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Abstract Cotton, as one of the world's important economic crops, often faces abiotic stresses such as drought, saline-alkali
conditions and extreme temperatures. These environmental pressures severely restrict its growth and development as well as the
stability of its yield. In recent years, molecular genetic studies have shown that promoter variations play a key role in regulating the
expression of stress response genes in cotton. This study systematically reviewed the structure and function of promoters, the
classification and characteristics of cotton stress-response genes, as well as the types of promoter variations involved in regulation. It
focused on analyzing how promoter polymorphisms lead to transcriptional regulatory differences under stress conditions and affect
cotton's adaptability to environmental stress. The molecular mechanisms such as sequence variations in the promoter region, DNA
methylation, histone modification, and transcription factor interactions were also deeply explored. Key stress response genes such as
AtDREBIA, GhHSP70, and GhERF1 were selected, and the specific functional manifestations of their promoter variations in salt
tolerance, heat resistance, and drought resistance traits were introduced. This research is expected to provide new ideas for a deeper
understanding of the regulatory network of plant environmental adaptability and promote the functional exploration and stress
resistance improvement of cotton germplasm resources.
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1 Introduction

When it comes to which crop is the most "reliable", cotton (Gossypium spp.) is definitely on the list. It is not only
the most important source of natural fibers in the global textile industry, but also directly related to the basic
agricultural economy in many countries. Growing cotton has supported the livelihoods of many families. For
some developing countries, it is even a pillar of industry. However, it doesn't mean that having land guarantees
good cotton cultivation. Whether it is drought, salinity and alkalinity, high temperature or low temperature, these
abiotic stresses have long plagued farmers in cotton-growing areas, causing considerable impacts on yield and
quality (Tang et al., 2024).

In recent years, with the continuous improvement of genomics and transcriptomics tools, researchers have
gradually drawn a regulatory map of cotton's "self-rescue” in adverse conditions. Transcription factors such as
MYB, NAC, AP2/ERF, GLK, and bZIP, as well as some enzyme genes related to stress response, have been
successively discovered (Zafar et al., 2022; Gu et al., 2023; Wang et al., 2024). But for these genes to "speak",
there must be promoters behind them to cooperate. Especially when facing complex environmental signals, the
regulatory role of the promoter region is often more crucial than people imagine. Not all promoters are the same.
Some cis element variations can make gene expression stronger or more precise. Genes such as GhNAC2 or
GhHSP70-26 have multiple regulatory elements related to hormone or stress responses in their promoter regions.
Once such structures change, they may directly affect the binding sites of transcription factors (Hamid et al., 2024;
Naresh et al., 2024). Bao et al. (2020) pointed out that sequence changes at some key positions might be the cause
of differences in gene expression and thus the varying degrees of tolerance. Interestingly, the launcher is not only
a "console" but also a "transformation entry point”. Shaban et al. (2018) and Guo et al. (2023) found that if the
response capabilities of certain promoter components are precisely controlled, the performance of cotton in
adverse conditions can be significantly enhanced. In other words, these variations are not only the research
subjects but also likely to be the breakthrough points for future stress-resistant breeding.

269


mailto:mengting.luo@jicat.org?subject=mengting.luo@jicat.org
https://doi.org/10.5376/cgg.2025.16.0027
https://doi.org/10.5376/cgg.2025.16.0027

v
X/
\ / Cotton Genomics and Genetics 2025, Vol.16, No.6, 269-277
http://cropscipublisher.com/index.php/cgg

CropSci Publisher

This study will systematically explore the regulatory role of promoter variations in cotton stress-responsive genes
and review the current understanding of promoter structures and their impact on gene regulation under stress
conditions. Identify the key promoter variations related to enhancing the stress resistance of cotton; Evaluate the
potential of these variations to improve cotton through molecular breeding and genetic engineering. By clarifying
the mechanism by which promoter variations regulate the expression of stress response genes, this study aims to
provide a theoretical basis for breeding cotton varieties with stronger stress resistance, thereby supporting
sustainable cotton production and economic stability while addressing environmental challenges.

