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Abstract

Cotton is a significant fiber crop globally and has a considerable share in many countries’ gross domestic
product (GDP). It is the most critical contributor to the textile industry and provides income to millions of
farmers. Salt stress is abiotic stress, decreasing the cotton yield on a large area. Salt stress is a polygenic trait, and
cotton’s response to salt stress involves a complex gene pathway. Breeders have been breeding novel salt-tolerant
cotton genotypes for decades to sustain their growth on salt-affected soils. In recent years, cotton breeders have
employed several breeding tools like hybridization, backcrossing, and mass selection to develop tolerant
genotypes. Still, due to several limitations, these techniques are being replaced by novel molecular breeding
tools. With the advancement in molecular breeding, the speed to improve crop tolerance to salt stress has been
increased. Quantitative trait loci (QTL) mapping, genome-wide association studies (GWAS), transcription
factors (TFs) analysis, and transcriptome have identified several genomic regions for salinity tolerance in
cotton. At the same time, genetic engineering and clustered regularly interspaced short palindromic repeats
(CRISPR/Cas9) led to the development of salt-tolerant cotton cultivars. Genetic engineering is key in breeding
transgenic cotton cultivars resistant to multiple abiotic stresses. CRISPR/Cas9, a new gene manipulation
technique, is used to edit the genes for salt tolerance in cotton without any biological barrier. CRISPR/Cas9
could be a more powerful tool to manipulate the desired cotton genome against salinity tolerance. These
research and breeding tools have been successfully used in genetic research and breeding for drought tolerance
in cotton. This unique review presents a full overview of the use of different molecular tools and their role in
enhancing salt tolerance in cotton. Using this information, cotton breeders can understand the salinity
tolerance mechanism in cotton by choosing the most reliable genetic breeding tool.
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Introduction

The beginning of the 21st century is noticeable by a deterioration in natural resources, environmental
pollution, soil and water reservoir salinization, and severely threatening health (Ju ez 4/, 2021; Shahbaz and
Ashraf, 2013). Soil salinity causes a noteworthy decline in crop yield (An e al., 2025; Guo et al., 2023; Phour
& Sindhu, 2023; Wei ez al., 2017; Yu et al., 2020; Zeb et al., 2016; Zhou er al., 2023) poses a risk to crop
sustainability, production, eventually global food security. Food and Agricultural Organization (FAO, 2011)
reported that around 45 million hectares of irrigated land are disturbed by soil salinity, while predictions
revealed that more world arable lands will be disturbed in the future (Jamil ez /., 2011). Salt-affected areas are
increasing quickly, reducing agricultural productivity (An ez al., 2025; Farooq ez al., 2022; Ghassemi-Golezani
et al., 2024). Salinity stress arises in soil by the accumulation of sulfates and chlorides of calcium, magnesium,
and sodium. Excessive accumulation of Ca*, Na*, and K* leads to salt toxicity in soils (Murtaza ez a/., 2025; Wu
et al., 2023b). A high concentration of Na competes with K* ions, disturbs K* homeostasis, and triggers K*
leakage, which leads to K* deficiency in plants (Nieves-Cordones ez 4/., 2016). Cotton is one of the most
economically significant crops which is used in the textile industry to make a large number of products, and at
the same time, it is a substantial source of farmer's income in many regions (Maryum ez 4/., 2022; Muhammad
et al.,2025; Sun ez al., 2023), cultivated in arid as well as semi-arid areas where salt and drought are a common
threat to cotton growth and production. The genera Gossypium comprises 50 species, a rich source of genes for
yield, fiber quality, and resistance to environmental stresses (Saddique e 4/, 2022). Salt stress leads to
significant changes in the morphology, physiology, and biochemistry of crops (Abdelraheem ez 4l.,2018; Anwar
et al., 2024; Chaudhary ez al., 2024; Rasheed ez al., 2022; Zafar et al., 2025), resulting in reduced growth and
production (Abdelraheem e 4., 2020a) (Figure 1). By viewing climate changes, it has become imperative to
increase the cotton yield by up to 40% (Abdelraheem ez al., 2021a).

Using molecular techniques like QTL mapping is one of the most significant ways to recognize the
potent genomic areas controlling salinity tolerance in cotton. Hundreds of QTLs with substantial
contributions to salinity stress have been identified. QTL identification can help to develop salt-tolerant cotton
varieties. Association mapping using linkage disequilibrium is one of the most powerful ways to identify the
regions linked to particular variants of phenotypic traits (Saced ez 4/., 2014). Association mapping can dissect
a large number of alleles as compared to linkage mapping. Unfortunately, studies on the identification of salt-
tolerant QTL/genes by association mapping (Du ez al., 2016) and linkage mapping are limited (Diouf ez 4/,
2017). Yuan e al. (2019) identified 33 SNPs and 13 QTLs for salinity tolerance in cotton using association
mapping. They concluded that these findings could increase our understanding of molecular regulatory
pathways of salinity tolerance in cotton (Yuan ef /., 2019).

TFs and transcriptome analysis identify the protein families and genes regulating salinity stress tolerance
in cotton (Li er al., 2025; Liu et al., 2025; Peng et al., 2025). Several TFs and transcriptomes have been
identified as involved in salinity tolerance in cotton. TFs reveal the distant pathways associated with salinity
tolerance in cotton. An earlier study recognized 2356 differently expressed genes in cotton after treatment with
salt stress, of which 94 were TFs. These TFs /genes are significant genetic reservoirs that enhance cotton
genotypes' salt tolerance (Long ez 4/., 2019). CRISPR/Cas9 and genetic engineering are the most potent tools
to breed salt-tolerant cultivars. Many studies revealed the role of transgenic cotton cultivars in combating
salinity stress. The breeding of transgenic cotton with improved tolerance to salt stress has great agronomic
value (Huijun ez 4/, 2010). CRISPR/Cas9 is a new gene editing technique that addresses environmental
challenges by editing the gene of interest without biological barriers. The use of CRISPR/Cas9 to edit the salt-
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tolerant genes is limited and requires further studies to expand its role in future studies. We used Google,
Google Scholar, and PubMed to search for relevant literature and write the manuscript. Many published papers
deal with the mechanism of salinity tolerance in cotton; however, a detailed overview of this aspect is rarely
reported or missing. Hence, this is the first detailed review focusing on molecular breeding tools to enhance
salinity tolerance in cotton. This review aims to present an updated picture of improving salt tolerance in
cotton using molecular breeding methods to give concise information to cotton breeders. This information can
help cotton breeders speed up salt-tolerant breeding.

