Cereal crops are a fundamental source
of dietary energy for the global population and underpin food
and nutritional security worldwide. Staple cereals such as rice,

wheat, and maize collectively provide a substantial proportion
of daily caloric intake, particularly in low and middle-income
countries, and remain indispensable for meeting global food
demand. Recent global assessments highlight that these
three cereals alone dominate human calorie consumption
and agricultural production systems, making their sustained
productivity critical under conditions of population growth
and climate change (FAO et al. 2024; Lemenkova 2025).
Ensuring a stable supply of rice, wheat, and maize while si-
multaneously improving nutritional quality and resilience
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FIGURE1 | Overview of CRISPR/Cas-based genome editing strategies and their applications in major cereal crops, including rice, wheat, maize,
and barley, highlighting trait improvement targets such as yield, stress tolerance, and grain quality. (Figure created by the authors using BioRender.

com).

to climate-induced stresses presents a major challenge that
necessitates the adoption of innovative and precision-driven
crop breeding technologies.

Sequence-specific nuclease-based technology, CRISPR/Cas9
(Clustered Regularly Interspaced Short Palindromic Repeats/
CRISPR-associated protein 9) is a genome editing system de-
rived from the adaptive immune mechanism of bacteria and
archaea. The system comprises a Cas9 endonuclease guided
by a programmable single-guide RNA (sgRNA) that directs
sequence-specific recognition and cleavage of target DNA, en-
abling precise and efficient genetic modifications in eukaryotic
genomes. Given their relevance, genome editing techniques
have been widely used to improve cereal crops, allowing for the
development of new varieties with improved yield and quality:
Figure 1. The ability to make controlled alterations to the ge-
nome using certain nucleases is referred to as genome editing
which causes recombination by inducing double-strand breaks
(DSBs) is a breakthrough in plants. These techniques have en-
abled site-directed mutagenesis and gene replacement, which
will contribute to crop improvement and advancement in func-
tional genomics research. Over the past 3years, CRISPR/Cas-
based genome editing in cereal crops has shifted decisively from
early proof-of-concept mutagenesis toward pathway-informed
precision breeding. Recent studies emphasize multiplex genome

editing, regulatory-region engineering, and high-precision base
and prime editing to reprogram hormone signaling, carbon and
nitrogen metabolism, stress perception, and immune responses
in cereals, demonstrating the transition of CRISPR/Cas systems
from experimental tools to field-relevant breeding technologies
(Zaidi et al. 2020; Kang et al. 2025; Vats et al. 2024).

Genome editing techniques, when combined with other current
breeding strategies, availability of open-source data of genes,
and single nucleotide polymorphisms (SNPs) involved in im-
portant cereal traits can result in long-term yield gains. It is now
feasible to quantify gene expression and, using new approaches,
to create knockout plants for various genes, allowing research-
ers to better understand the roles and functions of genes as well
as their consequences in changing environments (Li et al. 2017).

The advent of CRISPR/Cas-based genome editing has enabled
efficient, programmable, and highly specific modification
of endogenous genes in cereal crops (Zhang, Li, et al. 2018).
Early demonstrations of CRISPR/Cas9-mediated targeted mu-
tagenesis in rice, maize, and wheat established its superiority
over previous gene targeting approaches by enabling precise
knockout and regulatory-region editing at substantially higher
efficiencies. More recent developments, including CRISPR-
mediated base editing and prime editing, have further expanded
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functional genomics capabilities by allowing predictable nu-
cleotide substitutions and precise sequence insertions without
inducing double-strand breaks. In parallel, CRISPR-based epig-
enome editing platforms have enabled targeted modulation of
DNA methylation and chromatin states, providing direct and
mechanistically relevant tools for studying gene regulation and
complex trait control in cereals.

The genome editing technology has also been used to knock out
disease susceptible genes and hence can generate resistant cul-
tivars. All of these approaches have been used to change spe-
cific genes/loci in many cereal crops since ZFNs, TALENSs, and
CRISPR/Cas have progressed. Various investigations targeting
different genes in maize, rice, wheat, and barley were carried
out and enhanced GT trials. Because of its acceptance, cost-
effectiveness, reduced time required, and better and specific tar-
geting, the CRISPR/Cas9 technology has been successfully used
in important crops, particularly grain crops. The significant ad-
vancements in genome editing tools are projected to eliminate
the defects and concerns associated with transgenic technology
and supplant the transgenic development technique, at least for
the time being. Earlier programmable nucleases such as ZFNs
and TALENS laid the groundwork for targeted genome modifi-
cation in plants, but the advent of CRISPR/Cas systems dramat-
ically improved scalability, efficiency, and applicability in cereal
crop improvement.

The current chapter focuses on recent advances in genome
editing techniques that could lead to the development of new
cereal crop types with increased yield, stress tolerance, and
nutritional quality. We provide a summary of current com-
plete breakthroughs in the CRISPR/Cas9 system, interesting
applications, and crop enhancements in this chapter. The
various genome editing technologies are discussed, with a
focus on cereal model species applications. Recent advances
in genome editing technology have displaced the limitations
of traditional breeding tactics, ushering in a new era of crop
improvement.

While early applications of genome editing focused on vali-
dating gene function, recent advances in CRISPR/Cas9 tech-
nology have shifted toward improving complex agronomic
traits in cereal crops. Yield, stress tolerance, and grain qual-
ity are polygenic traits regulated by interconnected genetic
and physiological networks. Consequently, effective crop
improvement requires coordinated modification of multiple
genes, regulatory elements, and signaling pathways rather
than single-gene interventions. This review therefore focuses
on CRISPR-mediated trait improvement in cereals, emphasiz-
ing yield stability, abiotic and biotic stress amelioration, and
nutritional enhancement, rather than detailed descriptions of
genome editing tools.

Grain yield is a systems-level trait resulting from coordinated
regulation of carbon assimilation, hormone homeostasis, nitro-
gen metabolism, and stress-responsive pathways. Consequently,
alteration of a single gene does not directly improve yield un-
less it induces measurable changes in host metabolism and
enzymatic fluxes. Genome editing therefore contributes to
yield improvement only when targeted gene modifications re-
program key metabolic steps or regulatory nodes within these

interconnected pathways. This review adopts this metabolic
perspective to analyze how specific CRISPR-induced gene edits
influence defined biochemical processes that collectively deter-
mine yield in cereal crops.

Given the inherent complexity of agronomic traits and the lim-
itations of single-gene explanations, this review deliberately
focuses on a limited number of traits in cereal crops that are
well characterized at the biochemical and physiological levels.
Specifically, grain yield architecture, drought tolerance, grain
quality (starch metabolism), and biotic stress resistance are
discussed in depth to illustrate how CRISPR/Cas-mediated ge-
nome editing reprograms enzymatic activities and metabolic
pathways underlying these traits. Other reported applications
are summarized more concisely to maintain analytical depth
and coherence.

Although genome editing has also been explored in other crop
groups, this review specifically focuses on cereal crops to pro-
vide a coherent and in-depth analysis of CRISPR/Cas applica-
tions in these globally important species.

2 | Harnessing Plant DNA Repair Pathways for
Precision Genome Editing

The CRISPR/Cas protein endonuclease is derived from a va-
riety of bacterial species, including Staphylococcus aureus,
Streptococcus thermophilus, and Francisella novocida, with
Streptococcus pyogenes being the predominant source. The
SpCRISPR/Cas9 system primarily identifies protospacer adja-
cent motif (PAM) (5'-NGG-3") and cleaves target DNA just three
to four bases upstream of PAM sequences to generate blunt-end
double-strand breaks (DSBs). Following cleavage, the repair
of the DSB is carried out by endogenous cellular mechanisms,
leading to different editing outcomes (Figure 2). The non-
homologous end joining (NHEJ) pathway often introduces small
insertions or deletions (InDels), resulting in gene disruption or
knockout, commonly referred to as Site-Directed Nuclease 1
(SDN1). Alternatively, the homology-directed repair (HDR)
pathway utilizes an exogenous donor DNA template to gener-
ate precise modifications. Depending on the design of the donor
template, HDR can produce small, targeted nucleotide substitu-
tions (SDN2) or facilitate the insertion or replacement of larger
DNA fragments (SDN3). Together, these repair pathways form
the basis of CRISPR/Cas9 applications in functional genomics
and crop improvement, enabling both loss-of-function muta-
tions and precise trait modifications in cereal crops. Throughout
this review, CRISPR/Cas-based applications are discussed in
the context of this SDN framework to distinguish gene knock-
outs (SDN-1), precise nucleotide substitutions (SDN-2), and
targeted sequence insertions or replacements (SDN-3), particu-
larly with respect to trait modification strategies and regulatory
implications.

2.1 | CRISPR/Cas9
The CRISPR/Cas9 system was developed to overcome the lim-

itations of ZFNs and TALENSs and has carved out its own niche
in molecular biology. The CRISPR/Cas9 system, which consists
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FIGURE 2 | CRISPR/Cas9 mediated genome editing mechanism and the subsequent DNA repair pathways. Cas9 nuclease guided by sgRNA in-

troduces a double-stranded break (DSB) at the target site adjacent to a PAM sequence. Repair occurs via (i) non-homologous end joining (NHEJ), gen-
erating insertions/deletions (SDN1), or (ii) homology-directed repair (HDR) using donor DNA templates. HDR enables either precise small sequence
changes (SDN2) or larger gene insertions/replacements (SDN3). SDN, site-directed nuclease (Figure created by the authors using BioRender.com).

of an array of CRISPR repeat-spacers and Cas proteins that pro-
vide phage resistance to bacteria, has been cleverly adapted for
genome editing applications. CRISPR/Cas systems are broadly
classified into Class I and Class II based on the composition of
their effector complexes. Class I systems employ multi-subunit
protein complexes to mediate target recognition and cleavage,
whereas Class II CRISPR systems utilize a single, multidomain
Cas effector protein (such as Cas9, Casl2, or Casl3) that asso-
ciates with a guide RNA complex—either a crRNA-tracrRNA
duplex or an engineered single-guide RNA (sgRNA)—to achieve
target recognition and cleavage.

Inducing sequence alterations, such as knock-ins, knock-outs, ex-
change, genetic screening, imaging, etc., has been demonstrated
to be a more versatile application of the class II system over time.
Within class IT, the CRISPR/Cas9 system has been utilized in a va-
riety of plant species, ranging from model to crop plants, for the ef-
fective introduction of traits such as disease resistance (Oliva et al.
2019), nutrition, and climate-resilience. The CRISPR/Cas9 frame-
work includes Pol III promoters such as U3 or U6, a non-repetitive
20-bp region (guide RNA), and the Cas9 nuclease. The Cas9 pro-
teins, which are the single protein effectors of type II CRISPRs,
identify a PAM sequence and cleave three to four bases upstream
of PAM, resulting in double-stranded breaks (DSBs) and mutations
and deletions at predetermined sites in the target genomes. Table 1
lists the genes edited in wheat crop using CRISPR technology,
highlighting their roles in trait improvement.

Engineered Cas9 variants with relaxed PAM requirements have
expanded editable genomic space in cereals, facilitating allele
and regulatory-region engineering for complex trait modifica-
tion. Table 2 summarizes recent CRISPR/Cas variants and their
applications in major crop species.

2.2 | Casl2

Casl2a (formerly designated as Cpfl) is a single RNA-guided
endonuclease system that belongs to the class I Cas system
and type V-A subgroup. Casl2a endonuclease does not require
any trans-activating CRISPR-RNA (tracrRNA) and makes
use of its own guideRNAs, resulting in enhanced editing
capability.

Cas9 identifies the NGG PAM and generates blunt-end DNA
breaks upstream of the PAM site, whereas the Casl2a sys-
tem recognizes the TTTV PAM and generates staggered DNA
breaks downstream of the PAM site. Casl2a is superior to
Cas9 in its ability to modify AT-rich areas, and it cleaves the
target DNA 18-23 nt downstream of the PAM without affect-
ing the PAM region. During NHEJ repair, the unaffected or
maintained PAM site might execute recurrent editing activity
for the same gene target, hence enhancing its on-target editing
efficiency (Alok et al. 2020). Despite the fact that Cas12a has
emerged as a suitable candidate for genome editing applica-
tions in plant and animal systems, it has certain drawbacks
due to the shorter size of its crRNAs (42-44nt) as compared to
Cas9 (140nt), which can lead to the formation of undesirable
secondary structures and a decrease in efficiency (Malzahn
et al. 2019). Presently, three Casl2a variants, including
AsCasl2a, FnCasl2a, and LbCas12a, have been demonstrated
in a variety of plants, including those with varying efficien-
cies. Recent optimization of Casl2a orthologs and engineered
variants has significantly improved editing efficiency, tem-
perature tolerance, and multiplexing capacity in cereal crops,
positioning Casl2a as a complementary system to Cas9 for
AT-rich genomic regions (Zhang, Zhang, et al. 2021; Zhang,
Wang, and Li 2021; Zhang, Malzahn, et al. 2021).
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2.3 | Casl3

Casl3 systems enable programmable RNA targeting and have
been explored primarily for virus resistance and transcript-level
regulation in plants. While promising for functional studies,
Casl3 applications remain largely experimental in cereals and
are not yet widely deployed for stable agronomic trait improve-
ment. To date, a wide range of rice genes have been successfully
edited using CRISPR-based technologies for diverse agronomic
traits such as yield, stress tolerance, grain quality, plant architec-
ture, and flowering time. A summary of representative studies is
provided in Table 3.

2.4 | Base Editing

Recent advances in plant base editing have enabled highly effi-
cient and predictable nucleotide substitutions in cereal genomes,
allowing precise modulation of enzyme activity and regulatory
motifs without inducing double-strand breaks. Improved cytosine
and adenine base editors, including evolved deaminases and opti-
mized Cas variants, have expanded the scope of trait engineering
in rice, wheat, and barley. These developments support pathway-
level trait improvement by fine-tuning enzymatic function, stress
signaling, and metabolic fluxes rather than relying on gene knock-
outs alone (Mishra et al. 2020; Vats et al. 2024).

