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Transcriptomics and non-
targeted metabolomics reveal
the mechanisms of leaf color
changes in red-leaf cotton under
drought stress and rewatering
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Quanjia Chen1 and Qin Chen1*

1Xinjiang Key Laboratory of Crop Biology Breeding, College of Agriculture, Xinjiang Agricultural
University, Urumqi, China, 2National Key Laboratory of Cotton Bio-breeding and Integrated Utilization,
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7th Division of Agricultural Sciences Institute, Xinjiang Production and Construction Corps,
Kuitun, China, 4Cotton Research Institute of Xinjiang Uyghur Autonomous Region Academy of
Agricultural Sciences (Xinjiang Cotton Technology Innovation Center/National Cotton Engineering
Technology Research Center), Urumqi, Xinjiang, China
This study aims to investigate the pattern of dynamic leaf color changes (red-
green-red) in red-leaf cotton under drought stress and rewatering, and to reveal
the underlying molecular and biochemical mechanisms. Integrated
transcriptomics and metabolomics analyses, combined with weighted gene co-
expression network analysis (WGCNA), were employed to systematically study the
physiological, gene expression, and metabolite changes in red-leaf cotton under
mild drought, severe drought, and after rewatering. Under mild drought stress,
red-leaf cotton accumulated higher levels of anthocyanins while maintaining
relatively good photosynthetic performance, demonstrating an effective
photoprotective response. In contrast, severe drought stress led to a signi�cant
decrease in anthocyanin content, accompanied by sharply reduced water
retention and photosynthetic capacity, indicating a shift in physiological
strategy towards survival priority. After rewatering, red-leaf cotton reactivated
the �avonoid biosynthesis pathway, gradually restored anthocyanin synthesis, and
showed clear phenotypic recovery. Transcriptomic analysis revealed the
reprogramming of gene expression related to anthocyanin synthesis and
drought tolerance pathways. Metabolomic analysis identi�ed metabolites such
as phenylalanine and 2-hydroxyquinoline, which provide precursors for
anthocyanin synthesis.The research indicates that red-leaf cotton responds to
drought and rewatering by dynamically regulating the �avonoid synthesis and
metabolic network, demonstrating robust metabolic repair and stress memory
capabilities. These mechanisms provide important theoretical support for
breeding drought-resistant cotton varieties.
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1 Introduction

Cotton (Gossypiumspp.) is one of the most important �ber and
oil crops globally, contributing 35% of the world’s total �ber
production and being widely cultivated in various climatic zones
for �ber and oilseed production (Shuli et al., 2018). In fact, the
cotton industry has been severely impacted by drought and high-
temperature stress, with �ber yields declining by as much as 34%
(Ul-Allah et al., 2021). Cotton reaches its peak water demand
during the early boll development stage and as soil moisture
gradually decreases, leading to water stress and reduced yields
(Datta et al., 2019). Studies by Levi and others show that water
stress can reduce cotton seed yield by 31% (Levi et al., 2009).
Regardless of whether irrigation is used, cotton frequently faces
drought stress, which lowers both yield and �ber quality. Against
the backdrop of increasing global climate change and water
shortages, the expansion of cotton cultivation into arid regions
has made drought-resistant gene identi�cation and the in-depth
analysis of cotton’s molecular and physiological mechanisms of
drought resistance a key focus of current agricultural research
(Khan et al., 2023).

