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Abstract

In the present study, an investigation was carried out on the molecular, morphological, and
anatomical mechanisms underpinning the differential cold tolerance of two cotton cultivars,
Xinluzhong 61 (C61) and Tahe 2 (C2). The seedlings of these cultivars were exposed to 0 °C treatments
for 12 and 24 hours. Comparative transcriptomic analysis (RNA-Seq) was conducted to identify
differentially expressed genes (DEGs). Simultaneously, comprehensive anatomical examinations of
cotyledons, true leaves, and stems were carried out to evaluate morphological
alterations.Transcriptomic analysis at the 24-hour time point, the transcriptional profile had changed,
with trichome differentiation and phloem/xylem histogenesis were the most significantly enriched
biological process in C61. This result was verified by phenotypic observations, as C61 developed
dense glandular trichomes on its stems, a characteristic not observed in C2. Anatomical investigations
demonstrated that although cold stress led to a reduction in tissue thickness in both cultivars, C61
maintained significantly greater leaf thickness, palisade tissue thickness, and a higher palisade-to-
spongy tissue ratio in true leaves after stress. Moreover, C61 exhibited greater xylem thickness in the
stem under cold conditions, implying superior structural integrity and water transport capacity.
These findings highlight key adaptive traits and offer valuable targets for the genetic improvement
of cold tolerance in cotton.

Keywords: cotton; low-temperature stress; RNA-Seq; anatomical investigations

1. Introduction

Cotton, a member of the Malvaceae family, stands as one of the most economically significant
crops globally, providing the primary source of natural fiber for the textile industry and contributing
substantially to the production of edible oil and animal feed [1-3]. Originating from tropical and
subtropical regions, cultivated cotton species, particularly upland cotton (Gossypium hirsutum L.), are
inherently sensitive to a range of abiotic stresses, which pose a significant threat to their growth,
development, and productivity [4,5]. Among these environmental challenges, low-temperature or
cold stress is a major limiting factor, especially during the critical stages of seed germination and
seedling establishment [6]. Exposure to suboptimal temperatures can trigger a cascade of detrimental
physiological and biochemical responses, leading to stunted growth, reduced biomass accumulation,
impaired reproductive development, and ultimately, significant losses in both fiber yield and quality
[7,8].
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In many cotton-producing regions, such as Xinjiang in China, the planting season in early spring
is often marked by unpredictable cold spells, colloquially known as “late spring frosts”. Exposure to
chilling temperatures (below 15 °C) during seed germination and seedling emergence can lead to a
cascade of detrimental physiological and developmental effects. One of the primary targets is the
photosynthetic apparatus. Low temperatures can lead to a decrease in the efficiency of photosystem
I (PSII), disrupt electron transport, and inhibit the activity of key carbon fixation enzymes like
RuBisCO, ultimately reducing the net photosynthetic rate [9]. This inhibition is often exacerbated by
the overproduction of reactive oxygen species (ROS), such as superoxide radicals and hydrogen
peroxide, which cause oxidative damage to cellular components including lipids, proteins, and
nucleic acids [10]. Furthermore, cold stress alters the physical properties of cellular membranes by
decreasing their fluidity, which impairs the function of membrane-bound proteins and transport
systems, disrupting cellular homeostasis and signaling [11]. These cellular-level disturbances
manifest as macroscopic anatomical changes, including alterations in the thickness of leaf tissues like
the palisade and spongy mesophyll, and damage to vascular structures, which further compromise
plant function and survival.

To counteract the deleterious effects of cold stress, plants have evolved a sophisticated and
integrated network of defense mechanisms. These adaptive responses span from anatomical
modifications to complex biochemical and molecular reprogramming [12]. At the molecular level, the
perception of a cold signal initiates a signaling cascade that leads to a massive reconfiguration of the
transcriptome. This transcriptional reprogramming is central to cold acclimation and involves the
differential expression of thousands of genes [13,14]. These genes encode a wide array of functional
proteins, including transcription factors that act as master regulators of downstream stress-
responsive genes, enzymes involved in the biosynthesis of protective compounds, and proteins that
directly protect cellular structures. Recent studies have highlighted the complexity of this regulation,
showing that it extends beyond simple transcription to include post-transcriptional modifications
like alternative splicing [15] and epigenetic mechanisms such as histone modifications, which add
further layers of control to the plant stress response [16].

