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Abstract

One of the world's biggest crops, cotton (Gossypium spp.) is liked for its oilseed and textile goods.
However, abiotic stressors such as dry period, salinity, tropical heat and heavy metal toxicity
continue to pose problems for its farming. These stressors diminish metabolic and physiological
processes which remarkably reduce the yield and quality. This study looks at innovative and
environmentally responsible ways to increase cotton's resistance to abiotic stresses and boost
production efficiency. Understanding physiological and molecular mechanisms specifically, the
functions of transcription factors like WRKY and MYB heat shock proteins and ABA and ROS
signaling pathways that help to lessen the consequences of stress is one of the significant progress.
Breeding efforts supported by quantitative trait loci (QTL) mapping and marker-assisted selection
are being complemented by the use of modern biotechnological technologies like as RNA
interference, transgenic genome editing using the CRISPR/Cas system, and multi-omics
approaches. Agronomic techniques that have been shown to be successful in stabilizing cellular
structures and improving photosynthetic performance under stress include potassium
supplementation, growth regulators and osmoprotectants. Targeting intricate stress-response
circuits, cutting-edge technologies such as transient gene expression systems and CRISPR base
editing allow for precise genetic alterations. Despite these evolution, creating cost-effective, stress-
tolerant cotton cultivars still faces several barriers. The importance of multidisciplinary approaches
that combine molecular biology traditional breeding and sustainable farming practices is by this
review. In order to adjust cotton production to the reality of climate change and limited resources
and eventually make it a more robust and stable agricultural commodity such all-encompassing
techniques are important.

Keywords: Climate resilience, CRISPR/Cas genome editing, Potassium fertilization, Growth regulators,
Stress-responsive mechanisms, Transgenic.

1. Introduction

An indispensable fiber crop cultivated global economic outcome due to the crop's
worldwide, cotton (Gossypium spp.) is fighting vital role in the manufacture of consumable
growing threats to its quality and oil and textiles (Jabran, et al., 2020).

productivity due to abiotic stressors and
climate change (Kopecka, et al., 2023). Due to
these stressors, cotton yields have notably
lessen worldwide creating major production
issues. Such decreases can have significant

The main factors determining cotton fertility
are abiotic stresses, which include radiation,
heavy metals, drought, salt and extreme
temperatures (both high and low). These
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factors all throw the plant's regular growth
and metabolic processes (Bita and Gerats,
2013). Pathogens, invasive plants and pests
are examples of biotic variables that also lead
to yield losses. Abiotic stressors usually have
a greater effect with yield losses of up to 50%,
whereas biotic stressors cause production
decreases of 10-30%. Losses of up to 50-60%
may result from the overall effects of biotic
stressors and drought (Noreen, et al., 2020).
Especially, harmful are high temperatures
especially those exceeding 36 °C, which
reduce photosynthesis compromise
membrane stability and mediate with
metabolic processes. Important proteins and
enzymes like catalase and superoxide
dismutase (SOD) are deactivated in these
conditions to prevent oxidative stress and
maintain metabolic activities in cotton plants
(Pilon, et al., 2018). Drought stress further
reduce turgor pressure, which has an effect on
photosynthesis, carbohydrate metabolism,
boll retention and leaf size both directly and
indirectly (Snider, ef al., 2014). According to
research, creating novel technologies and
breeding cotton varieties that can resist stress
are important for reducing the effects of
various ecological stresses. These strategies
are essential for improving cotton's resistance
to severe environmental factors such as
desiccation, salt stress, intense heat and
guaranteeing its sustainability in the face of
unsuitable circumstances (Zahoor, et al., 2017).

Cotton's ability to withstand stress and
increase yield has been greatly amplified by
traditional breeding techniques. However, the
need for cotton cultivars with sophisticated
physiological systems to permit abiotic
stresses is expanding due to the complexity of
various stress factors. There are stimulating
opportunities for creating stress-resilient
cotton by combining contemporary molecular
tools with breeding techniques. With an
emphasis on water desiccation, heat, heavy
metals and flooding in the context of a
changing  climate, highlights ~ recent
developments in our understanding of cotton
physiology under abiotic stresses and their
effects on yield and quality. In order to
produce stress-tolerant cultivars it also

investigates biotechnological methods like
genome editing, transgenics, RNA
interference and multi-omics techniques.
These instruments facilitate the quicker
creation of flexible, stress-resistant crops by
offering a deeper understanding of the
biochemical and metabolic alterations that
take place in cotton under stress. In order to
face the challenges presented by a variety of
environmental circumstances and ensure the
long range viability of growing cotton it is
imperative that the genetic underpinnings of
stress tolerance be addressed.

2. Cotton Plant Mechanism in Abiotic

Stress-Signaling Routes

Several physiological and morphological
adjustments, like, stomatal regulation efficient
reduced leaf water loss, photosynthetic
activity, maintenance of high relative water
content, osmotic adjustment and the
development of deeper and enlarged taproots
are among the morpho-physiological
adaptations that help cotton withstand
drought (Ahmad, et al., 2022). Plants detect
drought stress signals, which trigger
hormone-dependent  and  self-activated
signaling pathways that often involve
mitogen-activated protein kinase (MAPK)
cascades. In these signaling pathways,
calcium ions (Ca2+) often operate as second
messengers, combining with hormones like
ethylene, abscisic acid and jasmonic acid. In
particular, ABA is essential because it triggers
physiological and biochemical reactions to
drought stress by working through SnRK2
proteins (Liu, et al., 2017). Diminishing the
negative impacts of drought stress requires
improving physio-morphological features
(Zafar, et al., 2023).