2 Structure and Function of Promoters

2.1 Definition and basic structure of promoters

The promoter is not a strange new concept. It is a fragment on DNA close to the starting point of a gene, like a
switch, used to regulate whether the gene is "turned on". Whether RNA polymerase and various transcription
factors can "find the door" lies in this region. However, this structure is not simply a single board; it is often
composed of several areas: In the core area in the middle, "classic elements" such as the TATA box and the CAAT
box can often be seen. There are also proximal and distal control areas embedded with various CRE components,
which are responsible for dealing with different TFs. No matter which section it is, if any one is missing, the
transcription starting point may not be accurately identified, let alone smoothly transferred.

2.2 The role of promoters in gene transcription regulation

Many people know that transcription initiation relies on RNA polymerase, but to "invite" it to the right position,
the promoter is the key. This place is not only its stopover point, but also a venue for the collection of various
transcription factors (Khan et al., 2023). The CRE element in the promoter is like an "interface" prepared for
different signals. Who binds it, how it binds it, and for how long, these determine whether the gene is activated
throughout the day or in phases (Cai et al., 2020). The expression pattern sometimes comes from organizational
specificity, sometimes it only becomes active when triggered by the external environment, and even can be
artificially designed to be activated whenever one wants. Also, don't underestimate the sequence structure of the
promoter. Details such as GC content and motif arrangement often affect transcriptional efficiency and accuracy
(Bansal et al., 2014). In crops like cotton that often have to cope with environmental changes, the regulatory
power of promoters is the most important link.

2.3 Types and sources of promoter variants

The promoter sequence is not static; it undergoes various variations. These variations sometimes result from the
accumulation of natural selection, sometimes are induced mutations by humans, or may be "assemblies" designed
in the laboratory (Bao et al., 2020). For instance, some promoters are inherently "all-weather", like the CaMV35S,
which can be expressed by any organization. However, there are also some that are more "selective", only lighting
up at the leaves, roots or a certain developmental stage. There is another category that only speaks up when there
is something to do. Once stimulated by the environment or hormones, they will be activated (Kummari et al.,
2020). Synthetic promoters are more like "customized products", allowing researchers to combine various
components as needed to achieve more precise control. There are also many forms of variation, ranging from
simple SNPS, insertions/deletions to large fragment rearrangements, and even artificial assembly of new
components. These changes may not only affect the binding ability of TF, but also alter the "character" of the
entire promoter, thereby making the gene expression stronger, weaker or responding faster. There have been many
examples of this in crops such as cotton.

3 Characteristics and Function of Cotton Stress-Responsive Genes

3.1 Classification of cotton stress-responsive genes

Over the years, with more research, it has been found that the types of genes mobilized by cotton in response to
stress are indeed quite numerous. In addition to the well-known transcription factors, such as DREB, MYB, NAC,
bZIP, WRKY and GARP families (Wang et al., 2024), there are also some "familiar faces" involved in regulating
metabolism, synthesis or defense. Such as SAMS, LEA, CDKs, PLA1, RF2 and P5CS, etc. (Figure 1) (Gu et al.,
2023; Fang et al., 2025). The specific functions of these genes are also quite scattered. Some are responsible for
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signal transduction, some for regulating transcription, and others contribute to osmotic protection, antioxidation,
or maintaining cell membrane stability. However, to truly make a detailed classification, it is necessary to take into
account their performance under different pressures.