Red-leaf cotton, due to the presence and distribution of
anthocyanins in the stems and leaves, exhibits a red coloration
across the entire plant(N. Wang et al., 2022). This trait was �rst
discovered by LEAKE in tree cotton and was referred to as red-leaf
cotton (Tracy, 1896). To date, four classic genetic loci associated
with anthocyanin accumulation have been identi�ed in upland
cotton: R1, R2, Rd, and Rs(X. Li et al., 2019). Among these, R1
and Rs control the appearance of red color in all tissues except
cotton �ber (including red leaves, red stems, and red �owers).
Natural anthocyanins have strong antioxidant and free radical
scavenging properties, which make anthocyanin-rich cotton leaves
highly resistant to ultraviolet radiation and intense light(D. W. Lee
and Gould, 2002). Compared to green-leaf varieties, the red-leaf
mutant of upland cotton (Rs) exhibits stronger photosynthetic
ef�ciency under high light conditions (Shao et al., 2022).
GhPAP1D encodes an R2R3-MYB transcription factor, and its
overexpression leads to increased anthocyanin accumulation in
transgenic tobacco and cotton. The overexpressing red-leaf cotton
shows increased resistance to cotton bollworm, and red spiders that
feed on red-leaf cotton exhibit reduced survival rates and fewer eggs
compared to green-leaf varieties (Liang et al., 2020). Furthermore,
Long and colleagues discovered that in spontaneous mutant cotton,
the accumulation of �avonoids not only causes red coloration but
also enhances resistance to Verticillium dahliaeand Botrytis cinerea
(Long et al., 2019). Liu and others showed that compared to non-
anthocyanin tissues, anthocyanin-rich red pear fruits and purple
pepper leaves exhibit more stable and higher photosynthetic
capacity and light tolerance(Y. Liu et al., 2018).

The biosynthesis of anthocyanins begins with the phenylpropanoid
pathway, with key rate-limiting enzymes such as phenylalanine
ammonia-lyase (PAL), 4-coumaroyl-CoA ligase (4CL), and chalcone
synthase (CHS) playing a critical role in �avonoid accumulation
(Sharma et al., 2024), especially in stress responses like drought
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(Ma et al., 2014). Cinnamate-CoA, the �rst precursor for
anthocyanin synthesis, is synthesized from phenylalanine through
the catalytic actions of PAL, C4H, and 4CL (Ananga et al., 2013).
The �rst step in the phenylpropanoid pathway is catalyzed by PAL,
which deaminates phenylalanine to produce trans-cinnamic acid,
linking primary and secondary metabolism in plants (Paul et al.,
2023). In plants, the activity of 4CL is positively correlated with
anthocyanin and �avonol content in response to stress, and PAL,
C4H, and 4CL are usually co-expressed (Ma B. et al., 2024). Studies by
Xiang and others suggest that PibH8 interacts with OsPAL1, the rate-
limiting enzyme in the rice phenylpropanoid biosynthesis pathway.
PibH8 protects OsPAL1 from degradation by competing with E3
ubiquitin ligase OsFBK16, enhancing PAL activity and increasing
lignin and �avonoid content, thereby improving drought resistance
in rice (Xiang et al., 2025). Xu and colleagues characterized the
transcriptomes and metabolomes of drought-sensitive (D) and
drought-resistant (XL) barley strains through a time-series design.
The results indicated that the phenylpropanoid metabolic pathway
was reprogrammed, downregulating the lignin metabolic pathway
while enhancing �avonoid and anthocyanin biosynthesis, which
improved drought resistance (Xu et al., 2021).

Transcriptomics refers to the total RNA (including mRNA,
lncRNA, miRNA, etc.) transcribed from a speci�c cell or tissue
under a certain state, re�ecting the expression levels and regulatory
status of genes comprehensively (Magar et al., 2022). Metabolomics
is the collection of endogenous small molecules (such as sugars,
amino acids, and organic acids) in organisms, directly re�ecting the
physiological status and biochemical activity of cells (Wishart,
2019). Integrated transcriptomics and metabolomics analysis can
link gene expression with metabolite changes, constructing a
complete story of “gene—enzyme—metabolite—phenotype” and
enabling a more comprehensive and mechanistic interpretation of
life phenomena (Lai et al., 2023).

