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This study aimed to identify genomic regions associated with
high-temperature stress tolerance in upland cotton, particularly
during the vegetative period of this crop, which is increasingly
affected by climate change. Understanding the genetic basis of
thermotolerance is essential for improving resilience and
sustaining yield under heat stress conditions. A total of 94 upland
cotton genotypes were subjected to high-temperature stress in a
low tunnel environment for four consecutive days during peak
flowering. Physiological parameters, including relative cell
injury (RCI), leaf temperature (LT), and SPAD chlorophyll
values, were measured before and after the stress treatment to
assess the genotypic response. Genotyping by sequencing (GBS)
was used to detect single nucleotide polymorphisms (SNPs), and
6670 high-quality markers (MAF < 0.05) were retained for
association mapping. Association analyses were conducted using
general and mixed linear model (GLM-MLM) approaches. SNP
markers associated with heat tolerance were identified using
GLM and MLM models at significance levels of p<0.0001-
0.001 with a —Log10(P) threshold > 2.5, and MLM results were
validated using false discovery rate (FDR) correction. Four SNPs
on chromosomes A07, A10, D03, and D09 (SNP1680, SNP2537,
SNP4374, SNP6415) were linked to RCI; four SNPs on D05,
D07, A10, and D08 (SNP5029, SNP5643, SNP2616, SNP5915)
were associated with LT; and two SNPs on D12 and AO0S8
(SNP7428, SNP1910) were related to SPAD chlorophyll content.
These markers correspond to genomic regions encoding
enzymes, proteins, and genes implicated in high-temperature
stress responses in cotton (Gossypium hirsutum L.).
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1. INTRODUCTION

Although cotton is a raw material for many industries, it is a strategic product worldwide, especially for fiber
production. In 2022, a total of 24.9 million tons (MT) of cotton fiber was produced in the world. China (5.7 MT),
India (5.2 MT), the USA (3.8 MT), Brazil (2.3 MT), Australia (1.2 MT), Pakistan (1.2 MT) and Turkey (0.8 MT)
have the largest share in this production (ICAC, 2022). In addition to the fiber production that cannot meet the
supply in the face of rapidly increasing population density, worse scenarios are expected with the climate crises
experienced in the world. The IPCC (intergovernmental panel on climate change) reports indicate that global
warming, an underlying cause of heat stress, is expected to raise air temperatures by about 0.2°C each decade, with
a total projected increase of 0.5 to 5.4°C between 2020 and 2080 (IPCC, 2007; 2018). Research has demonstrated
that rising temperatures expedite plant growth and developmental processes (Ziska and Bunce 1997). Nevertheless,
these studies have also highlighted that when temperatures surpass favorable limits, they can exert adverse effects
on overall crop performance (Ahmad et al., 2020). When plants exceed their ideal temperature range for their
lifespan, researchers have stated that heat stress can cause some irreversible changes in plants. (Demiray et al.,
2023). In the studies conducted, it was understood that the temperature requirements of different periods of cotton
are various. Nevertheless, they emphasized that the optimal temperature values for the initial developmental stages
of cotton are 30/22°C daytime/night (Demiray et al., 2023).

To meet the cotton fiber supply in today's technology, the importance of breeding varieties that are less affected
by abiotic environmental conditions by using molecular techniques together with the classical breeding method is
increasing. Although studies on the genetic basis of heat tolerance in cotton have increased in recent years,
genome-wide association analyses specifically targeting the vegetative stage remain limited. Marker-based
approaches such as QTL mapping and genome-wide association analysis have previously been shown to be
effective tools for dissecting complex quantitative traits in cotton, enabling the linkage of phenotypic variation
with underlying genetic regions (Semizer-Cuming et al., 2015). Rani et al. (2022) conducted QTL mapping in a
Gossypium hirsutum F, population and identified 17 QTLs for 23 morpho-physiological traits related to heat stress,
explaining 7.8-36.6% of the phenotypic variance. Salman et al. (2019) and Khan et al. (2017) highlighted the
genetic effects contributing to high-temperature tolerance in critical physiological traits, such as relative cell injury
(RCI), and thoroughly characterized their inheritance patterns. Bardak et al. (2021) identified 18 QTLs associated
with leaf and stem disease indices in Verticillium wilt, demonstrating that these QTLs were linked to the small
nucleolar RNA U3 gene, which plays a role in responses to both biotic and abiotic stresses. In a comprehensive
GWAS and transcriptome study, Ma et al. (2021) analyzed 218 cotton accessions, identifying three heat tolerance
loci and associated candidate genes (e.g., GhHRK1), with functional validation of these regions. In Turkey,
Demiray et al. (2024) evaluated heat tolerance during the vegetative stage across different cotton genotypes, using
indicators such as cell membrane thermostability and leaf temperature, and observed significant variation among
genotypes. At the molecular level, previous studies have identified genes that contribute to heat tolerance in cotton
and other plants. Yang et al. (2010) reported that the glycerol-3-phosphate 2-O-acyltransferase 6-like gene encodes
an enzyme involved in forming a protective polyester layer on plant surfaces, enhancing resistance to
environmental stress. Liao et al. (2017) demonstrated that the FERONIA (FER) gene functions in growth
regulation, stress adaptation, and cell expansion. Chen et al. (2009) showed that callose synthase 5 contributes to
mechanisms associated with both biotic and abiotic stress responses through callose production. Serine/threonine
protein kinases, particularly the With-No-Lysine (WNK) kinase subfamily, are implicated in abiotic stress
responses and circadian rthythms (Zhang et al., 2023). Wei et al. (1998) reported that the 26S proteasome interacts
with the COP9 complex to regulate photomorphogenesis and various cellular signaling pathways. Luo et al. (2010)
highlighted the role of GATA transcription factors in light-dependent processes, such as flowering, maturation,
and petal development. Moreover, Gachomo et al. (2013) found that Angustifolia mutants with modified C-
terminal binding proteins (CtBP) exhibit altered responses to both biotic and abiotic stresses. While these studies
provide valuable insights into the genetic and molecular responses of cotton to high temperatures, high resolution
SNP based genome wide analyses at the vegetative stage remain scarce. Therefore, the present GBS based GWAS
on 94 cotton genotypes, evaluating key physiological traits such as RCI, leaf temperature, and SPAD, enables the
identification of candidate gene regions and the discovery of SNP markers for marker assisted selection,
representing a critical contribution to cotton breeding under heat stress conditions.

