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Abstract

Cotton (Gossypium hirsutum L.) is one of the most important global crops that supports the textile industry and pro-
vides a living for millions of farmers. The constantly increasing demand needs a significant rise in cotton production.
Genome editing technology, specifically with clustered regularly interspaced short palindromic repeats (CRISPR)/
CRISPR-associated protein (Cas) tools, has opened new possibilities for trait development in cotton. It allows pre-

cise and efficient manipulation within the cotton genome when compared with other genetic engineering tools.
Current developments in CRISPR/Cas technology, including prime editing, base editing, and multiplexing editing,
have expanded the scope of traits in cotton breeding that can be targeted. CRISPR/Cas genome editing has been
employed to generate effectively CRISPRized cotton plants with enhanced agronomic traits, including fiber yield

and quality, oil improvement, stress resistance, and enhanced nutrition. Here we summarized the various target genes
within the cotton genome which have been successfully altered with CRISPR/Cas tools. However, some challenges
remain, cotton is tetraploid genome having redundant gene sets and homologs making challenges for genome edit-
ing. To ensure specificity and avoiding off-target effects, we need to optimize various parameters such as target site,
guide RNA design, and choosing right Cas variants. We outline the future prospects of CRISPR/Cas in cotton breeding,
suggesting areas for further research and innovation. A combination of speed breeding and CRISPR/Cas might be
useful for fastening trait development in cotton. The potentials to create customized cotton cultivars with enhanced
traits to meet the higher demands for the agriculture and textile industry.
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Introduction

Cotton is seed-hair fiber and a very significant source for
natural fiber, oil, and livestock feed (Kumar et al. 2023;
Xu et al. 2024). Cotton genome has different ploidy types
and complex structure; cultivated commercial cotton are
allotetraploids (AD) species, in which Gossypium hirsu-
tum (upland cotton) has a genome size of 2.5 Gb (Peng
et al. 2021). Cotton fibers consist of about 87%—90% cel-
lulose, a carbohydrate derived from plants, along with
5%—8% water and 4%—6% naturally occurring impurities
(Prabhu et al. 2012). These characteristics enable cotton
to withstand high pressing temperatures, accept a wide
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range of dyes, and remain washable (Todor et al. 2021).
The seeds of cotton are high in protein and oils, making
them suitable for the production of oil, animal feed, and
industrial items like soaps and cosmetics (Pan et al. 2020).
Because of its valuable oilseeds and fibers for the food
and textile sectors, cotton has become highly recognized
as an important cash crop and a good source of biofuels
(Oliveira et al. 2016). The fibers can be treated to create
a wide variety of textiles, such as lightweight voiles and
laces, thick-piled velveteen, and heavy sailcloth, which
are perfect for a variety of industrial uses as well as home
furnishings and apparel applications (Wilson 2011).
Cotton-based fabrics are known for their high abrasion
resistance and durability, with their primary component
being cellulose, which forms the structural framework of
cotton fiber (Dochia et al. 2012). Its ability to absorb and
release moisture quickly also makes it a comfortable fab-
ric for clothing. Cotton is versatile, used in various appli-
cations such as bandages, tablecloths, single-use clothing
and bedding in hospitals, and other healthcare facilities
(Morris et al. 2020).

Cotton can be cultivated majorly between the latitudes
of 30° N and 30° S, where weather conditions have a sub-
stantial impact on the quality and production of fiber
(Shuli et al. 2018). The different kinds of cotton that are
farmed as crops are indigenous to the majority of the
world’s subtropical regions and have undergone multiple
independent domestications. In temperate regions, cot-
ton is typically grown as a shrubby annual, but it can also
be found as perennial trees in tropical climates (Singh
et al. 2007). Although it can reach heights of up to 6 m
in tropical climates, its typical height under cultivation
varies from 1 to 2 m (Hussain et al. 2020). The plant pro-
duces white blossoms within 80-100 d of sowing, which
eventually become crimson in color.

Numerous insect species attack cotton plants, which
include dangerous ones like the boll weevil, conchuela,
aphid, cotton flea hopper, cotton leaf worm, grasshop-
pers, pink bollworm, rapid plant bug, spider mites (red
spiders), southern green stinkbug, tarnished plant bugs,
and thrips (Kiobia et al. 2023). By carefully choosing vari-
eties with some resistance to insect damage, as well as
other cultural techniques like planting at the right time,
it is possible to control the damage caused by insect pests
to a limited extent. Due to ecological concerns, chemical
pesticides, which were originally developed in the early
1900s, must be used carefully and selectively, as they can
harm the beneficial non-target organisms (Samada et al.
2020).

Studying functional genomes in cotton have been sig-
nificantly aided by current advancements in genome
sequencing (Zhang et al. 2015; Yuan et al. 2015; Li
et al. 2015). The urgent need for quick and affordable
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techniques to make targeted mutations in cotton has
been highlighted by the increase in the availability of
sequences (Long et al. 2018; Li et al. 2015; Wang et al.
2016, Zhang et al. 2015). Numerous success stories of
genetically modifying crop plants to withstand biotic
stress have changed the face of agriculture. Model sys-
tems for diverse features, that include modification and
enhancement of genes response for nutritional enhance-
ment, abiotic and biotic stress tolerance, and in addition
to yield and quality improvement, have been used to
illustrate the enormous possibilities for genome editing
to advance crop plants.