This study focuses on the unique “red-green-red” dynamic leaf
color change phenomenon exhibited by red-leaf cotton under
drought stress and rewatering. This complete and reversible color
change has not been systematically reported in any cotton
resources, representing a novel drought response pattern. The
phenomenon not only intuitively re�ects the dynamic adaptation
of red-leaf cotton to water stress but also suggests a systematic
metabolic regulation mechanism. Although previous research has
revealed the important role of anthocyanins in plant stress
resistance (Naing and Kim, 2021), the mechanisms through
which they dynamically accumulate and degrade in response to
drought stress via a multi-layered regulatory network, particularly
the “gene-metabolite-phenotype” cascade regulation pathway
driving this complete reversible color change process, still lack a
systematic analysis. Therefore, this study aims to integrate
transcriptomics and metabolomics analyses to systematically
explore the molecular and biochemical basis of red-leaf cotton’s
dynamic leaf color changes, with the goal of revealing its
physiological and ecological functions in drought adaptation and
providing theoretical support for elucidating plant smart resistance
strategies and breeding drought-resistant cotton varieties.
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2 Material and methods

2.1 Planting and treatments

This study used the upland cotton variety “Red-leaf Cotton” as
the experimental material, which was planted in 2025 in
Huoyanghe City, Xinjiang Uygur Autonomous Region. The
experiment employed a planting pattern of 1 membrane with 3
rows, and 1 row with 1 belt, with each row measuring 2 meters in
length. Prior to the boll development stage, all plants received
regular irrigation and natural precipitation management. At the boll
development stage, drought stress treatment was applied by halting
irrigation. Samples of the third-to-last leaf from each plant were
collected on the 0th day (CK), the 5th day (LD), and the 10th day
(SD) of the drought stress treatment, with 3 biological replicates per
group. The samples were quickly wrapped in aluminum foil and
frozen in liquid nitrogen, then stored at -80 °C for later analysis.
After 10 days of sustained drought, rewatering was applied, and
samples were collected again on the 7th day after rewatering (RW)
following the same method. All samples were then sent to
Guangzhou Gideo Biotechnology Co., Ltd. for transcriptome
sequenc ing l i b r a r y con s t ruc t i on and non - t a r g e t ed
metabolomics analysis.

2.2 Physiological index measurements

The anthocyanin content was determined using the pH
differential method(J. Lee et al., 2005). A precise 0.1 g of the
liquid nitrogen ground sample was weighed, and 1 mL of acidic
ethanol extraction solution (concentrated hydrochloric acid: 80%
ethanol = 3:97, v/v) was added. The sample was ultrasonically
extracted for 30 minutes and then centrifuged to collect the
supernatant. The absorbance was measured at the maximum
absorption wavelength, 620 nm and 650 nm, using a
microplate reader.

The corrected value was then calculated using the formula:

�DA = (Amax � A620) � �0:1 � (A650� � �A620)

The anthocyanin content was then calculated using the formula:

½(DA� � �V� � �10 �3)=�(e� � �d)� � �M1� � �F�=(M� � �10 6)

where V = 0.5 mL, e = 2.69 × 10^4 L/mol/cm, d = 0.6 cm, M1 =
449.2 g/mol, F is the dilution factor, and M is the sample mass (g).

Chlorophyll content was measured according to the
Lichtenthaler method (Lichtenthaler, 1987). A 0.1 g powder
sample was added to 10 mL of 95% ethanol and extracted in the
dark until the tissue turned white. Absorbance at 663 nm and 645
nm was measured.

The chlorophyll a content was then calculated using the
formula:

(12:72� � �A663� � �2:59� � �A645)=M� � �V� � �F

The chlorophyll b content was then calculated using the
formula:

(22:88� � �A645 � 4:67� � �A663)=M� � �V� � �F
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The total chlorophyll content was then calculated using the
formula:

Chlorophyll�content� = �chlorophyll�a + chlorophyll�b

where M is the sample mass (g), V is the extraction volume
(0.01 L), and F is the dilution factor before measurement.