2. MATERIALS AND METHODS

The study included samples from 94 genotypes of cotton (G. hirsutum L.), including 88 domestic and foreign
cultivars and 6 controls (C1l: Tamcot Sphinx, C2: SJ-U86, C3: AGC 208, C4: ST 468, C5: ST 474, and C6:
Carmen).
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Table 1. Details on the genotypes of cotton used as plant materials.

Material Resource Institutions Names of Cotton Varieties

USA Tamcot Sphinx, SJU 86, AGC208
BASEF Industry Trade L.C. Fiona, Carla, ST 498, STV468, Carmen
Bayer Industry L.C. Claudia, Gloria, Candia, Flora

Birlik Seed Industry Trade L.C. Bir 781, Bir 949, Cosmos, Bir 138
Caso Seed Industry Trade L.C. Caso 9048

DAGTAEM Furkan

TYA 193, Ceykot 340, TYA 366, ADN 701, MAY 355, MAY 455,
MAY 505, TMK122, TMN18, MAY 344, Nihal, ADN 413, ADN 710,

DATEM ADN 712, ADN 123, ADN 811, Gelincik, Sarigelin, Cukurova 1518,
Bossa 159, Teksa 415, Yildirim 63, Ayzek 595, Gapkot 732, Ceykot 92

GAPTAEM ZN 243

GAPUTAEM Kartanesi

Optasia, Esperia, Bomba, GW2345, Babylon, Famosa, Fantom, Penta

Golden West Seed Trade L.C. (Golda), Primera

Livagro Agriculture Seed L.C. Zara

May-Agro Industry Trade L.C. Gaia, ST 474, MAY 404

Monsanto Industry Trade L.C. DP 332, ST 478, DP 396, DP 499, SG 125
Ozaltin Agri. Industry Trade L.C. Lodos, Ozaltin 404, Ozaltin 112

Ozbugday Agri. Processing and Seed | Lider (Mig 119), Diva (Teks)
SC 2009, SC 2079, Efe, Ergiiven, Harem 1, Harem 2, ES 1, ES 2,

PAEM Sezener 76, Ozbek 105, Ipek 607, Giirelbey, Aydin 110, Sahin 2000
Kaira, Lima, Astoria, Edessa, BA 440, Carisma, PG 2018, BA 525,

Progen Seed Inc. Flash

Tiriyo Seed L.C. Zena 1010, Zena 1040, Zena 1018

DAGTAEM (East Mediterranean Transitional Zone Agricultural Research of Institute), DATEM (Eastern Mediterranean
Agricultural Research Institute), GAPTAEM (GAP Agricultural Research Institute)), GAPUTAEM (GAP International
Agricultural Research and Training Center), PAEM (Cotton Research Institute)