Recent advances in genome editing approaches, includ-
ing zinc finger nucleases (ZFNs), transcription activator-
like effector nucleases (TALENSs), as well as clustered
regularly interspaced short palindromic repeats (CRISPR/
CRISPR associated protein (Cas), such as CRISPR/Cas9,
changed plant research by allowing precise gene modifi-
cation (Li et al. 2021b, Li et al. 2024a Sandhya et al. 2020;
Jogam et al. 2022; Saeed et al. 2023). Among these innova-
tions, CRISPR/Cas9 stands out for its robustness and ease
of use. This method consists of two key components: (1)
Cas9 enzyme nuclease, which causes double- strand breaks
in DNA, and (2) a single guide RNA (sgRNA) guiding Cas9
to the desired target region (Sandhya et al. 2020). Cur-
rently, CRISPR/Cas9 is considered as a promising method
for introducing precise modifications in the genome of dif-
ferent plant species including the cotton (Hsu et al. 2014;
Yang et al. 2015; Doudna et al. 2014; Bassett et al. 2013; Li
et al. 2021a; Li et al. 2024a). Although cotton functional
genomics research is still somewhat behind that of model
plant species, such as Arabidopsis and rice, CRISPR/Cas9
and CRISPR/Casl2a (Cpfl) systems have been used to
edit cotton genomes (Li et al. 2017; Wang et al. 2018; Chen
et al. 2017; Li et al. 2019a, b, c). Further, the limits of con-
ventional resistance breeding can potentially be addressed
to a great extent by advances in genome editing technol-
ogy. Plant scientists have effectively used CRISPR/Cas-
based gene editing to improve the cotton traits (Fig. 1),
such as fiber, oil content, abiotic and biotic stress tolerance
(Table 1). This review thoroughly discusses all the most
recent breakthroughs and improvements made in relation
to genome editing in cotton.

Targeted genes and their editing efficiency

within cotton genome

One of the significant difficulties in cotton genome
modification is its complex allotetraploid genome. This
genome contains A and D subgenomes, each contain-
ing multiple copies of many genes with high sequence
homology (Li et al. 2015). The efficiency of gene editing
(Table 2) by CRISPR/Cas9 mainly depends on the accu-
racy of sgRNA, designed with the aid of computational
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Fig. 1 Various traits improved in cotton through genome editing by targeting specific genes with the use of CRISPR/Cas to develop tolerance

to abiotic and biotic stresses, as well as enhanced fiber and oil yield

algorithms (Li et al. 2023). These algorithms help ensure
sgRNA directs the Cas9 protein to the correct location
in the genome, improving the accuracy of genetic altera-
tions. Not all of them, though, are efficient in all crops,
thus it’s critical to have a quick and flexible validation
technique to ascertain the gRNA’s efficacy (Gao et al.
2017; Li et al. 2019d; Long et al. 2018). The first report
of CRISPR/Cas mediated genome editing in cotton was
published by Li et al. (2017). They employed CRISPR/
Cas9 system and successfully knocked out GEMYB25-like
A and GhMYB25-like D gene with 14.2%—-21.4% fragment
termination events at the target sites. The frequency of
mutations at the GhIMYB25-like A and GhMYB25-like D
DNA loci were found to be 100% and 98.8%, respectively,
based on the PCR product sequencing results. In this
study they have concluded that the CRISPR/Cas9 tech-
nique may be a useful strategy for targeted mutagenesis
in cotton genome by emphasizing that off-target induced
mutation occurrences have not been discovered in their
transgenic plants, even for a gene only have mismatch
with sgRNAs (Li et al. 2019b). Gao et al. (2017) targeted
GhEFI1 and GhPDS genes using two sgRNA expression
cassettes as well as two sgRNAs within GhPDS gene for
fragment deletion. Chen et al. (2017) developed specific