Relative water content (RWC) was determined by weighing the
fresh weight (FW) immediately after sample collection, followed by
placing the samples in a 105 °C oven for 15–30 minutes to kill the
tissue, and then drying them at 80 °C to a constant weight (24
hours) (Mullan and Pietragalla, 2012). After cooling the dried
samples in a desiccator to room temperature, the dry weight
(DW) was measured. The relative water content (RWC%) was
then calculated using the formula:

RWC % = (FW� � DW)=FW � 100 %

where FW is the fresh weight and DW is the dry weight.
Leaf chlorophyll content (SPAD) was measured using the

SPAD-502Plus chlorophyll meter (Konica Minolta, Japan) for
non-destructive detection (Süß et al., 2015). For each replicate, 10
healthy fully expanded leaves were selected, and three measurement
points in the middle region of the leaf, avoiding the main vein, were
measured. The average value of the individual leaves was calculated,
and the �nal SPAD value for the replicate was the average of the
10 leaves.

Photosynthetic parameters were measured using a portable
photosynthesis measurement system (CIRAS-3, PP Systems, UK)
(Hornya�k et al., 2024). The third-to-last leaf of the cotton plant was
selected to measure the net photosynthetic rate (Pn), stomatal
conductance (Gs), intercellular CO2 concentration (Ci),
transpiration rate (Tr), water use ef�ciency (WUE), and vapor
pressure de�cit (VPD). Three plants were continuously measured
for each material as one biological replicate, with three independent
experimental repeats.

2.3 RNA extraction and transcriptome
library construction

Total RNA was extracted using the TIANGEN Plant Total RNA
Extraction Kit for polysaccharide and polyphenol-rich samples. All
procedures were performed in an RNase-free environment. After
tissue samples were ground in liquid nitrogen, they were subjected
to lysis, organic solvent extraction, or column puri�cation
according to the corresponding methods. The �nal RNA was
dissolved in RNase-Free Water and stored at -80 °C (Brown et al.,
2018).RNA quality was systematically assessed using agarose gel
electrophoresis, NanoDrop 2000 spectrophotometer, and Agilent
2100 Bioanalyzer. Electrophoresis was used to check the integrity of
rRNA bands, NanoDrop was used to analyze the A260/A280 and
A260/A230 ratios for purity assessment, and the Agilent 2100
Bioanalyzer was used to quantify RNA quality through the RNA
Integrity Number (RIN).Transcriptome sequencing libraries were
constructed using the Hieff NGS® Ultima Dual-mode mRNA
Library Prep Kit. The process included: Oligo(dT) magnetic beads
were used to enrich mRNA, which was then fragmented; the
fragmented mRNA served as a template to synthesize double-
frontiersin.org

https://doi.org/10.3389/fpls.2026.1766818
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Zhang et al. 10.3389/fpls.2026.1766818
stranded cDNA; Illumina-compatible adapters were ligated; and
�nally, the library was ampli�ed through PCR. The entire process
was puri�ed using Hieff NGS® DNA Selection Beads. The resulting
libraries were quality controlled using the Agilent High Sensitivity
DNA or DNA 1000 Assay Kit on the Agilent 2100 system to ensure
that the insert fragment size and concentration met the
requirements for sequencing (Kumar et al., 2012).

2.4 Transcriptome gene expression
quanti� cation, differential analysis, and
functional enrichment

Based on the upland cotton TM-1 reference genome (https://
www.cottongen.org/species/Gossypium_hirsutum/CRI-TM1) (F. Li
et al., 2015), the genome index was �rst constructed using HISAT2
v2.0.5, and clean reads were then aligned to the reference genome
(Kim et al., 2019). Gene read counts were calculated using
featureCounts (Liao et al., 2014), and gene expression levels were
normalized based on FPKM values. Differential expression analysis
was subsequently performed using DESeq2 software (Love et al.,
2014) and edgeR software (Robinson et al., 2010) (P-values were
adjusted using the Benjamini-Hochberg method, with a threshold
set at adjusted P � 0.05 and |log2FoldChange| � 1). Finally, GO
functional annotation and KEGG pathway enrichment analysis
were conducted on the signi�cantly differentially expressed genes
using the clusterPro�ler package(T. Wu et al., 2021).