The experiment was conducted in 2020 at the experimental area of the GAP International Agricultural Research
and Training Center, using an augmented trial design with four blocks. The experiment was sown with plots of
two rows each, 4 m long, 70 cm between rows, and 15-20 cm between plant rows. The experiment, which was
established under field conditions, was taken into a low tunnel greenhouse for 4 days during the intense flowering
period of cotton, and high-temperature shock treatment (HTST) was applied. A thermometer was placed inside the
low tunnel. The maximum temperature inside the low tunnel was accepted as 50°C. When the temperature
surpassed this threshold, the sides of the low tunnel were opened to help reduce the internal temperature.
Phenotypic values for the traits examined in the study were taken as control before the application and stress after
the application. The phenotypic data were analyzed using the augmented experimental design approach described.
Genotyping by sequencing (GBS) analysis was conducted by Diversity Arrays Technology (Australia) following
the protocols outlined by Elshire et al. (2011) and Poland et al. (2012). The conditional probabilities of population
structure were calculated using the STRUCTURE software (version 2.3.4; Pritchard et al., 2000). To determine
the appropriate number of clusters using the STRUCTURE 2.3 .4 software, the K value was tested from one to ten.
The permutation module was set between 50.000 and 100.000 iterations, and each K value was replicated three
times to calculate the Delta K value. The ideal Delta K value was determined by loading Python-based software
"Structure Harvester v.0.6.94" and Q-matrix data were obtained (Evanno et al. 2005). The association between
SNP markers for the traits analyzed was determined using TASSEL 5.0 software (Bradbury et al., 2007).
Association analyses were performed in GLM (Q matrix, phenotypic data and genotypic data) and MLM (Q
matrix, phenotypic data, genotypic data and kinship data). Abdurakhmonov et al. (2009) stated that markers
identified by both GLM and MLM approaches are suitable for use as QTLs. These highly significant and important
SNP markers were determined using -loglO(P-Value) > 2.5 as defined by the researchers, based on previous
association studies using comparable population sizes and marker densities in cotton (Shi et al., 2024; Meng-wei
et al., 2023). Moreover, the threshold was supported by subsequent FDR correction (Benjamini and Hochberg,
1995) within the MLM model to minimize false positive associations. Therefore, this criterion was considered
appropriate for the present dataset. The significance threshold for each identified marker was set as —log10(P-
value) >2.5, based on the P-values derived from association analysis. The FDR (false discovery ratio) described
by Benjamin and Hochberg (1995) was performed using the SAS Multisets procedure (SAS Institute Inc., 2020)
to determine the statistical significance threshold (0=0.05). A blast search of the sequences of the associated
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markers with major QTL at National Center for Biotechnology Information (NCBI) and their presence on protein
coding genes in the cotton genome was detected (Anonymous, 2023).

3. RESULTS

In the study, those with a minor allele frequency value of less than 5% (MAF < 0.05) were extracted and high-
quality robust SNPs were obtained using TASSEL 5.2.2, resulting in 6.670 reliable SNPs out of 8.708 SNPs.
Cluster analysis was performed using the STRUCTURE 2. 3.4 program based on the Bayesian method (Pritchard
et al., 2000). At the end of the analysis, the results obtained were uploaded to the "Structure Harvester" program
and calculations were made, and it was seen that the most appropriate Delta K value was 5 (Figure 1).
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Figure 1. Population structure of 94 cotton genotypes based on 6670 strong SNPs (Delta K=5)

As a result of 22 million 247 thousand 785 comparisons, 0.70% at P < 0.01 and 0.59% at P < 0.001 were found
to be highly significant. The number of R?0.1 in the total genome was 0.22% and R? > 0.2 was 0.05%. It can be
said that 0.05% of the markers used were within 6-8 cM and 0.22% were within 10 cM of each other (Figure 2).
Although Whitt and Buckler (2003) reported that LD decay decreases at a map distance of 25 ¢M at R2 > 0.1,
Abdurakhmonov et al. (2009) observed a 50 cM gap between microsatellites, which is in line with our results.
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Figure 2. Linkage disequilibrium (LD) plot of SNPs Markers
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Using the —log10(P-value) >2.5 criterion, SNP markers associated with high temperature tolerance across all
traits were analyzed for significance within the range of P-values less than 0.001 and 0.0001. It was also analyzed
by increasing the accuracy with false discovery ratio (FDR). According to GLM analysis results for the RCI trait,
P values ranged between 0.0007 and 0.0070; R? values ranged between 0.0801 and 0.1391; -log10 (P-Value) >2.5
values ranged between 2.70 and 3.14. According to MLM results, P value varied between 0.0005 and 0.0067; R?
values varied between 0.0105 and 0.1294; -log10 (P-Value) >2.5 values varied between 2.50 and 3.22. In terms of
the trait analyzed, 4 markers were identified by GLM method and - log10 (P-Value) >2.5 condition, while 8 SNP
markers were identified by the MLM method. In both methods, 2 strong SNPs (SNP1680, SNP2537 markers) that
were common and met the —log10(P-Value) >2.5 condition were identified (Table 2). Chromosome, gene ID and
nucleotide sequences of the detected markers are given in Table 3. In addition, Manhattan Plot and QQ Plot graphs
related to high temperature tolerance determined by the GLM method according to the RCI trait are shown in
Figure 3.