Different cotton varieties exhibit considerable differences in their ability to withstand low
temperatures, suggesting a genetic basis for this differential tolerance [17]. Identifying the genes and
pathways that contribute to the superior performance of cold-tolerant cultivars is a critical step
toward developing more resilient cotton varieties through molecular breeding. Comparative
transcriptomics, which contrasts the gene expression profiles of tolerant and sensitive genotypes
under stress, is a powerful strategy for pinpointing these key genetic determinants. Previous studies
in cotton have identified candidate genes involved in cold response, such as those related to lipid
metabolism [18], transcription factors [19], and hormone signaling [20]. However, a comprehensive
understanding requires integrating this molecular data with physiological and anatomical evidence
to build a holistic picture of the adaptive strategies employed by tolerant varieties. For instance, the
link between the transcriptional activation of genes involved in secondary metabolism or structural
development and the resulting phenotypic traits, such as altered cell wall composition or the density
of protective structures like glandular trichomes, needs to be more firmly established.

In this study, we aimed to dissect the molecular and anatomical basis of differential cold
tolerance in cotton. We selected two upland cotton varieties, the cold-tolerant “Xinluzhong 61" (C61)
and the cold-sensitive ‘Tahe 2’ (C2), which are widely cultivated in the Xinjiang region of China, an
area prone to early-season cold spells. By performing a time-course comparative transcriptomic
analysis under severe cold stress (0 °C), we sought to identify the key genes, biological processes, and
metabolic pathways that are differentially regulated between these two varieties. We hypothesized
that the superior cold tolerance of C61 is underpinned by a more rapid and robust activation of
specific defense pathways, including antioxidant systems, secondary metabolite biosynthesis, and
pathways related to the reinforcement of physical barriers. Furthermore, we investigated the
anatomical changes in the cotyledons, true leaves, and stems of both varieties in response to cold
stress to correlate the observed transcriptional changes with tangible structural adaptations. By
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integrating these multi-level analyses, this research aims to provide a comprehensive understanding
of the adaptive mechanisms contributing to cold tolerance in cotton, offering valuable insights and
potential genetic targets for the future improvement of this vital crop.

2. Materials and methods
2.1. Plant Materials and Growth Conditions

Two upland cotton (Gossypium hirsutum L.) cultivars, Tahe 2(cold-sensitive) and Xinluzhong
61(cold-tolerant), were used in this study. Seeds were surface-sterilized with 1% sodium hypochlorite
for 10 minutes, rinsed thoroughly with sterile distilled water, and germinated on moist filter paper
in the dark at 28 °C for 48 hours. Uniformly germinated seeds were then transferred to plastic pots
(10 cm diameter) filled with a sterile mixture of vermiculite and nutrient soil (1:1, v/v). The seedlings
were grown in a controlled environment growth chamber under a 16-hour light (28 °C)/8-hour dark
(22 °C) cycle, with a light intensity of 300 umol m=s' and 60% relative humidity.

2.2. Cold Stress Treatment and Sample Collection

When the seedlings reached the three-leaf stage (approximately 21 days after sowing), they were
divided into two groups. The control group was maintained under the normal growth conditions
described above (28 °C). The cold stress group was transferred to another growth chamber set to a
constant temperature of 0 °C for 12 and 24 hours, with the same light and humidity conditions. For
each cultivar and treatment, three biological replicates were established, with each replicate
consisting of a pool of five individual seedlings. After the 12 and 24-hour treatment period, the second
true leaves and stem segments (1 cm below the cotyledons) were collected from both control and
cold-stressed seedlings. A portion of the collected tissue was immediately frozen in liquid nitrogen
and stored at -80 °C for RNA extraction. The remaining portion was fixed for anatomical analysis.

2.3. RNA Extraction, Library Construction, and Sequencing

Total RNA was extracted from the frozen leaf samples using the TRIzol reagent (Invitrogen,
USA) according to the manufacturer’s protocol. RNA quality and quantity were assessed using a
NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, USA) and an Agilent 2100 Bioanalyzer
(Agilent Technologies, USA). Only RNA samples with an RNA Integrity Number (RIN) > 8.0 were
used for library construction. For each sample, 1 g of total RNA was used to construct a sequencing
library using the NEBNext®® Ultra™ RNA Library Prep Kit for [llumina®® (NEB, USA) following the
manufacturer’s instructions. Briefly, mRNA was enriched using oligo(dT)-attached magnetic beads.
The enriched mRNA was then fragmented and used as a template for first-strand cDNA synthesis
using random hexamer primers. Second-strand cDNA was synthesized using DNA Polymerase I and
RNase H. The resulting double-stranded cDNA was end-repaired, A-tailed, and ligated to
sequencing adapters. The ligated products were purified and amplified by PCR to create the final
cDNA libraries. The quality of the libraries was assessed on the Agilent Bioanalyzer 2100 system. The
qualified libraries were sequenced on an Illumina NovaSeq 6000 platform, generating 150 bp paired-
end reads.