2.5 WGCNA analysis

A weighted gene co-expression network was constructed using
the WGCNA R package (Langfelder and Horvath, 2008)(v1.72-5) to
systematically identify co-expressed gene modules associated with
cotton’s physiological response to drought stress. First, based on the
FPKM matrix of differentially expressed genes, a scale-free co-
expression network was constructed using a soft-threshold power
function (power = 14, determined by the scale-free topology �t
index and average connectivity). Highly co-expressed genes were
then grouped into different modules using the dynamic hybrid
cutting method. Next, the correlation between the module
eigengenes and the measured physiological phenotype data
(including relative water content, chlorophyll content, etc.) was
calculated to identify key modules signi�cantly associated with
speci�c drought-related physiological traits. Finally, gene-gene
connectivity relationships were extracted from the key modules,
and core genes were selected based on module connectivity. The top
�ve core genes with the highest connectivity and their interaction
relationships were visualized using Cytoscape software (Shannon
et al., 2003) (v3.10.0) to clearly illustrate the hub nodes in the
regulatory network.

2.6 Non-targeted metabolomics detection
method

Plant tissue samples were accurately weighed at 25 mg and
ground in liquid nitrogen. After adding 500 mL of extraction
solution, the samples were vortexed and homogenized at 35 Hz
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for 4 minutes, followed by ice-water bath sonication for 5 minutes
(this cycle was repeated 3 times). The samples were then frozen at
-40 °C for 1 hour, centrifuged at 4 °C, and the supernatant was
collected and �ltered for analysis. For all samples with a sample size
� 12, 10 mL of supernatant was mixed to prepare a composite
quality control sample. LC-MS/MS analysis was performed using a
Thermo Vanquish UHPLC system coupled with an Orbitrap
Exploris 120 mass spectrometer. The chromatographic column
was a Phenomenex Kinetex C18 (2.1×100 mm, 2.6 mm), with the
mobile phase consisting of 0.01% aqueous acetic acid solution (A)
and isopropanol:acetonitrile (1:1, v/v) (B). The column temperature
was set to 25 °C, and 2 mL was injected into the system. A gradient
elution program was used (0-0.5 min: 1% B, 0.5-4.0 min: increased
to 99% B, 4.0-4.5 min: maintain 99% B, 4.5-4.55 min: return to
initial conditions). Mass spectrometry was conducted in IDA mode
with positive and negative ion spray voltages set at 3.8 kV and -3.4
kV, respectively, and the scanning range was 70–1200 Da. In the
data processing phase, raw data were �rst converted to MzXML
format using ProteoWizard, followed by feature quality control
(removal of features with high RSD) and missing value �ltering
(keeping features with �50% missing values) using XCMS. Missing
values were half-quanti�ed by replacing them with half of the
minimum value, and the data were normalized using total peak
area normalization (Zhou et al., 2012).

2.7 Non-targeted metabolomics analysis
method

Based on the combined mass spectrometry data from both
positive and negative ion modes, principal component analysis
(PCA) was �rst performed on all samples using the R package
gmodels(v2.18.1) (Warnes et al., 2018), aimed at unsupervised
assessment of overall data quality, natural separation trends
between sample groups, and within-group variability. To identify
signi�cantly different metabolites between groups, orthogonal
partial least squares discriminant analysis (OPLS-DA) combined
with univariate testing was employed: an OPLS-DA model was
constructed using the R package ropls(Thevenot, 2016), and the
model validity was veri�ed by permutation testing (n=1000).
Metabolites with a variable importance in projection (VIP) � 1 in
the OPLS-DA model and P-values< 0.05 after T-test correction
were de�ned as signi�cantly different metabolites. Finally, to
analyze the biological functions of the differential metabolites,
they were mapped to the KEGG database for pathway annotation,
and KEGG pathway enrichment analysis was performed using
hypergeometric testing. After FDR correction, pathways with a Q-
value � 0.05 were considered signi�cantly enriched.