DsRED2 Bright Merged
pCAMBIA2300-
DsRED2
pCAMBIA2300-
DsRED2-
GhRF2-32

Figure 1 Subcellular localization of pCAMBIA 2300-DsRED2-GhRF2-32 fusion protein (Adopted from Gu et al., 2023)

3.2 Major stress types

Among various environmental stresses, salinity, drought and low temperature pose the most challenges to cotton.
Just talking about salt and drought, these two stresses are sufficient to cause the imbalance of water regulation and
ion disorder in plants, ultimately leading to a decrease in yield (Kilwake et al., 2023). The problem of low
temperatures is even more "insidious", especially during the emergence and seedling stages, when the damage to
cotton often comes suddenly and severely. Although stresses such as high temperature, water accumulation and
heavy metals also exist, the current research attention is still less than that of the former three. Although different
types of stress have their own characteristics, they are not completely isolated at the gene expression level. The
initiation of many stress response genes is crossed, showing certain commonalities or complementarities (Wang
and Zhang, 2024).

3.3 The role of stress-responsive genes in stress tolerance

Not all genes can be called "stress responses"”, but once they are included in this category, it usually means that
they do play a key role in regulating cotton's resistance to external stress. Whether by initiating signal transduction
or activating protective mechanisms (such as accumulating osmotic substances and enhancing antioxidant
capacity), these genes are involved in regulating physiological states to help cotton "resist". Transcription factors
such as DREB and bZIP are often regarded as signal "switches", while genes related to LEA protein and proline
synthesis are more like "executors", providing support at the cellular level (Fang et al., 2025). Genes like these,
once overexpressed or knocked down, will directly change the performance of cotton under stress such as salt,
drought and cold, which also provides an operable target for subsequent breeding or molecular engineering (Guo
et al., 2022).

4 The Impact of Promoter Variants on Cotton Stress-Responsive Gene Expression

4.1 Changes in transcription factor binding due to promoter variants

Whether there are many cis control elements or not, and whether their positions are reliable or not, will actually
change due to a small variation of the starter. Like GANAC?2, its promoter region is home to many components
related to hormones and abiotic stress, and the corresponding hormones are also numerous - gibberellin, ethylene,
auxin, abolic acid are all within the regulatory range, as well as stress factors such as mannitol and NaCl (Naresh
et al., 2024). The combination of these components not only affects which transcription factors can bind, but also
determines whether they are expressed in the leaves or activated at the root tips, and whether they respond to
stress or remain low-key all the time. Another example is GhHSP70-26, whose promoter insertion deletion
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variation alters the binding patterns of TFS such as GhFLZ, GhABF3, and GhRVES, resulting in differences in
activation under drought or hormonal treatment. The more you look, the more you will find that similar stress
response elements are enriched in the promoters of genes such as NAC, ERF, P5CS, CKX, and VLN. (Deep &
Pandey, 2024; Hamid et al., 2024). Ultimately, when the structure of the promoter changes, the set point of TF
also changes accordingly, and this kind of influence is hard to ignore.

4.2 Gene expression differences caused by promoter variants

Not every promoter variation will bring about significant effects, but the M-650 insertion/deletion in GRHSP70-26
can be regarded as a "positive example" - whether in the field or in transgenic experiments, this variation almost
always corresponds to higher expression and stronger drought resistance. The research team tested using the GUS
fusion gene and other reporter systems and it was clear that the expression levels of specific promoter fragments
would change after stress or hormone treatment, with some enhanced and some inhibited (Guo et al., 2023).
Similar situations can also be observed in the large families of NAC, ERF, P5CS, and CKX. The expression
differences under different tissues and pressures are often associated with those minor variations in the promoter.
Some allelic promoter types can make genes "more easily awakened" and more likely to respond immediately
(Sun et al., 2018; Zafar et al., 2022). Of course, not all variations can lead to good results; some may even disrupt
the original rthythm of expression.