RNA base editing system consists of REPAIR (RNA editing for
programmable A to I (G) replacement) and RESCUE (RNA edit-
ing for specific C-to-U exchange). RNA base editors (RBE) have
recently arisen and been modified to convert A to I in RNA mol-
ecules (Abudayyeh et al. 2016; Cox et al. 2017).

Adding the base-edit repair inhibitor, a glycosylase inhibitor, to
the fusion protein and altering the Cas proteins improves editing
efficiency or specificity, or both, by incorporating the base-edit
repair inhibitor. Base editing has several advantages over exist-
ing CRISPR/Cas technologies and has been successfully applied
to plant genomes including those of rice, wheat, maize, potato,
watermelon, cotton, tomato, and Arabidopsis (Chen et al. 2017;
Hess et al. 2017; Yang et al. 2017; Zong et al. 2018; Tian et al. 2018;
Monsur et al. 2020; Shimatani et al. 2017; Li et al. 2018). Base edi-
tors can also disrupt genes in plants by introducing premature stop
codons or triggering transcript mis-splicing (Veillet et al. 2019).

Recent advancements have expanded CRISPR-mediated
editing in barley, where several target genes have been ma-
nipulated to improve agronomic traits such as nutrient use
efficiency, seed dormancy, and vitamin E composition.
Representative examples of CRISPR applications in barley are
summarized in Table 4, which highlights the target genes,
delivery methods, editing efficiencies, and heritability of in-
duced mutations.

Being relatively new, base editing tools require additional re-
search to allow the introduction of transversion mutations,
while further improving precision, accuracy, and accessibility.
With the integration of appropriate Cas variants, CBE and ABE
platforms hold great promise for expanding crop improvement
strategies in barley and beyond, while minimizing off-target ef-
fects (Mishra et al. 2020).
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TABLE 3 | CRISPR/Cas based trait improvements in rice.

Target gene(s) Trait improved Editing strategy Key outcome References
OsSAP Drought tolerance SDN-1 knockout Improved survival Park et al. (2022)
and yield stability
under drought
GW2 Grain weight & nutrient SDN-1 knockout Increased grain Achary and Reddy (2021)
accumulation weight and
mineral content
OsALS (base Herbicide tolerance SDN-2 base editing Precise amino Kuang et al. (2020)
edited) acid substitution
conferring
resistance
OsERA1 Drought tolerance SDN-1 knockout Enhanced ABA Ogata et al. (2020)
sensitivity and
water-use efficiency
OsSWEETI14 Bacterial blight resistance ~ SDN-1 promoter editing Durable resistance Ponnurangan et al. (2026)
(promoter) without yield
penalty
OsNramp5 Low cadmium SDN-1 knockout Reduced Cd Tang et al. (2022)
accumulation in grains with
stable yield
OsWaxy (GBSS) Grain quality (amylose) SDN-1 knockout Improved cooking Mahmuda et al. (2021)

Multiplex stress Stress resilience

regulators

Multiplex SDN-1

quality and starch
composition

Coordinated stress Riaz et al. (2025)
tolerance with

minimal trade-offs

2.5 | Prime Editing

Several genome editing approaches remain constrained in their
ability to introduce precise nucleotide substitutions or small se-
quence modifications at predefined genomic loci. Prime editing
overcomes these limitations by enabling programmable “search
and replace” genome modification without inducing double-strand
breaks or requiring donor DNA templates. The prime editing sys-
tem comprises three key components: (i) a prime editing guide
RNA (pegRNA) that specifies both the target site and the desired
edit, (ii) a Cas9 nickase that introduces a single-strand DNA nick,
and (iii) a reverse transcriptase that copies the edited sequence di-
rectly into the target locus (Figure 3). Together, these components
enable the installation of customizable point mutations and short
insertions or deletions with reduced off-target activity.

Recent advances in plant optimized prime editor architec-
tures including improved pegRNA design, enhanced reverse
transcriptase activity, and optimized expression systems have
substantially improved editing efficiency and reproducibility
in monocot crops. Although prime editing is generally less ef-
ficient than base editing for generating transition mutations,
it uniquely enables transversion substitutions and complex
nucleotide changes that are inaccessible to cytosine and ade-
nine base editors. As a result, prime editing has emerged as a
complementary precision tool for cereal genome engineering,
particularly for allele replacement and regulatory fine tuning

relevant to trait improvement, rather than as a high through-
put mutagenesis platform (Vats et al. 2024).

3 | Delivery Aspect of Genome Editing
Components

For the development of novel features in crops without efficient
transformation mechanisms, the delivery of genome-editing
components continues to present obstacles. With the develop-
ing field of CRISPR and its related technologies, distribution
techniques must also evolve. The delivery of genome editing
components into plant cells has primarily been restricted to
Agrobacterium or bombardment. In addition, numerous delivery
techniques, including virus-mediated, RNP-based, meristem
induction, lipofection- and PEG-mediated protoplasts, are rou-
tinely employed in plant genome editing applications. However,
delivery efficiency remains highly reliant on a number of vari-
ables, including explant type, Agrobacterium strain, genotype,
cassette size, and media variables.

Agrobacterium-mediated transformation, using either a sin-
gle binary vector or multiple binary vectors introduced into
Agrobacterium, has been widely employed to deliver single or
multigene expression cassettes into plant genomes. This trans-
formation system is economical, technically straightforward,
and broadly accessible across plant biotechnology laboratories.
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Importantly, Agrobacterium tumefaciens mediates the stable
integration of transfer DNA (T-DNA), rather than the entire Ti
plasmid, into the plant nuclear genome, enabling the generation
of transgenic and genome-edited plants.

Despite these advantages, Agrobacterium-mediated delivery
has several limitations, including constraints on host range and
transformation efficiency in certain cereal genotypes, limited
capacity for precise control over transgene copy number and
insertion sites, and reduced flexibility for delivering preassem-
bled ribonucleoprotein complexes or large DNA constructs.
Additionally, simultaneous and independent delivery of multi-
ple editing reagents using separate binary vectors can be tech-
nically challenging. To overcome these limitations, alternative
direct gene delivery approaches such as particle bombardment
(biolistics), protoplast transfection, and emerging nanoparticle-
and peptide-assisted delivery systems are increasingly being de-
veloped and utilized for plant genome editing applications.

CRISPR/Cas reagents delivered as in vitro transcripts or ribonuc-
leoproteins have enabled DNA-free genome editing ribonucleopro-
teins (RNPs). However, this approach can generate several copies
of the same gene, resulting in undesired expression changes. The
biolistic delivery approach uses DNA-coated microprojectiles to
transfect cells. In contrast, polyethylene glycol (PEG) is used in
protoplast transfection to transfer genome editing components
into the protoplast following digestion of the cell wall. Using pro-
toplast transfection, ZFNs, TALENs, and CRISPR have been ef-
fectively applied for gene knockout investigations in many plant
species. The fundamental drawback of this approach is its inabil-
ity to change all plant species, particularly monocots. The indirect
and direct methods of distribution have been widely and effectively

utilized in a variety of crops. However, they are limited in terms of
crop application, precision, and duration. Therefore, fresh meth-
ods must be developed to achieve application on a larger range of
crops in the shortest possible time.

Recent technologies, like nanoparticles (NPs) as delivery vehi-
cles, have gained momentum since they may be tailored to the
target tissue and organism. Cas9 RNPs, which include nega-
tively charged gRNA molecules, create an instantaneous com-
bination with cationic lipids. Recently, nucleic acids have been
utilized as polymeric delivery substrates for Cas9 RNP. However,
additional modification of the polymeric coating is required
to prevent breakdown by biological pathways and enzymes.
Alternatives to encapsulation include protein and nucleic acid
modification. Cell-Penetrating Peptides (CPPs) are short peptide
sequences that can easily pass through the cell membrane. They
can be coupled with Cas9 protein and gRNA to increase deliv-
ery efficiency. However, these peptides do not protect the protein
within the cell from protease breakdown and can be combined
with other delivery techniques. In addition, nuclear localization
sequences (NLSs), which are sequences generated in the cyto-
plasm for labelling and transporting proteins into the nucleus,
are being investigated. They are composed of poly-arginine/ly-
sine and function as signal molecules coupled to transport pro-
teins in the nucleus. As Cas9 must be delivered into the nucleus,
NLSs are effective delivery agents that can be synthesized into
proteins or encoded into the Cas9 construct. While the majority
of these techniques are still widely used, they have deficiencies
that render them inappropriate for effective editing.

Using procedures based on tissue culture, plants must re-
generate from altered cells/explants. Consequently, such
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operations are extremely time-consuming. Also, transforma-
tion techniques are genotype-dependent, and viable protocols
for resistant crop species have not been created. Consequently,
a new methodology has been developed that eliminates the
requirement for standard tissue culture procedures and in
planta methods such as floral dipping (Ji et al. 2020). Using
genome-editing machinery, gene-edited somatic cells are re-
programmed into meristematic cells via expressions of devel-
opmental regulator (DR) genes, such as WUSCHEL2 (Wus2)
and BABY BOOM. In Arabidopsis, the ectopic expression of
DRs such as Wus2, SHOOT MERISTEMLESS (STM), and
MONOPTEROS (MP) stimulates the formation of meristem-
like structures. In addition, the co-expression of Wus/STM
and CRISPR/Cas9 cassette in Nicotiana benthamiana was
used to target the phytoene desaturase (PDS) gene. Later, the
meristems develop into shoots. (Maher et al. 2020).

The mutation frequency of these PDS mutant plants was
comparable to that of Agrobacterium-transformed plants, ac-
cording to a comparison study. For the induction of the root
system, the shoot-induced genome-edited plants were trans-
planted straight into the soil or a rooting medium, where
they eventually developed into full plants. In a separate in-
vestigation, CRISPR/Cas9 expressing soil-grown plants were
injected with Agrobacterium cultures containing the appro-
priate DR and sgRNA at the areas where meristems had been
excised. The in-planta transformation procedure successfully
produced abundant shoot development. Co-expression of DRs
and the CRISPR/Cas9 system resulted in the modification of
developmental phases of altered somatic cells, stimulation
of meristem development, and their growth in fertile plants.
This technique obviated the necessity for tissue culture pro-
cesses in order to get genome-edited plants. Exclusion of tissue
culture-based genome editing decreases expense, labour, and
increases productivity. De novo meristem induction-mediated
genome editing is an emerging field of study. Moreover, ab-
errant growth has been seen as a result of the constitutive
expression of DRs. This can be circumvented through the in-
ducible expression of DRs. While de novo shoot meristem in-
duction has been utilized in grape, potato, and tomato crops,
its applicability in plants with heritable mutations has not yet
been investigated. This technique's applicability must also be
extended to main food crops (Chennakesavulu et al. 2021; Ji
et al. 2020).

Expansion of in planta transformation in genome editing tech-
niques such as base editing would also aid in crop breeding's
realization of its full potential (Ji et al. 2020). As a tissue-culture-
free technique, the infection of meristematic tissues with a virus
expressing SpCas9 protein has also been accomplished. Tobacco
rattle virus (TRV) was employed for this purpose; the gRNA
was fused with Arabidopsis Flowering Locus T (FT) mRNA in
tobacco, and the resultant edited plant exhibited mutations in
65%-100% of its offspring. Further, TRV was not detected in the
offspring, so protecting them from any external effects of the
virus. This in planta gene-editing approach induced minor al-
terations in a gene with great success, indicating its immense
potential. As TRV was solely optimized for tobacco, it demon-
strated significant deficiencies, such as the determination of
species-specific efficient viral vectors. Additionally, the mobility
of gRNA fused with Arabidopsis FT should be tested in different

plants, as the editing efficiency is dependent on translocation
ability.

3.1 | Improving Transformation Efficiency Across
Species and Genotype

Although genome editing has emerged as a transformative ap-
proach for improving essential food crops, substantial practical
barriers continue to limit its widespread application. Unlike
animal genome editing, plant genome editing requires efficient
delivery of editing reagents into plant cells, reliable selection of
edited events, and regeneration of complete, fertile plants carry-
ing heritable modifications. Despite major advances in CRISPR/
Cas technologies, transformation and regeneration efficiencies
remain highly genotype and species dependent for many crops,
particularly cereals, and thus represent a critical bottleneck
for translating genome editing into breeding pipelines (Maher
et al. 2020; Gao and Zhao 2021).

Recent studies have demonstrated that transient expression of de-
velopmental regulator (DR) genes, such as BABY BOOM (BBM)
and WUSCHEL2 (WUS2), in combination with optimized phy-
tohormone regimes, can significantly enhance plant transforma-
tion efficiency. Expression of these regulators reprograms somatic
cells toward meristematic competence, enabling de novo shoot
formation and regeneration of edited plants without prolonged tis-
sue culture steps (Maher et al. 2020; Lowe et al. 2016). While this
strategy has shown promise in selected crop species, its broader
applicability across diverse cereal genotypes remains limited, and
further refinement is required to ensure developmental stability,
heritable transmission of edits, and compatibility with advanced
genome editing modalities such as base and prime editing.

Overall, transformation efficiency remains the principal con-
straint in applying genome editing for crop improvement.
Although transient transformation systems are sufficient for
functional genomics studies, stable transformation enabling
precise, single copy integration and consistent regeneration is
essential for breeding-oriented applications. Continued innova-
tion in genotype-independent transformation and regeneration
technologies will therefore be crucial for accelerating the adop-
tion of CRISPR-based precision breeding in agriculture (Zaidi
et al. 2016; Cardi et al. 2023).

4 | Precise Genome Editing in Cereals Using
CRISPR/Cas9 Approach

Precise genome editing in cereals using the CRISPR/Cas9 sys-
tem has rapidly advanced, providing opportunities for targeted
trait improvement beyond the limits of conventional breeding.
In rice, wheat, barley, and maize, CRISPR/Cas9 has been em-
ployed to enhance yield-related traits, improve grain quality,
and confer tolerance to both biotic and abiotic stresses. Several
studies have also demonstrated the generation of transgene-
free edited lines, which enhance prospects for biosafety and
commercialization.