Effects of Salinity Stress on Cotton

Effects on

Effects on physiology

Reduces Reduces
sced photosynthesis
germination rate

Reduces plant
water relation

Reduces A Reduces Rceducces Ieaf Reduces
seedling shoot and gas exchange transpiration
growth root length rate rate

Effects on yield Effects on
traits biochemistry

Reduces Reduces boll Induces ROS Reduces
biomass number production antioxidants
activity

Reduces lint Rc.d S
yield proline and
- protein content

Cotton
plant

Figure 1. Salinity stress influences growth, yield, and fiber quality. Salinity stress also affects the uptake of
nutrients and stops plant reproduction. Salinity stress also reduces plant water relations, leaf gas exchange,
and transpiration rates. Salinity stress reduces lipid content, protein content, and activities of plant growth
hormones. This figure was made with bioRender.com

Effects of salinity stress in cotton

Soluble salts induce ionic and osmotic imbalance (Shehzad ez 4l., 2019a). Salinity stress reduces plant
growth through three mechanisms (Guo ez al., 2023). A high salt concentration of 360 mmol L™ retarded seed
germination and seedling growth (Yan e al., 2019). Salinity stress reduces plant height and photosynthesis
(Zafar er al., 2022). Salt stress reduced the relative water absorption and water absorption rate in cotton
genotypes (Wu et al., 2023c). Salinity stress reduced the osmotic potential of cotton when exposed to NaCl
levels (Meloni ez al., 2001). Results exhibited that nitrogen (N) and potassium (K) uptake were significantly
decreased by salinity stress (Chen ez 4/, 2010). Another study showed that salinity stress (200 mol m™)
reduced the concentration of Ca’ and mg** in leaves (Meloni ez 4/., 2001). These mechanisms include an
imbalance in nutrient ions that decreases NO-, PO4-, and K* uptake with high NaCl content and osmotic
stress interrupting water accessibility (Shehzad ez al., 2019a). Salinity stress negatively affects cotton growth
and production (Zafar et al., 2022). Salinity stress (150 mM) reduced the rate of photosynthesis, activities of
sucrose phosphate synthase (SPS), and RuBP carboxylase in cotton cultivars (Desingh and Kanagaraj, 2007).
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Salinity stress also suppresses the functions of enzymes linked with a metabolic pathway (Sharif ez 4/, 2019). Ju
et al. (2021) evaluated the cotton cultivars to investigate the effects of salinity stress on different traits. Salinity
stress (10.59~11.08 dS m™") decreased the concentration of soluble sugar, starch, and sucrose (Ju ez 4/., 2021).
Another study showed that salinity stress reduced the protein content in cotton (Meloni ez 4/., 2001). Reactive
oxygen species (ROS) altered cellular metabolism viz damaging DNA and proteins (Dogan ez al., 2012). Salt
stress reduced bolls and lint yield in cotton plants, as studied by Ibrahim ez al. (2019). Salt stress reduces the
dry biomass of cotton cultivars by reducing growth, seed cotton yield per plant™ and other traits (Sikder ez 4/,
2022).

Genetic mechanism of salinity tolerance in cotton

Investigating cotton response to salinity stress, tolerance mechanisms, and salinity management
methods may contribute to formulating the techniques to increase cotton growth under salinity stress (Liu ez
al., 2025; Sharif ez al., 2019). At the molecular level, plants activate several genes, enzymes, and proteins to
counter the harmful effects of salt stress. Studies showed several genes involved in cotton response to salinity
tolerance (Fangez al., 2025). Earlier studies showed that the rice gene SNACI enhanced salt tolerance in cotton
(Liu ez al., 2014b). The involvement of ion transporters in salt stress response has been studied. The Na*/H*
antiporter plays a key role in salt stress, and overexpression of A/#NHX1 improved salt tolerance in cotton (He
et al., 2005; Lv et al., 2008). The ROS scavengers GhCAT1 and GhMT3a also participate in salt tolerance in
cotton (Luo et al., 2013; Xue et al., 2009).

Improvement of the antioxidant defense system reduces the risks of oxidation-related damage. Salinity
tolerance is a polygenic trait governed by numerous genes and their network (Diouf ez al., 2017). Salinity
tolerance meaningfully differs among cotton germplasms (Yuan ez al, 2019). Screening of salt-tolerant
germplasm is imperative to breed the salt-tolerant genotypes of cotton and recognize the molecular mechanisms
linked with salt tolerance. Breeding tolerant varicties is the most promising way to counter soil salinity (Yuan
et al.,2019). The effects of salinity stress on nucleic acids, protein synthesis, and plant-water relation should be

deeply investigated to establish a strong counter plan to decrease the danger of salt stress on crops.

QTL mapping analysis of salinity tolerance in cotton

QTL mapping is one of the most powerful tools to identify the potential genomic regions contributing
to abiotic stress tolerance in crops (Du ez al., 2016; Li ez al., 2024; Shakir ez 4l., 2025). QTL mapping facilitates
the identification of salt-tolerant QTL in cotton. It is a powerful way to recognize the molecular mechanism
of salinity tolerance in cotton. QTL analysis helps to understand whether the particular trait is affected by a
few loci with major effects or many loci with small effects (Guo e al., 2024). Marker-assisted selection (MAS)
is a powerful way to exploit several QTLs at once. After identifying QTL with a positive effect on traits of
interest, the next step is to combine them along the same line. This process is called QTL pyramiding (Huang
& Zhao,2020). QTL pyramiding has been successfully used in cotton to improve salinity tolerance, as reviewed
by Shehzad ez al. (2019b). An F,; mapping population was assessed to identify the QTL linked with salt
tolerance. Eleven consistent QTLs were detected on eight chromosomes, including 9, 11, 15, 16, 21, 23, 24,
and 26. qRL-16-1 was a major salt-tolerant QTL, explaining significant phenotypic variance in two
environments. This QTL shows the significance of root length (RL) in salinity tolerance in cotton. More
studies are required to evaluate the role of other QTLs identified in this study (Oluoch ez al., 2016). Diouf ez
al. (2017) identified 66 QTL for 10 salinity tolerance traits in three environments. Out of 66 QTLs, only 14
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were consistent across the environments. Resistant parent (CCRI35) contributed four QTLs, which could
improve salinity tolerance in the population. Fourteen consistent QTLs identified in this study should be
studied for their possible use in molecular breeding (Diouf ez 4/, 2017). QTL identification at the germination
stage is one of the critical objectives of the cotton breeder. QTL identification at germination can help avoid
the toxic effects of salt stress in the adult stage. A stable salt-tolerant QTL, QTL ¢Salt-404-1, was identified
for relative germination rate (RGR) after salt treatment. This novel QTL significantly contributed to salinity
tolerance at the germination stage. Besides this, this novel QTL harbored candidate genes, a potential genetic
resource for salt-tolerant breeding. Hence, QTL for RGR can be targeted to accelerate the marker-assisted
selection in cotton (Gu e a/., 2021). Guo ez al. (2022b) evaluated 177 RIL population and their parents under
salt stress conditions. Germinal potential (GP) and germinal length (GL) were studied under salt stress
conditions. QTL, gGR-Chr4-3, qFER-Chr12-3, and gFER-Chr15-1 (Table 1) representing field emergence
rate (FER) were detected as salt-tolerant QTL. Additional studies are required for further functional
characterization of these QTLs and their use in molecular breeding (Guo e al., 2022b).