Hormone interactions are crucial for adjusting
how plants react to complex stress situations
(Seleiman, et al., 2021). Under abiotic stress,
transcription factors including, ERF, DREB,
MYB and HSF are significant gene expression
regulators that govern the activation or
suppression of target genes (Wang, et al.,
2019). These transcriptional alterations set off
a chain reaction of gene activity that results in
physiological and biochemical adaptations,
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such as the formation of chaperones,
antioxidant enzymes and osmolytes. These
process aid plants in conserving cellular
homeostasis, safeguarding cellular
components and improving their ability to
face cruel environmental circumstances. The

complex interaction  between  genetic
pathways and hormonal signals in
constructing stress resistance is reflected in
the upstream activation of stress-responsive
genes, which results in tolerance to abiotic
stress (Baillo, et al., 2019).
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Figure 1: The signaling routes and response of abiotic stress mechanisms in cotton are outlined
(Patil et al., 2024)

Figurel. The signaling routes and response of
abiotic stress mechanisms in cotton are
outlined. Complex molecular, biochemical
and physiological mechanisms enable cotton
to adapt to abiotic stressors. The ABA
signaling system controls ABA synthesis and
improves defiance to drought and salinity. It
is composed of stress-responsive genes
(GhANN1), transcription factors (CaHB12),
ABA receptors (GhPYL9-5D, GhPYR1-3A).
While antioxidant enzymes like CAT, POD,
reduce oxidative stress and SOD amplify

resistance reactive oxygen species (ROS) have
a dual role in stress responses by acting as
signaling molecules and causing damage.
GhHSP70-26 and GhHRP are examples of
HSPs that increasing resistance to heat and
drought. Furthermore, calcium signaling via
MAPK cascades (GhMPK3, GhMAPKKS5) and
calcium-binding proteins (GhCBL3) regulates
stress responses which helps cotton resist a
variety of environmental stresses (Patil, et al.,
2024).
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Figure 2: The effect of stress regarding the cotton plant physiology (Patil, et al., 2024)

2.1 Roles of Genes in the ABA Signaling
Pathway in Cotton's Response to Abiotic
Stress

Cotton's response to abiotic stressors is
enormously influenced by the abscisic acid
signaling system, which mainly aid closure of
stomata to conserves water and triggers gene
activation that improve stress tolerance. The
development of cotton's tolerance to drought
and stress depends on a number of genes
engaged in ABA-dependent pathways. By
controlling ion homeostasis, ABA
biosynthesis and phenylpropanoid pathway.
Cotton's stress reactions and detoxifying
procedures are also outstandingly influenced
by WRKY. The significance of transcriptional
factor WRKY genes in cotton's ability to adapt
to shifting environmental conditions is further
highlighted by their interplay with ABA
signaling (Abid, ef al., 2018). Highlighted how
the stress signaling network in cotton is
intricate by the interaction of WRKY
transcription factors with ethylene and
abscisic acid. The plant's response to various
challenges relies on the interplay between
WRKY proteins and the ABA signaling route
(Xiong, et al., 2020). Studies indicate that
overexpression of GhANNI increases ABA
levels and enhances the expression of stress-

responsive genes, with a particular emphasis
on its interaction with GhWRKY40-like
proteins. This interaction plays a vital role in
strengthening cotton's resistance to salt stress
(Wasilewska, et al., 2008).

By increasing photosynthetic efficiency and
water consumption, modifying Abscisic acid
dependent pathways and lowering indole-3-
acetic acid levels to stop leaf shedding.
CaHB12 improves resistance to drought.
CaHB12's function in intensifying water
scarcity tolerance is illustrated by transgenic
cotton that overexpresses important ABA
signaling genes (Zhang, et al, 2021). In
response to PEG treatment, the ABA receptors
GhPYR1-3A and GhPYL9-5D show enhanced
expression, co-expressing with transcription
factors, redox signaling and auxin signals
components.

By combining several signaling pathways,
they play an essential role in Cotton's
resistance to osmotic stress and salinity
(Basso, et al., 2021). By controlling genes
related to drought responses and affecting
ABA production, GhMYB102 also contributes
to drought resistance in cotton. Furthermore,
cotton's drought response depends on the
GhMPK32, GhMKK16, GhMAP3K62, MAPK
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cascade, regulates ABA dependent stomatal
movement and stimulates ABA production
helping the plant in surviving drought stress
(Liu, et al., 2023). Moreover, studies have
shown that mepiquat chloride priming
enhances the cottonseed's ability to endure
salt stress by activating GABA signaling
which in turn regulates the ascorbate
glutathione cycle (Chen, et al., 2023).

22 The Role of Heat Shock Protein in
Cotton's ability to Handle Stress

Because they protect cellular structures,
prevent protein aggregation under stress,
maintain folding of proteins properly, HSPs
are crucial for cotton's survival under abiotic
stress. One important factor in enhancing the
resistance of cotton to drought is the 70-kDa
HSPs GhHSP70-26. Stress causes this protein's
expression to rise and tobacco plants that
overexpress it have demonstrated increased
stress tolerance. Cotton, on the other hand, is
less resilient to stress when GhHSP70-26 is
inhibited (Qi, et al, 2023). Additionally,
studies have encountered the biochemical and
genetic  processes  underlying  cotton's
reactions to heat stress (Maqgbool, et al., 2009).