gRNAs to target GhHCLA1 and GhVP genes and validated
the efficacy of the CRISPR/Cas9 system in cotton using
protoplasts. The mutations in the transfected protoplast
cells were analyzed by the restriction enzyme (RE)-PCR
assay as the alterations in the target site abolished the
restriction enzyme recognition sites. Further sequencing
results confirmed the mutations in target genes and most
of them are nucleotide substitutions. Stable transforma-
tion using Agrobacterium generated edited plants with
47.6%-81.8% efficient mutations. Molecular investiga-
tion of the transgenic cotton plants utilizing an reverse
transcription (RT)-PCR test and sequencing further
confirmed the mutations and also detected no off-target
alterations (Chen et al. 2017). Long et al. (2018) also set-
tled a new system to test the efficacy of CRISPR/Cas9
genome editing system in cotton plants using transient
assay by incorporating the endogenous GhU6 promoter
for expressing gRNA instead of the AtU6 promoter. The
results displayed the expression levels of sgRNAs were
6-7 times higher when expressed under the control of
endogenous GhU6 promoter compared with AtU6 pro-
moter as well as the mutation efficiency was 4—6 times
higher. Li et al. (2017) created two sgRNAs, GhMYB25-
like-sgRNA1 along with GhMYB25-like-sgRNA2, within
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Table 1 Recent advancement in cotton via CRISPR/Cas based genome editing
S.No Targeted gene Type of nuclease Outcome Reference
Fiber development and yield increase
1 GhHDZ76 Cas9 Fiber development Wu et al. 2024
2 GhWER Cas9 Fiber initiation and epidermal development Zhao et al. 2024
3 GhMYB52 Cas9 Enhances lint yield Yang et al. 2024
4 GhFAD2 Cas9 Improved the quality of seed oil Chenetal. 2021
5 GhMYB25-like Cas9 Key factor in early cotton fibre development Lietal. 2017
6 GhPDCT Cas9 Increased oleic acid Lietal 2024a
7 GoPGF Cas9 Reduces gland density Janga et al. 2019
Physiological changes and architecture variation
8 GhCLAT Cas9 Albino development Gaoetal. 2017
9 GhCLA Cas12a Albino development Lietal. 2019a
10 GHCU Cas9 Abnormal leaf shape Zang et al. 2024
11 GhTFL1 nCas9 Architecture variation Wang et al. 2024
12 GhARG Cas9 Increased lateral root formation Wang et al. 2017
13 Gh4CL20/24A Cas9 Reduced flavonoid content Gong et al. 2024
14 GhALARP Cas9 Preferentially expressed in cotton fibers Zhuetal. 2018
15 GhPGF and GhRCD1 Cas9 Efficient callus proliferation Ge etal. 2023
Gossypol elimination
16 GhDIR5 Cas9 Elimination of gossypol Linetal. 2023
17 GhPGF Cas12a Elimination of gossypol Lietal.2021a
Male sterility induction
18 GhAOC2 Cas9 Development of male sterility Khan et al. 2023b
19 GhEMS1 Cas9 Male sterility development Zhang et al. 2023
20 GhDMP Cas9 Maternal haploid induction Long et al. 2024
Abiotic and biotic resistance
21 Gh14-3-3d Cas9 Resistance to Verticillium dahliae Zhang et al. 2018b
22 GhMIR482 Cas9 Verticillium dahliae disease resistance Zhuetal. 2022
23 GhRCD1 Cas9 Reduced cadmium resistance Wei et al. 2024
24 GhTULP34 dCas9 Drought tolerant Yu et al. 2023

identical genomic regions of GhMYB25-like A and
GhMYB25-like D, for directing Cas9-mediated allotetra-
ploid cotton genome modification. According to their
findings, a high proportion (14.2%—21.4%) of CRISPR/
Cas9-induced deletions from either of the indicated DNA
locations were discovered. Additionally, their sequenc-
ing results showed that the target locations had 100% and
98.8% mutation frequency, respectively, with no evidence
of off-target mutations. These findings demonstrate that
CRISPR/Cas9 is one of the most effective strategies for
producing high efficiency and specificity DNA level alter-
ations on the allotetraploid cotton genome.

To target various genomic locations simultaneously
in the allotetraploid cotton genome, Wang et al. (2018)
designed multiple sgRNAs targeting exogenously trans-
formed DsRed?2 and the native gene GhECLA1. The results
demonstrated that DsRed2 edited T, generation plants
reverted to its wild type phenotype with inheritability to
subsequent generations. On the other hand, 75% of the

T, plants exhibited an albino phenotype for the endog-
enous target gene GhCLAI, with effective alterations
seen at target locations. High throughput barcode-based
sequencing showed no off-target modifications.
Programmable site-specific nucleases have the abil-
ity to cause double-strand breakage in the target region,
which can lead to exact DNA sequence substitution by
homology-directed repair (HDR) or mutations by an
error prone non-homologous end joining (NHE]) repair
mechanism. However, HDR is highly inefficient in plants
due to its complexity and delivery of the repair tem-
plates, which has greatly limited precision genome edit-
ing. Hence, it is required to establish an alternate strategy
for precision editing. Prime editing and base editing
are emerging precision editing techniques based on the
CRISPR/Cas system. Qin et al. (2020) employed base
editing to edit a gene in the allotetraploid cotton genome;
at three target locations, the base editing efficiency
ranges from 26.67% to 57.78%. Further, deep sequencing
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Table 2 Targeted genes and their editing efficiency within the cotton genome
S.No Targeted gene Type of nuclease Editing efficiency /% Reference
1 GhMYB25-like A Cas9 100.0 Lietal. 2017
2 GhMYB25-like D Cas9 98.8 Lietal. 2017
3 GhCLA1 Cas9 47.6 Chenetal. 2017
4 GhVP Cas9 81.8 Chenetal. 2017
5 GhAlaRP-A Cas9 71.4-100.0 Zhu et al. 2021
6 GhAlaRP-D Cas9 92.9-100.0 Zhu et al. 2021
7 GhCLA nCas9 26.67 Qin et al. 2020
8 GhPEBP nCas9 27.50 Qin et al. 2020
9 GhCLAT Cas9 90.0 Lietal. 2022
10 GhAOC2 Cas9 80.0 Khan et al. 2023b
11 GhCLAT Cas9 80.6 Gaoetal. 2017
12 GhPDS Cas9 28.26-55.43 Lei etal. 2022
13 GhCLAT Cas12a 87.0 Lietal.2019a
14 GhCLAT Cas9 66.7-100.0 Wang et al. 2017
15 GhCLA Cas12b 6.34-98.68 Wang et al. 2020

studies showing C to T replacement in a specific edit-
ing window, spanning about —17 to —12 base pairs later
the protospacer adjacent motif (PAM) sequence, which
reached up to 18.63% of the overall sequences with no
detectable off-target mutation at 1 500 predicted poten-
tial sites (Qin et al. 2020).