2.8 Quantitative real-time PCR validation

To validate the transcriptomic data, three randomly selected
hub genes and three key genes involved in �avonoid biosynthesis
were analyzed by qRT-PCR. Total RNA was extracted from plant
samples using the RNAprep Pure Polysaccharide Polyphenol Plant
Total RNA Extraction Kit (Tiangen, China). First-strand cDNA was
synthesized from total RNA using a commercial reverse
frontiersin.org
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transcription kit (Tiangen). The cotton UBQ7 gene was used as an
internal reference(M. Wang et al., 2013). Quantitative PCR was
performed in triplicate on an Applied Biosystems 7500 Fast Real-
Time PCR System using the BlasTaq™ 2X qPCR Mix (Abm,
Canada), according to the manufacturer’s instructions. Relative
gene expression levels were calculated using the 2�DDCt method.
Primer sequences are provided in Supplementary Table S4. A
comparison between transcriptomic expression patterns and qRT-
PCR validation results is shown in Supplementary Figure S2. All
�gures were generated using GraphPad Prism version 10
(Swift, 1997).
3 Results

3.1 Phenotypic changes and physiological
indicators of red-leaf cotton under
different drought stress treatments

We measured the phenotypic changes and physiological
indicators of red-leaf cotton under different drought stress
treatments. In the control group (CK), the leaves exhibited a light
purple color, displaying the typical phenotype under normal water
conditions. In the LD (mild drought) treatment group, the leaf color
deepened to purple, indicating signi�cant anthocyanin accumulation
under mild drought stress. In the SD (severe drought) group, the leaf
color lightened to a gray-green, indicating that severe drought stress
signi�cantly inhibited the plant’s photosynthesis. In the RW
(rewatering) group, the leaves approached a purple-green color,
suggesting that although rewatering was applied, the leaf color did
not fully recover (Figure 1A).

Anthocyanin content in the LD group was signi�cantly higher
than in the other treatment groups, indicating that mild drought
stress promotes anthocyanin accumulation and enhances the
Frontiers in Plant Science 05
plant’s antioxidant capacity. In contrast, anthocyanin content in
the SD group was signi�cantly reduced, showing that anthocyanin
degradation occurred under severe drought stress. The net
photosynthetic rate (Pn) in the SD group was signi�cantly lower
than in the CK and LD groups, indicating that severe drought
seriously inhibited the plant’s photosynthetic capacity. Meanwhile,
relative water content (RWC) in the SD group was signi�cantly
reduced, showing a marked negative impact of drought stress on the
leaf’s ability to retain water. After rewatering, these physiological
indicators showed some recovery, but they did not return to CK
levels, suggesting the long-term effects of drought on the plant.

Pn, transpiration rate (E), and stomatal conductance (Gs) were
signi�cantly lower in the SD group, indicating that drought inhibited
the plant’s water use ef�ciency and gas exchange capacity. After
rewatering, these indicators showed some recovery, but not full
restoration, re�ecting that plant physiological functions had not
completely returned to normal levels after rehydration (Figure 1B).
In summary, drought stress signi�cantly affected multiple
physiological indicators of red-leaf cotton, particularly in the SD
group, where antioxidant capacity increased but photosynthesis and
water retention were severely suppressed. Rewatering partially
restored these physiological functions, but they did not fully
recover, indicating that drought has a persistent and profound
impact on the physiological functions of red-leaf cotton.

3.2 Transcriptome analysis of red-leaf
cotton under different drought stress
treatments

Transcriptome analysis of red-leaf cotton under different
drought stress treatments revealed signi�cant differences between
the groups. The PCA results showed that the samples from different
treatment groups were distinctly distributed along principal
component 1 (PC1) and principal component 2 (PC2), especially
between the CK and other treatment groups (LD, SD, RW),
FIGURE 1

Phenotypic changes and physiological indicators of red-leaf cotton under different drought stress treatments. (A) Color changes of red-leaf cotton
leaves under drought stress conditions. (B) Changes in physiological indicators under drought stress conditions. (Error bars represent the SE ± mean
of three replicates, with *, **, and *** indicating P-values less than 0.05, 0.01, and 0.001, respectively).
frontiersin.org

https://doi.org/10.3389/fpls.2026.1766818
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Zhang et al. 10.3389/fpls.2026.1766818
indicating that drought stress and rewatering signi�cantly affected
transcriptome expression. Samples from the LD, SD, and RW
groups were closer to each other, suggesting that mild and severe
drought stresses had similar effects on the transcriptome, while the
RW group was between the drought groups and the control group,
showing distinct transcriptomic features (Figure 2A). Additionally,
the sample correlation matrix showed a high degree of correlation
within each group and signi�cant differences between the groups,
further con�rming the impact of different treatment conditions on
the transcriptome (Figure 2B).