4.3 The relationship between promoter variants and stress response pathways

If the promoter only adjusts one gene, it's not that troublesome. The problem is that it affects the whole situation.
Transcription factors such as WRKY, TCP, and triple helix proteins often recognize motifs such as W-box, TCP
elements, GT-box, or MYB sites, and subsequently regulate a whole set of defense mechanisms including ABA
pathways, osmotic regulation, and antioxidation (Wang et al., 2019; 2023). When variations occur around these
sites, it is often not just the expression of one gene that is driven, but rather affects the activation rhythm of the
entire stress pathway. These changes can sometimes enhance the drought resistance, salt tolerance or cold
tolerance of cotton, but they may also make the response slow or excessive. In other words, although the promoter
seems to be just a sequence segment, it actually influences the entire regulatory network behind it. Combining
transcriptome and functional studies to decode these variations can provide a clearer reference path for subsequent
targeted breeding.

5 Molecular Mechanisms of Promoter Variants

5.1 The impact of sequence diversity in promoter regions on gene expression regulation

The promoter region of cotton is actually not "quiet" at all. Especially in gene families such as P5CS, CNGC, and
CKX, cis-regulatory elements (CAREs) are densely packed. Elements like MYB, ABRE, and Cat-box that
respond to hormonal and abiotic stresses can be seen everywhere (Zhao et al., 2022). Their existence determines
how transcription factors bind and what patterns gene expression ultimately exhibits. What truly sets cotton apart
in adverse conditions is the diversity of the promoters themselves - variations such as SNPS, indels, and structural
rearrangements can all alter these binding sites, thereby changing gene activity. For instance, some haplotypes or
EQTIs have been confirmed to be directly linked to salt resistance or cold resistance (Hamid et al., 2024; Fang et
al., 2025). However, not every mutation works. Whether it can "make a sound" depends on where it lands. It is
precisely these regional differences that support the functional differentiation among the members of the genetic
family and also give cotton the confidence to adapt to various complex environments.

5.2 The role of DNA methylation and histone modifications in promoter variants

Not all expression differences can be attributed to the sequence itself, epigenetic factors can also be quite
"troublesome". Mechanisms such as DNA methylation and histone modification often act as "switches" in stress
responses. Changes in the methylation level of the promoter region can alter the openness of chromatin, thereby
affecting whether transcription factors can approach, sometimes inhibiting expression and sometimes activating.
In cotton, heat stress can cause an increase in histone markers such as H3K4me2 and H4KS5ac, corresponding to
enhanced expression of a batch of heat shock factors and proteins (Zhang et al., 2020). In addition, regulatory
molecules such as JmjC demethylases and histone acetyltransferases (HATs) also change in expression under
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stress conditions, and their own promoters are also rich in stress response elements. These modifications can
change at any time. They are not only flexible but also reversible, providing cotton with an operational space to
quickly respond to sudden environmental changes.

5.3 Interaction between transcription factors and promoter variants

A minor variation on the promoter can sometimes precisely trigger an entire regulatory chain, especially at the
binding sites of transcription factors. TFS such as MYB, bZIP, NAC, and WRKY are the "main force" in the
cotton stress response. Whether they can successfully bind to the promoter region often depends on whether these
sequences have mutations (Naresh et al., 2024). Studies have found that specific promoter haplotypes do indeed
alter the efficiency of TF binding and further affect the expression patterns of related genes, such as directly
influencing the salt tolerance of cotton (Lin and Zhu, 2024). Looking deeper, the methylation state of DNA is also
involved. Some TFS are highly sensitive to methylation, and some are even directly excluded (Heberle & Bardet,
2019). Therefore, promoter variations, TF binding, and methylation modifications are constantly interacting and in
real-time dynamic state. This coordination enables the gene expression of cotton to remain "online" in complex
environments.

