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Abstract Cotton is a globally important fiber crop. Both its diploid (varieties with normal chromosomes, such as Asiatic and
Raymondia cotton) and polyploid (varieties with doubled chromosomes, such as Upland and Sea Island cotton) varieties provide
valuable genetic resources for improving cotton fiber quality. This study, using comparative genomic approaches, conducted a
detailed evolutionary analysis of gene families involved in fiber growth across different cotton varieties, primarily including cellulose
synthase (CesA) genes responsible for cellulose synthesis, expansins, and the MYB transcription factor family. We also investigated
how these gene families evolved through whole-genome duplications, small-scale duplications, and external selective pressures.
Furthermore, we analyzed the expression of these genes at different stages of fiber development, their epigenetic regulation
(influencing development by modulating gene activity), and their co-expression networks (how genes coordinate their function).
Furthermore, we conducted an in-depth case study of the CesA gene in Upland cotton, including its classification, expression patterns
during development, and functional validation. These studies can help us more clearly understand the evolution and functional
differences of cotton fiber genes, and have practical significance for future molecular breeding, gene editing and protection of cotton
genetic resources.
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1 Introduction

Everyone knows cotton is important, especially in agriculture. It serves as a fiber raw material and plays a
fundamental role in the economies of many countries. However, its continued research stems from more than just
its value. Its fiber structure is unique, making it a readily available model for those studying plant cell growth and
cell walls (Yu, 2024). Furthermore, genetic improvements related to cotton yield, quality, and stress resistance
ultimately revolve around these structures and mechanisms (Hu et al., 2019).

In the past, no one wanted to study the cotton genome. Honestly, it's incredibly complex and daunting. Strangely
enough, this complexity has actually benefited research, as it allows for much deeper investigation. In recent years,
gene sequencing technology (the process of determining the specific information about a gene) has advanced
rapidly, achieving dramatically higher accuracy. Now, we can even directly visualize what genes are doing (Chen
et al., 2020; Pan et al., 2020), something we never dared to imagine before. This is especially true when studying
fiber-related genes. Problems that were once the most daunting are now being considered as breakthroughs. Of
course, this isn't entirely due to improved technology; research tools are now plentiful. For example, common
techniques like assembling genomes, analyzing the evolutionary relationships of gene families, and comparing
gene expression patterns are now available. Simply put, cotton researchers are truly living in a golden age.

However, it would be wrong to say that these complexities are inherent to cotton. In fact, its genome has
undergone a complex evolution. Initially a simple diploid, it subsequently doubled in size, becoming polyploid,
and subgenomes were incorporated. This gradual accumulation of diversity has led to a natural diversification of
fiber expression. Previously, polyploidy was daunting, often characterized by gene redundancy and structural
overlap, making it difficult to understand (Zhang and Yang, 2024). This situation is no longer the case.
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Research isn't about who lists the most genes; it's about whether these genes behave consistently across different
cotton varieties. Some are normal in diploids, while others appear as extra copies in polyploid offspring, or even
disappear altogether. Others change their "identity," taking on new roles, and even their regulatory mechanisms
may be completely disrupted. These subtle changes at the genetic level may seem trivial, but they may be the
underlying reason for the current improvement in fiber quality (You et al., 2022).

The goal of this study, therefore, is not to discover entirely new genes from scratch, but rather to integrate existing
research and understand the key changes that have occurred in these fiber-related gene families during their
evolution. How did they expand? Is there a clear division of labor between the two subgenomes? How did the
regulatory logic change? In particular, in the context of polyploidization coupled with artificial selection, how
were some key traits progressively driven? We hope to provide more reliable references for subsequent cotton
genetic improvement through the integration of genomic, transcriptomic and functional studies.

2 Genomic Background of Cotton

2.1 Diploid cotton genomes (e.g., G. arboreum, G. raimondii)

G. arboreum and G. raimondii are considered the ancestors of modern cultivated cotton. With one A genome and
one D genome, they diverged over millions of years, each pursuing its own path. Logically, given such a long time,
their differences should be significant, but what happens? While their genome sizes differ, the positions of many
genes still match remarkably. While there are a significant number of single-nucleotide polymorphisms (SNPs),
24 million, the overall structure remains relatively stable, with a relatively stable gene arrangement. Of course,
there are some variations-some DNA is lost, and transposons have jumped around-but the overall framework
remains.