In another study, 55 QTL were detected for salt tolerance in the RIL population. RIL population is
homogenous or homozygous and considered valid for QTL mapping. This population can be maintained for a
long time and used repeatedly. The QTL, gPHS was commonly mapped under salt and drought stress and
considered stable QTL for abiotic stress tolerance. gFSIV6 was identified for fresh shoot weight (FSW) under
salt stress conditions (Abdelraheem e 4l., 2018). Identifying QTL for fiber quality and length under salt stress
conditions should be a key target of plant breeding. Three QTLs (¢qFL-ChrI-1, gFL-ChrS-5, gFL-Chr24-4)
for fiber length were identified under salt stress and control conditions. These QTLs can facilitate the
development of salt-tolerant cotton cultivars with improved fiber length (Guo ez 4., 2021). A recent study by
Suet al. (2021) identified the QTL controlling yield, seedling, and fiber quality traits under salt stress in cotton.
Three QTL qFL-ChrD11-3, gFM-ChrA13-2, and gFM-ChrD0S-1 were stable and spotted for fiber quality
characters under several situations in two years. These QTLs can be exploited viz molecular breeding to
improve the fiber quality under salt stress in cotton (Su e# 4l., 2021). In another study, 161 RIL were evaluated
under salinity stress conditions. One QTL, gDSW-12, for dry shoot weight (DSW) was commonly mapped
under salt and drought stress. Hence, DSW can be improved under salt stress in cotton, as proven by this study
(Abdelraheem ez al., 2020b).

QTL identification for morphological traits under salt stress in cotton is essential to improving salt
tolerance in field conditions. Three QTLs for PH, one for leaf number (LN), one for fresh root weight, and
one for root fry weight (RDW) were detected under salt stress (200 mM NaCl) by Tiwari (2012). These QTLs
can facilitate the marker-assisted selection for salt tolerance in cotton (Tiwari, 2012). Han ez 4l (2022)
identified 30,089 ¢QTL associated with cotton growth and salt tolerance and concluded that these eQTL
could be used to develop improved cotton cultivars. Hence, more studies are required to unfold the potential
role of these QTLs in salinity tolerance in cotton (Han ez 4/, 2022). These studies revealed the role of novel
genomic regions in enhancing salt tolerance in cotton. QTL mapping studies on cotton boll weight and other
physiological traits under salt stress are limited. QTL mapping studies for physiological characteristics would
boost the development of physiological-based salt tolerance in cotton. This research gap must be covered in
future studies.
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Population QTL Chromosome References
177 RILs qLP-Chr5-3 5 (Guo et al., 2024)
qGR-Chr4-3, qFER-
177 RIL 4,12,1 G [.,2022b
77 Chr12-3, gFER-Chr15-1 > (Guoera )
588 F; RIL qSal-A04-1 4 (Gu et al., 2021)
gFL-ChrD11-3, gFM-
RIL ChrA13-2, gFM-ChrDOS- 11,13,5 (Sueral,2021)
1
EL-Chri-1,qFL-ChrS-S,
RIL 1 it 4 1,5, 24 (Guo et al,, 2021)
qFL-Chr24-4
RIL JDSWI2 B (Abdelraheem ez al.,
2020b)
97 F5:9 RILs qFSWe6, gPHS 6,5 (Abdelraheem ez al., 2018)
277 Fa5 populations qFW_A06_150.1 AO6 (Dioufet al., 2017)
F,3 population qRL-16-1 16 (Oluoch et 4l., 2016)

RIL: recombinant inbred lines, DSW: dry shoot weight, FSW: fresh shoot weight, GR: germinal ratio, Chr:
chromosomes, RL: root length, RGR: relative germination rate.

Genome-wide association study (GWAS) analysis for salt tolerance in cotton

GWAS is the most significant and potent technique to determine the trait marker association and to
identify the genes/QTL for salinity tolerance in cotton (Wu ez al., 2023a). A detailed and comprehensive
analysis of GWAS-based identified genes/QTL is critical to understanding the molecular basis of salinity
tolerance in cotton. A recent study developed a multi-parent advanced generation intercross population of 550
RIL to identify the QTL for salt tolerance at the seedling stage. A total of 23 QTLs were detected for salt
tolerance. These QTLs were detected for plant height and dry shoot weight (DSW). A common QTL, 4PH-
1, was detected under drought and salt stress (Abdelraheem ez al., 2021b). Previously, many studies focused on
QTL identification at the seedling stage. Yuan ¢z al. (2019) employed GWAS and RNA sequencing to detect
the QTL in 196 upland cotton genotypes. For salt tolerance, 33 SNPs, 13 QTL, and 98 candidate genes were
identified. These findings can improve our understanding of molecular regulatory mechanisms of cotton
tolerance to salt stress (Yuan ez al., 2019). Sun et al. (2018) also employed GWAS to study the association of
marker traits. They detected 23 SNPs linked with two salt-tolerant traits, relative survival rate (RSR) and salt
tolerance level (STL). The two SNPs (i46598Gh and i47388Gh) on D09 were simultaneously related to the
two characters (Sun ez 4/., 2018).

Cotton tolerance to salinity stress is not well understood. In another association analysis, 419 cotton
accessions were used to identify the SNPs related to salt tolerance traits. A total of 17,264 SNPs were found for
tolerance-related features. Twenty key genes around SNPs A10_95330133, and D10_61258588, linked with
leaf relative water content and fresh weight, were selected. These results provide valuable information about
salt tolerance at the seedling stage (Yasir ez /., 2019). Xu ez al. (2021) performed GWAS for salt tolerance at
the seedling stage in upland cotton genotypes. A total of 51,060 SNPs were identified on 26 chromosomes. The
association between chromosomes A13 and Do8 for relative plant height (RPH), Ao7 for relative shoot fresh
weight (RSFW), and Ao8 and A13 for relative shoot dry matter weight (RSDW) were expressed in both
environments. These associations were likely the stable QTL (Xu et 4/., 2021). GWAS identified nine SNPs
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linked with salt tolerance traits, such as relative stem length (RSL), relative fresh weight (RFW), and relative
water content (RWC) in Asiatic cotton. Forty candidate genes were associated with salt tolerance (Dilnur ez
4l.,2019).