6 Case Study: Promoter Variants in Specific Cotton Stress-Responsive Genes

6.1 Variants in the AtDREB1A promoter and salt tolerance

The DREB family has long made an appearance in various studies on responses to coercion, and GhDREBI1A is
no exception. Its expression pattern under salt stress has been confirmed to be related to salt tolerance. In fact, not
only cotton, but also in many crops, once the expression level of DREB genes is increased, the related
downstream stress response genes will also become active, thereby making the plants more tolerant of salt.
However, the promoter of DREB itself is not simple either - it usually contains multiple cis-regulatory elements
related to stress and hormones, becoming one of the key nodes in the regulatory network. A few years ago, there
were studies suggesting that CRISPR/Cas9 could be used to directly target these promoters for targeted
modification, with the aim of achieving more precise expression (Mahmood et al., 2019). Meanwhile, GWAS and
transcriptome data have increasingly linked DREB genes to the salt tolerance of cotton, especially in those
salt-tolerant varieties, where the expression levels are more pronounced (Wang et al., 2023; Li et al., 2025).

6.2 Variants in the GhHSP70 promoter and heat tolerance

In terms of heat resistance, the GAHSP70-26 promoter also performs quite "representative". For instance, some
studies have found that there is a 22 bp deletion (M-1590-Del22, Hap2) at the -1590 bp site upstream of its
promoter region. This variation leads to upregulation of gene expression under heat stress, resulting in stronger
heat tolerance. Even better, this kind of variation is not only manifested in cotton - when applied to Arabidopsis
thaliana, plants with the Hap2 promoter also showed higher activity after heat induction and ABA treatment,
indicating that the function of this site is indeed solid (Guo et al., 2023). Interestingly, this natural variation can
also serve as a molecular marker for breeding screening, and its practicality is not low. In addition, an
insert-deletion variation (M-650-In360) also occurred in another region of the gene promoter (-650 bp). This
structural difference is also associated with the improvement of drought resistance, which once again indicates
from the side that the promoter variation is not an "embellishment", but a part of regulation.

6.3 Variants in the GhERFI promoter and drought tolerance

When it comes to drought response, genes like GAERF'I in the ERF family cannot be avoided. Its promoter
structure is already quite rich, with a dense array of stress response elements inside, and the expression regulation
is also rather complex. In arid environments, the expression of such genes will be controlled layer by layer.
According to the results of transcriptome and co-expression network analysis, ERF genes are often upregulated in
drought-tolerant cotton strains. The higher the expression, the more "resilient" the plants are in water-deficient
environments (Figure 2) (Mahmood et al., 2019; Wang et al., 2023). Given this, it is no wonder that there are now
studies attempting to enhance the expression of GAERFI by modifying the promoter structure - after all, this
approach seems more stable and easier to apply to actual breeding.
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Figure 2 Drought-induced cellular and molecular signaling pathways to enhance drought tolerance in plants (Adopted from
Mahmood et al., 2019)

7 Applications of Promoter Variants in Cotton Improvement

7.1 Using promoter variants to enhance cotton stress tolerance

Not all resilience improvement measures rely on radical gene editing. Sometimes, the details of the "regulatory
layer" such as promoter variations are even more crucial. Especially under drought, high temperature or
saline-alkali stress, some naturally occurring promoter variants or variations modified through engineering means
can more flexibly regulate gene expression. Some only function in specific tissues, while others are activated only
when stress occurs. A certain insertion/deletion site of the GhHSP70-26 promoter is linked to improving the
drought and heat tolerance of cotton and is regarded as a target worthy of close attention in breeding (Guo et al.,
2023). Another example is the GANAC2 promoter, which can "respond" to various hormones and adverse signals.
Using it to drive the expression of downstream beneficial genes is a feasible path to enhance overall adaptability
(Naresh et al., 2024). Although these regulatory changes may seem like mere "patchwork", when combined with
marker-assisted selection and molecular breeding techniques, their effects are no worse than those of gene
knockout.