Differential gene expression (DEG) analysis revealed that, in the
comparison between the CK and LD groups, a total of 10,833 DEGs
were identi�ed, of which 4,246 genes were upregulated and 6,587
genes were downregulated. In the comparison between the LD and
SD groups, 5,672 DEGs were identi�ed, with 3,152 genes
upregulated and 2,520 genes downregulated. In the comparison
between the SD and RW groups, 15,530 DEGs were identi�ed, with
11,791 genes upregulated and 3,739 genes downregulated
(Figure 2C). Venn diagram analysis showed that 1,664 DEGs
were common across the three groups, and these genes may be
part of the core response mechanisms of the plant to different
drought stress and rewatering treatments (Figure 2D).

In summary, drought stress (especially severe drought) had a
signi�cant impact on the transcriptome of red-leaf cotton. After
rewatering, some gene expression was restored, but signi�cant
Frontiers in Plant Science 06
differences remained compared to the control group. This
provides important genetic resources for further studies on the
drought resistance mechanisms and recovery processes of red-
leaf cotton.

3.3 KEGG and GO enrichment analysis of
differentially expressed genes

KEGG and GO enrichment analyses of red-leaf cotton under
different drought stress treatments revealed key metabolic pathways
involved in drought response. In the comparison between CK and LD,
the differentially expressed genes were enriched in pathways such as
�avonoid biosynthesis, phenylalanine metabolism, fatty acid
degradation, and amino acid metabolism, indicating that mild
drought promoted the activation of antioxidant and osmoregulatory
metabolic pathways. Although genes related to �avonoid biosynthesis
were downregulated in the LD group, other drought-resistant
pathways, such as fatty acid degradation, remained signi�cantly
enriched, which may help the plant cope with oxidative stress and
water stress caused by mild drought. Additionally, the enrichment of
amino acid metabolism and carbohydrate metabolism pathways
re�ects the plant’s ability to maintain cellular homeostasis by
adjusting amino acid synthesis and carbohydrate reserves (Figure 3A).

In the comparison between LD and SD, differentially expressed
genes were enriched in fatty acid degradation, starch and sucrose
FIGURE 2

Transcriptome analysis of red-leaf cotton under different drought stress treatments. (A) Principal Component Analysis (PCA) results. (B) Sample
correlation matrix. (C) Log2 fold changes of differentially expressed genes (DEGs) between different treatment groups. (D) Venn diagram showing the
overlap of differentially expressed genes between different treatment groups.
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metabolism, and amino acid metabolism pathways. These pathways
highlight how the plant enhances its drought resistance by
regulating energy and water metabolism under severe drought
stress. Particularly, the enrichment of fatty acid degradation and
amino acid metabolism indicates that the plant strengthens cellular
membrane and protein stability (Figure 3B). After rewatering (SD
vs RW), the plant’s metabolic pathways showed some recovery,
especially for key drought-resistant pathways like �avonoid
biosynthesis, phenylalanine metabolism, and fatty acid
metabolism. Moreover, the recovery of amino acid metabolism
and carbohydrate metabolism pathways after rewatering suggests
that the plant’s energy and osmoregulatory mechanisms improved
following water restoration (Figure 3C).

GO enrichment analysis further revealed changes in biological
processes, cellular components, and molecular functions under
different treatments, especially enrichment in processes such as
photosynthesis, metabolism, and antioxidant responses, indicating
that drought stress signi�cantly affected the photosynthesis, energy
metabolism, and antioxidant capacity of red-leaf cotton (Figures 3D-F).