By increasing gene expression during water
desiccation, a 360 bp insertion in the
GhHSP70-26 gene's promoter region has been
found to be a crucial component in enhancing
drought tolerance. It has been demonstrated
that selecting this gene increases cottons
adaptation to drought (ljaz, et al., 2024).
Furthermore, by controlling hormone
signaling and shielding chloroplasts, the heat-
responsive protein GhHRP is essential for
heat tolerance. GhHRP improves cotton's
resistance to heat stress in conjunction with
the GhPIF4/GhEIN3 complex (Guo, et al,
2023). According to these results, HSPs in
particular, GhHSP70-26 and GhHRP are
crucial targets for creating cotton cultivars
with increased stress tolerance in order to
tackle the challenges presented by a changing
environment.

2.3 Stress-Related Genes and Proteins

Several abiotic stressors are making crop
production more difficult. Abscisic acid
(ABA), which frequently interacts with both

routes of ABA is an essential part of the
intricate signaling pathways and mechanisms
that plants have developed to deal with a
variety of difficulties. Understanding the
molecular mechanisms underlying stress
responses is essential for breeding cotton
types that can withstand a range of
environmental difficulties and enhance yield.
The differential expression of genes that
respond to abiotic stress is shown in Table 1.
The draft genome sequencing of allotetraploid
cotton is one example of how genomic
advances have tremendously benefited the
study of stress-responsive genes.G. hirsutum
L. TM-1 and diploid cotton G. raimondii
(Abdullah, et al., 2022). Keen understanding of
the molecular mechanisms behind cotton's
stress responses can be gained by using this
genomic data to examine stress-related
pathways (Wang, et al., 2012), this information
will help recognize genes that can resist stress
and allow for targeted genetic changes for
cotton that will enhance its outcome under a
variety of abiotic stress settings.

Improving crop water usage efficiency has
appeared as a major area of study for cotton,
especially when it comes to drought adaption
techniques. It is generally known that WRKY
transcription factors contribute to regulating
how plants react to abiotic stress. (Zhang, et
al., 2015). These elements are essential for the
transmission of stress signals and have a
major impact on how model plants and crops
react to stress. The complex interaction of
transcription factors in response to both
stresses in cotton and other plants is
spotlighted by the WRKY one of the most
well-studied gene families implicated in stress
related processes (Banerjee, et al., 2015).

For instance, GhWRKY15 contributes to plant
development and  disease  resistance
highlighting the many functions of WRKY
transcription factors. These elements are
essential for controlling cotton's stress
reactions and detoxification highlighting how
important they are to the plant's capacity to
adapt to environmental changes (Xiong, et al.,
2020). The cotton stress signaling network is
further complicated by the interaction of
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WRKY proteins with ethylene and ABA
(Wasilewska, et al., 2008). The way that plants
react to various stimuli is greatly influenced
by this relationship (Basso, et al., 2021). Two
essential steps in starting the entire stress
response in plants are the production of ROS
and the activation of transcription factors.

Table 1. An outline of the ways in which
abiotic stress causes a variety of gene
expression. The tabular data contains
information on genes, corresponding the
abiotic stressors, impacted plant tissues, the
effect on the regulation of gene expression the
study methods and other information sources

(Patil, et al., 2024).

Table 1: Cotton Genotype for biochemical traits under different stress conditions

Biochemical raits Effects on biochemical traits Explant | Screening method
source
Proline accumulation | Increased under drought Leaf High-performance liquid
stress, indicative of osmotic tissue chromatography (HPLC)
adjustment
Chlorophyll content Decreased under heat stress, Leaf HPLC
indicating photoinhibition tissue
Antioxidant enzyme | Enhanced activity under Leaf Enzyme Assays
activity oxidative stress, protecting tissue
against damage
Ion homeostasis Alterations in nutrient uptake, | Root Ion Analysis
essential for plant growth tissue
Heat shock protein Induced expression under high | Leaf Protein Analysis
expression temperatures, aiding protein tissue
stability
Peroxidase (pod) Changes in metabolic Root Enzyme Assays
activity pathways, impacting plant tissue
growth and development
Lipid peroxidation Increased levels indicate Leaf Thiobarbituric Acid Assay
membrane damage under tissue
stress conditions
Soluble sugar content | Accumulation acts as an Leaf Spectrophotometry
osmoprotectant, maintaining tissue
cellular integrity
Total phenolic content | Elevated levels contribute to Leaf Spectrophotometry
antioxidant defense against tissue
stress
Malondialdehyde Elevated levels indicate lipid Leaf Spectrophotometry
(mda) content peroxidation and cellular tissue
damage
Superoxide dismutase | Increased activity under Leaf Enzyme Assays
(sod) activity oxidative stress, scavenging tissue
superoxide radicals
Catalase (cat) activity | Enhanced activity under Leaf Enzyme Assays
oxidative stress, decomposing | tissue
hydrogen peroxide
Carotenoid content Decreased levels impact Leaf HPLC
photosynthetic efficiency tissue
under stress
Flavonoid content Increased synthesis contributes | Leaf Spectrophotometry
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to stress tolerance mechanisms | tissue