Table 2. Key attributes of SNP markers significantly associated with relative cell membrane injury (RCI, %) in cotton under
high-temperature stress

Cell Membrane Injury (RCI) (%)

General Linear Model (GLM) Mixed Linear Model (MLM)

Marker Chr Position (cM) -log10 -log10

P Value R2 (P-Value) P Value R2 (P-Value) FDR
SNP1680 A07 196 0.00161 0.10577 2.79 0.00317 0.010565 250  0.0031
SNP2537 A10 207 0.00105 0.11195 2.97 0.000598 0.08263 322 0.0031
SNP4374 D03 75 0.00374 0.12478 - 0.00284 0.1294 254 0.0031
SNP6415 D09 159 0.00701 0.09023 - 0.00267 0.12232 257  0.0031
SNP3092 All 416 0.00605 0.08015 - 0.00248 0.06312 2.6 0.0031
SNP4311 D03 12 0.00332  0.09092 - 0.00218 0.015875 2.66  0.0031
SNP6534 D09 278 0.00198 0.13913 2.70 0.00583 0.12628 - -
SNP5139 D05 426 0.000717 0.11985 3.14 0.00678 0.04578 - -

R%: Variation explained by the marker, P Value: Significant threshold of the markers, FDR: False discovery ratio, cM: Centimorgan, Chr:
Chromosome

Table 3. SNP markers associated with relative cell membrane injury (RCI, %) in cotton leaves under high-temperature stress

Cell Membrane Injury (RCI) (%)
Marker Chr Position (bp) GenlID Series
TGCAGAAGACACTGGCATGTATCGAGCCTGGTCAG
SNP1680 A07 79351692  LOCI107956390 GGGACGACGACGATTACTTGACAGTTGCGGGACCT
AG
TGCAGCAGATGATGATGGTATCTCTCTTACGCACT
SNP2537 A10 83870531 LOC107895542 CCTCTCTCATTTTCAATGTGGTTCTTAGTTTTTTATC
CTGGTT
TGCAGCCCGCTTCTTCTGGGCGAATTATTCATCATC
SNP3092 All 115618156 LOC107898822 GGCTCGCGCGAGGAGGTTCTTTGCAACCGATGGCT
TACAGAT
TGCAGTGGACCACCGCGAACTTCCTTGGCGGTTTC
SNP4374 D03 33711177  LOCI107951183 AGCCAAAAGGAATGGATCTTTCAAGAGAGCTCCGC
A
TGCAGCCCTGTCAAACATGAGAAGACATTGGAGAT
GATTGGAAAGAAGTTGAAAAAGAACAGTGTA
TGCAGCGAAGAAGAATCCTCCCACACAACGTCGAA
SNP6415 D09 38872737  LOCI107889491 CAAGTACACTACGGAATGGTCGAAGAGAGAGAGT
CTGAC

SNP4311 D03 577545 LOC107909460

Chr: Chromosome, bp: Base pair
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Expected -Log10(P-Value) vs. -Log10(P-Value)

Cell Membrane Injury (RCI) (%)

w20

430

102 0 7 M A0 tm 1A 170 za0 aA 330 an
420 @24 25 % 26 @ UNKNOWN Expected -Log10(P-1akie)

am FDR 3 Expected -Log10(P-Value) vs. -Log10(P-Value)

M 3 am aa  am 4@ 4w

000
o w10 10w

W1w24.3 4m5 6 7588810 m11 =12413 =14 =15 v 16 = 17 = 18 13 = 20 = 21 = 27 Yom  wm om  wm e m ta

T 28 3w 2w am  sm  am  am s,
423 ® 24 w26 ¥ 26 = UNCNOWN Expeciled -Leg 1 DiP-Velus)

Figure 3. Manhattan and QQ Plots for the RCI trait related to high temperature tolerance determined by GLM- MLM method
and satisfying the condition —log10(P-Value) >2.5

In terms of the RCI trait, QTL were detected through 6 highly significant SNP markers by false discovery rate
(FDR) analysis of P values obtained in the MLM method as a result of SNP marker matches in GLM and MLM
models. Of these, marker SNP2537 is located on chromosome A10 of the cotton genome at position 83870531 bp
and on the callose synthesis 5 (LOC107895542) gene, marker SNP1680 is located on chromosome A07 of the
cotton genome at position 79351692 bp and on the receptor-like protein kinase FERONIA (LOC107956390) gene,
SNP3092 marker on chromosome A1l of the cotton genome at position 115618156 bp and the 50S ribosomal
protein L15, chloroplastic (LOC107898822) gene, SNP4374 marker on chromosome D03 of the cotton genome at
position 33711177 bp and serine/threonine-protein kinase WNKS8 (LOC107951183) gene, SNP4311 marker on
chromosome D03 of the cotton genome at position 577545 bp and 26S proteasome non-ATPase regulatory subunit
4 homolog (LOC107909460) gene, The SNP6415 marker was found to be located on chromosome D09 of the
cotton genome at position 38872737 bp and the kinesin-like protein KIN-7K, chloroplastic (LOC107889491) gene
was found to match the cotton (G. hirsutum L.) genome (Table 3). According to the GLM analysis results for LT
trait, P values varied between 0.0001 and 0.0012, R? values varied between 0.1130 and 0.1660, and —log10(P-
Value) >2.5 varied between 2.91 and 3.87. According to MLM analysis results, P-value varied between 0.0006
and 0.0030, R? values varied between 0.1094 and 0.1693, and -log1 0(P-Value) >2.5 varied between 2.51 and 3.21.
In terms of LT traits, 83 SNP markers were identified according to GLM analysis, 48 SNP markers were identified
by the MLM method and 24 SNP markers were identified according to —logl10(P-Value) >2.5 condition. But nine
common markers were identified by both methods according to the condition of -log10(P-Value) >2.5 (Table 4).
SNP6665, SNP5029, SNP7949, SNP5643, SNP642, SNP2616, SNP5915, SNP5037 and SNP3217 markers were
identified by both methods. Some characteristics of these markers are given in Table 5. Manhattan and QQ Plot
graphs related to high temperature tolerance determined by the GLM and MLM methods for the trait analyzed are
shown in Figure 4.
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Table 4. Key attributes of SNP markers associated with leaf temperature (LT, °C) response in cotton under high-temperature
stress