The latest study identified 27 SNP markers closely associated with salt tolerance traits and 15 SNP
markers correlated to the salt tolerance index. This study provides a theoretical basis for the genetic
improvement of upland cotton (Zheng ez al., 2021b). Another GWAS revealed that 31, 19, and 15 simple
sequence repeats (SSR) markers were linked with relative germination rates of seeds (RGR) under salt stress.
Four candidate genes (GhPIP3A4, GhSAG29, GhTZF4, and GhTZF4a) (Table 2) exhibited differential
expression in salt-tolerant and sensitive genotypes (Sun ez /., 2019). Some GWAS analyses were conducted for
components of lint yield, lint percentage (LP), and single ball weight (SBW) (Zhu ez al., 2020). A major GWAS
analysis was conducted using 316 Gossypium hirsutism accessions. Based on GWAS analysis, 91 and 42 QTL
were correspondingly recognized for LP and SBW. 10 genes were detected from 8 stable QTL of LP, and these
genes were expressed during fiber development (Zhu ez al., 2020).

A GWAS analysis identified that SSR is linked to salinity tolerance in cotton. Saced et al. (2014)
evaluated a set of 109 cotton genotypes under salt stress (Saced ez al., 2014). They have detected several SSR
makers (BNL3103 (D6), NAU478 (D8), and BNL3140 (D9), which were significantly associated with salinity
tolerance. A statistical tool, STRUCTURE software, recognized five sub-populations in this cotton
germplasm. These populations and markers can be used in the molecular breeding of cotton to develop salt-
tolerant cultivars (Saced ef al., 2014). Another association study was conducted to identify the markers
associated with salt tolerance in cotton. 106 microsatellite markers were used for 323 cotton germplasms
exposed to salinity stress.

Significant associations between salt tolerance and markers suggested that association mapping could
complement and increase QTL information for the MAS program. This study also used STRUCTURE
software to detect polymorphism (Jia ez al., 2014). Zhao et al. (2016) revealed that identifying SSR markers
contributed to marker-assisted selection (MAS), which can enhance the efficiency of traditional breeding.
Association mapping was used to determine the markers associated with salt tolerance in cotton cultivars. A
total of 148 loci were detected in 74 SSR markers. Finally, eight SSR markers contributed to salt tolerance in
cotton (Zhao ¢t al., 2016). Although there are many detailed studies about salt tolerance in cotton, the
molecular mechanism of salinity tolerance is still not fully understood. Future studies should focus on
identifying QTL linked with biochemical traits under salinity stress. Future studies would open new
dimensions of the molecular basis of salt tolerance in cotton.
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Table 2. GWAS-based mapped QTL/genes for salt tolerance in cotton

Population Genes/QTL/SNP Traits References
Cotton genome 33 C5-MTases Salt tolerance traits (Yang ez al., 2024a)
214 accessions 30,089 ¢QTLs in 10485 Salt tolerance traits (Han et al., 2022)
genes
MAGIC (550 RIL) 23 QTL, gPH-1 Plant height (PH) (Abdelraheem ez 4l., 2021)

149 cotton plant materials

Gh_A401G0908, Gh_D08

Salt tolerance traits

(Zheng et al., 2021)

G1308
215 accessions of Asiatic relative stem length (RSL), .
i Dil ., 201
cotton 40 candidate genes relative fresh weight (REW (Dilnur et al. 9)
196 upland corton 33 SNPs, }3 QTL, and 98 Salt tolerance traits (Yuan ez 4l.,2019)
genotypes candidate genes
503 upland GhPIP3A4, GhSAG29,

cotton accessions

GhTZF4, and GhTZF4a

RGR

(Sun et al., 2019)

relative survival rate

713 uplanfi O 23 SNP, 280 genes (RSR), and salt tolerance (Sun et al., 2018)
accessions
level (STL)
134 samples of upland

Salt tolerant traits (Zhao et al., 2016)

148 in 74 SSR

cotton cultivars

Germinative index,

. n . seedling stage
95 significant associations 8 Stage,

(SSR), 117 elite alleles (Duetal,, 2016)

74 cotton cultivars physiological index, and
four seedling stage

biochemical indexes

109 cotton variety 250 SSR markers Salt tolerance traits (Saeed ez al., 2014)

23 G 7
323 Gossypium (Jia et al., 2014)

106 microsatellite markers Salt tolerance traits

birsutum germplasms

Transcription factors analysis of salinity tolerance in cotton

The plant response to salinity stress requires differential gene expression regulated by TFs. These TFs
are key components in regulating transcription initiation rate to modulate the stress-associated genes for abiotic
stress signaling cascades (Furihata ez a/., 2006; Yamaguchi-Shinozaki and Shinozaki, 1994; Liang ez al., 2016).
Different TFs like ethylene responsive factor (ERF), basic leucine zipper (bZIP, WRKY, and MYB) can
regulate the expressed genes (Lan Thi Hoang ez al., 2017; Long ¢t al., 2019). Regulation of gene expression is
responsible for synthesizing and degrading proteins, metabolites, and enzymes. These constitute plant defense
against abiotic stresses (Barbosa e al., 2013). These TFs are critical for plant breeders to develop tolerance
against abiotic stresses (Liu ez al., 2014a). bZIP is one of the largest families of TFs, mainly involved in plant
response to abiotic stresses. They are an essential regulator of ABA-mediated abiotic stress signaling pathways
in crops (Liang ef al., 2016). A member of bZIP, GhABF2, was carlier cloned and characterized for salinity
tolerance in cotton. Transcriptome analysis indicated that expression of GhABF2 increased the salinity
tolerance by enhancing the expression of genes related to ABA and salt response. On the other hand, this TF
controls the major regulatory pathways linked with the activity of proline and antioxidant enzymes like
superoxide dismutase and catalase (Liang e a/., 2016).
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Recently, another member of bZIP TF, GhABF3 (Table 3), was studied for its role in salinity tolerance
in cotton. This gene regulates salt stress through various pathways and networks. Overexpression of this gene
increased the cotton tolerance to salt stress, resulting in a reduced level of oxidation in the cell and increased
transcriptional abundance of ABA-related genes (Zhang ez al., 2022). This TF also upregulated the expression
of ABA-inducible genes under salt stress. These studies indicated the role of bZIP TF and its significance for
molecular breeding (Zhang ez 4l., 2022). Different cotton genotypes have different levels of salt tolerance. A
TCP TF, GbTCP4, is mainly known for its regulatory role in cotton growth and development under salt stress;
however, its role in sea-land cotton is unknown. Under NaCl treatment, the cotton genotype showed increased
tolerance due to enhanced expression of the G6TCP4 gene. RNA-seq analysis exhibited that G6TCP4
influenced the transcription levels of genes across numerous abiotic stress-related metabolic pathways and
networks. Furthermore, GbTCP4 triggered the transcription of GoUVRS and GbbHLH130 by binding to the
gene promoter. GbTCP4 induced the expression of stress-related genes in cotton and regulated salt responses
ABA-dependently (Wang ez al., 2022b).