2.2 Polyploid cotton genomes (e.g., G. hirsutum, G. barbadense)

In fact, the upland cotton and sea island cotton we commonly cultivate were originally hybridized from two
completely different wild cotton species. In the earliest times, there were no tetraploid cottons (those with doubled
chromosome sets). Instead, there were two different wild cotton species, each with its own genome (called the A
genome and the D genome). Somehow, these two species came together, and their chromosome counts
unexpectedly doubled, resulting in the allotetraploid we know today (Figure 1) (Li et al., 2024). This situation is
usually quite troublesome, as the combination of two genes creates a mess of duplicated genes, disrupting the
chromosomes and even disrupting gene expression (the process by which genes function). But cotton species are
accustomed to this chaotic environment. Furthermore, they sometimes incorporate gene fragments from their wild
relatives, patching them together like a patchwork, creating a surprisingly effective genetic combination. Is this a
coincidence? Ultimately, this combination has helped cotton grow better and become much more adaptable to
various environments.

2.3 Comparative genome analysis

Many details can't be discerned from a single genome. Comparing diploid and polyploid genomes side by side
reveals which regions are "stabilized" and which are "turbulent." In some regions, the gene order is remarkably
stable, much as it was millions of years ago; yet in others, the sequence is chaotic-inversions, translocations, and
regulatory element shifts are common, especially in regions involved in fiber development. The same gene may
perform completely different functions in the At and Dt subgenomes, one a primary operator and the other a minor
one. Digging deeper, even more subtle differences emerge in the transcriptome and epigenetics, affecting not only
expression levels but also chromatin folding (Wang et al., 2018; Han et al., 2022). These seemingly minor changes,
however, are precisely what transformed cotton from a wild species into the high-yielding crop it is today, thanks
to these "fine-tuning" changes.

3 Key Fiber-Related Gene Families

3.1 Cellulose synthase (CesA) gene family

Cotton fibers contain a large amount of cellulose, a component that becomes particularly important in later stages,
when the fibers thicken or stiffen. Cellulose doesn't just form out of thin air; its synthesis relies on a specialized

set of genes. Three genes, GhCesA4, GhCesA7, and GhCesAS8, have been identified as crucial in this process.
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However, these genes don't actually take the lead; they often simply "execute tasks." The timing and quantity of
cellulose synthesis are orchestrated by MYB family genes like GhAMYB7 and GhMYBLI (Huang et al., 2021).
However, MYB genes themselves are not always stable. Sometimes, when their rhythm is disrupted, the
underlying Ces4 gene can malfunction: either causing unstoppable fiber growth or causing extremely thin cell
walls, ultimately affecting the overall fiber quality (Wang et al., 2023b). So, while Ces4 genes play a significant
role in cellulose synthesis, they are essentially under orders and cannot act on their own. Ultimately, fiber quality
depends on the coordination of this regulatory system.
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G. arboreum(AA) G. raimondii(DD)

Domestication 1~8,000 years

G. hirsutum(AADD)
Figure 1 Schematic model of the evolutionary history of diploid and allotetraploid cotton (Adapted from Han et al., 2022)

3.2 Expansin gene family

In addition to cellulose, another class of "supporting forces" plays a crucial role in the elongation phase: expansins.
These proteins' job is straightforward: loosen the cell wall to allow the cell to expand outward. Ninety-three
related genes have been identified in cotton, but not all of them are always on call. Some, such as GhEXPA4a and
GhEXPAI3a, are particularly explosive during the rapid elongation phase (Lv et al., 2020); others, on the other
hand, either come on early or quietly "come online" once the cell wall begins to thicken. They aren't always online,
but as soon as their expression levels rise, the "jointing" stretching state of the cell often occurs, indicating that
they play a role in regulating elongation.

3.3 MYB transcription factors

How do cotton fibers grow? Simply put, it's a group of genes that rotate in and perform their respective roles. The
MYB gene family is particularly active within this group, controlling key processes. For example, some members
are busy promoting cellulose synthesis, while others participate in fatty acid production, both of which are crucial
for fiber structure (Suo et al., 2024). However, not every member works equally hard. GhMYB7 and GhMYB25
(Wu et al., 2018) are very active, often working on the front lines to spur the CesA genes to work. Meanwhile,
GhMYB4 is more passive, slowing fiber growth and being considered a "speed reducer”" (Duan et al., 2024).
While one might imagine these opposing genes fighting, they don't. Instead, they appear at different times and
don't interfere with each other. While these genes appear to have distinct personalities, they actually work in
perfect harmony. It's this orderly rotation that allows for smooth fiber development. What may seem contradictory
is actually the result of coordinated cooperation.
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4 Evolutionary Mechanisms Driving Gene Family Diversification