2.4. Functional Annotation and Enrichment Analysis

Raw sequencing reads were first processed to remove adapter sequences, low-quality reads, and
reads containing poly-N using Trimmomatic. The quality of the clean reads was verified using
FastQC. The clean reads were then aligned to the Gossypium hirsutum L. TM-1 reference genome
(v2.1) using HISAT2 with default parameters. The number of reads mapped to each gene was counted
using featureCounts. Differential gene expression analysis was performed using the DESeq2 R
package (Rapaport, 2013). Genes with an adjusted p-value (padj) < 0.05 and an absolute log2(Fold
Change) > 1 were identified as DEGs. This analysis was performed for each cultivar by comparing
the cold-stressed samples to their respective controls.
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To understand the biological functions of the identified DEGs, Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses were performed using
the clusterProfiler R package. GO terms and KEGG pathways with a padj < 0.05 were considered
significantly enriched.

2.5. Quantitative Real-Time PCR (qRT-PCR) Validation

To validate the RNA-seq results, the expression levels of ten selected DEGs were quantified by
qRT-PCR. First-strand cDNA was synthesized from 1ug of the same total RNA samples used for
sequencing, using the PrimeScript™ RT Reagent Kit with gDNA Eraser (Takara, Japan). Gene-specific
primers were designed using Primer3Plus. The cotton GhUBQY7 gene was used as the internal
reference for normalization. The qRT-PCR reactions were performed on a CFX96 Real-Time PCR
Detection System (Bio-Rad, USA) using TB Green®® Premix Ex Taq™ II (Tli RNaseH Plus) (Takara,
Japan). The reaction volume was 20uL, containing 10pL of TB Green Premix, 0.8pL of each primer
(10uM), 2uL of diluted cDNA, and 6.4uL of nuclease-free water. The thermal cycling conditions were:
95 °C for 30s, followed by 40 cycles of 95 °C for 5s and 60 °C for 30s. The relative expression levels
were calculated using the 2-42Ct method. Three technical replicates were performed for each of the
three biological replicates.

2.6. Paraffin Section Preparation

Stem segments and leaf samples were fixed in FAA solution (formalin:acetic acid:70% ethanol,
5:5:90, v/v/v) for at least 24 hours at 4 °C. The fixed samples were then dehydrated through a graded
ethanol series (70%, 85%, 95%, 100%), cleared with xylene, and embedded in paraffin. Transverse
sections of 8 um thickness were prepared using a rotary microtome (Leica RM2235, Germany). The
sections were mounted on glass slides, deparaffinized with xylene, rehydrated through a reverse
ethanol series, and stained with Safranin-Fast Green. The stained sections were observed and
photographed using a light microscope (Olympus BX53, Japan) equipped with a digital camera. For
quantitative analysis, Image] software was used to measure various anatomical parameters from at
least 10 different sections per biological replicate. The measured parameters included leaf thickness,
palisade tissue thickness, spongy tissue thickness, stem diameter, cortex thickness, xylem thickness,
and pith diameter.

2.7. Statistical Analysis

All statistical analyses for anatomical and qRT-PCR data were performed using SPSS software
(version 22.0). Data are presented as the meantstandard deviation (SD). Significant differences
between control and cold-stressed groups were determined using an independent samples t-test,
with p <0.05 considered statistically significant.

3. Results
3.1. Effects of Low-Temperature Stress on Cotton Seedlings of Xinluzhong 61 and Tahe 2

To clarify the response differences of different cotton varieties to low-temperature stress, this
study selected the main cultivated varieties in southern Xinjiang, Xinluzhong 61 and Tahe 2 as
materials. During the seedling stage, the plants were subjected to 0 °C low-temperature treatment to
observe their phenotypic changes. As shown in Figure 1, after 0 °C low-temperature treatment, both
varieties displayed significant responses to low-temperature stress, but the extent varied noticeably:

For Xinluzhong 61 under low-temperature treatment, the plants remained relatively upright
overall, with only some leaves showing slight wilting. The supportive structures of the main stem
and lateral branches were relatively intact, and the stress symptoms were relatively mild. In contrast,
Tahe 2 under low-temperature treatment exhibited severe lodging, large areas of leaf wilting and
drooping, some leaves showing water-soaked lesions, and a significant decrease in stem toughness,
indicating more severe stress symptoms (Figure 1B). In a direct comparison under the same low-
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temperature treatment condition (Figure 1C), the plant morphology and leaf integrity of Xinluzhong
61 were significantly better than those of Tahe 2.