Leaf Temperature (LT) (°C)

. General Linear Model (GLM) Mixed Linear Model (MLM)
Marker Chr Position P Val 2 -log10 PVal 5 -logl0 (P- FDR
(M) Value R (P-Value) alue R Value)
SNP6665 D10 100 0.0001333  0.1611 3.87 0.00064 0.15406 3.18 0.0021
SNP5029 D05 316 0.0001454  0.15225 3.83 0.00061 0.15012 3.21 0.0021
SNP7949 D13 149 0.0001836 0.14967 3.73 0.00069 0.14564 3.15 0.0021
SNP5643 D07 38 0.0002227 0.15225 3.65 0.00084 0.14833 3.07 0.0021
SNP642 A04 34 0.0004911 0.13135 33 0.00198 0.12064 2.7 0.0024
SNP2616  Al10 286 0.0005550 0.16608 3.25 0.00155 0.16933 2.80 0.0024
SNP5915 D08 16 0.0005897  0.1268 3.22 0.00188 0.12188 2.72 0.0024
SNP5037 D05 324 0.0006441 0.12976 3.19 0.00152  0.1308 2.81 0.0033
SNP3217  Al2 117 0.00121  0.11309 291 0.00302  0.10947 2.51 0.0033

R?: Variation explained by the marker, P Value: Significant threshold of the markers, FDR: False discovery ratio, cM:
Centimorgan, Chr: Chromosome

Table 5. SNP markers linked to leaf temperature (LT, °C) variation in cotton under high-temperature conditions

Leaf Temperature (LT) (°C)

Marker Chr Position (bp) Gen ID Series
TGCAGAAGACACTGGCATGTATCGAGCCTGGTCAGGGG

SNP1680 A07 79351692 LOCI07956390  \ ~GACGACGATTACTTGACAGTTGCGGGACCTAG
TGCAGCAGATGATGATGGTATCTCTCTTACGCACTCCTC
TCTCATTTTCAATGTGGTTCTTAGTTTTTTATCCTGGTT
TGCAGCCCGCTTCTTCTGGGCGAATTATTCATCATCGGC

SNP3092 All 115618156 LOC107898822 TCGCGCGAGGAGGTTCTTTGCAACCGATGGCTTACAGA
T
TGCAGTGGACCACCGCGAACTTCCTTGGCGGTTTCAGCC
AAAAGGAATGGATCTTTCAAGAGAGCTCCGCA
TGCAGCCCTGTCAAACATGAGAAGACATTGGAGATGAT
TGGAAAGAAGTTGAAAAAGAACAGTGTA
TGCAGCGAAGAAGAATCCTCCCACACAACGTCGAACAA
GTACACTACGGAATGGTCGAAGAGAGAGAGTCTGAC