Ascorbic acid content | Decreased levels affect

tolerance

antioxidant capacity and stress | tissue

Leaf Titration Method

Glutathione content

Altered levels impact oxidative | Leaf
stress response and redox

Enzymatic Assay
tissue

regulation
Polyphenol oxidase Enhanced activity in response | Leaf
activity to stress, leading to tissue

browning

Enzyme Assay
tissue

3. Methods of Breeding and
Biotechnology to Increase Cotton's

Tolerance to Abiotic Stress

3.1 Tolerance for Stress in Breeding

The primary method for creating cotton
cultivars with improved stress tolerance has
always been breeding. Cotton's resistance to
abiotic stressors has been greatly enhanced by
recent breeding developments. The main
closure from genetic research molecular
marker applications and physiological
reactions pertaining to cotton's ability to
withstand abiotic stress are assembled in this
article. The heritability of drought-resistant
characteristics for example, has been better
understood thanks to genetic research of
desiccation tolerance in G. barbadense L. The
genetic factors governing resistance to salinity
and drought have been the subject of much
research (Kushanov, et al., 2020). Developing
more resilient cotton cultivars requires
integrating tolerance to many stresses
(Mwando, et al., 2020). The creation of genetic
maps and the discovery of quantitative trait
loci linked to enhanced stress tolerance have
been made easier by marker-assisted selection
(Han, et al., 2022).

The identification of key QTLs underlying
cotton's resistance to abiotic stress has been
made possible in large part by genome-wide
association studies (GWAS) (Shukla, et al.,
2021). These examinations have identified
genomic areas in upland cotton that are
connected to osmotic stress and salt tolerance.
These regions might be intended for MAS in
breeding initiatives (Sun, et al., 2023).
Furthermore, according to a GWAS, upland
cotton populations' stress both biotic and
abiotic tolerance markers have been found

(Olouch, et al., 2016). Cotton germplasm's
resistance to salinity and drought has been the
subject of more research which has made it
easier to conserve and exploit genetic
resources with many degrees of tolerance
(Said, et al., 2013). The valuable information
on the genetic basis of stress tolerance
provided by QTL mapping research has
bolstered the adoption of marker-assisted
breeding approaches. The possibility of using
wild cotton species in breeding programs is
demonstrated by the discovery of QTLs
tolerance for salt through interspecific crosses
of G. tomentosum and G. hirsutum (Li, et al.,
2015).

With Regard to plant genetic engineering,
acquiring genes is still a major obstacle.
However, there is a chance to find new genes
that are activated during stress in sequencing
of entire genome and omics technologies as
metabolomics, proteomics and genomics (Li,
et al., 2023). Enhancing plant stress tolerance
may be greatly aided by these recently
identified genes. Finding metabolites in crops
linked to stress is also crucial for creating
resilient plants. A more effective method is
gene pyramiding which entails the
simultaneous  expression of  multiple
functionally related genes as overexpressing
individual genes often leads to less stress
tolerance (He, et al., 2023).

3.2 CRISPR and Cas in Cotton

The groundbreaking CRISPR (clustered
regularly interspaced short palindromic
repeats) technologies have altered genome
editing (Yan, et al., 2022). New opportunities
for precise genetic modifications centered on
stress response pathways have been made
possible by  recent applications  of
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CRISPR/Cas in cotton, especially in species
whose whole genome sequencing has been
completed (Shelake, et al., 2022). The post-
genomic age highlighted the need for efficient
biotechnological tools for studying gene
functions, reverse omics and genetics based
approaches (Meladinovic, et al., 2021). Gene
silencing  techniques, such as RNA
interference have been widely employed since
the early 2000s to study the role and
regulatory mechanisms of genes. However,
given the shortcomings of existing gene-
silencing technologies editing is a useful tool
with  possibilities beyond stable and
inheritable modifications (Gaj, et al., 2013).

Several genome editing (GE) methods exist
including zinc finger nucleases, CRISPR/Cas
and transcription activator-like effector
nucleases (Javaid, et al., 2022). Among these,
the CRISPR/Cas system, which makes use of
small RNA molecules called single guide
RNAs has revolutionized plant genetic
engineering due to its high efficiency and ease
of usage. This approach has resolved the
complexity and challenges of designing and
cloning desired gene constructs that are
characteristic of ZFNs and TALENs (Misra, et
al., 2024). The preferred method for GE in
plants is CRISPR/Cas since it is inexpensive
and easy to utilize which has revolutionized
genetic research. Cotton a vital crop for the
production of fiber, ethanol and oil greatly
benefits from this state-of-the-art tool for
comprehensive gene functional study (Li, et
al., 2017).

Despite its remarkable success in genetically
modifying a variety of crops and model
organisms, the CRISPR/Cas system has not
consistently produced results in cotton due to
a number of issues, including the polyploidy
of cotton and drawn-out, intricate
transformation processes. Using genes like
GhCLA1, GhARG, GhVP and MYB25. For
instance, a recent study successfully used the
CRISPR/Cas system to generate plants with
the GhNAC3 gene deletion (Shelake, et al.,
2024). GhNAC3 encodes a transcription factor
from the NAC family that acts independently
and in conjunction with abscisic acid to

promote drought stress tolerance. The gene's
function in overall growth, development and
drought stress resistance was shown by the
phenotypic alterations in the mutant lines.