Recent advances in CRISPR-based genome editing have shifted
cereal improvement from single-gene mutagenesis toward
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pathway-informed precision breeding, integrating multiplex ed-
iting, regulatory region engineering, and high-resolution base
and prime editing approaches to modulate complex agronomic
traits (Zaidi et al. 2016; Cardi et al. 2023; Vats et al. 2024). The
following table (2-4) summarizes the major achievements of ge-
nome editing in key cereal crops, highlighting the specific genes
edited, targeted traits, and outcomes reported.

4.1 | Grain Yield Architecture and Source Sink
Regulation

Genes targeted for yield improvement through CRISPR/Cas9
generally encode enzymes or regulators that control key meta-
bolic nodes rather than yield itself. Yield gains occur only when
such edits shift carbon flux, hormone turnover, or assimilate
partitioning in favor of reproductive growth. Therefore, the fol-
lowing examples are discussed in terms of their metabolic con-
sequences rather than as single-gene yield determinants.

At the metabolic level, CRISPR-mediated yield improvement is
primarily achieved through reprogramming hormone-regulated
enzymatic processes that govern meristem activity and assim-
ilate allocation. For instance, editing of cytokinin oxidase/
dehydrogenase (CKX) genes reduces cytokinin degradation, in-
creasing active cytokinin pools in inflorescence meristems. This
enzymatic shift enhances cell division rates and prolongs mer-
istem activity, resulting in increased grain number. Similarly,
targeted modification of gibberellin biosynthesis genes such as
GAZ20-oxidases alters the flux through the gibberellin pathway,
reducing excessive stem elongation and redirecting carbon re-
sources toward reproductive tissues. These hormone-mediated
metabolic adjustments collectively improve source-sink balance
and grain yield potential.

Grain yield in cereals is a complex quantitative trait influenced
by multiple genetic components, regulatory networks, and envi-
ronmental interactions, making it an ideal target for multiplex
and regulatory-region genome editing rather than single-gene
modification. Also, these techniques greatly assisted breeders in
detecting allelic variations for crop improvement. However, with
the complexity of the trait governed by multiple genes and reg-
ulatory networks, there is a demanding rapid way to elucidate
gene functions and trait improvement. An important agronomic
trait is known to be firmly controlled by negative regulators.
Negative regulators encoding gene(s) can be knocked out or ex-
pression can be down regulated by modifying the upstream pro-
moter region (Zhang, Zhang, et al. 2021). Using CRISPR/Cas9,
simultaneous knockout of multiple negative regulators such as
grain width 2 (GW2), grain width 5 (GW5), and thousand-grain
weight 6 (TGW6) significantly increased grain yield in rice (typ-
ically achieved through SDN-1 editing) (Zhang, Massel, et al.
2018). Recent multiplex CRISPR/Cas9 studies demonstrate that
coordinated editing of negative regulators controlling grain size,
meristem activity, and hormone turnover can enhance yield by
reprogramming source-sink relationships rather than acting
through single gene effects. Editing cytokinin degradation path-
ways, grain-size regulators, and regulatory regions controlling
meristem determinacy has resulted in measurable increases in
grain number and yield across cereal species (Liu et al. 2021;
Sourdille et al. 2025).

Gene controlling panicle length (OsPIN5b) was targeted in rice
using the CRISPR. The CRISPR mutant rice lines exhibited
better yield. Two other stress-related genes were targeted along
with OsPIN5b simultaneously. This study proved the application
of CRISPR/Cas9 in editing multiple genes controlling different
traits in plants. Knocking out undesirable regulatory genes and
factors can improve the overall plant architecture which can in-
crease the cereal yield significantly (Ahmad et al. 2021).

The CRISPR/Cas9 modification of OsLOGL5 increases root
growth, a number of tillers, and yield of rice. Cytokinin hor-
monal regulator protein OsLOGLS5 is important for yield in-
crease in rice. CRISPR/Cas9 editing of OsLOGLS5 increased
root growth, tiller number, and grain yield in rice by enhanc-
ing cytokinin-mediated meristem activity (Wang et al. 2016).
In addition to grain quality, size, and plant architecture, im-
provement of photosynthesis based on CRISPR/Cas9 editing
holds promises in yield enhancement in cereal crops. CRISPR/
Cas9 can be useful in manipulating the expression of the gene
encoding negative regulators of photosynthesis. It was reported
that knocking out NRP1, a negative regulator and used to knock
out transcription factor (TF), NEGATIVE REGULATOR OF
PHOTOSYNTHSIS 1 (NRP1), increases photosynthesis and
biomass production in edited rice plants (Chen et al. 2021). As
photosynthesis determines crop yield and growth, manipulating
related genes holds promises of desired changes. Ribilose-1,5-
biphospate carboxylase/oxygenase (Rubisco) is considered the
preferred and a prime target for modulating photosynthetic ef-
ficiency in plants. CRISPR-Cas9 mediated knock-out of RbcS
(Rubisco small subunit) was performed in C3 rice (Matsumura
et al. 2020). Subsequently, the replacement of rice RbcS with
sorghum (C4) RbcS increased the photosynthetic efficiency.
CRISPR/Cas9 edited rice plants also showed increased crop
productivity under high CO, conditions when compared to wild
type rice plants (Matsumura et al. 2020).

On the other hand, in cis-regulatory regions, promoter editing
is proved to be a promising way to modify yield-related traits
in cereal crops. CRISPR is a perfect tool for altering promoter
regions, to fine-tune gene expression, so as to understanding the
factors such as seed dormancy, grain number and seed dispersal,
which are responsible of for the developmental shifts in major
cereal crops. Genes encoding WD40, KRN2, and OsKRN2 were
edited in maize and rice, resulting in increased grain number
and kernel row number, with reported yield gains of up to 10% in
maize and 8% in rice (Wenkang et al. 2022). This study adopted
the CRISPR knock-out technique to create variations within the
non-coding upstream region of KRN2 (kernel row number2)
genes. Negative regulators like KRN2 which are known to con-
trol grain number and panicle branching are a potential target
for crop improvement (Wenkang et al. 2022). In Maize, promoter
regions of CLR genes are associated with CLAVATA-WUSCHEL
pathway. Weak alleles were created by using CRISPR/Cas9 in
maize to increase the yield-related traits (Liu et al. 2021).

4.2 | Drought Tolerance as a Yield-Stabilizing Trait
Drought tolerance is not a yield-enhancing trait per se but a crit-

ical yield-stabilizing attribute that preserves productivity under
water-limited conditions. In cereal crops, drought primarily
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reduces yield by disrupting photosynthesis, impairing carbon
assimilation, accelerating senescence, and limiting assimilate
transport to developing grains. CRISPR/Cas-mediated genome
editing has enabled precise modification of key regulatory nodes
within drought-responsive metabolic and signaling pathways,
thereby mitigating these negative effects and stabilizing yield
across environments.

At the enzymatic and metabolic levels, many CRISPR-based
drought tolerance strategies target the abscisic acid (ABA) signal-
ing pathway, which integrates water stress perception with down-
stream physiological responses. Editing of ABA receptor genes
belonging to the PYR/PYL family alters the interaction between
ABA, protein phosphatase 2C (PP2C), and SNF1-related protein
kinases (SnRK2s). These modifications fine-tune stomatal aper-
ture regulation, reducing transpirational water loss while main-
taining sufficient CO, influx for photosynthesis. Concurrently,
downstream activation of antioxidant enzymes and osmopro-
tectant biosynthesis pathways reduces oxidative damage under
drought stress, preserving cellular metabolic integrity.

CRISPR-mediated modification of drought-responsive tran-
scription factors and negative regulators further contributes to
yield stability by maintaining carbon fixation and assimilate
flow during stress episodes. For example, editing genes that
repress stress-responsive metabolic pathways enhances the ex-
pression of enzymes involved in osmotic adjustment, reactive
oxygen species scavenging, and cellular energy balance. These
changes sustain photosynthetic efficiency and delay stress-
induced senescence, ensuring continued carbohydrate availabil-
ity for grain filling.

Importantly, drought tolerance edits indirectly support yield
by stabilizing source-sink relationships rather than increasing
yield potential under optimal conditions. By preserving photo-
synthetic activity, maintaining leaf function, and sustaining as-
similate transport to reproductive tissues, CRISPR-engineered
drought-tolerant lines exhibit reduced yield penalties under
water scarcity. These outcomes highlight that effective drought
tolerance arises from coordinated reprogramming of signaling
networks and metabolic pathways rather than from single-gene
effects.

Overall, CRISPR/Cas-based genome editing offers a powerful
approach to enhance drought resilience in cereals by targeting
regulatory and enzymatic components of stress perception and
metabolic adaptation. Such pathway-level interventions are es-
sential for maintaining yield stability in the face of increasing
climatic variability and are most effective when integrated with
complementary edits in yield architecture and carbon metabo-
lism pathways. Recent pathway-level genome editing studies
further confirm that drought tolerance functions primarily
as a yield-stabilizing trait rather than increasing yield poten-
tial under optimal conditions (Li, Lin, and Zhang 2022; Lola
et al. 2023).

4.3 | Nutrition Fortification

Grain quality traits modified through CRISPR/Cas9 are directly
linked to enzymatic steps in starch biosynthesis and carbon

partitioning during grain filling. Targeted editing of starch
branching enzymes (SBEI and SBEIIb) alters the degree of am-
ylopectin branching, shifting carbon flux toward increased am-
ylose and resistant starch formation (representing SDN-2-type
modifications). Similarly, modification of granule-bound starch
synthase (GBSS/Waxy) genes affects glucan elongation dynam-
ics, influencing starch structure, grain density, and end-use
quality. These enzymatic modifications not only enhance nutri-
tional value but also impact grain weight and filling efficiency,
demonstrating the interconnected nature of quality and yield
traits.

Improving food quality traits such as nutritive value and storage
quality can be effectively targeted using CRISPR/Cas9 mediated
genome editing. Targeted modification of starch biosynthetic
genes, including Waxy and starch branching enzymes, has
enabled the development of cereal lines with altered amylose
composition and enhanced resistant starch content (Sun et al.
2017). Recent multiplex CRISPR/Cas9 editing of starch branch-
ing enzyme genes in rice significantly increased resistant starch
levels, demonstrating precise metabolic reprogramming of en-
dosperm starch biosynthesis with nutritional benefits (Biswas
et al. 2023; Qi et al. 2020). Similarly, CRISPR/Cas9 mediated
editing of starch branching enzymes in maize generated high-
amylose and resistant-starch phenotypes without compromising
agronomic performance, highlighting the translational poten-
tial of genome editing for cereal nutritional improvement (Ma
et al. 2024). These studies exemplify how CRISPR-based modu-
lation of starch biosynthesis pathways can generate cereals with
improved dietary value. In addition to starch quality, lignocellu-
losic composition has also been targeted for value enhancement.
Targeted CRISPR/Cas9-induced mutation of the cinnamyl alco-
hol dehydrogenase gene (OsCAD2) in rice reduced lignocellu-
lose recalcitrance, thereby improving biomass saccharification
efficilency and expanding downstream utilization potential
(Zhang, Wang, and Li 2021).

These findings further confirm the utility of CRISPR/Cas9 for
precise manipulation of starch biosynthetic enzymes to enhance
nutritional quality in cereal crops. These nutritional improve-
ments are underpinned by targeted modification of key biosyn-
thetic enzymes, demonstrating how CRISPR enables precise
metabolic engineering of grain composition without compro-
mising yield.

4.4 | Biotic Stress Resistance

Biotic stress resistance is one of the most successful applications
of CRISPR/Cas9 in cereal crops, particularly through editing
of susceptibility (S) genes and pathogen effector-binding sites.
Unlike traditional resistance breeding, genome editing allows
precise disruption of host susceptibility pathways while mini-
mizing yield penalties. Recent studies increasingly combine dis-
ease resistance edits with yield and architecture-related traits,
underscoring the importance of integrated trait improvement
rather than isolated resistance engineering. Advanced CRISPR-
based strategies, including multiplex and precision genome
editing, enable targeted modification of host susceptibility and
resistance pathways, facilitating durable disease resistance
while minimizing associated yield penalties.
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Editing of disease susceptibility (S) genes has emerged as one
of the most effective genome editing strategies to confer dura-
ble resistance against bacterial and fungal pathogens in cereal
crops (Li, Jiao, et al. 2022). Recent CRISPR/Cas-based studies
demonstrate that targeted modification of host susceptibility
pathways can block pathogen exploitation of host metabo-
lism while minimizing trade-offs associated with constitutive
defense activation (Tyagi et al. 2021; Yin and Tsai 2025). In
rice, precise editing of SWEET sucrose transporter genes and
their promoter regions has been shown to disrupt pathogen-
induced sugar efflux, thereby limiting carbon availability to
Xanthomonas oryzae and enhancing resistance to bacterial
blight without major yield penalties (Varshney et al. 2019;
Manzoor et al. 2024). These studies confirm that metabolic
deprivation of pathogens through host gene editing represents
a robust resistance mechanism.