Though there have been lots of reports available about
genome editing of cotton plants through CRISPR/Cas
approach, a study explains the advantage of generating a
founder transformants with integrated CRISPR/Cas that
can be used as a baseline for targeting multiple sites by
only expressing gRNAs (Aslam et al. 2022). Researchers
introduced DS-Red, Rep, Rec, and CRISPR/Cas9 express-
ing constructs into cotton plants through genetic trans-
formation. DS-Red was used as a visual marker to track
the presence of the constructs (Sun et al. 2018). Rec
and Rep genes were introduced to facilitate recombi-
nase-mediated gene stacking, which allows for the pre-
cise integration and removal of genes of interest. The
CRISPR/Cas9 system was utilized to produce targeted
mutations or edits in specific genes. The development of
these founder transformants serves as a starting point for
further research on recombinase-mediated gene stacking
in cotton. The capability to precisely stack the genes of
interest in cotton genome has the potential to enhance
desired traits and improve crop performance.

The application of gene editing and high-throughput
whole genome sequencing in cotton is discussed in a
forum article (Peng et al. 2021). In the article, the use of
genome editing techniques in cotton was discussed, and
genes linked to important agronomic traits specifically,
fiber quality, yield, biotic and abiotic stress tolerance
were identified. The article listed regulatory issues and

off-target effects as well as other challenges associated
with cotton genome editing (Peng et al. 2021).

Application of CRISPR technology for trait
development in cotton

Genome modification for fiber improvements

Fiber length is a crucial quality parameter in cotton fib-
ers, with transcriptomic studies identifying genes associ-
ated with fiber length that are predominantly expressed
throughout the elongation phase of cotton fiber forma-
tion (Lee et al. 2007; Fang et al. 2024; Wu et al. 2024;
Zhao et al. 2024; Yang et al. 2024). However, only some
of these genes were functionally characterized. A study
by Zhu et al. (2018) addressed this gap by developing a
simplified CRISPR/Cas9 system to generate targeted
alterations in the GhAlaRP gene, which translates an
alanine-rich protein predominantly expressed in fibers of
cotton during the elongation phase. The results demon-
strated high efficiency in gene editing in upland cotton,
with successful mutations at the intended target sites
observed in 71.4%-100% of GhAlaRP-A and 92.9%—-100%
of GhAlaRP-D cases. Deletion events were the most
common, with some instances of deletion accompanied
by larger insertions. The majority of the transgenic plants
demonstrated mosaic mutation activity, with no apparent
off-target changes. This study generated mutant cotton
plants that can be utilized to do future research into the
role of GhAlaRP in fiber development. The relationship
with fiber elongation has been verified using expression
pattern analysis in growing fibers. Functional studies
using gene disruption and modulation approaches such
as RNA interference or CRISPR/Cas9-mediated gene
editing have provided insight into the effect of GhAlaRP
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on fiber elongation. These experiments suggest that
GhAlaRP influences the fiber elongation process by reg-
ulating cell expansion and wall biosynthesis in cotton
fibers. The encoded protein might interact with other cel-
lular components involved in fiber elongation, potentially
impacting cell wall properties and overall fiber quality
(Zhu et al. 2021).

A study conducted by. Zhang et al. (2021a) through
map-based cloning strategy and CRISPR/Cas9 gene edit-
ing technique cloned and analyzed the function of Ghim
gene, which encodes a PPR protein associated with non-
flufty fiber phenotype. Specifically, this study investigated
the involvement of Ghlm in the splicing of mitochondrial
nad7 mRNA, which is crucial for normal mitochondrial
function. The results demonstrated that reduced expres-
sion of Ghlm and nad?7 led to defective fiber develop-
ment, characterized by shorter fibers with irregular
shapes and reduced cellulose content. Further analysis
revealed that the downregulation of Ghlm impaired the
splicing of nad7 mRNA, leading to mitochondrial dys-
function in cotton fibers. The study emphasizes the criti-
cal role of Ghim in the splicing of mitochondrial nad?
mRNA during cotton fiber development. By ensuring
proper splicing, Ghlm contributes to the normal func-
tioning of mitochondria, which is essential for fiber elon-
gation and quality. This research provides vital insights
into improving fiber yield and quality in cotton breeding
programs.