SNP2537 A10 83870531  LOC107895542

SNP4374 D03 33711177  LOC107951183

SNP4311 D03 577545 LOC107909460

SNP6415 D09 38872737  LOC107889491

Chr: Chromosome, bp: Base pair

Expected -Log10(P-Value) vs. -Log10(P-Value)
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Figure 4. Manhattan and QQ Plots for LT trait related to high temperature tolerance determined by GLM-MLM method and
satisfying the condition -log10 (P-Value) >2.5
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Genes mapped to SNP markers were found to match, respectively, SNP5029 marker kinesin-like protein KIN-
14R (LOC107905143), SNP7949 marker glycerol- 3- phosphate 2- O- acyltransferase 6- like (LOC107961543),
SNP5643 marker protein EMBRYONIC FLOWER 1-like (LOC107900517), SNP642 marker receptor-like protein
EIX2 (LOC121217273), SNP2616 marker with caffeoyl shikimate esterase (LOC107897770), SNP5915 marker
with small nucleolar RNA U3 (LOC121220675) genes. The leaf chlorophyll density (SPAD) trait, P values varied
between 0.0003 and 0.0047 by the GLM method; R? values varied between 0.0903 and 0.1426 and -log10(P-
Value) >2.5 condition varied between 2.62 and 3.49. According to the MLM method, P values varied between
0.0009 and 0.0032; R? values varied between 0.1323 and 0.1687 and —logl0(P-Value) >2.5 condition varied
between 2.50 and 3.03. The SPAD trait, 60 SNP markers, was identified by GLM analysis and 43 SNP markers
were identified by the MLM method. However, 8 SNP markers meeting the condition of —log10(P-Value) >2.5
were defined as highly significant according to the MLM method. According to both methods and conditions, 5
markers (SNP7623, SNP7492, SNP4621, SNP4403 and SNP3385) were significant (Table 6). Abdurakhmonov et
al. (2009) indicated that markers detected by both GLM and MLM approaches are suitable for use as QTLs. These
highly significant and important SNP markers (Shi et al., 2024; Meng-wei et al., 2023) were identified using -
log10(P-Value) as described by the researchers. To avoid false genetic variants associated with the SPAD trait, 4
highly significant and important markers (SNP1910, SNP4621, SNP7263, SNP7428) were identified by
performing the —log10(P-Value) >2.5 condition in the MLM method (Table 6). However, it was determined that
only SNP1910 and SNP7428 markers were characterized in the cotton genome. Some characteristics of the co-
determined markers are given in Table 7. Manhattan and QQ Plot graphs related to high temperature tolerance
determined by the GLM and MLM methods for the SPAD trait are shown in Figure 5.

Table 6. Key attributes of SNP markers influencing SPAD-measured leaf chlorophyll content in cotton under high-temperature
stress

Leaf Chlorophyll Density (SPAD)

General Linear Model (GLM) Mixed Linear Model (MLM)
Marker Chr Position (cM) -logl0 -log10

P Value R2 (P-Value) PValue R2 (P-Value) FDR
SNP7263 D11 255 0.00237 0.10664 2.62 0.00183 0.15011 2.73 0.0028
SNP7492 D12 89 0.00199 0.10952 2.7 0.000931 0.16036 3.03 0.0028
SNP4621 D04 138 0.00166 0.11093 2.717 0.00127 0.1687 2.89 0.0028
SNP4403 D03 104 0.00079873 0.12547 3.09 0.00245 0.13233 2.61 0.0028
SNP3385 Al2 285 0.00052452 0.13589 3.28 0.0022 0.14304 2.65 0.0028
SNP3386 Al2 286 0.00032231 0.14262 3.49 0.00177 0.14557 2.75 0.0028
SNP7428 D12 25 0.00479 0.09032 - 0.00323 0.13822 2.50 0.0032
SNP1910  A08 159 0.00335  0.0973 - 0.00174 0.1439 2.75 0.0028

R?: Variation explained by the marker, P Value: Significant threshold of the markers, FDR: False discovery ratio, Chr:
Chromosome

Table 7. SNP markers influencing SPAD-measured leaf chlorophyll content in cotton under high-temperature stress

Leaf Chlorophyll Density (SPAD)
Marker Chr Position (bp) Gen ID Series
TGCAGCAATTTCCCACCAGCAGCACAAGATCGT
SNP1910 AO08 98957833  LOC107900870 AGACCAATTGTCTCCTGAAAAAAATATGCAAAA
AAAAAAT
TGCAGTAGTTTGACTTTGAAAATTCACCAAAAAT
SNP4621 D04 33431400 LOC121209746 TGTAGAAATTGAATTAGAGGTTACAGATCGGAA
GA
TGCAGCTACTCGAAACCTTCTTTGCAGATCAAGC
SNP7263 D11 50962474 LOC107961858 CGTATCGCATGGGTTACGGGACTCTGCTCTACTT
TCT
TGCAGTTACATAATGATCGGCAATGAACCATAT
SNP7428 D12 2080513 LOC107947383 ATATACAGTTGTCAAACGAACTCAATTATTACA
ACAAA

Chr: Chromosome, bp: Base pair
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Figure 5. Manhattan and QQ Plots of the SPAD trait related to high temperature tolerance determined by GLM- MLM method
and satisfying the condition -log10(P-Value) >2.5

In this context, 2 QTL gene matches, such as the SNP1910 marker CtBP (LOC107900870) and the SNP7428
marker GATA transcription factor 24 (LOC107947383), were identified. The SNP1910 marker was located on
chromosome A08 of the cotton (G. hirsutum L.) genome at position 98957833 bp and mapped to the CtBP gene
(LOC107900870). The CtBP gene, identified from the genomic sequence NC 053444.1 through Gnomon and
confirmed by expressed sequence tag (Gnomon EST) data (Anonymous, 2023), matched the SNP1910 marker and
was positioned within the coding region of the genome.