7.2 Promoter engineering in genetically modified cotton

The core of transgenic technology is not merely about "what genes to add", but rather "how to regulate their
expression". In cotton breeding, some naturally derived or designed inducible promoters are being used to
precisely regulate the expression timing and position of target genes. The advantage of doing so is that it can
reduce some common side effects and also enhance the resistance of cotton to adverse environments (Shan et al.,
2019). A representative case is that the expression of the IPT gene was controlled by the aging-inducing promoter
SAG12. As a result, not only did the salt tolerance of cotton increase, but the antioxidant capacity was also
significantly enhanced, and even the ion balance was more stable (Shan et al., 2019). In addition, tools like
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CRISPR/Cas are not limited to gene knockout or insertion. Fine-tuning of the promoter region directly has
gradually become a new strategy. For example, some studies have improved the heat resistance of cotton by
weakening the activity of the GhCKI promoter (Li et al., 2025). So, the "operating space" of the promoter is not
small. If used well, it can precisely exert force.

7.3 Potential of combining promoter variants with precision breeding technologies

In terms of promoters, it is not merely an "auxiliary" regulation. When combined with tools like CRISPR/Cas, the
breeding efficiency can be further enhanced by one level. In the past, we always paid more attention to genes
themselves, but now we are more inclined to conduct targeted optimization on "regulatory switches". By
introducing or editing promoter elements, the target genes can be expressed "just right", neither too much nor too
little, especially suitable for those pathways related to adverse adaptation (Shi et al., 2023). Khan et al. (2023)
mentioned that modifying promoters with the CRISPR system can not only yield novel alleles but also directly
enhance traits such as salt tolerance and drought tolerance. If combined with rapid breeding methods and
multi-omics analysis, the entire process will be faster and more accurate. The ultimate outcome is not merely the
improvement of a single trait, but rather the possibility of superimposing multiple stress resistances and pushing
them together to the practical stage, thus providing more confidence in dealing with complex environments.

8 Conclusion

How crucial is promoter variation in the process of cotton coping with stress? In fact, there are already quite a few
answers to this question. Representative genes like GhNAC2 and GhHSP70-26, as well as transcription factor
families such as ERF, NAC, bZIP, and MYB, contain a large number of cis elements in their promoter regions that
respond to hormones and abiotic stresses. Once the environment encounters problems, It can regulate how, when
and how much genes are expressed (Guo et al., 2023; Naresh et al., 2024). However, whether there is variation
and where it occurs are what truly determine the differences in expression. GWAS and functional verification
methods have linked many promoter variations (such as SNPS and indels) to drought resistance, salt tolerance and
heat tolerance. The impact of many variations on cotton traits is real. For this reason, promoter engineering,
molecular marker selection and other techniques are increasingly being used for cotton improvement.

But when it comes to how to proceed next, it's far from the time to "wrap it up". The promoter variations of many
cotton germplasm resources remain unclear. Whether there is a real impact on their functions and to what extent,
many have not been verified. By incorporating eQTL and GWAS analyses and running them again under different
developmental stages and environmental backgrounds, more regulatory factors may be unearthed. At the same
time, it is also necessary to clarify the relationship between the changes in the promoter sequence and the binding
of transcription factors as well as epigenetic modifications. If this step is not thoroughly understood, the
regulatory network will remain a "black box". However, on the other hand, tools like CRISPR/Cas do offer an
idea - since there is a way to precisely rewrite the promoter, it might indeed be possible to customize alleles with
"novel expression patterns” in the future.

Of course, challenges are not absent. Whether promoter variations can be stably inherited and whether they will
definitely lead to good outcomes still need to be verified in practice. The multi-gene control and environmental
dependence already make stress resistance "elusive". You may move one site, and the result will be a domino
effect. Not to mention the difficulties such as the transformation efficiency, expression fluctuations, and network
interaction of the promoter sub-project, which are all realistic problems right before us. However, as long as the
ideas can be integrated with tools such as precision breeding, rapid breeding, and molecular markers, the breeding
efficiency and the implementation speed of stress-resistant varieties are likely to increase significantly. Today,
with the increasing pressure of climate change, this path is worth continuing down.
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