Furthermore, the precise nucleotide
substitutions enabled by CRISPR/Cas-based
base editing enable targeted genomic changes
and guided evolution of specific loci. The
application of base editing in cotton GE has
been investigated by several research teams.
(Wang and others, 2019).

Transient gene expression plays a crucial part
in understanding abiotic stress tolerance
processes and developing strategies to
mitigate the impact of such challenges. To
overcome the challenges posed by long
transformation processes in cotton a fast
method for sgRNA validation for CRISPR
based genetic engineering was developed
(Makarova, et al., 2018). The effectiveness of
this technique has been shown in a variety of
applications such as the validation of sgRNAs
for genes like GhEF1 and GhPDS the
simultaneous editing of homologous genes,
and the deletion of genomic segments.
Temporary expression in the cotyledons
allows for rapid experimental validation in
cotton plants. This method has proven
versatile and has been successfully applied to
produce CRISPR/Cas-induced mutations
including those that target GhCLA1 in stable
genetic transformations exhibited unique
albino traits. (Zhang, et al., 2021). Our strategy
expands the use of CRISPR/Cas-mediated
methods in cotton research and applications
by eliminating the trouble of drawn-out
transformation approaches and providing a
quick validation platform for sgRNAs.

Understanding gene function has been greatly
enhanced by the combination of focused
genetic engineering approaches and reverse
genetics. According to the most recent GMO
laws, CRISPR/Cas-based methods in
particular make it easier to create transgene-
free plants by backcrossing or self-pollination
(Perez-Clemente, et al., 2013). As shown in
other crops, the potential use of CRISPR for
genome-wide modifications in cotton offers
promising opportunities to enhance genetic
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traits, improve disease resistance, optimize
agronomic characteristics and boost overall
productivity(Lv, et al., 2008). Because of its
great efficiency and ease of application,
CRISPR/Cas has become an essential tool for
broad gene functional study in cotton (Yan, et
al., 2022). As genetic engineering technology
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Figure 3: The combination of reverse genetics and targeted genetic engineering techniques has
significantly improved our understanding of gene function (Yan et al., 2022)

Figure 3 The combination of reverse genetics
and targeted genetic engineering techniques
has significantly improved our understanding
of gene function. The latest GMO regulations
state that CRISPR based techniques in
particular facilitate the creation of plants
without transgene by self-pollination (Perez-
Clemente, et al., 2013). As shown in other
crops, the prospective application of
CRISPR/Cas for genome wide changes in
cotton presents encouraging prospects to
boost genetic features raise resistance to
diseases improve agronomic qualities and
increase productivity. It has emerged as a
crucial tool for comprehensive gene function
studies in cotton due to its high efficiency and
simplicity  (Yan, et al, 2022). With
advancements in genetic engineering,
innovative techniques such as base editing
and prime editing are anticipated to provide
deeper understanding of gene functions. This

might lead to innovative cotton breeding
methods such producing cultivars that are
more resilient to abiotic stressors (Patil, et al.,
2024).

3.3 Transgenic Methods

Recent advances in genetic engineering to
enhance cotton's fortitude to abiotic stress
have been vitally examined in order to better
understand these strategies. Researchers have
used a range of genetic engineering
techniques to solve abiotic stress concerns.
This article provides a comprehensive
analysis of genetic engineering methods for
enhancing cotton cultivars Capable of
withstanding abiotic stresses. Incorporating
drought-responsive genes through genetic
modification has notably enhanced drought
tolerance in transgenic cotton, highlighting
possible approaches for developing stress-
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resistant cultivars by targeting critical genes
associated with stress responses.

By modifying the expression of genes and
transcriptional factor that react to dryness,
drought resistance can be increased. A
genome-wide analysis of the CDPK gene
family in Gossypium raimondii has revealed an
intricate  pathways involved in stress
signaling underscoring the potential of
genetic engineering to improve cotton's
tolerance to environmental challenges.
Similarly, it has been discovered that cotton's
improved resilience to salinity and drought is
mostly due to the bZIP transcription factor
GhABF2 (Lisei-De-Ss, et al., 2017). Research
has shown that overexpressing the rice NAC1
gene in cotton enhances its resistance to
adverse conditions, supporting the potential
of cross-species gene transfer for improving
stress resilience. Similarly, the H+-PPase gene
from Thellungiella halophila has been found to
significantly increase growth, salt tolerance,
and  photosynthetic  efficiency = when
overexpressed, underscoring its role in
improving cotton's performance under abiotic
stress conditions.

Cotton fiber elongation and improved
drought resistance depend on the gene
GhCDPK1 and the calcium sensor GhCaM?7.
Cotton that overexpresses genes like
AtDRE2A-CA and GhABF2 has also been
demonstrated to be more resistant to abiotic
stress (Lv, et al., 2008). The development of
cotton with enhanced stress tolerance
cultivars necessitates improvements in our
knowledge of transcription factors and root
traits like MYB, NAC and salt tolerance
mechanisms particularly the relationship
between ROS and antioxidant defenses (Tang,
et al., 2019). These studies demonstrate the
significance of genetic approaches in

enhancing cotton resilience and advancing
environmentally friendly Farming techniques.