Overall phenotypic observation results indicate that low-temperature stress significantly
inhibits normal growth of cotton seedlings and that different varieties show significant differences in
sensitivity to low temperature. Among them, while Xinluzhong 61 exhibits stronger adaptability and
tolerance under low-temperature stress, while Tahe 2 is more sensitive to low temperature.

Figure 1. Phenotypes of cotton at different temperatures. Note: (A) Xinlu 85, left CK, right 0 °C low temperature;
(B) Xinlu 61, left CK, right 0 °C low temperature; (C) 0 °C low temperature, left Xinlu 85, right Xinlu 61.

3.2. GO Enrichment Analysis of DEGs Induced by Low-Temperature Stress in Two Cotton Varieties

To dissect the molecular mechanisms underlying the differential low-temperature responses of
two cotton varieties (Xinluzhong 61, C61, and Tahe 2, C2), we performed Gene Ontology (GO)
enrichment analysis on differentially expressed genes (DEGs) under 0 °C treatment for 12 h and 24
h.The DEGs were categorized into three primary functional categories: biological process (BP),
cellular component (CC), and molecular function (MF).

At 12 h, terms related to phenylpropanoid metabolism, ROS response, and cell wall biosynthesis
were significantly enriched in biological process (BP), indicating enhanced stress tolerance and
metabolic reprogramming in C61. Detoxification and ion homeostasis were also enriched, reflecting
differences in cellular homeostasis and secondary metabolite accumulation(Figure 2A). In cellular
component (CC), DEGs were predominantly enriched in peroxisome, microbody, and plastoglobule,
with the highest significance, along with extracellular space and membrane components, suggesting
differences in subcellular compartmentalization(Figure 2B). In molecular function (MEF),
oxidoreductase, monooxygenase, superoxide dismutase, and antioxidant activities were most
prominently enriched, supporting enhanced ROS scavenging in C61, while terpene and fatty acid
synthase activities indicated divergent secondary metabolism regulation(Figure 2C).
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Figure 2. GO analysis of Xinlu Zhong 61 and Tahe No. 2 after 12 hours of treatment at 0 °C. (A) Biological
process (BP); (B)Cellular component (CC); (C)Molecular function (MF)

At 24 h, BP terms were mainly associated with trichome differentiation (with the highest gene
ratio), phloem/xylem histogenesis, myosin filament dynamics, sulfur transport, and defense response
to insects. CC terms focused on the actin cytoskeleton and contractile apparatus, as well as ribosome-
related components, implying impacts on protein synthesis. MF terms involved motor activity,
transmembrane transport, and catalytic activity, while receptor kinase activity and ATP binding were
negatively enriched, suggesting downregulation under prolonged cold stress(Figure 3).
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Figure 3. GO analysis of Xinluzhong 61 and Tahe 2 after 24 hours of treatment at 0 °C. (A) Biological process
(BP); (B)Cellular component (CC); (C)Molecular function (MF).

3.3. KEGG Enrichment Analysis of DEGs Induced by Low-Temperature Stress in Two Cotton Varieties

To elucidate the key metabolic pathways underlying the differential cold tolerance of two cotton
varieties (Xinluzhong 61 and Tahe 2), KEGG orthology mapping was conducted on the differentially
expressed genes (DEGs) under 0 °C treatment (FDR-adjusted P < 0.05).

KEGG pathway analysis of DEGs between the two cotton varieties under 12 h of low—
temperature stress indicated that the most significantly enriched pathways were phenylpropanoid
biosynthesis, photosynthesis, and cutin, suberine, and wax biosynthesis. Moreover, pathways
associated with fatty acid metabolism, terpenoid backbone biosynthesis, and linoleic acid metabolism
were also enriched, suggesting that C61 enhances cold tolerance by strengthening cell wall barriers,
optimizing energy metabolism, and activating secondary metabolic pathways.

In the comparison of the two varieties under 24 h of low —temperature stress, DEGs were
significantly enriched, with the most prominent enrichment observed in the Phagosome pathway,
followed by Cysteine and methionine metabolism, Terpenoid backbone biosynthesis, and
Glycerolipid metabolism (Figure 4). In contrast to the 12 h treatment, which emphasized
phenylpropanoid biosynthesis and photosynthesis, the 24 h treatment shifted towards immune
activation and antioxidant metabolism, reflecting a time—dependent adaptive strategy for
maintaining cold tolerance.
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Figure 4. GO analysis of Xinluzhong 61 and Tahe 2 after treatment at 0 °C. (A) 0. hours; (B) 0°C treated for 24

hours.