A detailed and critical analysis of different members of TF families is essential to strengthening the
molecular breeding program in cotton. Studies showed that C,H, zinc finger proteins, Co;H,-ZFP, were
involved in cotton response to salt stress. Rehman ez al. (2021b) obtained 47, 45, 94, and 88 genes from diploid
A2,D5, AD1,and AD2 cotton. Data integration showed that GhZAT34 and GhZAT79 might regulate NaCl
tolerance in cotton by enhancing seed germination rate (Rehman ez 4/, 2021b). KNOX TFs are known for
their crucial role in seed development and response to salt stress in cotton. The divergence and evolutionary
history of the KNOX gene family have been studied in cotton. Silencing of GhKINOX2 increased salt tolerance
in cotton at the seedling stage by regulating the genes network linked to flowering time and plant development
stage (Zhanger al., 2021c).

The Raf-like kinase D-sub family was discovered for its response under salt stress in cotton. Functional
validation of GhRAF42 genes showed that this gene is involved in cotton tolerance to salt stress. This gene
increased salt tolerance by regulating the genes network related to the activity of antioxidant enzymes like SOD
and CAT. However, the role of GhRAF42 needs more investigation to be used as an ideal candidate for salt-
tolerant breeding (Peng ez al., 2021). Heat shock transcription factors (HSTFs) have been studied for their
regulatory role against several abiotic stresses, especially heat stress. Rehman ez 2/. (2021a) conducted a detailed
analysis of HSTFs under salt stress in cotton. Expression analysis showed that GarHSF04 was actively involved
in salt tolerance in cotton. These findings lay a foundation for understanding the molecular mechanism of
salinity tolerance in cotton regulated by GarHSF04, which activates several gene networks linked with salinity
tolerance (Rehman ez /., 2021a). In a recent study, 384 and 257 TFs were identified in cotton exposed to salt
stress. Most of the significantly expressed TFs belonged to the AP2/ERF-ERF family and were mainly expressed
in roots and shoots. Some of these genes participated in plant hormone signaling pathways, and MAPK
signaling pathways or networks in roots (Liu ez /., 2022b).

Another TF family, WRKY, is well known for its role in salinity stress; however, little is known about
its role in cotton. Zhou et a/. (2015) studied the functional characterization of WRKY member GhIVRKY34.
Overexpression of this protein increased salt tolerance in transgenic 4rabidopsis and induced gene expression.
GhWRKY34 was involved in the Na*/K* homeostasis pathway as transgenic lines showed a lower ratio of
Na*/K" ions. GhHWRKY34 also increased stress-related gene expression (Zhou e al., 2015). GhANNI, a
member of the ANNEXINs family of proteins, increased salt tolerance by ABA accumulation, ions
homeostasis, and synthesis of phenylpropanoid in cotton. These pathways could be further studied to
understand salt tolerance in cotton better (Zhang ez al., 2021a). Chen ez al. (2021) identified 44 ZAT genes
from the cotton genome. GhZAT6 was expressed in root tissues under salt treatment (NaCl). Transgenic lines

with overexpression of GhZAT6 showed vigorous growth compared to the wild type (Chen ez 4/., 2021). This



Wang S et al. (2025). Not Bot Horti Agrobo 53(1):14297

gene also regulates ROS-related gene expression networks and pathways (Chen e al., 2021). These studies
showed the significance of protein families and their role in salinity tolerance in cotton. Several gaps were not
covered in previous studies. The detailed molecular analysis of DREB, NAC, and MYB is missing, which should
be covered in future research studies. These studies would increase the genetic resources useful for salt-tolerant

breedingin cotton.

Table 3. Different TFs detected for salinity tolerance in cotton

TFs Protein Role References
PLATZ (Plant AT_HCh GhiPLATZ17 and GhiPL Increase salt tolerance in
sequences and zinc- (Rehman ez 4l., 2024)
L1 . ATZ22 cotton
binding proteins)
Regulate salt responses in
TCP GbTCP4 an ABA-dependent (Wang ez al., 2022b)
manner
bZIP GhABF3 Reduced level of cellular (Zhang et al., 2022)
oxidation
C,H, zinc finger proteins | GhZAT34 and GhZAT79 Inereased sccci germination (Rehman ez 4., 2021b)
rate
KNOX GhKNOX2 Enhanced salt tolerance at (Zhang et al., 2021c)
the seedling stage
Raf-like km.asc D-sub GhRAF42 Increased salt tolerance (Peng ez al., 2021)
family
HSTFs GarHSF04 Increased salt tolerance (Rehman ez 4l., 2021a)
Regulated ABA
ANNEXINSs GhANNI . (Zhanget al.,2021a)
accumulation
Increased growth under
ZAT GhZAT6 (Chen et al., 2021)
salt stress
bZIP GhABF2 Improved antioxidant (Liang et al., 2016)
function
WRKY GhWRKY34 Decreased salt fons in (Zhou et al., 2015)
transgenic plants

Transcriptome analysis and its application in salt tolerance

To clarify the molecular mechanism for salinity tolerance in cotton, it is essential to investigate the
genetic makeup of the crop (Wu ez al., 2024; Yang ez al., 2024b; Zahra et al., 2024). Transcriptome analysis is
a significant research tool for identifying the potential gene and their regulatory network in crop salinity
tolerance (Alamholo and Tarinejad, 2024; Kang ez al., 2024; Zhu ez al., 2024). Akbar et al. (2022) conducted
a transcriptome study to determine the gene network controlling salinity tolerance in cotton. A total of 566
differentially expressed genes were identified by transcriptome analysis (Akbar ez /., 2022). RNA sequencing
has been effective for transcriptome analysis of salt tolerance in cotton. The effect of salt treatment on gene
expression profile gives us insights into the tolerance mechanism of a gene expressed under salt stress
conditions. A total of 3391 and 2826 DEGs were detected in salt-treated samples before and after protoplast
dissociation. These genes were enriched to several molecular pathways, including stress response and cellular
macromolecule metabolic process, as shown by gene ontology (GO) analysis (Liu e# /., 2022b). Transcriptome-
wide methyl adenosine (M °A) profiling and comparative analysis of cotton root tissues were performed under
salt stress conditions. 3360 and 3771 m6A peaks involved in 3219 and 3566 DEGs genes under salt and normal
conditions were identified. Results showed that the cotton YTH gene GAECT6 improved the salt tolerance in
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cotton seedlings. This data provides critical insights into the role of mRNA modification in response to salt
stress (Wang e al., 2022a). Cyclic nucleotide-gated ion channels (CNGCs) and calcium-permeable channels
play a key role in plant development, signaling, and environmental stress. 114 CNGC genes were detected from
the genome of 14 cotton species. Transcriptome data showed that some of these were induced in response to
salt stress. GhCNGC32 and GhCNGC3S significantly improved salt tolerance in cotton (Lu ez 4/, 2022).