Genome modification for oil improvements

In terms of edible oilseeds worldwide, cotton is ranked
third behind soybean and canola oil. The main emphasis
in genetic improvement of cotton has been on enhanc-
ing the yield and quality of its fiber, though there is an
increasing demand for enhanced oilseed traits with high
fatty acid content for biofuel applications (Wu et al. 2022;
Shang et al. 2017; Chen et al. 2021; Zhang et al. 2021c;
Li et al. 2024a). Cottonseed oil composition is primar-
ily determined by the presence and activity of desatu-
rase enzymes that are encoded by the SAD gene family.
These enzymes facilitate the transformation of oleic acid
(18:1) into stearic acid (18:0), a crucial step in the biosyn-
thesis of monounsaturated fatty acids in cottonseed oil.
To identify candidate genes within the SAD gene family,
Shang et al. (2017) employed a combination of bioinfor-
matic analyses and experimental validation to classify
9,9, 18, and 19 SAD genes in the genomes of the four
sequenced cotton species: diploid G. arboreum (A,), G.
raimondii (D), tetraploid G. hirsutum acc. TM-1 (AD,),
and G. barbadense cv. Xinhai 21 (AD,), respectively. The
researchers then conducted expression profiling of the
identified candidate genes in various cotton plant tissues

Page 6 of 14

and developmental stages, with a particular focus on the
developing seeds. This analysis helped determine the
tissue-specific expression patterns of the genes and their
potential role in cottonseed oil composition. Further-
more, functional validation experiments were carried out
to estimate the impact of manipulating the expression of
candidate genes on cottonseed oil composition. These
experiments involved techniques such as gene silencing
or overexpression in cotton plants, followed by analysis
of the resulting changes in fatty acid profiles. Through
this comprehensive approach, the study identified several
candidate genes from the SAD gene family that are likely
to play an important role in determining cottonseed oil
composition. These genes provide potential targets for
future genetic engineering or breeding strategies aimed
at enhancing the industrial and nutritional qualities of
cottonseed oil (Shang et al. 2017).

A recent review (Wu et al. 2022) explores various
approaches aimed at enhancing the quality and nutri-
tional value of cottonseed oil and protein. The review
encompasses advancements in the realms of genetics,
breeding, and genetic engineering that possess the abil-
ity to positively impact cottonseed traits. However, cer-
tain inherent limitations and undesirable characteristics
have hindered the widespread utilization of cottonseed
products.

Chen et al. (2021) used the CRISPR/Cas9 gene editing
technology to precisely target and disrupt the GhFAD2
gene in allotetraploid cotton. The GZFAD2 gene encodes
for a desaturase enzyme that translates oleic acid to lin-
oleic acid, which is a detrimental trans-fatty acid due to
its less oxidative stability. To increase the oleic acid con-
tent (stable and healthy fatty acid) in the cotton plant,
the authors designed specific gRNAs to simultaneously
target multiple copies of the GHFAD2 gene family. The
subsequent investigation validated the effective modifica-
tion of these genes in cotton plants. To assess the impact
of knocking out GEFAD2 on cottonseed oil composi-
tion, the researchers conducted fatty acid profiling on the
edited plants. They found a significant rise in the amount
of oleic acid content and a fall in the amount of linoleic
acid, resulting in a higher ratio of oleic acid to linoleic
acid. This alteration makes the cottonseed oil more suit-
able for various industrial applications, including cook-
ing, frying, and biodiesel production. One notable aspect
of this approach is that it did not involve introducing
foreign genetic materials or transgenes into the cotton
plants, rendering them non-transgenic. This non-trans-
genic status is significant, as it can influence regulatory
approval processes and public acceptance of gene-edited
crops (Chen et al. 2021).
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Stress resistant development using CRISPR tools
Cotton plants are continually subjected to both abi-
otic and biotic stressors, which significantly impact
their growth, development and ultimately reduc-
ing the potential yield of cotton fibers (Aini et al.
2022; Ahmed et al. 2024; Sheri et al. 2023; Prakash
et al. 2023; Umer et al. 2023; Gupta et al. 2024). Cot-
ton production has declined in major cotton-growing
regions, mostly owing to pest and disease pressures,
and the application of management strategies. Among
the primary factors impacting cotton yield worldwide
is cotton leaf curl disease (CLCuD), which is triggered
by cotton leaf curl virus (CLCuV) (Igbal et al. 2016).
Over the past 15 years, the Indian subcontinent has
experienced a continuous threat to cotton produc-
tion from different types of CLCuD, which is brought
on by a variety of begomo-viruses, including the cot-
ton leaf curl Alabad virus (CLCuAV), cotton leaf curl
Bangalore virus (CLCuBYV), cotton leaf curl Burewala
virus (CLCuBuV), cotton leaf curl Kokhram virus
(CLCuKYV), cotton leaf curl Multan virus (CLCuMYV),
and cotton leaf curl Rajasthan virus (CLCuRV). In
addition to vein enlargement and the formation
of leaf-like, cup-shaped extensions (enations) on
the bottoms of leaves, CLCuD causes stunted cot-
ton plant development (Ahmad et al. 2011; Ali et al.
2013; Heigwer et al. 2016). According to several stud-
ies, CLCuV has the greatest influence on the seed-
ling stage of plant, with shorter blooming time and,
as a result, decreased the size and quantity of cotton
bolls negatively impacting seed yield and fiber quality
attributes (Ahuja et al. 2007; Qazi et al. 2007).
Genome editing has recently been utilized to tar-
get alterations in many important genes, including
both endogenous or exogenous marker genes (Zhang
et al. 2021b). Examples include the GmFt2a gene edit-
ing to postpone soybean blooming (Cai et al. 2018), the
simultaneous targeted mutagenesis of three TaEDRI
homologs to improve wheat resistance to powdery
mildew (Zhang et al. 2017), similarly Li et al. (2017)
used targeted mutagenesis to boost the amounts of
y-aminobutyric acid production in Solanum lycopersi-
cum, and Braatz et al. (2017) used targeted mutation to
decrease oilseed seed cracking by altering two BnALC
homeologs. The genome editing technique based on
CRISPR/Cas9 was also employed to provide farmed
cotton resilience to biotic and abiotic stresses (Rah-
man et al. 2022). The establishment of genome editing
systems in G. hirsutum mediated by CRISPR/Cas9 was
described in several studies in 2017, mostly through
endogenous and exogenous gene markers, such as
GFP, DsRed2, and GhMYB25-like genes along with the
GhCLA1 gene (Chen et al. 2017; Wang et al. 2017; Janga
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et al. 2017; Li et al. 2017). Application of transgenic cot-
ton, particularly cultivars resistant to insects and herbi-
cides, has generated significant economic gains over the
past 20 years (Li et al. 2024b). For example, the Chinese
Bt cotton has raised annual income by 1.5 billion dollars
(Zhang et al. 2024).