Similarly, CRISPR-mediated editing of MLO susceptibility genes
remains a cornerstone strategy for powdery mildew resistance
in wheat and other cereals. Recent work has refined this ap-
proach by combining TaMLO knockouts with compensatory
metabolic or transporter gene modulation to mitigate pleiotro-
pic effects traditionally associated with mlo-based resistance
(Abdelrahman et al. 2021; Sourdille et al. 2025). In particular,
multiplex CRISPR strategies that ectopically regulate tonoplast
sugar transporters or fine-tune defense-related carbohydrate
partitioning have successfully uncoupled disease resistance
from growth penalties, resulting in mildew-resistant wheat lines
with stable yield performance (Abdelrahman et al. 2021; Yin
and Tsai 2025). Beyond susceptibility transporters, CRISPR/
Cas9 based disruption of negative regulators of immunity, in-
cluding ethylene-responsive transcription factors and other
signaling repressors, has further expanded the toolbox for engi-
neering disease resistance in cereals. Recent rice studies demon-
strate that editing transcriptional repressors within defense
signaling networks enhances blast resistance by strengthening
basal immunity while preserving photosynthetic and metabolic
efficiency (Manzoor et al. 2024; Tyagi et al. 2021). Collectively,
these findings underscore that modern CRISPR-enabled disease
resistance in cereals is increasingly pathway-aware, integrat-
ing susceptibility gene editing with metabolic compensation to
achieve durable resistance without yield compromise.

From a metabolic perspective, biotic stress resistance achieved
through CRISPR editing protects yield by preventing pathogen-
induced diversion of host carbon resources. Editing susceptibility
genes such as SWEET sugar transporters disrupts pathogen-
triggered sucrose efflux from host cells, thereby retaining carbo-
hydrates for host metabolism and grain development. Similarly,
knockout of MLO genes reduces pathogen compatibility without
extensive activation of defense-associated energy sinks. These
modifications illustrate how disease resistance traits preserve
metabolic efficiency and carbon availability, indirectly sustain-
ing yield under pathogen pressure.

Targeted editing of host susceptibility factors has also been suc-
cessfully applied to confer resistance against viral pathogens in
cereal crops. This method has been used in dicot plant systems
previously. In rice, the susceptible (S)-type allele of the initia-
tion factor 4 gamma (eIF4G) gene was targeted to edit using the
CRISPR/Cas9. Novel eIF4G alleles generated in rice cultivars

using CRISPR/Cas9 decreased the susceptibility to Rice tungro
disease (RTD) caused by Rice tungro spherical virus. This study
is the right example to target S gene editing to improve virus
resistance in cereal crops. Targeted editing of SbCCD7, SbCCD8,
SbMAX1, and a SbDUF-domain gene within the LGS1 locus has
led to the development of sorghum lines resistant to the para-
sitic weed Striga hermonthica (Kaniganti et al. 2025) (consisting
of SDN-3-type interventions). The following section integrates
the trait-specific examples discussed above to illustrate how
CRISPR-mediated gene edits converge on common enzymatic
and metabolic pathways governing cereal yield and resilience.

4.5 | Enzyme and Pathway-Level Basis
of CRISPR-Mediated Trait Improvement in Cereals

Improvement of complex agronomic traits such as yield, stress
tolerance, and grain quality ultimately depends on modifica-
tions of enzymatic activities and metabolic pathways (Yin and
Tsai 2025). CRISPR/Cas-mediated genome editing enables
precise manipulation of genes encoding enzymes, regulatory
proteins, and transcriptional controllers, thereby reshaping met-
abolic fluxes and physiological processes in cereals.

4.5.1 | Starch Biosynthesis and Carbon Partitioning

Grain yield and quality in cereals are strongly influenced by
starch biosynthesis enzymes, including ADP-glucose pyro-
phosphorylase (AGPase), starch branching enzymes (SBEI and
SBEII), granule-bound starch synthase (GBSS/Waxy), and solu-
ble starch synthases. CRISPR-mediated editing of Waxy (GBSS)
reduces amylose synthesis by limiting glucan chain elongation,
altering starch structure and improving cooking quality without
yield penalties. Similarly, knockout of SBEIIb increases resistant
starch by modifying branch point frequency, redirecting carbon
flux toward amylose accumulation. These enzymatic alterations
directly influence endosperm metabolism, grain filling rate, and
final grain weight.

4.5.2 | Hormone Biosynthesis and Signal Transduction

Plant hormones regulate yield-related traits through enzymatic
control of biosynthesis and degradation pathways. Editing of
cytokinin oxidase/dehydrogenase (CKX) genes increases cyto-
kinin availability by reducing enzymatic degradation, enhanc-
ing meristem activity, panicle branching, and grain number.
Mutations in gibberellin biosynthesis enzymes (e.g., GA200x)
reduce excessive stem elongation by limiting GA synthesis, im-
proving lodging resistance while reallocating assimilates to re-
productive tissues. CRISPR-based modulation of ABA receptors
(PYL proteins) alters downstream phosphatase and kinase ac-
tivities, improving drought resilience and stabilizing yield under
water-limited conditions.

4.5.3 | Photosynthesis and Primary Metabolism

Yield improvement is closely linked to photosynthetic efficiency
and carbon fixation capacity. CRISPR-mediated editing of

14 of 21

Plant-Environment Interactions, 2026

85UL0|7 SUOLILLIOD A Tea.D 3|qealdde aup Aq peusenob ae ssjoiie YO ‘@SN JO Sa|nJ Joj A%Iqi aUIUQ AB]1/W UO (SUONIPUOD-PUR-SWB)W0Y" A8 1M AfeJq 1 U1 UO//SANY) SUOIPUOD pUe WIS | 81 89S *[9202/70/LT] uo Ariqi7auliuo /8|1 ‘soidoi L puY IWes Jojaimisu| yosesssy sdouD feuonreuriu| Ag €£T0L €0d/Z00T 0T/I0p/L0D A | M ARl puljuo//:Sdny wouy pepeojumod ‘Z ‘9202 ‘59295252



negative regulators of photosynthesis, such as NRP1, enhances
Rubisco activation state and electron transport efficiency.
Replacement or modification of Rubisco small subunits (RbcS)
alters enzyme kinetics, improving CO, fixation efficiency and
biomass accumulation. These enzymatic enhancements in-
crease source strength, supporting greater assimilate availabil-
ity for grain filling.

4.5.4 | Nitrogen Assimilation and Protein Metabolism

Nitrogen use efficiency is governed by enzymes involved in ni-
trate uptake, assimilation, and amino acid biosynthesis. Editing
of genes regulating asparagine synthetase (ASN) reduces free
asparagine accumulation in grains by altering nitrogen storage
metabolism, improving grain quality and reducing acrylamide
formation without compromising yield. CRISPR-mediated mod-
ification of nitrogen-responsive regulators also optimizes enzy-
matic coordination between carbon and nitrogen metabolism,
contributing to stable productivity.

4.5.5 | Defense-Related Enzymes and Metabolic
Trade-Offs

Biotic stress resistance often involves activation of defense-
related enzymes, including cell wall-modifying enzymes,
sugar transporters, and secondary metabolite biosynthetic en-
zymes. Editing of SWEET sugar transporter promoters restricts
pathogen-induced sucrose efflux, depriving pathogens of car-
bon resources without disrupting host metabolism. Knockout
of MLO genes alters cell wall-associated enzymatic pathways,
strengthening basal defense while minimizing metabolic costs
when combined with compensatory edits. These targeted in-
terventions mitigate the yield penalties traditionally associated
with defense activation.

Collectively, these examples illustrate that CRISPR/Cas-
mediated trait improvement in cereals operates by fine-tuning
enzyme activities and metabolic pathways rather than introduc-
ing entirely new functions. Such pathway-aware editing enables
rational trait stacking, allowing yield enhancement, stress toler-
ance, and grain quality to be improved simultaneously.

5 | Challenges in Genome Editing of Cereals

Due to its versatility and use in numerous genome editing ap-
plications, CRISPR has emerged as one of the most versatile
genetic engineering techniques in recent years. Genome editing
techniques are more precise, quicker, and less expensive than
conventional methods and transgenic technologies in achiev-
ing targeted crop improvement. Still, genome editing confronts
numerous obstacles in its application, and in order to improve
its applicability in cereals and other crops, these obstacles must
be overcome in order to support the effective implementation
of these genome editing techniques for crop development with
long-term prospects. There have been a number of key difficul-
ties to overcome, including regulatory concerns and social ac-
ceptance of genome-edited crops, both of which are important
factors in the commercialization of genome edited crops.

The first and most significant problem with this approach is
developing an effective delivery mechanism for getting the ge-
nome editing reagent into plant cells while avoiding species
and genotype-dependent transformation. The transformation
efficiency, which must be tuned for different cultivars, is one
of the many obstacles that the CRISPR-based genome edit-
ing approach faces. Although transformation techniques have
been devised for most cereal crops, they are usually genotype
specific. Various techniques, including protoplast transfection,
Agrobacterium-mediated transformation, and particle bom-
bardment, have been employed, each with inherent limitations
related to efficiency, genotype dependence, and regeneration
capacity (Su et al. 2023). However, many species or variations,
primarily wild relatives of major crops, orphan crops, and non-
crop species with great nutritional potential, still lack reliable
transformation procedures. Genome editing cannot be explored
effectively in the genetic background of high yielding commer-
cial cultivars in such a setting. Other minor difficulties include
the requirement of PAM (for many Cas variations), which may
make genome editing for a gene lacking the specific PAM se-
quence difficult. Furthermore, many elite cereal types have low
regeneration capabilities and hence resist transformation.

Regulatory frameworks and public acceptance for genome
edited crops vary worldwide, with some countries adopting
product-based approaches that exempt certain genome edited
plants from stringent GMO rules while others maintain GMO
equivalent oversight, profoundly influencing commercializa-
tion, trade, and societal acceptance (ISAAA 2019; Buchholzer
et al. 2023; Fernandez Rios 2025). Recently, in India a separate
regulatory process has been introduced for such technologies
that takes them out of the purview of the Genetic Engineering
Appraisal Committee or GEAC.

The next difficulty is to have a better understanding of the com-
plicated signaling networks that control the primary attribute.
This will demonstrate how genes and their interactions with the
environment have an impact. Many crops’ critical genes have
remained unknown, despite the fact that molecular approaches
to genetic enhancement might be extremely efficient. Precision
editing with multiplexing is the next issue, despite ongoing ad-
vancements in genome editing technologies to achieve efficient
base editing. However, in practice, only a small number of sgR-
NAs (less than 10) have been expressed in plants.

Genome editing has evolved into the most important biotech-
nological tool, contributing significantly to the advancement
of biological knowledge and the field of biotechnology as a
whole, allowing for rapid advances in industry, health, and
agriculture. There has been rapid progress in the develop-
ment of CRISPR-based genome editing technologies over the
past 10years; these have been used in a variety of domains,
such as crop improvement and plant functional genomics.
Examples of genome editing technologies in plants include
the engineering of sequence-specific nucleases, delivery of
editing reagents, generation and selection of editing events,
as well as characterization and use of intact plants. These
technologies have an impact on the public's acceptance and
regulatory approval of genome-edited plants. However, there
is still a need for more research into the molecular and genetic
mechanisms of genome editing, as well as ongoing advances
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and creative applications of genome editing technologies in
plants. Plant genome editing presents significant obstacles, as
detailed below.

Polyploidy is defined as the acquisition of one or more full chro-
mosomal sets by an organism. Polyploidy can be divided into
three categories: autopolyploids, allopolyploids, and segmental
allopolyploids. In many ways, polyploidy genomes are compli-
cated. They are challenging to sequence because of repetitive
sequences and a larger genome size. The increased number of
gene copies and the different functionalities of duplicated genes
that have developed as a result of neofunctionalization make
functional annotations extremely challenging. The complex-
ity makes obtaining the required mutations challenging. Some
mutations, most notably knockdown or knockout mutations of
genes, may not modify the phenotype due to the dosage effect of
extra paralogous copies of the genes. Such challenges arise when
trying to modify the DNA of a polyploid crop like wheat.

In polyploid cereals such as wheat, the presence of multiple ho-
moeologous gene copies poses a significant challenge for precise
genome editing, as functional redundancy often masks pheno-
typic effects unless all homoeologs are simultaneously modified
(Rey et al. 2017). Recent studies demonstrate that CRISPR/Cas9
can be used to edit all homoeologs of a target gene in polyploid
wheat, but achieving complete knockout across A, B, and D ge-
nomes remains technically demanding and often requires op-
timized multiplexing strategies to increase editing efficiency
(Errum et al. 2023; Komura et al. 2025).

6 | Addressing Technical, Regulatory, and Societal
Barriers in Plant Genome Editing

Only by fine-tuning the gene or genetic element of interest in ag-
ricultural plants can genome editing's immense potential in agri-
culture be realized (Kwon et al. 2019; Oliva et al. 2019). However,
due to a lack of understanding of biological processes including
genes, pathways, networks, and their interactions with envi-
ronmental factors, the number of candidates for crop enhance-
ment by genome editing is currently restricted. CRISPR-based
genome editing technologies, on the other hand, are beginning
to demonstrate the feasibility of undertaking genome-wide and
high-throughput functional genomics, speeding up gene/trait
discovery in model and non-model crops (Lu et al. 2017; Meng
et al. 2017). The task is to combine multidisciplinary approaches
to find targets that have the potential to produce favorable ag-
ronomic features while also being amenable for genome editing
(Araus et al. 2018).

From a regulatory perspective, genome edits classified as SDN-1
and SDN-2 are often treated differently from SDN-3 modifica-
tions in several jurisdictions, which has important implications
for the approval and commercialization of genome-edited ce-
real crops.

6.1 | Base Replacement With High Efficiency

Most plant genome editing focuses on targeted mutagenesis,
while base replacement remains limited due to low efficiency in

many crops. Since key agronomic traits often arise from SNPs,
precise nucleotide substitution via HDR or prime editing holds
great potential. Prime editing offers advantages over conven-
tional base editing by enabling targeted replacement of small
genomic regions, but further optimization is needed for broad
application in diverse plant species (Anzalone et al. 2019; Rees
and Liu 2018).