In summary, red-leaf cotton exerts its drought resistance by
regulating multiple key metabolic pathways, such as �avonoid
biosynthesis, phenylalanine metabolism, fatty acid degradation,
and amino acid metabolism, under drought stress.

3.4 TF analysis

In the differential expression analysis of transcription factors
(TFs) in red-leaf cotton, a total of 1,448 differentially expressed TFs
were identi�ed, covering multiple key TF families, such as bHLH
(10%), MYB (9.2%), and WRKY (7.8%) (Figure 4A). Cluster analysis
grouped these differentially expressed TFs into four main clusters (C1
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to C4), revealing their unique expression patterns under different
treatments. The TFs in cluster C3 exhibited the highest expression in
the CK group, with lower expression in the LD and SD groups,
indicating that these TFs may play an important role under normal
growth conditions and their expression is suppressed by drought
stress. The TFs in cluster C1 showed the strongest expression under
LD treatment, suggesting that these TFs may regulate the plant’s
response to mild drought stress. TFs in cluster C2 had higher
expression levels under both LD and SD treatments, with
particularly strong upregulation in the SD group, indicating that
these TFs are involved in the plant’s response to severe drought stress.
The TFs in cluster C4 exhibited the highest expression in the RW
group, suggesting that these TFs play a role in recovery after
rewatering, helping the plant restore its physiological functions.

KEGG enrichment analysis revealed that these differentially
expressed TFs were enriched in multiple important metabolic and
signaling pathways, particularly the MAPK signaling pathway,
circadian rhythm, DNA replication, and glycerol metabolism
(Figure 4B). This suggests that transcription factors play a key
role in the plant’s drought response, metabolic regulation, and
recovery process, especially in regulating the plant’s metabolic
function and drought resistance during recovery after rewatering.

3.5 WGCNA analysis

To study the gene regulatory networks involved in cotton’s
response to drought stress, we constructed a co-expression network
using weighted gene co-expression network analysis (WGCNA) with
22,195 differentially expressed genes (DEGs). These 22,195 DEGs
were divided into 14 modules (Figure 5A), with the darkseagreen2
module containing the largest number of genes (10,923 genes)
FIGURE 3

KEGG and GO enrichment analysis results of red-leaf cotton under different drought stress treatments. (A) KEGG pathway enrichment of differential
genes between CK and LD. (B) KEGG pathway enrichment of differential genes between LD and SD. (C) KEGG pathway enrichment of differential
genes between SD and RW. (D) GO enrichment results of differential genes between CK and LD. (E) GO enrichment results of differential genes
between LD and SD. (F) GO enrichment results of differential genes between SD and RW.
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(Figure 5B). Correlation analysis with physiological indicators (such
as relative water content (RWC) and anthocyanin content) identi�ed
the three modules most strongly correlated with these physiological
traits. The chocolate3 module was positively correlated with RWC
(0.95), the darkviolet module was negatively correlated with
anthocyanin content (-0.96), and the darkolivegreen1 module was
positively correlated with anthocyanin content (0.96) (Figure 5C),
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suggesting that these modules play important roles in the drought
regulation and physiological responses of red-leaf cotton.

For these three modules most strongly associated with RWC and
anthocyanin content, further visualization was performed using
Cytoscape. The top 5 genes with the strongest connectivity in each
module were selected as hub genes, and their gene interaction
networks were displayed. In the chocolate3 module, hub genes
FIGURE 5

WGCNA analysis of red-leaf cotton and its correlation with physiological phenotypes. (A) WGCNA module hierarchical clustering dendrogram. (B)
Distribution of gene numbers across modules. (C) Heatmap of correlations and signi�cance between samples and modules. (D-F) Visualization of
the three modules most strongly associated with RWC and anthocyanin content, and the top 5 genes with the strongest connectivity.
FIGURE 4

Clustering analysis and KEGG enrichment results of differentially expressed transcription factors (TFs) under different drought stress treatments in
red-leaf cotton. (A) Proportion of differentially expressed transcription factor families. (B) Expression patterns and functional enrichment analysis of
differentially expressed transcription factors.
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