3.4. Effects of Low Temperature Treatment on the Glandular Trichomes of Two Cotton Varieties

In the biological process category, we noticed that trichome differentiation emerged as the most
highly enriched term with the largest gene ratio, indicating that this developmental process was
transcriptionally activated in C61 in response to prolonged cold stress. Phenotypic observation of
stem tissues revealed striking differences in glandular trichome development between the two cotton
varieties under low-temperature stress. As shown in Figure 5, Xinluzhong 61 (C61) exhibited dense
and prominent glandular trichomes distributed across the stem surface, whereas Tahe 2 (C2)
displayed a relatively smooth stem with significantly fewer trichomes (Fig. B). This morphological
divergence was strongly supported by our transcriptomic GO enrichment analysis, particularly the
results from the 24 h low-temperature treatment.

Collectively, the abundant glandular trichomes in C61 represent a key adaptive phenotype
shaped by transcriptional reprogramming. This structural modification, coupled with enhanced
secondary metabolism, forms a comprehensive physical and chemical defense system, which likely
contributes significantly to the superior low-temperature tolerance of C61 compared to C2.

Figure 5. Stem Segment of Xinluzhong 61 and Tahe 2. (A) Xinluzhong 61; (B) Tahe 2.

3.5. Cotyledon Anatomical Structure Response Under Cold Stress

Under the effect of low-temperature stress, the thickness of the palisade and spongy tissues in
leaves undergoes significant changes, which are key anatomical indicators reflecting the impact of
low temperature. As shown in Table 1 and Figure 6, low-temperature stress significantly reduces the
leaf thickness, palisade tissue thickness, and spongy tissue thickness of cotton cotyledons, and causes
rupture in the midrib vascular bundles. Under low-temperature conditions of 0 °C for 12 hours, in
Xinluzhong 61 leaves, the thickness of palisade tissue, spongy tissue, leaf thickness, palisade-to-
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spongy ratio, and leaf structural density decreased by 32.14%, 16.15%, 15.55%, 19.15%, and 19.35%
respectively compared with the control (CK). For Tahe 2 leaves, the thickness of palisade tissue,
spongy tissue, and leaf thickness decreased by 22.36%, 35.21%, and 28.78% respectively, while the
palisade-to-spongy ratio and leaf structural density increased by 18.92% and 12%, with differences
being statistically significant (P < 0.05).

Comparing these two cotton varieties, the cotyledon leaf palisade tissue thickness, spongy tissue
thickness, leaf thickness, the palisade-spongy ratio, and leaf structural compactness of Xinluzhong 61
are all higher than those of Tahe 2. This indicates that Xinluzhong 61 has stronger photosynthetic
capacity and a slower rate of water loss. In the case of low-temperature treatment, the cotyledon leaf
palisade tissue thickness, spongy tissue thickness, and leaf thickness of Xinluzhong 61 are also higher
than those of Tahe 2, which may be related to the stronger cold tolerance of this variety.

A C D

Figure 6. Cold treatment of cotton cotyledon anatomical structure. Note: (A) Xinluzhong 61 CK(4x);
(B)Xinluzhong 61 low temperature at 0 °C for 24h (4x); (C) Tahe 2 CK (4x); (D) Tahe 2 low temperature at 0 °C
for 24h (4x); (E)Xinluzhong 61 CK(10x); (F)Xinluzhong 61 low temperature at 0 °C for 24h (10x); (G) Tahe 2 CK
(10x); (H) Tahe 2 low temperature at 0 °C for 24h (10x); (I)Xinluzhong 61 CK (10x); (J)Xinluzhong 61 low
temperature at 0 °C for 24h (10x); (K) Tahe 2 CK (10x); (L) Tahe 2 low temperature at 0 °C for 24h (10x).

Table 1. Effect of Low-Temperature Treatment on the Anatomical Structure of Cotyledons.

Groups Palisade tissue Spt(:ilcglf:;zue leaf thickness Leaf midrib pazls:;le-to- strllliilflral
P thickness (mm) (mm) thickness (mm) P .gy .
(mm) ratio density

Xlr;l;l_ZChIgng 71.29+7.10a  153.04+65a  231.63+3.38a 156.44+17.56b 0.47+0.03a 0.31+0.03a

Xlglh_légl‘zl“g 48.38+4.56bc  128.3246.05b 195.61+12.85b 173.88+6.53b 0.38+0.05b 0.25+0.02b

Tahe 2-CK  55.20+5.97b 149.48+5.44a 218.94+7.38ab 159.02+2.18b 0.370+0.03b 0.25+0.02b
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Tahe 2-