6.2 | Advancing Public Acceptance and Regulatory
Governance of Agricultural Genome Editing

Due to the ability of genome editing technologies to produce
genotypic and phenotypic variations in plants that are indis-
tinguishable from those obtained naturally or through conven-
tional mutagenesis methods, most regulatory regimes do not
readily classify genome edited products as genetically modi-
fied organisms (GMOs) (Wolt et al. 2016). Genome editing can
speed up and improve crop breeding, increase genetic produc-
tion potential, create germplasm that is more resistant to pests,
diseases, and other abiotic stresses, and lengthen the shelf life
of food products to cut down on food waste. Finding genome ed-
iting to be more socially and legally acceptable than transgenic
approaches would therefore be a challenge. It's critical to build
public trust and influence regulatory frameworks, which will
have an impact on the utility of genome editing in agriculture,
and this requires increasing transparency, information sharing,
and openness about genome editing techniques and uses.

6.3 | Cas9 Off-Target Effect and Improved Cas9
Variant

The main concern with CRISPR/Cas9-mediated genome editing
is Cas9's off-target effect (Saini, Devrani, et al. 2025). It has the
potential to produce unintended genomic cleavage. Toxicity at
the cellular level might result from a higher number of off-target
events, which is not good for plants. In addition, the chromo-
somal rearrangements induced by the repair of these off-target
DSBs, including deletions, inversions, and translocations, might
be damaging to plants (Brunet and Jasin 2018; Lee et al. 2012;
Kweon et al. 2013). Plants, on the other hand, have been ob-
served to have minimal off-target activity when compared to an-
imals. Cas9's specificity is defined by the 20-nucleotide sgRNA
guide sequence and the PAM sequence.

Many studies have found off-target DNA cleavage in sgRNA
sequences with 1-5bp mismatches. PAM sequence is said to
have a role in Cas9 binding, and while the 3" end is import-
ant for target identification, R-loop creation, and nuclease
activity activation in Cas9, minor mismatches at the 5’ end
are tolerated (Sander and Joung 2014). The composition and
structure of guide RNA are the two most important parame-
ters determining on-target and off-target cleavages. Off-target
events can be reduced by changing the content and structure
of sgRNA. This can be accomplished in a variety of ways,
including truncation of sgRNA at the 5" end or 3’ end using
sgRNA nickase (Tsai et al. 2015), very low or high GC content
makes sgRNA less eventful, and truncation of sgRNA at the 5’
end or 3’ end using sgRNA nickase. The efficient sgRNA can
be selected based on the GC content of the seed sequence to
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carry out CRISPR/Cas9 mediated genome editing with min-
imum off-target events (Ren et al. 2014). In silico prediction,
T7E1 test, HTGTS, ChIP-seq, IDLV, fluorescence in situ hy-
bridization, deep sequencing, and other approaches have been
published to investigate off-target events. Digenome-seq and
GUIDE-seq developed as precise methods for off-target identi-
fication with 0.1% sensitivity among these techniques.

According to the research, rice has a greater rate of persistent mu-
tation transmission in multiple generations utilizing CRISPR/
Cas9 than Arabidopsis (Vats et al. 2019). When Arabidopsis
plants were altered with CRISPR/Cas9, it was discovered that
somatic mutations in the T1 generation did not carry through
to the T2 generation, but germline mutations in the T1 genera-
tion were passed on to the T2 and T3 generations as Mendelian
inheritance (Feng et al. 2014). These findings show that germ-
line mutations are stably absorbed into subsequent generations.
A CRISPR/Cas9 construct has been developed using a pollen-
specific promoter, which resulted in the generation of heritable
biallelic T1 mutants (Mao et al. 2016). As a result, utilizing ger-
mline specific promoters, it is possible to achieve desired Cas9
expression with increased germline mutation, resulting in sus-
tained transmission in future generations. Cas9 variations have
been created to decrease the off-target effect. The fCas9 by com-
bining dCas9 and FokI nuclease has been developed, and the
fCas9-derived modified cells demonstrated 140-fold enhanced
specificity (Guilinger et al. 2014). When 3-4 amino acids were
modified in Cas9, no off-target effects were observed. Hence,
off-target events can be avoided by replacing these Cas9 versions
with Cas9 (Kleinstiver et al. 2016).

6.4 | CRISPR/Cas Genome Editing Versus Genetic
Transformation and Regulatory Provisions

CRISPR/Cas-based genome editing offers several advantages
over conventional genetic transformation approaches used in
crop improvement. Traditional transgenic methods rely on ran-
dom insertion of foreign DNA, often resulting in unpredictable
gene expression, insertional mutagenesis, and regulatory com-
plexity. In contrast, CRISPR/Cas enables precise, site-specific
modifications of endogenous genes or regulatory regions, fre-
quently without introducing foreign DNA.

Importantly, CRISPR/Cas can generate transgene-free plants
through transient expression or ribonucleoprotein (RNP) deliv-
ery, producing genetic outcomes indistinguishable from natural
mutations or conventional mutagenesis. As a result, many regu-
latory agencies classify certain genome-edited crops (e.g., SDN1
and SDN2 edits) differently from GMOs. The United States,
Japan, Argentina, Brazil, and India have adopted science-based
regulatory frameworks that exempt transgene-free genome-
edited crops from stringent GMO regulations, significantly ac-
celerating product development and commercialization.

From a breeding perspective, CRISPR/Cas shortens breeding
cycles, enables multiplex editing of polygenic traits, and allows
direct improvement of elite cultivars without linkage drag.
These features collectively make genome editing a superior al-
ternative to traditional genetic transformation for precise, rapid,
and socially acceptable cereal crop improvement.

7 | From Lab to Market: CRISPR-Edited Crops,
GMOs, and the Ethical Barriers Ahead

Targeted genome editing has emerged as an efficient alternative
to conventional breeding and transgenic approaches for crop
improvement (Belhaj et al. 2013). Among genome editing tools,
CRISPR has surpassed first-generation nucleases such as mega-
nucleases, TALENS, and ZFNs due to higher precision and re-
duced off-target effects (Gohil et al. 2021; Saini et al. 2023; Saini,
Semwal, et al. 2025). Originating from the prokaryotic adaptive
immune system (Shabbir et al. 2016), CRISPR/Cas enables accu-
rate, rapid, cost-effective, and efficient genome modifications by
introducing targeted DNA insertions, deletions, or substitutions.
This system is now widely applied in microbes, plants, and an-
imals to generate desired phenotypes. In agriculture, CRISPR-
edited crops provide solutions to the challenges of increasing
global food demand, limited arable land, and the slow genetic
gains of conventional breeding. The technology has been suc-
cessfully applied in over 20 major crops, including wheat, rice,
maize, soybean, tomato, potato, cotton, and oilseeds, to im-
prove yield, stress tolerance, and nutritional quality (Singh and
Bokolia 2021; Kato-Nitta et al. 2019).

CRISPR enables targeted genetic modification by deactivating
or removing specific DNA sequences without introducing for-
eign DNA, resulting in non-transgenic organisms. The edited
site may be repaired using DNA from the same species (cisgene-
sis), a closely related species (intragenesis), or a sexually incom-
patible species (transgenesis). While transgenesis is generally
classified as a GMO, the regulatory status of cisgenic and intra-
genic organisms remains debated and varies across countries.

8 | Conclusion

This review demonstrates that the true power of CRISPR/Cas9
in cereal improvement lies not in the technology itself, but in
its capacity to precisely reprogram enzymatic activities and
metabolic pathways underlying complex agronomic traits. By
targeting enzymes and regulatory nodes controlling hormone
balance, carbon and nitrogen metabolism, photosynthesis, and
defense responses, genome editing enables predictable modula-
tion of yield, stress resilience, and grain quality.

Unlike conventional transgenic approaches, CRISPR/Cas-
based editing allows targeted reprogramming of key biological
systems such as hormone signaling, photosynthesis, stress per-
ception, and immune responses, thereby delivering predictable,
heritable, and regulation-friendly trait improvements in cereal
crops. Yield and productivity are emergent properties of inter-
connected metabolic networks rather than outcomes of single-
gene action. CRISPR-mediated trait improvement contributes
to yield enhancement only when targeted edits reconfigure host
metabolism, including carbon assimilation, hormone biosynthe-
sis and turnover, nitrogen utilization, photosynthetic efficiency,
and source-sink partitioning.

Edits in genes regulating cytokinin and gibberellin metabolism,
starch biosynthesis enzymes, photosynthetic regulators, and
stress-signaling components alter enzymatic fluxes and phys-
iological balances that collectively determine grain number,

Plant-Environment Interactions, 2026

17 of 21

85UL0|7 SUOLILLIOD A Tea.D 3|qealdde aup Aq peusenob ae ssjoiie YO ‘@SN JO Sa|nJ Joj A%Iqi aUIUQ AB]1/W UO (SUONIPUOD-PUR-SWB)W0Y" A8 1M AfeJq 1 U1 UO//SANY) SUOIPUOD pUe WIS | 81 89S *[9202/70/LT] uo Ariqi7auliuo /8|1 ‘soidoi L puY IWes Jojaimisu| yosesssy sdouD feuonreuriu| Ag €£T0L €0d/Z00T 0T/I0p/L0D A | M ARl puljuo//:Sdny wouy pepeojumod ‘Z ‘9202 ‘59295252



grain weight, and stress resilience. Consequently, future crop
improvement strategies must prioritize pathway-level and mul-
tiplex genome editing approaches that integrate metabolic,
regulatory, and developmental controls rather than relying on
isolated gene modifications.

Advances in transgene-free editing, novel Cas variants, base
and prime editing, and the integration of omics and artificial in-
telligence driven approaches will further expand the precision
and scope of cereal genome engineering. However, translating
laboratory success into field-ready cultivars will require care-
ful navigation of regulatory frameworks, intellectual property
considerations, and freedom-to-operate challenges. Equally
important are societal acceptance, ethical considerations, and
farmer-centric adoption strategies. While gene-edited crops may
benefit from relatively less restrictive regulatory oversight than
transgenic organisms in many regions, international policy har-
monization will be essential for widespread commercialization.

Ultimately, the impact of CRISPR-based genome editing will
be realized when pathway-informed trait prioritization is stra-
tegically aligned with breeding objectives, agroecological
requirements, and market demands. By integrating systems-
level genome editing with conventional and modern breed-
ing approaches, it will be possible to rapidly develop resilient,
high-yielding, and consumer-preferred cereal varieties, thereby
contributing to global food and nutritional security under in-
creasingly variable climatic conditions.

Acknowledgments

Open access publishing facilitated by School of Applied Natural Science,
Adama Science and Technology University, Adama, Ethiopia.

Funding

The authors have nothing to report.

Disclosure

The authors have nothing to report.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The authors have nothing to report.

References

Abdelrahman, M., Z. Wei, J. S. Rohila, and K. Zhao. 2021. “Multiplex
Genome-Editing Technologies for Revolutionizing Plant Biology and
Crop Improvement.” Frontiers in Plant Science 12: 721203. https://doi.
org/10.3389/fpls.2021.721203.

Abudayyeh, O. O., J. S. Gootenberg, S. Konermann, et al. 2016. “C2c2
Is a Single-Component Programmable RNA-Guided RNA-Targeting
CRISPR Effector.” Science 353, no. 6299: aaf5573. https://doi.org/10.
1126/science.aaf5573.

Achary, V. M. M., and M. K. Reddy. 2021. “CRISPR-Cas9 Mediated
Mutation in GRAIN WIDTH and WEIGHT2 (GW2) Locus Improves

Aleurone Layer and Grain Nutritional Quality in Rice.” Scientific
Reports 11: 21941. https://doi.org/10.1038/s41598-021-00828-z.

Ahmad, S., L. Tang, and R. Shahzad. 2021. “CRISPR-Based Crop
Improvements: A Way Forward to Achieve Zero Hunger.” Journal of
Agricultural and Food Chemistry 69: 8307-8323. https://doi.org/10.
1021/acs.jafc.1c02653.

Alok, A., D. Sandhya, P. Jogam, et al. 2020. “The Rise of the CRISPR/
Cpf1 System for Efficient Genome Editing in Plants.” Frontiers in Plant
Science 11: 264. https://doi.org/10.3389/fpls.2020.00264.

Anzalone, A. V., P. B. Randolph, J. R. Davis, et al. 2019. “Search-and-
Replace Genome Editing Without Double-Strand Breaks or Donor
DNA.” Nature 576: 149-157. https://doi.org/10.1038/s41586-019-1711-4.

Araus, J. L., S. C. Kefauver, M. Zaman-Allah, M. S. Olsen, and J. E.
Cairns. 2018. “Translating High-Throughput Phenotyping Into Genetic
Gain.” Trends in Plant Science 23: 451-466. https://doi.org/10.1016/].
tplants.2018.02.001.

Belhaj, K., A. Chaparro-Garcia, S. Kamoun, et al. 2013. “Plant Genome
Editing Made Easy: Targeted Mutagenesis in Model and Crop Plants
Using the CRISPR/Cas System.” Plant Methods 9: 39. https://doi.org/10.
1186/1746-4811-9-39.

Biswas, S., O. Ibarra, M. Shaphek, et al. 2023. “Increasing the Level of
Resistant Starch in ‘Presidio’ Rice Through Multiplex CRISPR-Cas9
Gene Editing of Starch Branching Enzyme Genes.” Plant Genome 16,
no. 2: €20225. https://doi.org/10.1002/tpg2.20225.

Bohra, A., M. Choudhary, D. Bennett, R. Joshi, R. R. Mir, and R. K.
Varshney. 2024. “Drought-Tolerant Wheat for Enhancing Global Food
Security.” Functional & Integrative Genomics 24: 212. https://doi.org/10.
1007/510142-024-01488-8.

Brunet, E., and M. Jasin. 2018. “Induction of Chromosomal
Translocations with CRISPR-Cas9 and Other Nucleases: Understanding
the Repair Mechanisms That Give Rise to Translocations.” In
Chromosome Translocation Advances in Experimental Medicine and
Biology, edited by Y. Zhang, 1044. Springer. https://doi.org/10.1007/978-
981-13-0593-1_2.

Buchholzer, M., and colleagues. 2023. “An Increasing Number of
Countries Regulate Genome Editing in Plants Using Product-Based
Frameworks: Implications for International Harmonization and
Trade.” New Phytologist 237, no. 5: 1579-1586. https://doi.org/10.1111/
nph.18333.