4.1 Whole-genome duplication and gene retention

The emergence of upland cotton (Gossypium hirsutum) is actually the result of several major genome duplications
(Wei et al., 2022). While this seemingly spectacular duplication of an entire gene set may seem, not every gene
survives. Many replicated genes disappear after a while, leaving key genes involved in fiber development more
likely to survive. These surviving genes are often grouped in pairs, located in similar locations within the At and
Dt subgenomes. However, these repeated genome duplications have left some residual effects (Tao et al., 2021).
Occasionally, genes that are usually quiet will suddenly "wake up" and stir in seemingly erratic patterns, but
perhaps cotton's new characteristics emerge from this unstable state.

4.2 Tandem and segmental duplications

The expansion of the cotton genome doesn't necessarily require the large-scale duplication of entire chromosomes;
it's more often the result of the gradual addition of small fragments. Gene families like the WAK and RING genes
(which play important roles in plant growth regulation and stress tolerance (Shuya et al., 2023)) have gradually
expanded through this type of localized duplication. While these small duplications may seem inactive during
normal times, they can be highly effective in challenging environments like drought or salinity (Qiao et al., 2019),
helping cotton cope with these challenges. Another type of "jumping genes" called transposable elements, such as
Copia and Gypsy, are usually quite quiet, but once activated, they can roam the genome, sometimes carrying other
genes along with them, like moving a whole load of luggage. While this seemingly chaotic movement may seem
chaotic, this "order within chaos" may be precisely how the cotton genome evolves. What may seem unstable may
actually be an opportunity for growth.

4.3 Selection pressure and functional divergence

Whether a gene persists after duplication depends on environmental support. Sometimes genes that maintain their
original functions are more likely to survive (Malik et al., 2020), but others may branch out and develop new
functions (Wu et al., 2024). In polyploid cotton (those with chromosomes duplicated in pairs), the situation is even
more complex. Many genes have "backups," allowing mutations to be easily masked if one fails. However, this
"masking" can surprisingly allow some harmful mutations to slip through. The At and Dt subgenomes have
different abilities to handle these mutations, and over time, the differences between them have widened (Conover
and Wendel, 2021). Recent studies have also revealed that some unique genes are not found in all cotton varieties,
but are present only in certain varieties (Li et al., 2021). Although these genes are few in number and generally
inconspicuous, they can be crucial, such as in the breeding of high-quality cotton.

5 Gene Expression and Regulatory Networks in Fiber Development

5.1 Stage-specific expression of fiber genes

Not all genes in cotton fiber production begin to function simultaneously. While many genes do indeed begin to
activate immediately after pollination, many don't show significant changes until 16~17 days after flowering
(Grover et al., 2024). Surprisingly, researchers have found that despite numerous experiments, only a few genes
are consistently expressed across different cotton varieties (You et al., 2023). One gene, GhRALF1, which
regulates cotton growth rhythms, is quite unusual (Wang et al., 2023), being particularly active during the day and
inactive at night. This diurnal shift may affect fiber growth rates, or it may simply reflect the cotton plant's natural
rhythm; the answer remains elusive.

5.2 Epigenetic regulation and non-coding RNAs

In addition to the genes themselves, several small molecules also secretly participate in cotton fiber development.
For example, siRNAs, microRNAs that don't produce protein (but can control the activation of other genes),
despite their small size, play a significant role in regulating key genes like MYB-MIXTA. Another type of long
noncoding RNA, called IncRNAs, such as the recently mentioned MST23 (Wang et al., 2024), is usually less
noticeable, but by activating the GhKCR2 gene, which controls fatty acid synthesis, it can indirectly influence the
rate of fiber growth. Furthermore, epigenetic mechanisms such as DNA methylation and histone modifications
(which regulate gene activity without altering the DNA sequence) also play a subtle role behind the scenes.
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Although difficult to directly observe, these mechanisms can significantly regulate gene expression, sometimes
even influencing the entire growth process. These seemingly insignificant factors actually have a significant
impact on the rthythm of cotton fiber development.

5.3 Gene co-expression networks

Cotton fiber formation isn't a single gene's sole responsibility; it relies on the coordinated efforts of many genes.
These genes typically follow a specific order of appearance, enabling them to coordinate steps like regulating cell
turgor or cellulose deposition. However, in polyploid cotton (those with doubled chromosome composition), the
situation is much more complex (Xiong et al., 2024). For example, the A subgenome primarily plays a
coordinating regulatory role, while the D subgenome tends to express related genes at higher levels. However, this
system is not entirely stable. Sometimes, foreign gene fragments inexplicably infiltrate (Chen et al., 2024),
disrupting the original order of expression and causing the previously coordinated gene network to suddenly
become somewhat disordered. While these "queue-jumping" changes are uncommon, they can indeed affect the
normal rhythm of fiber development.