To offer resistance to CLCuD and fungal wilt caused by
Verticillium dahlia, the CRISPR/Cas9 technology may be
used to specifically interfere with CLCuD tolerance and
wilt disease resistance and spread will be enhanced by the
development of efficiently developed sgRNAs matching
to the coding and non-coding genomic areas of CLCuV
and wilt disease in Cas9 overexpressed transgenic cot-
ton plants. This strategy will open up new possibilities
for protecting cotton crops from phyto phages and fun-
gal pathogens. Thus, the CRISPR/Cas9 genome alteration
technique still needs to be used to edit intriguing and
ecological genes, particularly negative regulatory genes
involved in resistance and growth.

The most detrimental disease to cotton production
is known as Verticillium wilt, a kind of vascular infec-
tion brought on by a fungus Verticillium dahliae (Gao
et al. 2013; Umer et al. 2023; Zhang et al. 2022). The
extensively planted upland cotton unfortunately lacks
Verticillium wilt immune germplasm (Yang et al. 2015).
According to Wang et al. (2016), the cotton Verticillium
wilt, sometimes known as "cotton cancer” (Umer et al.
2023), is a damaging disease that causes economic dam-
ages ranging from $250 to $310 million USD each year
in China. The best defense against V. dahliae pathogen
damage to plants is to create disease-resistant cultivars.
However, G. hirsutum naturally has only a small num-
ber of germplasm resources or resistant genes against V.
dahliae. To specifically target negative regulators of dis-
ease resistance, such as cotton 14—3-3c/d, NINJA, and
CYP82D, which, according to RNAi methods, have strong
sensitivity to V. dahlia infestation (Wang et al. 2017; Sun
et al. 2014; Gao et al. 2013), using CRISPR-Cas9 to cre-
ate new defense genes or defensive mutants is essential.
Zhang et al. (2018b) created a CRISPR-Cas9-mediated
genome editing method in cotton and edited the target
gene, Gh14-3-3d, to produce in-dels at predicted target
locations. The CRISPR-Cas9 genome editing system pro-
duced many insertions and deletions of nucleotides in T,
plants at the predicted locations within the Ghi4-3-3d
gene targets. Among the edited lines, cel and ce2 lines in
T, have been reported to be having stronger resistance to
V. dahliae in comparison with the wild type (Zhang et al.
2018b). This outcome can be used in raising cotton culti-
vars with wilt resistance against V. dahliae.

Cotton plants accumulate jasmonic acid (JA) and jas-
monoyl-isoleucine (JA-Ile) within hours after V. dahi-
iae infection, and plants with constitutively active JA
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signaling are more resistant to V. dahliae (Hu et al
2018). Recent studies in Arabidopsis have shown that
the unimpeded JA signaling pathway is critical in plants
resistant to V. dahliae (Fradin et al. 2011). Zhang et al.
(2018a) observed that a GhCPK33 gene was activated by
V. dahliae V991. Further research showed that GhCPK33,
which is located in the peroxisome, controls JA synthe-
sis by phosphorylating 12-oxophytodienoate reductase 3
GhOPR3), which lowers its stability, and acts as a nega-
tive regulator of cotton defense against V. dahliae. Hu
et al. (2018) found a phosphorylated network among
GhCPK33 and GhOPR3, which affects JA synthesis and
the JA-dependent responses of V. dahliae in cotton.

By multiplex CRISPR/Cas9 technology, begomoviruses
in cotton were successfully demonstrated to be con-
trolled by targeting the viral genome of CLCuV (Binya-
meen et al. 2021; Mubarik et al. 2021). When utilizing
sgRNA, the 200 bp common sequence of the DNA-A was
discovered to be helpful for viral interference. The level of
cotton plant resistance to CLCuV, further increased with
the efficient strategy for concurrently targeting sgRNA
expression in both coding and non-coding regions of
the CLCuV genome (Binyameen et al. 2021; Mubarik
et al. 2021). Geminivirus-based genome editing vectors,
pBeYDV-Cas9-KO and pRGEB32-35S, were created by Li
et al. (2022) and tested by aiming on the GZCLA1 gene.
The multiplex CRISPR/Cas9 technology may be used
to change the genomes of other members of the Gemi-
nivirdae and present a chance for more environmentally
friendly agricultural production methods.