Aquaporins (AQPs) are vital in transporting water and small molecules across membranes and are
involved in responses to environmental stresses. Guo e# a/. (2022a) identified 111, 54, and 56 AQP genes in a
cotton genome and classified them further into five families. Transcriptome analysis revealed the expression of
GhPIPs and GhTIPs genes in salt stress conditions. GhPIP2:7 played a regulatory role in salt tolerance (Guo ez
al.,2022a). Weier al. (2017) conducted a transcriptome analysis for salt tolerance in cotton. The cotton plants
were exposed to salt stress, and the data revealed that 8,312 and 6,732 DEGs were involved in stress tolerance
in roots and leaves. Gene function annotation and expression analysis revealed the positive role of genes in ion
homeostasis and oxidative balance. These results broadened our understanding of the salt tolerance mechanism
in cotton (Wei e al., 2017). Transcriptome analysis of two cotton cultivars showed that the GANHX]I gene
showed higher expression in the salt-tolerant variety, L24, and the response is mainly governed by the vacuolar
sequestration of Na* (Guo ez al., 2019). Documentation of genes involved in salt tolerance at the seedling stage
is essential because of the sensitivity of seedlings to salt stress. GhERFI2 ethylene response factor gene increased
the salinity tolerance in cotton during early development. Different responses of cotton genotypes against salt
stress show a contrasting genetic mechanism, which helps identify salt-tolerant genotypes (Zhangez al., 2021b).
Wang et al. (2021a) screened the screened salt-tolerant cultivar Zhong 9835 for transcriptome studies using
different levels of Na,SOy treatment. 3329 differentially expressed genes (DEGs) were identified in roots,
stems, and leaves. Gene functional annotation analysis showed genes' role in scavenging ROS and ion toxicity.
Identifying the genes network will provide a valuable clue for breeding salt tolerance in cotton (Wang ez al.,
2021a).

The combined study of cotton under multiple abiotic stresses revealed the diverse mechanism of abiotic
stress tolerance in cotton. 78 transcripts were identified for salinity tolerance in cotton seedlings under NaCl
treatment. These genes were involved in multiple pathways to control the salinity tolerance in cotton (Zhu ez
al., 2013). RN A-sequencing has been performed to identify the plant response to salt stress, but using sodium
bicarbonate (NaHCO3) is rarely reported. In an earlier experiment, next-generation sequencing (NGS) was
applied to identify the transcriptomes involved in salinity tolerance in cotton. A total of 18,230 and 11,177
DEGs were identified in the roots and leaves of cotton. These genes were associated with the biosynthesis of
hormones and hormonal signal transduction, as the Kyoto Encyclopedia of Genes and Genomes (KEGG)
shows. Secondary metabolites were regulated to enhance the cotton's tolerance to salt stress (Fan ez 4/, 2021).
Transcriptome analysis for identifying ROS genes is critical to mitigating the toxic effects of salt stress.
Transcriptome analysis identified the 515, 260, and 261 ROS genes in different cotton genotypes. Some genes
like CSD1, APX1, and APX2 played a key role in fiber development, while the ROS network-mediated
pathway increased the regulation of abiotic stress in cotton (Xu ez al., 2019). Cotton genotypes showed
different responses to different salt types. The next-generation RNA-sequence technique investigated the
cotton response to different salt stresses. In response to salt stress, 25,929 and 6,564 DEG genes were identified
in roots and leaves. Genes upregulated under different salt stresses were involved in ionic homeostasis; starch
and sucrose metabolism give valuable insights into the genetic mechanism of salt tolerance in cotton (Zhang ez
al., 2018). Xu et al. (2020) identified 41,053 DEGs in cotton plants treated with salt and cold stress, and the
numbers of genes expressed under cold stress were slightly higher than under salt stress. RALF-like protein-
coding gene was found in the potential shared network (Xu ez al., 2020).

The combined study of these molecular tools helps to get more insights into the genetic regulation of
salt tolerance. RN A-seq and protein data screening results identified the 63 and 85 genes (Table 4) and proteins
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under salt stress in cotton genotypes (Peng ez al., 2018). The comprehensive presentation and analysis of
transcriptome studies will give the researchers a better understanding of salt tolerance to enhance the salt
breeding process. Exploring all available cotton germplasm to screen for salt-tolerant genes using transcriptome
analysis is critical.

Table 4. Potential transcriptome and their function in salt tolerance

Genes

Functions

References

444 upregulated and 354 downregulated

Some genes are linked with the

biosynthesis of phytohormones and

(Liet al., 2025)

genes signaling, which includes ethylene (ET)
and jasmonic acid (JA)
Genes linked to peroxidase, transferase
15,476 genes activity, peroxidation, plant hormone (Yu et al, 2024)

single transduction, and
phenylpropanoid biosynthesis.

2776, 6680, 4660, and 4174 DGEs in

salt-tolerant and salt-sensitive genotypes

Many of these genes belong to starch and
sucrose metabolism, plant-pathogen
interaction, plant hormonal signaling,

(Peng et al., 2023)

and photosynthesis.
212 GhHMA GhHMA26 cnhan.ccd the elongation of (W et al,, 2023a)
leaf trichomes
566 genes Significantly control the salinity (Akbar ez al,, 2022)

tolerance

3391 and 2826

Response to stress and cellular

macromolecule metabolic process

(Liu ez 4., 2022b)

GhECT6 improved the salt tolerance.