6 Case Study: Cellulose Synthase Genes in G. hirsutum

6.1 Gene identification and classification

In the genome of upland cotton, the CesA gene can be regarded as one of the genes that are "given special
attention." As soon as the early genome sequencing results came out, researchers locked in about 30 to 38 genes
related to it. In fact, the arrangement of these genes can also be found in similar templates in other cotton plants,
and the positional relationship is quite regular. Simply put, people divide them into two categories: one category is
biased towards the construction of the primary cell wall, such as GhCesA3, GhCesA5 and GhCesA6, and the other
category is more active in the secondary wall stage, such as GhCesAl, GhCesA2, GhCesA7 and GhCesAS. But
classification is never clear-cut, and some CesA will also "cross the border" and play a role, and it is not
uncommon for them to run both ends sooner or later.

6.2 Expression analysis during fiber development

These CesA genes aren't simply a one-on-one, one-off operation. Take GhCesA1 and GhCesA2, for example. They
typically become busy around 15 days after flowering, coinciding with the rapid elongation of fibers and the rapid
increase in cellulose production. However, later steps require the help of other genes, such as GhCesA4, GhCesA7,
and GhCesAS8. These genes typically enter the scene as the secondary wall begins to thicken, serving as a kind of
"reinforcement team," primarily responsible for maintaining fiber stiffness and strength. They don't work
independently; more often, they work together as a large team, forming a so-called "supercomplex" to collectively
complete cellulose synthesis (Figure 2). Those like GhCesA2, which activate early, may be crucial for the final
fiber quality (Zhang et al., 2021). However, these rhythm arrangements are not static, and there may be some
differences in different varieties, but the overall routine of "early start, mid-term outbreak, and late reinforcement"
is quite methodical. In the final analysis, it seems like a formation designed in advance.

6.3 Functional characterization and validation

Expression is expression, but simply shouting slogans isn't enough. Whether these genes actually function requires
real-world testing. Researchers simply eliminated one of GhCesA4, GhCesA7, or GhCesAS, and the results were
unsurprising: the fiber secondary wall immediately became thinner, cellulose yield decreased, and quality
naturally declined (Wen et al., 2022). Furthermore, despite similar names, these genes don't really work together.
To verify this, researchers conducted overexpression and complementation experiments in Arabidopsis thaliana.
The conclusion was clear: replacing them with other "close relatives" was ineffective; a corresponding
homologous gene was required (Zhao et al., 2022). Furthermore, the promoter region of GhCesA4 is quite
interesting. It contains several regulatory elements that both respond to hormone signals and control tissue
expression. This is like pre-installing a "time reminder" and "location navigation" for the genes, preventing the
entire expression process from going astray or being accidentally triggered. Ultimately, this layered defense is
designed to ensure that fibers grow in an orderly manner.
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Figure 2 The role of the interaction between GhMCesA35 and GhCesA7 in plant response to stress and cellulose synthesis (Adapted
from Zhao et al., 2022)

7 Implications for Cotton Breeding and Biotechnology

7.1 Molecular breeding applications

In the past, cotton seed selection relied on experience, but today's breeding is no longer based on intuition.
Technologies such as DNA markers, QTL mapping, and genome-wide association analysis have become the
"essentials" of molecular breeding (Zhang et al., 2020; Kushanov et al., 2021). Marker-assisted selection (MAS) is
particularly widely used because it allows breeders to directly identify cotton plants with high potential at the
DNA level, eliminating the need to wait until cotton fluffs form to assess their performance (Shahzad et al., 2022).
This naturally saves considerable time. The current trend is to combine high-throughput genotyping technologies
with trait analysis, leveraging identified candidate genes and QTL loci to directly identify varieties with
outstanding yield, fiber quality, or resistance (Yang et al., 2022; Joshi et al., 2023).