4. Sufficient and Appropriate Fertili-

zation

It has been shown that ensuring plants receive
enough potassium (K) nutrition is essential for
reducing the impacts of drought stress.
Potassium is an important macronutrient that
affects several processes necessary for
metabolism and growth as well as cotton's
water balance (Wang et al., 2013). Research
has demonstrated that, in comparison to
untreated  circumstances  under  stress,
potassium fertilization significantly increases
cotton production and its contributing
components. Potassium (K) deficit could get
worse the production of ROS in crops under
drought stress (Cakmak et al., 2005). K-
deficient plants have significantly reduced
CO: fixation because of impaired stomatal
regulation during drought. However, the
suppression of photosynthesis under moisture
stress can be lessened by boosting extra-
chloroplastic K* concentrations with sufficient
K* administration (Egilla et al., 2005). Its
function in improving photosynthetic CO-
fixation and the effective transport of
photosynthates to sink tissues is associated
with the increased K requirement in drought-
exposed plants. By reducing the conversion of
photosynthetic electrons to O, this process
lowers the formation of ROS. Recent studies
have shown that K fertilizer improves biomass
output, downstream glucose metabolism, and
leaf photosynthetic efficiency, increasing
cotton's resilience to drought (Egilla et al.,
2005). It also helps with osmotic adjustment,
water uptake, and reducing oxidative damage
from ROS, underscoring the crucial function
that K nutrition plays in plants' ability to
withstand drought stress (Fig. 4)
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Figure 4: A potassium supplies improves photosynthesis, water use efficiency and root growth
which increases cotton's resistance to drought. It helps plants withstand water deficiency conditions
by promoting osmotic adjustment and cell integrity (Khan et al., 2018).

5 Growth Regulating Agents

Plant growth regulators, both synthetic and
natural, can mitigate the negative impacts of
environmental stress on plant growth.
Osmoprotectants and growth regulators used
topically have been shown to increase cotton's
resilience to drought. It has been observed
that the application of hormones like abscisic
acid, proline, gibberellic acid and salicylic
acid improves resistance to moisture stress.
These compounds protect cell structures and
molecules under stress by increasing
antioxidant activity, adjusting osmotic
pressure and reducing ROS damage.
Moreover, proline, betain and glycine boost
stomatal conductance, transpiration and
photosynthesis in cotton (Lichtfouse, et al.,
2009).

5.1 Jasmonic acid (JA)

The plant hormone jasmonic acid (JA) is
crucial for helping plants cope with both
stressors (Tan, et al., 2012). It is involved in
processes such as tendril coiling, fruit
ripening, pollen production and root system
development. When applied externally,
jasmonates have been shown to enhance plant
performance under dry conditions (Bandursk,
et al., 2003) and control stomatal dynamics
(Riemann, et al., 2015). The JAZ repressor
proteins are essential to the well-understood
jasmonic acid pathways and its production. In

the absence of JA, JAZ proteins bind with
transcription factors diminish their activity.
JA, on the other hand degrades JAZ proteins
under water stress which enables to activate
genes that confer tolerance to stress (Chini, et
al., 2007). Plant hormones frequently work in
interrelated pathways, intricately
coordinating a range of developmental and
environmental responses (Riemann, et al.,
2015),

5.2 The Function of Gibberellic Acids (GA)
in salt Stress Growth and Hormone

5.2.1 Biosynthesis of GA

Different stages of plant development depend
on gibberellic acids, a class of plant hormones.
They facilitate maturation and development
of boll fibers, flowering and processes like
root growth, leaf elongation and seed
germination (Shi, et al., 2019). There are about
130 different forms of gibberellin, although
only a handful of them are biologically active
(Finkelstein, et al., 2008; Oleszewski, et al.,
2002). Later stages of their manufacturing and
degradation control the generation of
bioactive GAs (Zhang, et al., 2014). GA 20-
oxidase initiates the common biosynthetic
pathway by converting precursor molecules
into GA15, GA24, GA12 and GA9 (Figure 5).
GA-3 oxidase then converts GA9 into GA4
(Reinecke, et al., 2014; Qin, et al., 2011).
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Figure 5: The biosynthesis route of exogenous gibberellic acid (GA) is essential for reducing salt
stress in plants (Ahmad et al., 2022)

Figure 5 The biosynthesis route of exogenous
gibberellic acid (GA) is essential for reducing
salt stress in plants. GA24, GA9, GA15 and
GA12 are all converted by GA 20-oxidase and
GADY is then further transformed into GA4 by
GA-3 oxidase. When DELLA proteins bind
with GID1, the GA signaling pathway is
triggered which causes DELLA proteins to
degrade. Its breakdown under salt stress
reduces the accumulation of ROS which in
turn stimulates plant development. Plant
sensitivity is increased when GID1 is
overexpressed and when GID1 and GAS work
together they assist send the GA signal to
DELLA proteins, which control the expression
of genes involved in GA production such as
XERICO. These genes enhance plant growth
and productivity while reducing the effects of
salt stress. Additionally, exogenous GA
increases the levels of ABA and IAA, which
supports the growth and maturity of
reproductive organs increases fiber strength
and improves microneedle readings (Ahmad,
et al., 2022).