3219 and 3566 mRNA modification plays a key role in (Wang ez al., 2022a)
salt tolerance
114 CNGC GhCNGC32 and GhCNGC3S increased (Lu et al,, 2022)

salt tolerance

111, 54, and 56 AQPs genes

GhPIP2:7 had an important role in salt

tolerance

(Guo et al., 2022a)

GhERFI2

Improved salinity tolerance during early
development

(Zhangez al., 2021b)

3329

Scavenging of ROS

(Wanget al.,2021a)

18,230 and 11,177

Regulation of secondary metabolites
increased salt tolerance

(Fan ez al., 2021)

41,053

RALF-like protein involved in potential
shared network

(Xu et al., 2020)

515,260, and 261 ROS genes

CSD1, APX1, and APX2 had role in

fiber development

(Xueral.,2019)

GhNHX1

Promoted the vacuolar sequestration of

Na*

(Guo et al., 2019)

25,929 and 6,564

Ionic homeostasis and sucrose
metabolism

(Zhang et 4l., 2018)

63 and 85 genes/proteins

Mitochondria are involved in energy

(Peng et al., 2018)

metabolism
8,312 and 6,732 Homeostasis and oxidative balance (Wei et al., 2017)
778 Involved in multiple stress-related (Zhu e al, 2013)

pathways
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Transgenic breeding for salt tolerance in cotton

Transgenic breeding technology is a powerful way to enhance salt tolerance and crop growth (Lian ez
al., 2024; Yu et al., 2023), but its success depends on the availability of effective genes. Understanding the
molecular mechanism of plant response to salt stress is essential to employ the salt breeding technique (Table
5). Cotton lines overexpressing transgene showed enhanced tolerance to salt stress. A key gene, GhVOZI,
improved salt tolerance in transgenic cotton by maintaining sodium ion homeostasis via cell ion transport
(Lian e 4l., 2024). A major gene, ThSTS, increased the salt tolerance in transgenic cotton lines during seed
germination and seedling stage compared to the wild type. Transgenic plants showed high yields under saline
conditions. 7hSTS also increased the expression of antioxidant-related genes. Salt-tolerant germplasm (7hS7S
overexpressed transgenic lines) can be further studied to increase the efficiency of transgenic technology
(Nazish ez al., 2022). Su ez al. (2020) transferred the GhCIPK6a gene to develop the transgenic cotton lines.
They revealed that cotton lines with overexpression of GhCIPK6a showed higher water absorption capacity
and seed germination. The tolerant line (GhCIPK6a overexpressed line) of Gossypium arboreum showed salt
tolerance and reduced ROS activity (Su er al, 2020). A transgenic cotton line overexpressing
pGSMT2gand ApDMT2gwas developed using the Agrobacterium-mediated transformation method.
Transgenic cotton showed higher relative water content and low Na* under salt stress (Song ez 4/., 2018).
Arabidopsis AtEDT1/HDG11 gene significantly enhanced the salt tolerance in transgenic cotton by improving
the sugar and proline content. A#EDT1/HDGII overexpressed transgenic lines are a novel source for
transgenic breeding (Yu ¢z al., 2016).

The gene SNACI of the NAC TF family was recognized in rice and overexpressed in cotton cultivar
YZ1. SNAC-1 overexpressing transgenic plants exhibited more vigorous root development and enhanced
proline content than wild plants (Liu ez al., 2014b). High-affinity K* transporters (HKT) genes are known for
regulating K* and Na* ions in plants. Overexpression of SSHKT increased seed germination, biomass,
antioxidant activity, and root system compared to the wild type. Cultivating transgenic germplasm (S6HKT'1
overexpressed tolerant lines) would increase the efficiency of transgenic technology (Guo ez al., 2020). Che et
al. (2019) developed transgenic cotton lines by transferring 77SOS1 using Agrobacterium rhizogenes strain
K599. TrSOS1 increased the salt tolerance of cotton by maintaining higher root vigor and relative water
content. Hence, Agrobacterium rhizogenes strain K599 may be an effective candidate for enhancing salt
tolerance in transgenic hairy root composite cotton seedlings. This transgenic germplasm tolerant to salt stress
provides a solid foundation for additional research studies (Che ez 4l., 2019). Developing transgenic cotton
cultivars (7HST103 overexpressed lines) greatly enhanced the cotton's ability to thrive under salt-stress
conditions. The #hST'103 gene enabled the transgenic cotton cultivars to germinate and grow better under salt
stress than wild-type ones. This gene can be a potential candidate for salt breeding in cotton (Javaid ez a/., 2022).

Long ez al. (2020) developed the transgenic cotton lines by transforming the GANHX1 gene of plant
Na*/H" antiporters (NHXs). Silencing of the GANHXI gene increased cotton sensitivity to salt stress,
suggesting that it plays a crucial role in regulating salt tolerance in cotton (Long e al., 2020). Recently,
GhMAP4KI3 of the MAP4K gene family was studied for its role in salt tolerance in cotton. GhMAP4KI13
increased stem length in cotton under salt stress conditions (Zeng ez al., 2025). Genetically engineered cotton
cultivars have excellent capability to thrive under salt-stress conditions. As evidenced by the above studies, GE
is crucial in combating the growing threats of salt stress worldwide. Therefore, using novel molecular tools is
highly recommended to use the untapped genetic resources of cotton, mainly wild type, to mine the salt-
tolerant genes.

13



Wang S et al. (2025). Not Bot Horti Agrobo 53(1):14297

Table 5. Application of genetic engineering for salt tolerance in cotton

Gene Role Transformation method References
Maintain sodium ion
GhVoz1 homeostasis via cell ion Floral tip method (Lian et al., 2024)
transport.
. y 5 ;
ChMAPK3 Increased germination rate | Agrobacterium tumefaciens (Jian et al,, 2024)
and root length LBA4404
Mediated ER i
GhBGLU24-A ediated B stress via Eloral tip method (Cui et al., 2024)
ERAD pathway
ThSTS Increased sah: tolerance at | A, g’rabact.ermm tumefaciens (Nazish ez al, 2022)
the seedling stage strain LBA4404
I d inact d Agrobacterium
ThST103 fproved germimation an tumefaciens-mediated (Javaid ez al., 2022)
growth .
cotton transformation
Increased seed germination
GhCIPKG. Poll -path
“ rate and seedling field ollen cube-pachway (Su ez al., 2020)
method
emergence percentage
GhNHXI Regulates salt tolerance Agrobacterium tumefaciens (Long et al., 2020)
Increased seed Aorobacterium-
SbHKT1 germination, and . 87 . (Guo et al., 2020)
.. .. mediated transformation
antioxidant activity
Agrobacterium
1rSOS1 High. i Cheetal., 2019
" gfier root vigor rhizogenes strain K599 (Cheera )
; P T
PGSMT2gand ApDMT2g Higher water coi]tcnt and lgrobacterium n?edlated (Song et al, 2018)
low Na transformation
A 1 faci
SNACI Root development groba[telrmm tumetaciens (Liu et al., 2014b)
strain LBA4404
Agrob ium-mediated
MEDTI/HDGII Increa.sed sugar and [grobacterium rr?c iate (Yu et al,, 2016)
proline content transformation