Cardi, T., N. D'Agostino, P. Tripodi, and A. Barone. 2023. “CRISPR/
Cas-Mediated Plant Genome Editing: Outstanding Challenges a Decade
After Implementation.” Trends in Plant Science 28, no. 10: 1144-1165.
https://doi.org/10.1016/j.tplants.2023.05.012.

Chen, F., G. Zheng, and M. Qu. 2021. “Knocking Out NEGATIVE
REGULATOR OF PHOTOSYNTHESIS 1 Increases Rice Leaf
Photosynthesis and Biomass Production in the Field.” Journal of
Experimental Botany 72: 1836-1849. https://doi.org/10.1093/jxb/
eraa566.

Chen, Y., Z. Wang, H. Ni, Y. Xu, Q. Chen, and L. Jiang. 2017. “CRISPR/
Cas9-Mediated Base Editing in Rice.” Plant Biotechnology Journal 15,
no. 4: 471-480. https://doi.org/10.1111/pbi.1265.

Chennakesavulu, K., H. Singh, P. K. Trivedi, M. Jain, and S. R. Yadav.
2021. “State-of-the-Art in CRISPR Technology and Engineering
Drought-, Salinity-, and Thermo-Tolerant Crop Plants.” Plant Cell
Reports 41, no. 3: 815-831. https://doi.org/10.1007/s00299-021-02681-w.

Cox, D. B. T, J. S. Gootenberg, O. O. Abudayyeh, et al. 2017. “RNA
Editing With CRISPR-Cas13.” Science 358, no. 6366: 1019-1027. https://
doi.org/10.1126/science.aaq0180.

Errum, A., N. Rehman, M. Uzair, S. Inam, G. M. Ali, and M. R. Khan.
2023. “CRISPR/Cas9 Editing of Wheat Ppd-1 Gene Homoeologs Alters
Spike Architecture and Grain Morphometric Traits.” Functional

18 of 21

Plant-Environment Interactions, 2026

85UL0|7 SUOLILLIOD A Tea.D 3|qealdde aup Aq peusenob ae ssjoiie YO ‘@SN JO Sa|nJ Joj A%Iqi aUIUQ AB]1/W UO (SUONIPUOD-PUR-SWB)W0Y" A8 1M AfeJq 1 U1 UO//SANY) SUOIPUOD pUe WIS | 81 89S *[9202/70/LT] uo Ariqi7auliuo /8|1 ‘soidoi L puY IWes Jojaimisu| yosesssy sdouD feuonreuriu| Ag €£T0L €0d/Z00T 0T/I0p/L0D A | M ARl puljuo//:Sdny wouy pepeojumod ‘Z ‘9202 ‘59295252


https://doi.org/10.3389/fpls.2021.721203
https://doi.org/10.3389/fpls.2021.721203
https://doi.org/10.1126/science.aaf5573
https://doi.org/10.1126/science.aaf5573
https://doi.org/10.1038/s41598-021-00828-z
https://doi.org/10.1021/acs.jafc.1c02653
https://doi.org/10.1021/acs.jafc.1c02653
https://doi.org/10.3389/fpls.2020.00264
https://doi.org/10.1038/s41586-019-1711-4
https://doi.org/10.1016/j.tplants.2018.02.001
https://doi.org/10.1016/j.tplants.2018.02.001
https://doi.org/10.1186/1746-4811-9-39
https://doi.org/10.1186/1746-4811-9-39
https://doi.org/10.1002/tpg2.20225
https://doi.org/10.1007/s10142-024-01488-8
https://doi.org/10.1007/s10142-024-01488-8
https://doi.org/10.1007/978-981-13-0593-1_2
https://doi.org/10.1007/978-981-13-0593-1_2
https://doi.org/10.1111/nph.18333
https://doi.org/10.1111/nph.18333
https://doi.org/10.1016/j.tplants.2023.05.012
https://doi.org/10.1093/jxb/eraa566
https://doi.org/10.1093/jxb/eraa566
https://doi.org/10.1111/pbi.1265
https://doi.org/10.1007/s00299-021-02681-w
https://doi.org/10.1126/science.aaq0180
https://doi.org/10.1126/science.aaq0180

& Integrative Genomics 23: 66. https://doi.org/10.1007/s10142-023-
00989-2.

Fan, T.,Y. Cheng, Y. Wu, S. Liu, and Y. Zhang. 2024. “High-Performance
TadA-8e-Derived Cytosine and Dual Base Editors With Undetectable
Off-Target Effects in Plants.” Nature Communications. https://doi.org/
10.1101/2024.02.25.58191.

FAO, IFAD, UNICEF, WFP, and WHO. 2024. The State of Food Security
and Nutrition in the World 2024: Financing to End Hunger, Food
Insecurity and Malnutrition in All Its Forms. FAO. https://doi.org/10.
4060/cd1254en.

Feng, X. Z. 2025. “CRISPR/Cas9-Mediated Editing of TaGW2 Enhances
Grain Size in Wheat.” Triticeae Genomics and Genetics 16, no. 2: 72-78.
https://doi.org/10.5376/tgg.2025.16.0008.

Feng, Z., Y. Mao, N. Xu, et al. 2014. “Multigeneration Analysis Reveals
the Inheritance, Specificity, and Patterns of CRISPR/Cas-Induced Gene
Modifications in Arabidopsis.” Proceedings of the National Academy of
Sciences 111: 4632-4637.

Ferndndez Rios, D. 2025. “Regulatory Challenges and Global Trade
Implications of Genome-Edited Crops.” Frontiers in Bioengineering and
Biotechnology 13: 1609110. https://doi.org/10.3389/fbioe.2025.1609110.

Gan, W. C.,, and A. P. K. Ling. 2022. “CRISPR/Cas9 in Plant
Biotechnology: Applications and Challenges.” Biotechnologia 103, no. 1:
81-93. https://doi.org/10.5114/bta.2022.113919.

Gao, C.,and Y. Zhao. 2021. “Genome Engineering for Crop Improvement
and Future Agriculture.” Cell 184, no. 6: 1621-1635. https://doi.org/10.
1016/j.cell.2021.01.005.

Gohil, N., G. Bhattacharjee, N. L. Lam, S. D. Perli, and V. Singh. 2021.
“CRISPR-Cas Systems: Challenges and Future Prospects.” Progress in
Molecular Biology and Translational Science 180: 141-151.

Guilinger, J. P., D. B. Thompson, and D. R. Liu. 2014. “Fusion of
Catalytically Inactive Cas9 to FokI Nuclease Improves the Specificity of
Genome Modification.” Nature Biotechnology 32: 577-582.

Han, J., P. Lakshmanan, T. T. Nguyen, and M. B. Wang. 2021. “Efficient
in Planta Genome Editing of Commercial Barley Cultivars Using
CRISPR/Cas9.” Frontiers in Genome Editing 3: 682333. https://doi.org/
10.3389/fgeed.2021.682333.

Hess, G. T., L. Fresard, K. Han, et al. 2017. “Directed Evolution Using
dCas9-Targeted Somatic Hypermutation in Mammalian Cells.” Nature
Methods 13, no. 12: 1036-1042. https://doi.org/10.1038/nmeth.4038.

Hisano, H., R. E. Hoffie, F. Abe, et al. 2022. “Regulation of Germination
by Targeted Mutagenesis of Grain Dormancy Genes in Barley.” Plant
Biotechnology Journal 20, no. 1: 37-46. https://doi.org/10.1111/pbi.
13692.

ISAAA. 2019. Global Status of Commercialized Biotech/GM Crops. Vol.
52. ISAAA Brief.

Ji, X., B. Yang, and D. Wang. 2020. “Achieving Plant Genome Editing
While Bypassing Tissue Culture.” Trends in Plant Science 25, no. 5:
427-429. https://doi.org/10.1016/j.tplants.2020.02.011.

Kang, J., Y. Chu, and J. Zhao. 2025. “Balanced Source-Sink Strength
in Optimized Wheat Cultivation Coordinates High Yield and Nitrogen
Use Efficiency.” International Journal of Plant Production 19: 767-780.
https://doi.org/10.1007/s42106-025-00366-y.

Kaniganti, S., S. R. Palakolanu, B. Thiombiano, et al. 2025. “Developing
Striga Resistance in Sorghum by Modulating Host Cues Through
CRISPR/Cas9 Gene Editing.” Plant Cell Reports 44, no. 4: 1-16.

Karunarathne, S. D., J. Han, X. Q. Zhang, et al. 2022. “CRISPR/Cas9
Gene Editing and Natural Variation Analysis Demonstrate the Potential
for HVAREL in Improvement of Nitrogen Use Efficiency in Barley.”
Journal of Integrative Plant Biology 64, no. 4: 803-817. https://doi.org/
10.1111/jipb.13260.

Kato-Nitta, N., T. Maeda, Y. Inagaki, and M. Tachikawa. 2019. “Expert and
Public Perceptions of Gene-Edited Crops: Attitude Changes in Relation to
Scientific Knowledge.” Palgrave Communications 5, no. 1: 1-14.

Kishchenko, O., Y. Zhou, and S. Jatayev. 2020. “Gene Editing
Applications to Modulate Crop Flowering Time and Seed Dormancy.”
aBIOTECH 1: 233-245. https://doi.org/10.1007/s42994-020-00032-z.

Kleinstiver, B. P., V. Pattanayak, M. S. Prew, et al. 2016. “High-Fidelity
CRISPR-Cas9 Nucleases With No Detectable Genome-Wide Off-Target
Effects.” Nature 529: 490-495.

Komura, S., M. Kishi-Kaboshi, F. Abe, Y. Inoue, and K. Yoshida. 2025.
“Improvement of Simultaneous Genome Editing of Homoeologous Loci
in Polyploid Wheat Using CRISPR/Cas9 Applying tRNA Processing
System.” Plant Biotechnology 42, no. 2: 167-172. https://doi.org/10.5511/
plantbiotechnology.25.0214b.

Kfienek, P., O. Samajova, I. Luptov¢iak, A. Doskocilova, G. Komis, and
J. Samaj. 2021. “CRISPR/Cas9-Induced Loss-of-Function Mutation in
the Barley Mitogen-Activated Protein Kinase 6 Gene Causes Abnormal
Embryo Development Leading to Severely Reduced Grain Germination
and Seedling Shootless Phenotype.” Frontiers in Plant Science 12:
670302. https://doi.org/10.3389/fpls.2021.670302.

Kuang, Y., S. Li, B. Ren, et al. 2020. “Base-Editing-Mediated Artificial
Evolution of OsALS1 to Develop Herbicide-Tolerant Rice Germplasm.”
Molecular Plant 13: 565-572. https://doi.org/10.1016/j.molp.2020.
01.010.

Kweon, J., A. Kim, J. K. Chon, et al. 2013. “A Library of TAL Effector
Nucleases Spanning the Human Genome.” Nature Biotechnology 31:
251-258.

Kwon, C. T., J. Heo, Z. H. Lemmon, Y. Capua, S. F. Hutton, and J. Van
Eck. 2019. “Rapid Customization of Solanaceae Fruit Crops for Urban
Agriculture.” Nature Biotechnology 38: 182-188. https://doi.org/10.
1038/541587-019-0361-2.

Lee, H. J., J. Kweon, E. Kim, S. Kim, and J. S. Kim. 2012. “Targeted
Chromosomal Duplications and Inversions in the Human Genome
Using Zinc Finger Nucleases.” Genome Research 22: 539-548.

Lemenkova, P. 2025. “Dynamics of Global Harvest and Production
of Cereals: Exploring Trends Over a 30-Year Period.” Poljoprivredna
Tehnika 50, no. 4: 1-14. https://doi.org/10.5937/POLITEH2504001L.

Li, C., Y. Zong, Y. Wang, et al. 2018. “Expanded Base Editing in Rice and
Wheat Using a Cas9-Adenosine Deaminase Fusion.” Genome Biology
19, no. 1: 59. https://doi.org/10.1186/s13059-018-1443-z.

Li, G., R. Jain, M. Chern, et al. 2017. “The Sequences of 1504 Mutants in
the Model Rice Variety Kitaake Facilitate Rapid Functional Genomics
Studies.” Plant Cell 29: 1218-1231.

Li,J., G.Jiao, Y. Sun, et al. 2022. “CRISPR/Cas9-Based Gene Editing for
Improving Drought Tolerance in Wheat.” Plant Biotechnology Journal
20, no. 5: 1002-1016. https://doi.org/10.1111/pbi.13753.

Li, S., D. Lin, and Y. Zhang. 2022. “Genome-Edited Powdery Mildew
Resistance in Wheat Without Growth Penalties.” Nature 602: 455-460.
https://doi.org/10.1038/s41586-022-04395-9.

Liu, L., J. Gallagher, and E. D. Arevalo. 2021. “Enhancing Grain-Yield-
Related Traits by CRISPR-Cas9 Promoter Editing of Maize CLE Genes.”
Nature Plants 7: 287-294. https://doi.org/10.1038/s41477-021-00858-5.

Lola, K. K., A. Ibrokhim, B. Zabardast, et al. 2023. “Engineering
Drought Tolerance in Crops Using CRISPR/Cas Systems.” Plant Science
Today 10: 255-259. https://doi.org/10.14719/pst.2524.

Lowe, K., E. Wu, N. Wang, et al. 2016. “Morphogenic Regulators Baby
Boom and Wuschel Improve Monocot Transformation.” Plant Cell 28,
no. 9: 1998-2015. https://doi.org/10.1105/tpc.16.00124.

Lu, Y., X. Ye, R. Guo, J. Huang, W. Wang, and J. Tang. 2017. “Genome-
Wide Targeted Mutagenesis in Rice Using the CRISPR/Cas9 System.”