4. DISCUSSION

In this study, a series of genes and markers were identified in cotton (G. hirsutum L.) exposed to high-
temperature stress through SNP based association analyses. In particular, genes associated with growth,
development, and stress tolerance, such as Callose synthase 5 (LOC107895542), the FERONIA receptor-like
kinase (LOC107956390), WNKS8 kinase (LOC107951183), several kinesin family proteins, the GATA24
transcription factor, and an Embryonic Flower 1-like protein stood out. The identification of these genes
contributes to a deeper understanding of the mechanisms underlying high-temperature stress responses in cotton.

Callose synthase 5, a key enzyme regulating callose deposition in the cell wall during stress responses, showed
a strong association with relative cell injury (RCI). Callose is known to limit membrane damage by forming a
barrier in the cell wall under stress conditions (Akman et al., 2012). Members of the CalS (Callose synthase) family
in cotton have been reported to undergo expression changes under high-temperature and other abiotic stress
conditions (Feng et al., 2018). The association of SNP2537 with Callose synthase 5 suggests that this gene may
contribute to stress tolerance by preserving plasma membrane integrity. Considering that high RCI values indicate
disruption of membrane stability through increased electrolyte leakage, callose synthesis may act as a repair or
protective mechanism. This finding aligns with the well-established role of callose in stress responses. Studies in
model plants have shown that CalS genes increase callose deposition at plasmodesmata under high temperature,
thereby regulating intercellular communication and developmental processes. These observations support the
hypothesis that Callose synthase 5 may function similarly in cotton. Likewise, the FERONIA receptor-like kinase,
which senses cell wall integrity and regulates signal transduction, also emerges as a key candidate.

Markers such as SNP1680, associated with the FERONIA receptor-like kinase and Serine/Threonine-protein
kinase WNKS8, were linked to membrane damage and RCI. Abiotic stresses have been shown to induce substantial
physiological and biochemical disruptions in a range of field crops, emphasizing the importance of stress-related
traits such as membrane stability and physiological homeostasis (Karim et al., 2022; Zirak-Qoturbulagh et al.,
2025). FERONIA is a central protein that functions as a sensor of cell wall integrity and interacts with the RALF1
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peptide to regulate cell expansion and stress signaling (Haruta et al., 2014). Genetic studies in cotton have shown
that certain gene combinations enhance membrane stability, likely involving members of the RLK family. In this
study, the FERONIA signaling pathway may have contributed to stabilizing the cell wall plasma membrane
interface under high-temperature stress, thereby improving RCI values. However, it should be noted that
FERONIA plays context dependent roles and may also trigger cell death in certain cases (Chen et al., 2016). This
dual functionality underscores the importance of elucidating FERONIA’s precise role in cotton in future research.

Phenotypes observed under high-temperature stress such as leaf tissue degradation, boll desiccation, and
impaired boll opening indicate disruptions in cell wall integrity and intracellular trafficking. In tobacco (Nicotiana
tabacum) and tomato (Lycopersicon esculentum), the xylanase (EIX) genes and their receptors, which play critical
roles in plant immune responses and are internalized via endocytosis, have been well characterized (Ron and Avni,
2004). This system is closely linked to the perception of cell wall integrity and signal transduction. Although an
EIX-like pathway has not yet been reported in cotton, similar receptor kinases and endocytic mechanisms for
monitoring cell wall homeostasis are likely conserved. Our findings suggest that the physical and chemical
deterioration of cell wall structure caused by high-temperature stress such as loosening of the pectin and
hemicellulose matrix may adversely affect these conserved signaling networks.

The SNP5643 marker corresponds to an EMBRYONIC FLOWER 1-like gene, which encodes a VEFS domain
protein involved in regulating vegetative growth and reproductive development. The gene’s role in developmental
transitions provides a plausible explanation for the phenotypic abnormalities observed under heat stress, including
leaf deformation and floral defects.

Kinesin-like proteins (KIN-7K and KIN-14R), which encode microtubule associated motor proteins, were also
associated with high-temperature stress. Temperature stress is known to affect microtubule dynamics, directly
influencing cell division and intracellular transport. Proteomic studies in cotton have reported changes in the
abundance of cytoskeletal proteins under high temperatures, suggesting that kinesin genes may play important
roles in the stress response. Microtubules are highly sensitive to temperature and can depolymerize under heat
stress, disrupting cell division, cytoskeletal organization, and intracellular transport. In cotton, Rikin et al. (1975)
demonstrated a link between microtubule stabilization and cold tolerance. Our findings suggest that a similar
mechanism may apply to heat stress. We hypothesize that kinesins may play a vital role during heat stress by
transporting essential components (e.g., heat shock proteins or repair factors) or removing damaged structures.
However, the specific functions of these kinesin genes in cotton and the cargo proteins they transport under high
temperature remain unclear and require functional studies. Additionally, transcription factors such as GATA24
and Embryonic Flower 1-like proteins act at the intersection of development and stress responses. GATA
transcription factors are known to be associated with light signaling, growth, and stress adaptation. In cotton, high-
temperature induced changes in fiber development and sucrose metabolism may reflect the regulatory potential of
these genes. Functional validation studies including expression analyses and promoter fusion experiments could
further support these associations; phenotypic screenings may also evaluate impacts on flowering, fiber
development, and membrane stability.