Cold 42.86+3.11c 96.85+11.84c  155.94+21.48c 201.78+21.49a 0.44+0.02a 0.28+0.03ab

3.6. Response of True Leaf Anatomical Structure Under Cold Stress

Similar to the cotyledon situation, the effect of low-temperature stress on true leaves is also have
relationship with the thickness of the palisade and spongy tissues. As shown in Table 2 and Figure 7,
under a low-temperature treatment, the palisade tissue thickness, spongy tissue thickness, and leaf
thickness of the Xinluzhong 61 leaf decreased by 20.11%, 42.82%, and 34.47% respectively compared
to the control (CK), while the palisade-spongy ratio increased by 40%. For Taha 2 leaves, the palisade
tissue thickness, spongy tissue thickness, and leaf thickness also slight decreased by 14.73%, 20.58%,
and 16.86% respectively, but the palisade-spongy ratio increased by only 7.02%.

The palisade-spongy ratio of plant leaves usually positively correlated with plant stress
resistance. As seen from Table 2, the palisade tissue thickness, spongy tissue thickness, and leaf
thickness of Xinluzhong 61 true leaves are all higher than those of Taha 2 under normal condition,
while there is no significant difference in the palisade-spongy ratio (P > 0.05) and leaf structural
density between them. After low-temperature treatment, the leaf thickness and palisade-spongy ratio
of Xinluzhong 61 leaves are significantly higher than those of Taha 2, indicating that Xinluzhong 61
has stronger cold resistance than Taha 2.

Overall, low-temperature stress caused more severe damage to the anatomical structure of Taha
2true leaves. This is consistent with the more sensitive low-temperature response observed in
phenotypic observations, further revealing the differences in cold tolerance between the two varieties
at the anatomical level.

Figure 7. Anatomical structure of true leaves of cotton treated with cold temperature. Note: (A) Tahe 2 CK (4x);
(B) Tahe 2 low temperature at 0 °C for 24h (4x); (C) Xinluzhong 61 CK (4x); (D) Xinluzhong 61 low temperature
at 0 °C for 24h (4x); (E) Tahe 2 CK (10%); (F) Tahe 2 low temperature at 0 °C for 24h (10x); (G) Xinluzhong 61 CK
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(10x); (H) Xinluzhong 61 low temperature at 0 °C for 24h (10x); (I) Tahe 2 CK (10x); (J) Tahe 2 low temperature
at 0 °C for 24h (10x); (K) Xinluzhong 61 CK (10x); (L) Xinluzhong 61 low temperature at 0 °C for 24h (10x).

Table 2. The Effect of Low-Temperature Treatment on the Anatomy of True Leaves.

Palisade

tissue Spm:lgy tissue leaf thickness Lea'f midrib palisade- leaf
Groups . thickness thickness to-spongy structural
thickness (mm) . .
(mm) (mm) ratio density
(mm)
Xinluzhong 61-
CK 47.69+1.75a  95.22+0.59a  168.02+4.96a 162.28+0.62a 0.50+0.02b 0.28+0.00a
Xinluzhong 61-
Cold 38.10£0.64b  54.45+4.22c  110.10+8.83c 183.79+32.76a 0.7+0.06a 0.35+0.03a

Tahe 2-CK 41.96+7.5ab  73.82+4.86b  139.76+9.74b 128.83+1.59b 0.57+0.14ab 0.30+0.05a
Tahe 2-Cold  35.78£3.99b  58.63+3.25c  116.19+3.17c 156.11+7.05ab0.61+0.03ab 0.31+0.03a

3.7. Response of Stem Anatomical Structure

Through the analysis of the data in Table 3 and the microstructure in Figure 8, it is evident that
after 24 hours of 0 °C low-temperature stress treatment, the anatomical structure of cotton stems
underwent significant changes.The cortex thickness decreased, while the thicknesses of the epidermis,
phloem, xylem, and the diameter of the pith increased, and fractures appeared between the xylem,
phloem, and cortex. Specifically, under low-temperature treatment, the cortex thickness of
Xinluzhong 61 decreased by only 4.23% compared with the control (CK), and the thicknesses of the
epidermis, phloem, xylem, and pith diameter increased by 14.97%, 21.14%, 35.98%, and 8.96%,
respectively. For Tahe 2, the cortex thickness decreased by 47.17%, the phloem thickness remained
basically stable, and the xylem thickness and pith diameter increased by 19.77% and 12.56%,
respectively.