Based on research, gibberellic acids (GAs) are
important for a number of biological activities
that support crops vegetative and

reproductive growth while they are under
stress. Exogenous GA treatments have been
demonstrated to enhance the growth and
fiber formation of cotton plants (Qin, ef al.,
2011). Additionally, during growth of fiber
GA treatment boosts the levels of abscisic acid
and IAA which improves the natural color
and fiber strength. The function of GA in
cotton fiber growth and its connection to IAA
and ABA levels under salt stress conditions
need more investigation (Shu, et al., 2018).

5.2.2 Transduction of GA Signaling

GA-insensitive dwarfl (GID1) and DELLA
proteins interact to trigger the activation of
gibberellic acid (GA) signaling pathways.
Particularly in situations of salt stress DELLA
proteins are essential for coordinating
different plant hormone signaling pathways
and function as important negative regulators
of GA. GID1 binds to bioactive GAs as a
receptor and the GID1-GA complex helps the
GA signal reach DELLA proteins which
affects the expression of genes involved in GA
production. It has been demonstrated that by
lowering the buildup of ROS, the breakdown
of DELLA proteins enhances plant viability
under stress. However, plants may become
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more sensitive to GAs if GID1 is
overexpressed. Furthermore, the XERICO
gene which controls how plants react to salt
stress interacts with DELLA proteins. By
preventing GA production, DELLA proteins
promote salt stress tolerance through the
activation of XERICO. According to earlier
research, Arabidopsis thaliana's GA levels fall
under salt stress, whereas DELLA protein
accumulation increases (Yang, et al., 2008).

5.3 The Role of Salicylic Acid (SA) in Cotton
Development and Growth of Plant and
Under Salt Stress

5.3.1. Biosynthesis of SA

Chorismate is the starting point for the
biosynthesis of SA which is accomplished by
a number of metabolic processes including the
ICS and PAL pathways. Both the cytosol and
the chloroplast are sites of this biosynthesis
(Dempsey and Klessig, 2017). Several
environmental stressors have an impact on
the enzymes involved in this process, which
are essential for controlling SA function
(Khan, et al., 2015). The production of SA and

plant responses to pathogen-induced illnesses
are significantly influenced by the ICS
pathway in particular. In Arabidopsis, the ICS
pathway plays a key role in the accumulation
of salicylic acid (SA), while in rice, the PAL
pathway has been identified as more
significant for SA production (Lefevere, et al.,
2020). More research is necessary to
determine whether these processes could lead
to increased SA buildup in cotton. Research
has demonstrated that various plant tissues
may regulate SA biosynthesis differently. For
example, in rice the concentration of SA in the
shoots is notably greater than in roots (Duan,
et al., 2014). By triggering the action of protein
kinases like cAMP and ¢cGMP, SA has been
connected to the control closure of stomata
(Hao, et al., 2010). As secondary messengers,
c¢GMP and cAMP both control a number of
physiological functions in plants including
cell cycle and gene expression maintenance.
The entire spectrum of metabolic processes
that SA regulates is still unknown (Figure 6).
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Figure 6: By altering its biosynthesis pathway, an external supply of salicylic acid (SA) is essential
for reducing salt stress (Ahmad et al., 2022)

Figure 6 By altering its biosynthesis pathway,
an external supply of salicylic acid (SA) is
essential for reducing salt stress. Salt-induced
injury occurs in mutants such as sncl which
accumulate larger levels of SA, while the SA-
deficient mutant lessens salt stress by
inhibiting SA signaling specifically nprl-1 and

sncl. By modifying the expression of genes
from the GST family, including SIGSTT4,
SIGSTT3 and SIGSTT2 as well as antioxidant
genes including, GST1, GPX1, DHAR,
MDHAR and GR. SA application helps reduce
salt-induced damage. Additionally, SA
controls stomatal closure during salt stress by
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means of secondary messengers such as
cAMP and cGMP, which in turn control a
range of gene expression, physiological
processes, the upkeep of cell cycles and
metabolic processes in plants (Ahmad, et al.,
2022).

5.3.2. SA Signaling Transduction

In plants, SA is an essential signaling
compound that regulates responses to a
variety of abiotic stresses, including salinity,
ozone, heavy metals and heat (Shah, et al.,
2003). Two major signaling pathways, PAL
and ICS are involved in the biosynthesis of SA
in plants (Zhao, et al., 2017). In tobacco, PAL
genes are silenced and in Arabidopsis, SA
accumulation is decreased when PAL activity
is inhibited (Wildermuth, et al., 2001).
Through the action of ICS in the ICS pathway,
SA is produced in Arabidopsis from
chorismate via isochorismate (Dempsey, et al.,
2011). To increase crop resilience more
research is required to examine SA buildup in
cotton under salinity stress. In order to
increase crop yield SA is also transformed
into a variety of forms including
glucosylation, methylation, hydroxylation
and transferred to other plant sections
(Pieterse, et al., 2012). Additionally, a complex
signaling network that controls plant
development and stress responses is formed
by the interaction of SA with other hormones
such, abscisic acid, jasmonic acid, auxin and
ethylene.