Caffeoyl-shikimate esterase (CSE), identified as a gene in the lignin biosynthesis pathway, emerges as another
candidate. Lignin accumulation (lignification) is thought to be a response to abiotic stresses, potentially
strengthening the cell wall (Moura et al., 2010). Under heat stress, enhanced lignification could contribute to the
leaf desiccation symptoms observed, suggesting a link between cell wall reinforcement and thermal damage
responses. Markers corresponding to GPAT family genes, including GPAT6, highlight pathways related to lipid
metabolism and membrane structure. GPAT6 is associated with endoplasmic reticulum function and glycerolipid
synthesis, both essential for maintaining membrane stability under abiotic stress. The identification of GPAT
associated loci in cotton offers new insights into species specific mechanisms regulating heat tolerance. Vanholme
et al. (2013) demonstrated that CSE is a key enzyme in lignin biosynthesis in Arabidopsis. The heat induced leaf
desiccation and cell collapse observed in our study may be consistent with increased lignification. However,
excessive lignification may also reduce cell flexibility and restrict growth, making it necessary to determine
whether CSE’s overall effect on heat stress responses in cotton is beneficial or detrimental.

The SNP7428 marker, aligned with GATA Transcription Factor 24 (LOC107947383), underscores the
potential contribution of transcriptional regulation to heat induced phenotypic variation. GATA transcription
factors in cotton have not yet been fully characterized, but Reyes et al. (2004) reported that GATA factors regulate
various light related processes in other plant species. This information suggests that GATA factors may influence
SPAD related traits and leaf physiological responses following heat shock. Collectively, SNPs mapping to genes
involved in cell wall organization, membrane integrity, cytoskeletal structure and motility, hormone related signal
transduction, and gene expression regulation highlight the multifaceted nature of heat tolerance in cotton. Similar
phenotypic variation in response to temperature-related stress has also been reported in other field crops, where
physiological and developmental traits were shown to be strongly influenced by thermal conditions (Siimer, 2023).
The genes identified within six QTLs associated with leaf temperature are located in protein coding regions; some
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are consistent with known stress related pathways in other plant species, yet newly reported in cotton. These
findings underscore the complexity of heat tolerance in G. hirsutum L. and identify genomic regions requiring
further functional characterization.

Genes such as C-terminal Binding Protein (CtBP) and GATA Transcription Factor 24, which are linked to
energy status and light signaling, also appear noteworthy. CtBP is sensitive to NAD(H) levels and can regulate
transcription according to the cellular redox state (Zheng et al., 2007). High temperature disrupts cellular redox
balance by increasing energy consumption and reactive oxygen species (ROS) production. CtBP may modulate
the expression of stress response genes in accordance with this altered metabolic state. The leaf chlorosis and
elevated SPAD values observed after heat stress in our study may be related to disruptions in the photosynthetic
apparatus and chlorophyll metabolism. GATA factors are likely involved in regulating photosynthesis and carbon
metabolism related genes under heat stress. Notably, the roles of CtBP-like NAD(P) binding proteins, GATA
transcription factor 24, and kinesin-like proteins in cotton remain largely unexplored, representing promising
targets for advancing our understanding of thermotolerance in this economically important crop.

This study identifies novel candidate genetic regions associated with heat tolerance in cotton, yet functional
analyses are necessary for validation. Gene editing approaches such as CRISPR/Cas9, through gene silencing or
overexpression, provide powerful means to confirm the roles of these genes in heat tolerance. Targeting genes
associated with cell wall architecture, membrane stability, and signal transduction may help clarify the effects of
heat stress on key physiological processes. Because cotton is an allotetraploid species, insights gained from model
plants may not always translate directly. Thus, functional characterization of candidate genes in cotton will
contribute significantly to both basic research and breeding efforts.

In conclusion, this study provides valuable insights into the genetic basis of heat tolerance in cotton.
Experimental validation of the candidate genes will establish a strong scientific foundation for developing heat
tolerant cotton cultivars.

S. CONCLUSION

This study provides insights into the potential genetic components of high-temperature stress tolerance in
cotton, identifying a set of candidate genes and markers through association mapping. The distribution of these
QTLs across specific chromosomes in the A and D subgenomes suggests a polygenic basis for thermotolerance,
consistent with the observed physiological complexity of the trait. Findings from this work point to the possible
involvement of various biological processes such as cell wall fortification mediated by callose, cell wall integrity
sensing via pathways including FERONIA, intracellular transport involving kinesins, and transcriptional
regulation in the cotton heat stress response. The phenotypic alterations observed following high-temperature
treatment may be linked to disruptions in these systems. The QTLs and candidate genes identified here, while
requiring further functional validation, present a valuable resource for future investigation. They offer a
preliminary framework for subsequent research aimed at functional characterization, for instance through gene
editing, and could inform longer term strategies for developing climate tolerant cotton varieties.
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