Xylem and phloem of plants are responsible for transporting water and inorganic salts,
respectively. Therefore, plants usually resist adversity by expanding their xylem and phloem. A
comparative analysis of the two varieties shows that the epidermis thickness, cortex thickness, and
xylem thickness of Xinluzhong 61 are smaller than those of Tahe 2, while the phloem thickness and
pith diameter are greater. After low-temperature treatment, the xylem thickness of Xinluzhong 61
increased greater than that of Tahe 2, indicating more tolerance to cold temperature.

A

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202603.0326.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 March 2026 d0i:10.20944/preprints202603.0326.v1

11 of 15

Figure 8. Anatomical structure of cotton stems under low temperature treatment. Note: (A) Tahe 2 CK (4x); (B)
Tahe 2 0 °C low temperature for 24h (4x); (C) Xinluzhong 61 CK (4x); (D) Xinluzhong 61 0 °C low temperature
for 24h (4x); (E) Tahe 2 CK (10x); (F) Tahe 2 0 °C low temperature for 24h (10x); (G) Xinluzhong 61 CK (10x); (H)
Xinluzhong 61 0 °C low temperature for 24h (10x); (I) Tahe 2 CK (10x); (J) Tahe 2 0 °C low temperature for 24h
(10x); (K) Xinlu zhong 61 CK (10x); (L) Xinluzhong 61 0 °C low temperature for 24h (10x).

Table 3. Effects of Low Temperature Treatment on Stem Anatomical Structure. Note: The data in this table are

presented as mean * standard deviation. Different lowercase letters indicate statistically significant differences

(p <0.05).
Epidermis Cortex phloem . S s
lem thick h
Groups thickness thickness thickness xylem thickness pith diameter
(mm) (mm)
(mm) (mm) (mm)
Xinluzhong 61-
CK 10.69+1.18a  171.4+47.92b  142.94+47.77a 129.14+13.27a  929.37+58.11a
Xinluzhong 61-
Cold 12.29+1.00a 164.15+53.11b  170.74+41.24a 175.6+10.57a  1012.67+126.18a

Tahe 2-CK 11.50+1.41a 308.62+38.42a 78.79£1.17b 193.4615.68a 860.94+15.22a
Tahe 2-Cold 11.12+1.75a  163.05+31.32b 77.84+3.93b 231.71+140.01a  969.09+155.75a

4. Discussion

Low-temperature stress is a major abiotic factor that severely limits the productivity, quality,
and geographical distribution of cotton, a crop of tropical and subtropical origin [21]. Understanding
the intricate molecular and physiological mechanisms that underpin cold tolerance is crucial for
developing resilient cotton varieties. This study provides a comprehensive, multi-level analysis by
integrating transcriptomic, anatomical, and morphological data to dissect the differential cold stress
responses of two cotton varieties, the tolerant Xinluzhong 61 (C61) and the sensitive Tahe 2 (C2). Our
findings reveal that the superior cold tolerance of C61 is not attributable to a single mechanism but
rather a coordinated, time-dependent strategy involving rapid metabolic reprogramming for defense
and subsequent structural adaptations for long-term protection.

The initial response to cold stress is critical for plant survival, as it sets the stage for subsequent
acclimation [22]. Our transcriptomic analysis at 12 hours post-stress revealed a robust and swift
activation of defense-related pathways in the tolerant C61 variety. The significant enrichment of Gene
Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways associated
with phenylpropanoid biosynthesis, reactive oxygen species (ROS) response, and cell wall
modifications underscores a proactive defense strategy [23,24].The phenylpropanoid pathway is a
cornerstone of plant defense, producing a vast array of secondary metabolites including lignin,
flavonoids, and suberin [25]. The upregulation of this pathway in Cé61 likely contributes to the
reinforcement of cell walls, creating a physical barrier that can limit cellular dehydration and the
propagation of ice crystals. Concurrently, the enrichment of pathways for cutin, suberin, and wax
biosynthesis further strengthens this physical barrier, reducing non-stomatal water loss and
enhancing cellular integrity. This metabolic fortification is complemented by a highly active
antioxidant system. The enrichment of GO terms such as oxidoreductase, monooxygenase, and
superoxide dismutase activity in C61 points to an enhanced capacity to scavenge ROS, which are
inevitably produced under cold stress and can cause significant oxidative damage [26-28].
Furthermore, the observed enrichment in fatty acid and linoleic acid metabolism pathways is
consistent with previous findings that lipid remodeling is a key component of the cold response in
cotton, affecting membrane fluidity and generating signaling molecules like oxylipins [29]. This rapid
and multi-pronged metabolic response in C61 likely mitigates the initial shock of cold stress,
preserving cellular homeostasis and providing a foundation for long-term survival.