7.2 Genetic engineering and CRISPR-based approaches

Not every trait can be slowly selected through traditional breeding, especially in a complex crop like cotton.
Sometimes, when faced with insufficient insect resistance, suboptimal fiber quality, or poor drought and salt
tolerance, traditional methods prove insufficient. In these cases, genetic engineering becomes a shortcut.
Gene-editing tools like CRISPR have seen extensive use in cotton in recent years (Wang et al., 2023a; Ahmed et
al., 2024). Both CRISPR/Cas9 and Casl2 can not only target specific DNA segments but also create mutant
libraries, effectively allowing researchers to test all suspected genes that may influence traits (Thangaraj et al.,
2024; Wang et al., 2024). Of course, some goals are to enhance expression, while others aim to "delete" negative
regulatory factors. Want to prevent a gene from doing all the harm it can? Simply delete it. A further step is to
develop “edited” wvarieties without foreign DNA, thus circumventing the regulatory barriers that govern
genetically modified crops (Khan et al., 2023; Kumar et al., 2024). In other words, this would make
“modification” more covert and more efficient.

7.3 Conservation and utilization of gene diversity

Take a casual stroll through a cotton field these days and you'll find that most cotton plants look similar, as if they
were all grown from the same "best" variety. But this is precisely where the problem lies: in the pursuit of high
yield or quality, we repeatedly select for certain superior varieties, gradually losing less obvious but valuable
genes. In fact, many old local varieties or wild cotton relatives (referring to wild cotton related to cultivated cotton;
Baran et al., 2023; Abbas et al., 2024) may not look impressive or have high yields, but they may harbor genes
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that confer disease resistance, drought tolerance, or improved fiber properties. However, these advantages are
usually invisible to the naked eye and require specialized techniques such as principal component analysis (PCA)
or SSR molecular markers to identify them (Mangi et al., 2024). Failure to perform these preliminary tests before
breeding can lead to the potential for incorrect parent selection (Salama et al., 2024). If we encounter pests or
diseases or sudden climate change one day, it may be too late to go back and find these neglected resources.
Therefore, even if these genetic materials are not used immediately, they should be preserved in advance, as they
may come in handy at a critical moment.

8 Concluding Remarks

The development of cotton fiber into its present form isn't solely the work of any single mechanism. Many
people's first reaction might be to the benefits of polyploidy, particularly the combination of the A and D genomes,
which has indeed significantly improved cotton yield and quality. But this is only one part of the puzzle; the entire
process is far more complex than one might imagine. Whole-genome duplication, the reconfiguration of
regulatory networks, and the proliferation of transposable elements within the genome all came together at
different points in time. Sometimes, "copy and paste" alone isn't enough to explain why, for example, a gene
family becomes so large. Sometimes, it's precisely the disruption of transposable elements, their intervening
movements disrupting previously stable structures. Furthermore, developmental stages aren't static. Gene
expression can be upregulated one day and downregulated the next; chromatin can coil where it should and loosen
where it should, creating a dynamic rhythm like a musical score. This is why, even among upland cotton plants,
others' plants grow slender and shiny, while those in your own field are thick, short, and uneven. This is due to the
hidden dynamics of genetic mechanisms.

The domestication of cotton is never a black-and-white story. Look at those two subgenomes: how could the
current imbalance, one stronger than the other, have occurred without the alternating forces of natural selection
and artificial breeding? Interestingly, this imbalance is linked to the expression rhythm of cis-regulatory
elements-who could have imagined that such seemingly insignificant details could ultimately influence tangible
traits like fiber length and strength? However, while we've learned a lot, much remains unknown. For example,
those "orphan genes"-with no known relatives or provenance-are responsible for their hidden agendas. And the
mitochondrial genome, while often discussed, remains a mystery.

What's next? While this sounds easy, the actual implementation presents several persistent challenges. For
example, while the cotton genome has been sequenced a long time ago, its detailed assembly and minimal gaps
are still far from satisfactory. Furthermore, most studies focus on a few mainstream varieties; sample sizes for less
popular varieties, local species, and wild relatives are far from sufficient. Furthermore, while various omics data
are readily available, they are often used independently. Expression data is one thing, metabolism is another, and
few studies have managed to piece them together into a coherent picture. Other crops-rice, wheat, and others-are
already experimenting with single-cell and spatial transcriptomics, and even Al is being brought into the picture.
For cotton, the technology is plentiful and the foundation is strong; the key lies in how to use it effectively. Some
key genes are well-known, and the tools are readily available. However, if the data can't be connected and fed
back into breeding, these resources are, in essence, just a pile of goodies. Breeding today can't just be done on a
whim, especially in an increasingly erratic climate. Truly ensuring cotton's resilience in all weather depends on
integrating genomic data, functional research, and actual field performance into a practical approach, rather than
simply adhering to separate "truths."
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