CRISPR\Cas9 for salinity tolerance in cotton

Genome editing of crops plays a crucial role in crop improvement (Figure 2) for various traits (Abbas ez
al., 2023; Dongariyal ez al., 2023; Liu ez al., 2022a; Saikia e# al., 2024), and it is essential for basic and applied
research and hence crucial for crops (Cong ez al., 2013). Researchers developed the CRISPR/Cas9-based gene
editing tool for precise gene editing (Jinek ez al., 2012). CRISPR/Cas9 system consists of single-guided RNA
(sgRNA) and Cas9 protein. sgRNA specifies the gene and aligns the Cas9 with the gene. Once the sgRNA and
gene hybridization occurs, Cas9 confronts the targeted gene to produce double-stranded breaks (DSB) (Puchta
and Fauser, 2014). CRISPR/Cas9 is divided into two classes (1 and 2) and six types (I-VI) (Makarova ez 4.,
2011). Class I to III has been widely investigated, whereas IV and VI were newly identified. CRISPR types I,
I1, and V edit DNA, type VI slices RNA, and type III cuts both DNA and RNA, and the cleavage action of type
IV has not yet been recognized (Wang ez al., 2019).
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Applications of molecular tools, and salt tolerance in cotton

i Genetic
QTL mapping | ——| GWAS — | Transcriptome [—* TFs —| engineering | 7| CRISPR/Cas9
Transgenic cultivars
i "Treatment of developed by
Mapping |- Cotton genotypes — incorporation of novel
population | Mapping  |L—— with different salt \ genes
Salt strets population concentrations —
treatment -sequence . o
G?;lwuger idengﬁ%ﬁ.on analysis and RO e
identification of _ without any
transcriptome and TFs biological barrier
\ Screening of potential
MAS selection- candidates genes/TFs
QTL pyramiding for salt tolerant
breeding

Integration of molecular tools would be more valuable to breed the
salt tolerant cotton genotypes

Figure 2. The employment of molecular tools is the most reliable way to uncover the genetic mechanism
of salt tolerance in cotton. CRISPR/Cas9-based gene editing can speed up the salt-tolerant breeding
program. QTL mapping, GWAS, transcriptome analysis, TFs analysis, and genetic engineering are
potential tools to identify and transfer the genomic regions to improve salt tolerance in cotton. This figure
was made with bioRender.com

Various CRISPR/Cas9-based gene editing systems, like promotor editing, multiple gene editing, and
insert systems, vary in their efficiency across species (Khan ez al., 2023). Multiplexing allows the editing of 6-8
genes at the same time (Bortesi and Fischer, 2015). Alteration in the promotor area of the gene may change the
gene expression (Cermék et 4l., 2015). CRISPR/Cas9 has been successfully employed in many crops (Bortesi
and Fischer, 2015). Recent reports suggested that the use of CRISPR/Cas9 improved salinity tolerance in
major crops like rice (Zhang ez 4l., 2019) and soybean (Wang ez al., 2021b). There are several reports of
CRISPR/Cas9 use in cotton; however, its role in salinity tolerance is rarely reported. Time is urgently needed
to apply CRISPR/Cas9 to edit the gene for salt tolerance in cotton. Despite significant improvement in gene
editing, there are several challenges in CRISPR/Cas9-based gene editing. CRISPR/Cas9 has significantly
contributed to improvement in the last decade; however, the existing challenges still need to be overcome.
Therefore, there is an urgent need to expand the use of CRISPR/Cas9 to enhance the salinity tolerance in
cotton and save time and cost.

Conclusions

Salinity stress is the most devastating and challenging to mitigate among the significant abiotic factors.
Salinity stress has dramatically reduced the cotton growth and yield in a large area. Cotton tolerance is
polygenic; hence, conventional breeding requires laborious efforts, a long time, and cost, making it challenging
to develop salt-tolerant cotton cultivars on a large scale. From the above studies, we have concluded that many
efforts have been made to address the issues of salinity stress in cotton; however, despite all efforts, this issue
has not yet been solved. QTL mapping, GWAS, transcriptome analysis, TFs analysis, genetic engineering, and
CRISPR/Cas9 have been proven successful in identifying genes and their exploitation in salt-tolerant breeding.
QTL mapping has been successfully used to explore the genetic mechanism of salinity tolerance. However, the
use of QTL pyramiding is still limited, which emphasizes further studies. More efforts should be made to use
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the key QTL in molecular breeding for salinity tolerance in cotton. It has been proven from the above studies
that GWAS has played a key role in exploring the genetic mechanism of salinity tolerance in cotton. However,
many SNPs, genes, and QTL have been identified but have yet to be used in molecular breeding. Transcriptome
and TF analyses are the two most powerful research tools for identifying thousands of genes and protein
families contributing to salinity tolerance in cotton. However, only a few of them are used in molecular
breeding. We believe that additional studies on this aspect will provide a better understanding of salinity
tolerance in cotton. One of the potent ways is to use these genes in genetic engineering to develop salt-tolerant
mutants.

Transgenic technology is used to breed salt-tolerant transgenic cultivars, significantly contributing to
growth and yield enhancement in cotton on saline soils. Many mutant lines have been tested for their ability to
tolerate salt stress, proving the importance of genetic engineering. More studies are needed to expand the use
of genetic engineering to develop salt-tolerant cotton genotypes. CRISPR/Cas9, which can revolutionize the
agricultural field, is used in cotton for important agricultural traits. CRISPR-mediated gene editing has
successfully edited the gene in cotton, but its role in salt tolerance has not been widely investigated. We urge to
conduct more studies on this aspect and expand the potential of gene editing to reduce time and cost and to
replace other molecular breeding methods. Its role should be expanded in future studies. Salinity tolerance
cannot be improved by one gene technology; hence, we also suggest the integrated use of different techniques
like transcriptome and metabolome as developmental tools for the detailed study of salinity tolerance in cotton.
Future research studies should focus on using Unmanned Aerial Vehicle (UAV)-based phenotyping for salinity
tolerance in cotton. These technologies will give a non-destructive way to collect data for various crop indexes.
Wild germplasm should be exploited to identify tolerant genes for salinity tolerance in cotton. Complete
genome sequencing of cotton germplasm should be completed to characterize the novel genes for salinity
tolerance. By combining these efforts, we are hopeful that the genetic mechanism of salinity tolerance will be
unfolded and the development of salt-tolerant cotton genotypes will be accelerated.
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