As the duration of cold stress extended to 24 hours, we observed a significant shift in the
transcriptomic landscape of C61, moving from immediate metabolic defense to developmental and
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structural adaptations. The most striking finding from our GO analysis was the dramatic enrichment
of the “trichome differentiation” biological process, which was accompanied by a visible increase in
the density of glandular trichomes on the stems of C61. Plant trichomes serve multiple functions in
stress tolerance; they can create a microenvironment that insulates the plant surface, reduce water
loss by trapping a layer of still air, and, in the case of glandular trichomes, secrete secondary
metabolites that can act as chemical protectants [30-32]. The development of a dense trichome layer
in C61 represents a significant morphological adaptation, forming a physical and chemical barrier
against the cold. This finding highlights a less-explored mechanism of cold tolerance in cotton and
suggests that developmental plasticity plays a crucial role in long-term acclimation.

The transcriptomic and morphological adaptations observed in C61 were strongly correlated
with the maintenance of anatomical integrity in its leaves and stems. Under cold stress, C61 retained
significantly greater leaf thickness, as well as thicker palisade and spongy tissues, compared to the
sensitive C2 variety [33]. The palisade tissue is the primary site of photosynthesis, and its structural
integrity is vital for maintaining energy production under stress [34]. The thicker tissues and higher
palisade-to-spongy ratio in C61 suggest a superior ability to maintain photosynthetic capacity and
regulate water loss, which are critical for survival when cold temperatures impair water uptake from
the soil. These anatomical features are likely the result of the observed transcriptional programs that
reinforce cell walls and maintain cellular homeostasis.

Similarly, the stem anatomy of C61 showed adaptive changes, including a greater xylem
thickness after cold treatment compared to the sensitive variety. A robust xylem is essential for
maintaining water transport, which can be compromised by low temperatures due to increased water
viscosity and the risk of embolism [35]. The ability of C61 to preserve and even reinforce its vascular
structures underpins its physiological resilience. In contrast, the more severe degradation of leaf and
stem tissues in C2 reflects its inability to mount an effective and sustained defense, leading to cellular
collapse and functional impairment. This integration of molecular data with anatomical evidence
provides a holistic view of cold tolerance, where gene expression networks translate into tangible
structural advantages that confer resilience [36].

Significance, Limitations, and Future Directions

This study significantly advances our understanding of cold tolerance mechanisms in cotton by
demonstrating a coordinated, multi-level response in the tolerant variety C61. We have identified not
only key metabolic pathways but also a critical role for developmental plasticity, particularly
trichome formation, as a key adaptive trait. The differentially expressed genes and pathways
uncovered here, such as those controlling phenylpropanoid biosynthesis and trichome differentiation,
represent valuable targets for molecular breeding programs aimed at enhancing cold tolerance in
elite cotton cultivars [37,38].

However, this study has certain limitations. The findings are based on a comparison of two
specific cultivars at discrete time points and a single stress temperature. Future research should
expand this analysis to a broader range of cotton germplasm and environmental conditions to
validate these findings and uncover additional tolerance mechanisms. While our transcriptomic
analysis provides a powerful snapshot of gene expression, it is correlational. Functional validation of
key candidate genes using techniques such as virus-induced gene silencing (VIGS) or CRISPR/Cas9
is necessary to establish their causal roles in cold tolerance [39]. Furthermore, integrating proteomics
and metabolomics would provide a more complete picture of the molecular landscape, revealing
post-transcriptional regulation and the specific biochemical compounds that contribute to protection
[40-43]. Investigating the specific chemical composition of the glandular trichome exudates in C61
could also unveil novel protective compounds.

In conclusion, our integrated analysis reveals that the superior cold tolerance of the cotton
variety Xinluzhong 61 is orchestrated by a sophisticated and dynamic defense system. This system
combines a rapid metabolic response, characterized by the activation of antioxidant and cell wall
fortification pathways, with a subsequent phase of morphological adaptation, most notably the
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development of a dense protective layer of glandular trichomes. These molecular and developmental
changes are reflected in the preservation of anatomical integrity, which underpins the plant’s
physiological resilience. These findings provide valuable insights into the complex nature of plant
stress adaptation and offer promising avenues for the genetic improvement of cold tolerance in cotton.

5. Conclusions

The ability of plants to survive low temperatures depends on a complex interplay of
physiological, anatomical, and molecular adaptations. In this study, we combined anatomical and
transcriptomic approaches to dissect the cold stress response in seedlings of two cotton cultivars. Our
findings reveal that cotton employs a multifaceted strategy, involving significant structural
remodeling of tissues and a comprehensive reprogramming of gene expression, to cope with cold.
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