Eliminating anti-nutritional compounds

The gossypol biosynthetic pathway is responsible for
the production of gossypol, a natural compound found
in cotton plants (Mehari et al. 2023). Gossypol is a yel-
lowish pigment with diverse biological activities and
is primarily known for its insecticidal and antifungal
properties. Understanding the characterization of the
gossypol biosynthetic pathway is crucial for manipulat-
ing its production in cotton plants for various purposes.
The pathway starts with the amino acid phenylalanine, it
passes through a number of enzymatic reactions to pro-
duce gossypol. The key enzymes involved in this pathway,
including cinnamate 4-hydroxylase (C4H), 4-coumarate-
CoA ligase (4CL), cinnamoyl-CoA reductase (CCR),
phenylalanine ammonia-lyase (PAL), and cinnamyl alco-
hol dehydrogenase (CAD), catalyzed the conversion of
phenylalanine to gossypol through several intermediate
compounds.

Tian et al. (2018) have extensively studied the gossypol
biosynthetic pathway to elucidate the roles of individual
enzymes and regulatory factors involved in gossypol
regulation. They have identified and characterized genes
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encoding enzymes associated with gossypol synthesis
and analyzed their expression patterns across several tis-
sues and development phases of cotton plants. Addition-
ally, the characterization of transcription factors as well
as other regulatory components that control the gene
expression in the gossypol biosynthetic pathway has pro-
vided insights into the molecular mechanisms underlying
gossypol production.

A study explored the use of temperature-dependent
genome modification using CRISPR/LbCpf1 (LbCas12a)
to generate non-transgenic cotton plants without gos-
sypol (Li et al. 2021a). The study involved using tem-
perature-sensitive CRISPR/LbCpfl, an alternative to
the CRISPR-Cas9 mechanism, to target and modify the
genes involved in gossypol biosynthesis in allotetraploid
cotton (G. hirsutum). The temperature-sensitive feature
allowed for precise control over the genome editing pro-
cess. By designing specific gRNAs targeting the key genes
(GhPGF and GhCLAI) in the gossypol biosynthetic path-
way, targeted mutations were induced in cotton plants
at the desired temperature. This led to disruptions in
the expression of the gossypol biosynthesis genes and
resulted in the creation of cotton plants that do not pro-
duce gossypol. The edited cotton plants demonstrated
reduced levels of gossypol in seeds without compromis-
ing other important agronomic traits. The non-trans-
genic nature of the approach offers advantages in terms
of regulatory approval and public acceptance. This
research presents a significant breakthrough in develop-
ing gossypol-free cotton plants using temperature-sensi-
tive CRISPR/LbCpf1 genome editing. The elimination of
gossypol in cotton seeds enhances the potential utiliza-
tion of cottonseed products in the food and feed indus-
tries (Li et al. 2021a).

Limitations and challenges of using CRISPR
technology in cotton

CRISPR tools are gaining increasing popularity and
are frequently used in plants. However, the use of the
genome editing tools in cotton is a challenge with few
limitations (Fig. 2).

Genome complexity, redundancy, and variation

Cotton has a complex genome, often being tetraploid
(with four sets of chromosomes). This complexity
makes it challenging to target and edit specific genes
without off-target effects or unintended consequences
(Manivannan et al. 2023). In a tetraploid organism
like cotton, there are typically multiple copies of each
gene. This redundancy can make it challenging to tar-
get a specific gene without affecting its duplicates. For
example, when aiming to knock out a gene responsible
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for a specific trait, it is essential to ensure that all cop-
ies of that gene are altered, or else the trait might not
be completely affected due to redundancy (Blenda
et al. 2012). Tetraploid leads to a higher number of
homologous and paralogous sequences; genes that are
similar due to shared ancestry or duplication events.
This similarity complicates the design of specific
CRISPR gRNAs because the guide sequence might
recognize and bind to unintended locations with simi-
lar sequences, leading to off-target effects (Liu et al.
2020).

The multiple copies of homologous genes dispersed
throughout distinct homologous chromosomes also
lead to a higher percentage of heterozygous mutation
when the CRISPR/Cas method was utilized for edit-
ing the genome, which is why the editing efficacy of
CRISPR/Cas9 in complex genomes (polyploid) like
cotton is still low. Highly repetitive DNA sequences
can be found in the tetraploid A and D-diploid
genomes of G. hirsutum (Han et al. 2022; Li et al. 2015;
Peng et al. 2022; Wang et al. 2018). The complexity of
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a tetraploid genome complicates the design and deliv-
ery of CRISPR/Cas components. A critical element is
the appropriate choice of sgRNA, which has a direct
impact on the effectiveness of using CRISPR/Cas9 (Ma
et al. 2016).

Off-target effects

Even with advanced CRISPR techniques, there’s a risk
of off-target mutations. In complex genomes like that
of cotton, ensuring precise editing without affecting other
parts of the genome is critical but challenging (Kumar
et al. 2024). Off-target cuts can lead to unintended muta-
tions, affecting other traits or causing genetic instability.