6 The role of miRNAs in Reducing

Drought Stress

Plants need the help of tiny, non-coding RNA
molecules called microRNAs (miRNAs) to
respond to a range of abiotic stresses (Ding, et
al., 2017). Through hormonal signaling
pathways such SA, ABA and ET which are
implicated in desiccation tolerance, these
miRNAs control plant responses (Huang, et
al.,, 2008). MiRNAs unique to drought
tolerance have been found in crops such as
Brassica napus and cotton (Guo, et al., 2016). By
influencing gene expression, these miRNAs
aid plants in adjusting to challenging
environmental circumstances (Fig. 5). Since
extended water stress can result in metabolic
disturbances and nutritional imbalances in
plants, improving cotton's fiber development
and drought resistance is a major area of focus
in agriculture (Dong, et al., 2015). It has been
demonstrated that overexpressing genes such
GhCIPK6 and GhMPK2 increases cotton's
resistance to drought suggesting that these
genes may be genetically improved (He, et al.,
2013; Zhang, et al., 2011). Numerous miRNAs,
including, miR396, miR172, miR164 and
miR6158 have been found in studies to target
genes that are used to produce cotton fiber. It
has been discovered that 163 miRNAs target
210 genes linked to fiber production.
Although further research is needed to fully
understand how these miRNAs contribute to
stress tolerance, they offer a promising
strategy for making cotton more resilient to
severe weather.
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7. Future Opportunities and Difficul-
ties

7.1 Cutting-Edge Biotechnological Strategies
to Reduce Abiotic Stress

Crop yields have been successfully raised by
traditional breeding methods but it has
proven more difficult to create crops that are
resistant to abiotic stressors. Breeding
methods frequently concentrate on assessing
genetic material under optimal conditions
ignoring the complications that many stress
factors bring during the plant's life cycle. This
contributes to the difficulty. Because of this,
traditional breeding finds it difficult to choose
plants that are more resilient to these
challenges underscoring the need for alternate
techniques to raise agricultural output and
quality in these circumstances. By changing
gene expression using a variety of
transformation procedures and tissue culture
approaches genetic manipulation through
transgenic plants has showed promise in
recent years (Guo, ef al., 2020). By altering the
expression of specific genes, researchers have
gained a Dbetter understanding of the
mechanisms  underlying  plant  stress
responses (Abdulrahemm, et al, 2024).
Engineering developments and new genome-
wide approaches are offering vital resources
for investigating how epigenetic
modifications may affect plants' capacity to

endure the stress of the surroundings
(Choudhary, et al., 2023). Crop resilience can
be improved by epigenetic modification in
response to stress (Dos Santos, et al., 2023). In
order to produce stress-resistant plant
varieties, transgenic techniques are
concentrating on improving mechanisms such
osmolyte synthesis, antioxidant defenses,
signal transduction and gene modulation (Li,
et al., 2022). Crop biotechnology has exciting
prospects thanks to new technologies like
CRISPR gene editing tools (Ndudzo, et al.,
2024). Because of the accuracy of CRISPR/Cas
technology small DNA alterations can be
made without introducing significant foreign
DNA sequences increasing the likelihood that
genetically modified crops will be approved
around the world.

7.2 Cotton's Difficulties in Reducing Abiotic
Stress

Conventional breeding methods have
historically been used to meet the increasing
needs brought on by population increase and
climate change by transferring advantageous
genes into superior cultivars. However, more
effective solutions have been found with more
recent genetic engineering (GE) tools
including ZFNs, TALENs and CRISPR/Cas.
Of them, the CRISPR/Cas system is highly
regarded due of its simplicity, effectiveness
and adaptability (Gaj, et al., 2016). In order to
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resolve  regulatory = concerns  around
genetically modified organisms (GMOs),
researchers are using CRISPR/Cas technology
to boosts cotton's resistance to both stressors,
alter gene expression and stack advantageous
features without adding foreign genes
(Nduzo, et al., 2024).

In order to increase the economic value of
cotton farming, this approach offers chances
to improve cotton fiber quality, plant
structure, flowering and address problems
with epigenetic modifications and gene
stacking. Numerous biotic and abiotic factors
including salt, drought, intense temperatures
and heavy metal toxicity have a substantial
impact on cotton agriculture and have an
effect on plant growth and fiber quality.
Modern farming methods and molecular
techniques must be combined in breeding
projects to improve cotton's stress tolerance in
order to address these problems. To better
understand cotton's stress reactions and
increase its resilience, a multidisciplinary
approach combining physiological,
biochemical, and molecular studies is
essential, guaranteeing more sustainable
farming methods.

8. Conclusion

This paper offers a thorough analysis of the
molecular, biochemical and physiological
responses of cotton to abiotic stressors.
Cotton's exceptional resilience and capacity to
trigger a variety of defensive mechanisms to
lessen the negative impacts of these stresses
are highlighted through a thorough analysis.
Discovering ~ the  intricate = molecular
mechanisms  underlying abiotic  stress
tolerance in plants requires the wuse of
contemporary genomic technologies,
including quantitative trait locus, mapping,
high-throughput sequencing, marker-assisted
selection RNA  sequencing, single-cell
sequencing, chromatin immunoprecipitation
sequencing, genome-wide association studies
(GWAS), metabolomics, proteomics, genomic
selection and multi-omics approaches, as well
as CRISPR-based genome editing techniques.
The development of transgenic cotton lines
that carry several resistance genes and

provide improved tolerance to a variety of
abiotic stressors is currently the main
emphasis. In this sense, the use of gene-
editing technologies, especially CRISPR/Cas9
has enormous potential for producing cotton
varieties with stacked resistance traits, which
would increase their ability to adapt to
changing environmental conditions and
promote climate change-resilient agricultural
practices.
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