Plant-Environment Interactions, 2026

19 of 21

85UL0|7 SUOLILLIOD A Tea.D 3|qealdde aup Aq peusenob ae ssjoiie YO ‘@SN JO Sa|nJ Joj A%Iqi aUIUQ AB]1/W UO (SUONIPUOD-PUR-SWB)W0Y" A8 1M AfeJq 1 U1 UO//SANY) SUOIPUOD pUe WIS | 81 89S *[9202/70/LT] uo Ariqi7auliuo /8|1 ‘soidoi L puY IWes Jojaimisu| yosesssy sdouD feuonreuriu| Ag €£T0L €0d/Z00T 0T/I0p/L0D A | M ARl puljuo//:Sdny wouy pepeojumod ‘Z ‘9202 ‘59295252


https://doi.org/10.1007/s10142-023-00989-2
https://doi.org/10.1007/s10142-023-00989-2
https://doi.org/10.1101/2024.02.25.58191
https://doi.org/10.1101/2024.02.25.58191
https://doi.org/10.4060/cd1254en
https://doi.org/10.4060/cd1254en
https://doi.org/10.5376/tgg.2025.16.0008
https://doi.org/10.3389/fbioe.2025.1609110
https://doi.org/10.5114/bta.2022.113919
https://doi.org/10.1016/j.cell.2021.01.005
https://doi.org/10.1016/j.cell.2021.01.005
https://doi.org/10.3389/fgeed.2021.682333
https://doi.org/10.3389/fgeed.2021.682333
https://doi.org/10.1038/nmeth.4038
https://doi.org/10.1111/pbi.13692
https://doi.org/10.1111/pbi.13692
https://doi.org/10.1016/j.tplants.2020.02.011
https://doi.org/10.1007/s42106-025-00366-y
https://doi.org/10.1111/jipb.13260
https://doi.org/10.1111/jipb.13260
https://doi.org/10.1007/s42994-020-00032-z
https://doi.org/10.5511/plantbiotechnology.25.0214b
https://doi.org/10.5511/plantbiotechnology.25.0214b
https://doi.org/10.3389/fpls.2021.670302
https://doi.org/10.1016/j.molp.2020.01.010
https://doi.org/10.1016/j.molp.2020.01.010
https://doi.org/10.1038/s41587-019-0361-2
https://doi.org/10.1038/s41587-019-0361-2
https://doi.org/10.5937/POLJTEH2504001L
https://doi.org/10.1186/s13059-018-1443-z
https://doi.org/10.1111/pbi.13753
https://doi.org/10.1038/s41586-022-04395-9
https://doi.org/10.1038/s41477-021-00858-5
https://doi.org/10.14719/pst.2524
https://doi.org/10.1105/tpc.16.00124

Molecular Plant 10: 1242-1245. https://doi.org/10.1016/j.molp.2017.
06.007.

Ma, M., S. Sun, J. Zhu, et al. 2024. “Engineering High Amylose and
Resistant Starch in Maize by CRISPR/Cas9-Mediated Editing of Starch
Branching Enzymes.” Crop Journal 12, no. 4: 1252-1258. https://doi.
0rg/10.1016/j.¢j.2024.06.007.

Mabhajan, B. 2025. “Enhancing Grain Yield and Quality Traits in Wheat
Through Precision Gene Editing.” International Journal of Research
Studies on Environment, Earth, and Allied Sciences 2, no. 5: 133-138.
https://doi.org/10.5281/zenodo.17722460.

Maher, M. F., R. A. Nasti, M. Vollbrecht, C. G. Starker, M. D. Clark, and
D. F. Voytas. 2020. “Plant Gene Editing Through De Novo Induction
of Meristems.” Nature Biotechnology 38: 84-89. https://doi.org/10.1038/
s41587-019-0337-2.

Mahmuda, B. M., C. Ni, X. Wei, et al. 2021. “Improved Eating and
Cooking Quality of Indica Rice via Adenine Base Editing of the Wxa
Allele.” Rice Science 28, no. 5: 427-430. https://doi.org/10.1016/j.rsci.
2021.07.003.

Malzahn, A., L. Lowder, and Y. Qi. 2019. “Plant Genome Editing With
CRISPR-Cas Systems: From Pioneer to Mainstream.” Plant Cell 31, no.
2:336-358. https://doi.org/10.1105/tpc.18.00910.

Manzoor, S., S. U. Nabi, T. R. Rather, et al. 2024. “Advancing Crop
Disease Resistance Through Genome Editing: A Promising Approach
for Enhancing Agricultural Production.” Frontiers in Genome Editing 6:
1399051. https://doi.org/10.3389/fgeed.2024.1399051.

Mao, Y., Z. Zhang, Z. Feng, et al. 2016. “Development of Germ-Line-
Specific CRISPR-Cas9 Systems to Improve the Production of Heritable
Gene Modifications in Arabidopsis.” Plant Biotechnology Journal 14:
519-532.

Matsumura, H., K. Shiomi, and A. Yamamoto. 2020. “Hybrid Rubisco
With Complete Replacement of Rice Rubisco Small Subunits by
Sorghum Counterparts Confers C4 Plant-Like High Catalytic Activity.”
Molecular Plant 13: 1570-1581. https://doi.org/10.1016/j.molp.2020.
08.012.

Meng, X., H. Yu, Y. Zhang, F. Zhuang, X. Song, and S. Gao. 2017.
“Construction of a Genome-Wide Mutant Library in Rice Using
CRISPR/Cas9.” Molecular Plant 10: 1238-1241. https://doi.org/10.
1016/j.molp.2017.06.006.

Mishra, R., R. K. Joshi, and K. Zhao. 2020. “Base Editing in Crops:
Current Advances, Limitations and Future Implications.” Plant
Biotechnology Journal 18, no. 1: 20-31. https://doi.org/10.1111/pbi.
13225.

Monsur, M. B,, G. Shao, Y. Ly, et al. 2020. “Base Editing in Rice: Current
Progress and Future Perspectives.” Frontiers in Genetics 11: 888. https://
doi.org/10.3389/fgene.2020.00888.

Moradpour, M., and S. N. A. Abdulah. 2019. “CRISPR/dCas9 Platforms
in Plants: Strategies and Applications Beyond Genome Editing.” Plant
Biotechnology Journal 18, no. 1: 32-44. https://doi.org/10.1111/pbi.1323.

Nishimasu, H., X. Shi, S. Ishiguro, et al. 2018. “Engineered CRISPR-
Cas9 Nuclease With Expanded Targeting Space.” Science 361, no. 6408:
1259-1262. https://doi.org/10.1126/science.aas9129.

Ogata, T., T. Ishizaki, M. Fujita, and Y. Fujita. 2020. “CRISPR/Cas9-
Targeted Mutagenesis of OSERA1 Confers Enhanced Abscisic Acid
Responses and Drought Tolerance in Rice.” PLoS One 15, no. 12:
€0243376. https://doi.org/10.1371/journal.pone.0243376.

Oliva, R., C. Ji, G. Atienza-Grande, et al. 2019. “Broad-Spectrum
Resistance to Bacterial Blight in Rice Using Genome Editing.”
Nature Biotechnology 37: 1344-1350. https://doi.org/10.1038/
s41587-019-0267-z.

Park, J., W. Kim, W. Jang, et al. 2022. “Applications of CRISPR/Cas9 as
New Strategies for Short Breeding to Drought Gene in Rice.” Frontiers
in Plant Science 13: 850441. https://doi.org/10.3389/fpls.2022.850441.

Ponnurangan, V., R. K. M. Pradeep, and R. Namachivayam. 2026.
“CRISPR/Cas9-Mediated Promoter Editing of OsSWEET11 Confers
Resistance to Sheath Blight in Rice.” Physiological and Molecular Plant
Pathology 142: 103117. https://doi.org/10.1016/j.pmpp.2026.103117.

Qi, X., H. Wu, and H. Jiang. 2020. “Conversion of a Normal Maize
Hybrid Into a Waxy Version Using In Vivo CRISPR/Cas9 Targeted
Mutation Activity.” Crop Journal 8: 440-448. https://doi.org/10.1016/j.
¢j.2020.01.006.

Qian, Q., W. Hu, Z. Bi, et al. 2025. “The Cytokinin Oxidase/
Dehydrogenase TaCKX11-D Positively Regulates Grain Size in Wheat.”
Journal of Experimental Botany 76, no. 22: 6758-6775. https://doi.org/
10.1093/jxb/eraf196.

Raffan, S., C. Sparks, A. Huttly, et al. 2021. “Wheat With Greatly
Reduced Free Asparagine in the Grain Produced by CRISPR/Cas9
Editing of TaASN2.” Plant Biotechnology Journal 19, no. 8: 1602-1613.
https://doi.org/10.1111/pbi.13573.

Rees, H. A., and D. R. Liu. 2018. “Base Editing: Precision Chemistry
on the Genome and Transcriptome of Living Cells.” Nature Reviews
Genetics 19: 770-788. https://doi.org/10.1038/s41576-018-0059-1.

Ren, X., Z. Yang, J. Xu, et al. 2014. “Enhanced Specificity and Efficiency
of the CRISPR/Cas9 System With Optimized sgRNA Parameters in
Drosophila.” Cell Reports 9: 1151-1162.

Rey, M. D., A. C. Martin, J. Higgins, et al. 2017. “Exploiting the
ZIP4 Homologue Within the Wheat Phl Locus Has Identified Two
Lines Exhibiting Homoeologous Crossover in Wheat-Wild Relative
Hybrids.” Molecular Breeding 37, no. 8: 95. https://doi.org/10.1007/s1103
2-017-0700-2.

Riaz, A., M. Uzair, and A. Raza. 2025. “Enhancing Rice Productivity
and Resilience Under Environmental Stress Using CRISPR
Technology.” Functional Plant Biology 52: FP24101. https://doi.org/
10.1071/FP24101.

Saini, H., A. Devrani, G. Synrem, and Priyanka. 2025. “Application
of CRISPR Technology in Plant Improvement: An Update Review.”
Advances in Agriculture 2025: 4578877. https://doi.org/10.1155/aia/
4578877.

Saini, H., A. Semwal, D. Nanda, and N. Kumar. 2025. “Role of Artificial
Intelligence Tools in CRISPR-Cas9 Genomic Editing Technique for
Precision Agriculture.” Industrial Biotechnology 21, no. 4: 228-235.
https://doi.org/10.1089/ind.2025.0007.

Saini, H., R. Thakur, R. Gill, K. Tyagi, and M. Goswami. 2023. “CRISPR/
Cas9-Gene Editing Approaches in Plant Breeding.” GM Crops & Food
14, no. 1: 1-7. https://doi.org/10.1080/21645698.2023.2256930.

Sander, J. D., and J. K. Joung. 2014. “CRISPR-Cas Systems for Genome
Editing, Regulation and Targeting.” Nature Biotechnology 32: 347-355.

Shabbir, M. A. B., H. Hao, M. Z. Shabbir, et al. 2016. “Survival and
Evolution of CRISPR-Cas System in Prokaryotes and Its Applications.”
Frontiers in Immunology 7: 375.

Shimatani, Z., S. Kashojiya, M. Takayama, et al. 2017. “Targeted Base
Editing in Rice and Tomato Using a CRISPR-Cas9 Cytidine Deaminase
Fusion.” Nature Biotechnology 35, no. 5: 441-443. https://doi.org/10.
1038/nbt.3833.

Singh, A., and M. Bokolia. 2021. “CRISPR/Cas for Crop Improvement.”
Resonance 26, no. 2: 227-240.

Sourdille, P., J. D. Higgins, and H. Serra. 2025. “An Overview of Recent
Advances on Wheat Homologous and Homoeologous Recombination.”
Journal of Experimental Botany: 1-14. https://doi.org/10.1093/jxb/
eraf345.

Su, W., X. Wang, J. Zhang, and Y. Zhou. 2023. “Technological
Development and Application of Plant Genetic Transformation
Methods: Principles, Limitations, and Prospects.” International Journal
of Molecular Sciences 24, no. 13: 10646. https://doi.org/10.3390/ijms2
41310646.

20 of 21

Plant-Environment Interactions, 2026

85UL0|7 SUOLILLIOD A Tea.D 3|qealdde aup Aq peusenob ae ssjoiie YO ‘@SN JO Sa|nJ Joj A%Iqi aUIUQ AB]1/W UO (SUONIPUOD-PUR-SWB)W0Y" A8 1M AfeJq 1 U1 UO//SANY) SUOIPUOD pUe WIS | 81 89S *[9202/70/LT] uo Ariqi7auliuo /8|1 ‘soidoi L puY IWes Jojaimisu| yosesssy sdouD feuonreuriu| Ag €£T0L €0d/Z00T 0T/I0p/L0D A | M ARl puljuo//:Sdny wouy pepeojumod ‘Z ‘9202 ‘59295252


https://doi.org/10.1016/j.molp.2017.06.007
https://doi.org/10.1016/j.molp.2017.06.007
https://doi.org/10.1016/j.cj.2024.06.007
https://doi.org/10.1016/j.cj.2024.06.007
https://doi.org/10.5281/zenodo.17722460
https://doi.org/10.1038/s41587-019-0337-2
https://doi.org/10.1038/s41587-019-0337-2
https://doi.org/10.1016/j.rsci.2021.07.003
https://doi.org/10.1016/j.rsci.2021.07.003
https://doi.org/10.1105/tpc.18.00910
https://doi.org/10.3389/fgeed.2024.1399051
https://doi.org/10.1016/j.molp.2020.08.012
https://doi.org/10.1016/j.molp.2020.08.012
https://doi.org/10.1016/j.molp.2017.06.006
https://doi.org/10.1016/j.molp.2017.06.006
https://doi.org/10.1111/pbi.13225
https://doi.org/10.1111/pbi.13225
https://doi.org/10.3389/fgene.2020.00888
https://doi.org/10.3389/fgene.2020.00888
https://doi.org/10.1111/pbi.1323
https://doi.org/10.1126/science.aas9129
https://doi.org/10.1371/journal.pone.0243376
https://doi.org/10.1038/s41587-019-0267-z
https://doi.org/10.1038/s41587-019-0267-z
https://doi.org/10.3389/fpls.2022.850441
https://doi.org/10.1016/j.pmpp.2026.103117
https://doi.org/10.1016/j.cj.2020.01.006
https://doi.org/10.1016/j.cj.2020.01.006
https://doi.org/10.1093/jxb/eraf196
https://doi.org/10.1093/jxb/eraf196
https://doi.org/10.1111/pbi.13573
https://doi.org/10.1038/s41576-018-0059-1
https://doi.org/10.1007/s11032-017-0700-2
https://doi.org/10.1007/s11032-017-0700-2
https://doi.org/10.1071/FP24101
https://doi.org/10.1071/FP24101
https://doi.org/10.1155/aia/4578877
https://doi.org/10.1155/aia/4578877
https://doi.org/10.1089/ind.2025.0007
https://doi.org/10.1080/21645698.2023.2256930
https://doi.org/10.1038/nbt.3833
https://doi.org/10.1038/nbt.3833
https://doi.org/10.1093/jxb/eraf345
https://doi.org/10.1093/jxb/eraf345
https://doi.org/10.3390/ijms241310646
https://doi.org/10.3390/ijms241310646

Sun, Y., G. Jiao, and Z. Liu. 2017. “Generation of High-Amylose Rice
Through CRISPR/Cas9-Mediated Targeted Mutagenesis of Starch
Branching Enzymes.” Frontiers in Plant Science 8: 298. https://doi.org/
10.3389/fpls.2017.00298.