Genetic transformation method and its efficiency

Cotton improvement has also advanced from the suc-
cessful use of genome editing (Chen et al. 2021). But
even with extremely low transformation efficiencies,
only a small number of cotton genotypes, including
YZ-1 (Yuzhao No. 1), ZM24, JIN668, and Coker312,
have been transformable to date using the conventional



Sheri et al. Journal of Cotton Research (2025) 8:4

transformation method (Agrobacterium-mediated trans-
formation) (Chen et al. 2021; Huang et al. 2021; Zhang
et al. 2020; Peng et al. 2021). For the majority of current
elite cotton varieties, their regeneration is recalcitrant
that limits the application of transgenic and genome edit-
ing in cotton trait improvement (Ge et al. 2015; Peng
et al. 2021; Zhao et al. 2022). Cotton cells can be dif-
ficult to regenerate into full plants after genetic modi-
fication (Verma et al. 2023). This hampers the overall
efficiency and increases the time and resources needed
to produce edited plants. However, the quick develop-
ment of next generation deep sequencing (Liu et al. 2022;
Lai et al. 2024), including single-cell RNA sequencing
(scRNA-seq) (Pan et al. 2024), may elucidate the regula-
tory mechanisms controlling cotton somatic embryogen-
esis and plant regeneration, which will help us to develop
new strategy for obtaining transgenic and CRISPR/
Cas genome edited plants. Additionally, certain emerg-
ing materials, such as nanoparticles (Javaid et al. 2024;
Rohela et al. 2024), may also enhance cotton plant tissue
culture-based transgenics and CRISPR genome editing.

Gene expression regulation

In a tetraploid organism, gene expression is often regu-
lated by complex mechanisms that might involve multiple
gene copies. Editing one copy without considering oth-
ers might not yield the desired phenotype or could have
unpredictable consequences on overall gene regulation.
CRISPR/Cas is a useful tool for targeting the genomes
of polyploid organisms and other species with complex
genomes because it can cause simultaneous mutations at
many genomic locations. The sgRNAs need to be consid-
ered with care so that they can target all diverse alleles
that are to be edited (Schaart et al. 2021).

Regulatory hurdles and ethical and public perception
Depending on the region, there may be stringent regula-
tory frameworks around genetically engineered organ-
isms (GMOs), this might affect the deployment of
CRISPR-edited cotton plants (Gupta et al. 2021). The
regulations might not differentiate between traditional
GMOs and gene-edited crops, complicating the approval
process. Genome editing entails genetically transforming
plant cells to introduce editing agents. Nevertheless, this
process may affect the editing elements being randomly
integrated into the genome, which might result in unfa-
vorable genetic variations. In addition, the incorpora-
tion of foreign DNA into plant genomes poses regulatory
challenges since the altered plants may be classified as
genetically engineered organisms.

Despite CRISPR’s technical benefits, public percep-
tion and ethical considerations around GMOs and gene
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editing can influence the acceptance and adoption of
CRISPR-edited cotton (Munawar et al. 2023).

Trait complexity

Cotton production relies on a combination of traits,
including fiber quality, resistance to pests and diseases,
and yield (Zhang et al. 2021b; Wang et al. 2023). Altering
one gene might not be sufficient to achieve the desired
outcome without affecting other traits, requiring multiple
edits and complex gene regulation (Conaty et al. 2022).

Intellectual property and licensing

Access to CRISPR technology might be restricted due
to intellectual property rights, affecting researchers and
institutions interested in working with cotton. Given
these challenges, the successful application of CRISPR
in cotton requires a multidisciplinary approach, combin-
ing advances in CRISPR technology, cautious guide RNA
design, effective delivery methods, thorough analysis of
potential off-target effects, and validation through exten-
sive genomic sequencing, robust regulatory frameworks,
and a clear understanding of public perception to ensure
successful application in cotton and other crops (Khan
et al. 2023a). Researchers often use multiple gRNAs to
ensure all copies of a target gene are edited, and they rely
on advanced bioinformatics tools to predict and avoid
off-target effects. Additionally, regenerating edited cot-
ton cells into full plants can be more complex due to the
need for stable integration of edits across the tetraploid
genome.

Conclusion and future perspectives

Genome editing using the CRISPR/Cas9 approach in cot-
ton has enormous potential to explore gene functions
and gain insights. Currently, genetic transformation of
cotton plants for CRISPR/Cas delivery is achieved using
laborious and time-consuming methods such as Agrobac-
terium or biolistic techniques. In the future, more effi-
cient and rapid methods such as viral-mediated delivery,
ribonucleoproteins (RNPs) complex delivery, and nan-
oparticle-mediated delivery will be increasingly utilized
for targeted genome editing. Viral mediated delivery of
CRISPR/Cas is gaining day by day popularity, where we
can deliver directly the Cas endonuclease and its gRNA
into leaf, stem, or flower with viruses and get a mutant
seed in the next generation.

With the development of CRISPR/Cas technology,
cotton can be modified more efficiently and precisely in
terms of oil enhancement, fiber quality, disease resist-
ance, herbicide tolerance, and drought resilience. Future
genome editing efforts for cotton should focus on mini-
mizing unintended genetic alterations.
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