Tang, L.,J. Dong, and M. Qu. 2022. “Knockout of OSNRAMP5 Enhances
Rice Tolerance to Cadmium Toxicity.” Science of the Total Environment
832:155006. https://doi.org/10.1016/j.scitotenv.2022.155006.

Tian, S., L. Jiang, X. Cui, et al. 2018. “Engineering Herbicide-Resistant
Watermelon Variety Through CRISPR/Cas9-Mediated Base Editing.”
Plant Cell Reports 37, no. 9: 1353-1356. https://doi.org/10.1007/s0029
9-018-2299-0.

Tsai, S. Q., Z. Zheng, N. T. Nguyen, et al. 2015. “GUIDE-Seq Enables
Genome-Wide Profiling of Off-Target Cleavage by CRISPR-Cas
Nucleases.” Nature Biotechnology 33: 187-197.

Tyagi, S., R. Kumar, V. Kumar, S. Y. Won, and P. Shukla. 2021.
“Engineering Disease-Resistant Plants Through CRISPR-Cas9
Technology.” GM Crops & Food 12, no. 1: 125-144. https://doi.org/10.
1080/21645698.2020.1831729.

Varshney, R. K., I. D. Godwin, T. Mohapatra, J. D. G. Jones, and S. R.
McCouch.2019. “ASWEET Solution toRice Blight.” Nature Biotechnology
37:1280-1282. https://doi.org/10.1038/s41587-019-0302-0.

Vats, S., J. Kumar, H. Sonah, T. R. Sharma, and R. Deshmukh. 2024.
“Prime Editing in Plants: Prospects and Challenges.” Journal of
Experimental Botany 75: 5344-5356. https://doi.org/10.1093/jxb/
erae053.

Vats, S., S. Kumawat, V. Kumar, et al. 2019. “Genome Editing in Plants:
Exploration of Technological Advancements and Challenges.” Cells 8:
1386.

Veillet, F., L. Perrot, A. Guyon-Debast, et al. 2019. “Transgene-Free
Genome Editing in Tomato and Potato Plants Using Agrobacterium-
Mediated Delivery of a CRISPR/Cas9 Cytidine Base Editor.”
International Journal of Molecular Sciences 20, no. 2: 402. https://doi.
org/10.3390/ijms20020402.

Wang, F., C. Wang, and P. Liu. 2016. “Enhanced Rice Blast Resistance
by CRISPR/Cas9-Targeted Mutagenesis of the ERF Transcription
Factor Gene OSERF922.” PLoS One 11: e0154027.

Wang, W., Q. Pan, F. He, et al. 2018. “Transgenerational CRISPR-Cas9
Activity Facilitates Multiplex Gene Editing in Allopolyploid Wheat.”
Nature Biotechnology 36, no. 7: 636-637. https://doi.org/10.1038/
nbt.4169.

Wenkang, C., C. Lu, and Z. Xuan. 2022. “Convergent Selection of a
WD40 Protein That Enhances Grain Yield in Maize and Rice.” Science
375: eabg7985. https://doi.org/10.1126/science.abg7985.

Wolt, J. D., B. Yang, K. Wang, and M. Spalding. 2016. “Regulatory
Aspects of Genome-Edited Crops.” In Vitro Cellular & Developmental
Biology—Plant 52: 349-353. https://doi.org/10.1007/s11627-016-9784-3.

Yang, B., X. Li, and C. Zhang. 2017. “Targeted Genome Editing in Plants
Using CRISPR/Cas9-Based Base Editors.” Molecular Plant 10, no. 10:
1465-1468. https://doi.org/10.1016/j.molp.2017.09.010.

Yin, K., and C.-J. Tsai. 2025. “Turbo-Charging Crop Improvement:
Harnessing Multiplex Editing for Polygenic Trait Engineering and
Beyond.” Plant Journal 124, no. 1: €70527. https://doi.org/10.1111/tpj.
70527.

Zaidi, S. S.-A., A. Mahas, H. Vanderschuren, and M. M. Mahfouz. 2020.
“Engineering Crops of the Future: CRISPR Approaches to Develop
Climate-Resilient and Disease-Resistant Plants.” Genome Biology 21:
289. https://doi.org/10.1186/s13059-020-02204-y.

Zaidi, S. S.-A., S. Mansoor, and Z. Ali. 2016. “Engineering Plants for
Geminivirus Resistance With CRISPR/Cas9 System.” Trends in Plant
Science 21: 279-281.

Zeng,X.,Y.Luo,N.T. Vu, etal. 2020. “CRISPR/Cas9-Mediated Mutation
of OSSWEET14 in Rice cv. Kitaake and Its Resistance to Xanthomonas
oryzae pv. oryzae.” BMC Plant Biology 20: 614. https://doi.org/10.1186/
$12870-020-02792-w.

Zhang, D., Z. Zhang, T. Unver, and B. Zhang. 2021. “CRISPR/Cas:
A Powerful Tool for Gene Function Study and Crop Improvement.”
Journal of Advanced Research 29: 207-221. https://doi.org/10.1016/].
jare.2020.10.003.

Zhang, G., L. Wang, and X. Li. 2021. “Distinctively Altered Lignin
Biosynthesis by Site-Modification of OsCAD2 for Enhanced Biomass
Saccharification in Rice.” GCB Bioenergy 13: 305-319. https://doi.org/
10.1111/gcbb.12772.

Zhang, M., J. Hui, Y. Chen, G. Gu, and H. Tian. 2024. “Differential Roles
of TaNAR2.1 and TaNAR2.2 in Nitrogen Uptake and Wheat Growth.”
International Journal of Biological Macromolecules 281: 136320. https://
doi.org/10.1016/j.ijbiomac.2024.136320.

Zhang, R., S. Chen, X. Meng, et al. 2020. “Generating Broad-Spectrum
Tolerance to ALS-Inhibiting Herbicides in Rice by Base Editing.”
Science China. Life Sciences 64: 1624-1633. https://doi.org/10.1007/
$11427-020-1800-5.

Zhang, Y., D. Li, and D. Zhang. 2018. “Analysis of the Functions of
TaGW2 Homoeologs in Wheat Grain Weight and Protein Content
Traits.” Plant Journal 94, no. 5: 857-866. https://doi.org/10.1111/tpj.
13903.

Zhang, Y., A. A. Malzahn, S. Sretenovic, and Y. Qi. 2021. “Expanding
the Scope of Plant Genome Engineering With Casl2a Orthologs and
Highly Multiplexable Editing Systems.” Nature Communications 12:
1944. https://doi.org/10.1038/s41467-021-22330-w.

Zhang, Y., K. Massel, I. D. Godwin, and C. Gao. 2018. “Applications and
Potential of Genome Editing in Crop Improvement.” Genome Biology 19:
210. https://doi.org/10.1186/s13059-018-1586-y.

Zhou, Z.,J. Xiao, S. Yin, et al. 2025. “Cas9-Rep Fusion Tethers Donor
DNA in Vivo and Boosts the Efficiency of HDR-Mediated Genome
Editing.” Plant Biotechnology Journal 23, no. 6: 2006-2017. https://doi.
org/10.1111/pbi.7003.

Zong, Y., Y. Liu, C. Xue, et al. 2022. “High-Efficiency and Multiplex
Adenine Base Editing in Plants Using Improved Tad A Variants.” Nature
Communications 13: 631. https://doi.org/10.1038/s41467-024-49473-w.

Zong, Y., Q. Song, C. Li, et al. 2018. “Efficient C-To-T Base Editing
in Plants Using a Fusion of nCas9 and Human APOBEC3A.” Nature
Biotechnology 36, no. 10: 950-953. https://doi.org/10.1038/nbt.4261.

Plant-Environment Interactions, 2026

21 of 21

85UL0|7 SUOLILLIOD A Tea.D 3|qealdde aup Aq peusenob ae ssjoiie YO ‘@SN JO Sa|nJ Joj A%Iqi aUIUQ AB]1/W UO (SUONIPUOD-PUR-SWB)W0Y" A8 1M AfeJq 1 U1 UO//SANY) SUOIPUOD pUe WIS | 81 89S *[9202/70/LT] uo Ariqi7auliuo /8|1 ‘soidoi L puY IWes Jojaimisu| yosesssy sdouD feuonreuriu| Ag €£T0L €0d/Z00T 0T/I0p/L0D A | M ARl puljuo//:Sdny wouy pepeojumod ‘Z ‘9202 ‘59295252


https://doi.org/10.3389/fpls.2017.00298
https://doi.org/10.3389/fpls.2017.00298
https://doi.org/10.1016/j.scitotenv.2022.155006
https://doi.org/10.1007/s00299-018-2299-0
https://doi.org/10.1007/s00299-018-2299-0
https://doi.org/10.1080/21645698.2020.1831729
https://doi.org/10.1080/21645698.2020.1831729
https://doi.org/10.1038/s41587-019-0302-0
https://doi.org/10.1093/jxb/erae053
https://doi.org/10.1093/jxb/erae053
https://doi.org/10.3390/ijms20020402
https://doi.org/10.3390/ijms20020402
https://doi.org/10.1038/nbt.4169
https://doi.org/10.1038/nbt.4169
https://doi.org/10.1126/science.abg7985
https://doi.org/10.1007/s11627-016-9784-3
https://doi.org/10.1016/j.molp.2017.09.010
https://doi.org/10.1111/tpj.70527
https://doi.org/10.1111/tpj.70527
https://doi.org/10.1186/s13059-020-02204-y
https://doi.org/10.1186/s12870-020-02792-w
https://doi.org/10.1186/s12870-020-02792-w
https://doi.org/10.1016/j.jare.2020.10.003
https://doi.org/10.1016/j.jare.2020.10.003
https://doi.org/10.1111/gcbb.12772
https://doi.org/10.1111/gcbb.12772
https://doi.org/10.1016/j.ijbiomac.2024.136320
https://doi.org/10.1016/j.ijbiomac.2024.136320
https://doi.org/10.1007/s11427-020-1800-5
https://doi.org/10.1007/s11427-020-1800-5
https://doi.org/10.1111/tpj.13903
https://doi.org/10.1111/tpj.13903
https://doi.org/10.1038/s41467-021-22330-w
https://doi.org/10.1186/s13059-018-1586-y
https://doi.org/10.1111/pbi.7003
https://doi.org/10.1111/pbi.7003
https://doi.org/10.1038/s41467-024-49473-w
https://doi.org/10.1038/nbt.4261

	CRISPR/Cas Genome Editing and Its Applications in Cereal Crop Improvement
	ABSTRACT
	1   |   Introduction
	2   |   Harnessing Plant DNA Repair Pathways for Precision Genome Editing
	2.1   |   CRISPR/Cas9
	2.2   |   Cas12
	2.3   |   Cas13
	2.4   |   Base Editing
	2.5   |   Prime Editing

	3   |   Delivery Aspect of Genome Editing Components
	3.1   |   Improving Transformation Efficiency Across Species and Genotype

	4   |   Precise Genome Editing in Cereals Using CRISPR/Cas9 Approach
	4.1   |   Grain Yield Architecture and Source Sink Regulation
	4.2   |   Drought Tolerance as a Yield-Stabilizing Trait
	4.3   |   Nutrition Fortification
	4.4   |   Biotic Stress Resistance
	4.5   |   Enzyme and Pathway-Level Basis of CRISPR-Mediated Trait Improvement in Cereals
	4.5.1   |   Starch Biosynthesis and Carbon Partitioning
	4.5.2   |   Hormone Biosynthesis and Signal Transduction
	4.5.3   |   Photosynthesis and Primary Metabolism
	4.5.4   |   Nitrogen Assimilation and Protein Metabolism
	4.5.5   |   Defense-Related Enzymes and Metabolic Trade-Offs


	5   |   Challenges in Genome Editing of Cereals
	6   |   Addressing Technical, Regulatory, and Societal Barriers in Plant Genome Editing
	6.1   |   Base Replacement With High Efficiency
	6.2   |   Advancing Public Acceptance and Regulatory Governance of Agricultural Genome Editing
	6.3   |   Cas9 Off-Target Effect and Improved Cas9 Variant
	6.4   |   CRISPR/Cas Genome Editing Versus Genetic Transformation and Regulatory Provisions

	7   |   From Lab to Market: CRISPR-Edited Crops, GMOs, and the Ethical Barriers Ahead
	8   |   Conclusion
	Acknowledgments
	Funding
	Disclosure
	Conflicts of Interest
	Data Availability Statement
	References


