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Abstract

Cotton (Gossypium spp.) is one of the most important fiber crops worldwide, providing natural
fibers that support the textile industry and human livelihoods. Fiber quality traits are major
determinants of cotton economic value because they directly influence spinning performance, yarn
strength, and the quality of textile products. However, the genetic mechanisms underlying the
complex inheritance of fiber quality traits remain incompletely understood, particularly in
populations derived from wild and cultivated cotton relatives.
In this study, a recombinant inbred line (RIL) population developed from an interspecific cross
between Gossypium barbadense and Gossypium darwinii was used to dissect the genetic basis of
fiber quality traits. A high-density genetic linkage map was constructed using single nucleotide
polymorphism (SNP) markers, comprising 3 518 markers spanning a total genetic distance of 3
801.17 cM. Phenotypic evaluations of three yield-related traits and five fiber quality traits were
conducted across three consecutive years. A total of 89 quantitative trait loci (QTLs) were
identified, including 20 stable QTLs consistently detected across multiple environments. These
QTLs were associated with boll weight (BW), fiber length (FL), fiber strength (FS), fiber
elongation (FE), seed index (SI), micronaire (MIC), and lint percentage (LP). Major QTLs were
distributed mainly on chromosomes chr-D07, chr-A12, chr-DO01, chr-D06, chr-D04, and chr-D12.
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A QTL hotspot region on chr-D07 was identified, where co-localized loci controlling FL, FS, FE,
and SI were detected. Within this hotspot, two candidate genes, ZINC FINGER PROTEIN and
LOC107929956, were identified as potential regulators of fiber development. Among them, ZINC
FINGER PROTEIN showed significantly higher expression in developing fiber and ovule tissues
at 10, 15, 20, and 25 days post-anthesis (DPA), indicating its potential role in fiber formation.
This study provides new insights into the genetic architecture of cotton fiber yield and quality traits
by identifying stable QTLs and promising candidate genes derived from G. barbadense and G.
darwinii. The identified QTL hotspot and candidate genes represent valuable genetic resources for
marker-assisted selection and molecular breeding strategies targeted at improving fiber quality

while maintaining high yield potential in cotton.

Keywords: Fiber quality traits; RIL Population; QTL Mapping; Genetic Map Construction;
Correlation; Expression Analysis; ANOVA.

Abbreviations

BW = Boll weight

FL = Fiber length

FS = Fiber strength

FE = Fiber elongation

MIC = Micronaire

LP = Lint percentage

SI = Seed index

FU = Fiber uniformity

HVI = High volume instrument

QTL = Quantitative trait loci
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RIL = Recombinant inbred line

DPA = Days post-anthesis

SNP = Single nucleotide polymorphism

MAS = Marker-assisted selection

BWA = Burrows-Wheeler alignment

GATK = Genome Alignment Tool Kits

ICIM = Interval composite interval mapping

1. Introduction

Cotton (Gossypium spp.) is among the world's most economically important crops, with its fiber
serving as the primary natural raw material for the textile industry. Advances in textile technology,
coupled with increasing consumer demand for high-quality textile products, have resulted in
greater requirements for improved cotton fiber quality (Zhu and Weir, 1998). The quality of cotton
fiber is a major determinant of its commercial value, as it influences the spinning and weaving
processes that determine the final texture and durability of textile products. Key fiber quality traits
such as fiber length, strength, fineness, and uniformity are critical for high-end textile
manufacturing. The quality of cotton fiber is largely determined by its inherent physical properties,
including fiber length, strength, and fineness (Zumba and Rodgers, 2016). Among these
characteristics, fiber length is regarded as one of the most critical quality parameters, as it directly
influences cotton value in raw material markets and plays a key role in yarn production and
processing performance (Kuang and Yu, 2015). Fiber strength and micronaire (a measure of fiber
fineness and maturity) have become increasingly important parameters for determining cotton bale
value in the global market. Fiber strength reflects the tensile strength and durability of individual
fibers, whereas micronaire provides an indication of both fiber fineness (linear density) and the
degree of cell wall development and maturity during fiber formation (Zumba and Rodgers, 2016).
Cotton fiber production faces increasing competition from synthetic fibers, which have gained a

dominant position in the global textile market. Synthetic fibers currently account for more than
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75% of global textile fiber consumption, posing a significant challenge to the competitiveness and
demand for natural cotton fibers (ICAC, 2021). Therefore, the increasing competition from
synthetic fibers has intensified the demand for cotton varieties with superior fiber quality and

enhanced spinning performance.

However, genetic improvement of cotton fiber quality is constrained by the limited genetic
diversity within upland cotton (Gossypium hirsutum). Consequently, expanding the genetic base
through the introgression of diverse germplasm resources is essential for developing new cotton
varieties with improved fiber quality and high yield potential (Abdurakhmonov et al. 2008, 2009;
Yu et al. 2014). Creating new varieties using traditional breeding methods, specifically, the
introduction of genes of desirable traits to the elite cotton from a donor source into the elite, is very
laborious and requires at least 10 years of hard work (Abdurakhmonov et al. 2009). Simultaneous
improvement of multiple desirable traits in cotton remains challenging because unfavorable
correlations often exist among important characteristics, such as fiber quality, fiber yield, and
tolerance to abiotic stresses. These antagonistic relationships can limit the efficiency of selection
and complicate breeding efforts aimed at achieving balanced genetic improvement (Griffith and
Crowfoot, 1934; Muthukumaran, 2016; Nicholson, 1960). The integration of DNA marker
technologies into plant breeding has provided powerful tools for characterizing genetic diversity,
identifying genomic regions associated with important traits, and accelerating the improvement of
economically valuable crop characteristics (Preetha and Raveendren, 2008). The development of
molecular marker technologies has provided breeders with efficient approaches for dissecting
complex quantitative traits and identifying genomic regions underlying important agronomic
characteristics. These technologies enable more precise selection, reduce the time and resources
required for the development of new varieties and hybrids, and complement conventional breeding
approaches. In recent years, numerous DNA markers and genes associated with resistance to biotic
and abiotic stresses, yield-related traits, and quality attributes have been identified and mapped
across diverse crop species, facilitating the application of genomics-assisted breeding (Zhang et al.
2013; Han et al., 2019; Wang et al. 2019). Molecular markers have significantly enhanced the
efficiency, precision, and speed of crop improvement by facilitating the identification and selection
of favorable alleles through marker-assisted selection (MAS). By enabling the early selection of

plants carrying desirable genetic variants, MAS reduces reliance on phenotypic evaluation and



114
115
116
117
118
119

120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139

140
141
142
143

minimizes the influence of environmental variation on trait assessment. Recent advancements in
molecular breeding approaches, including QTL mapping, genomics, high-throughput genotyping,
genomic selection, and genome editing, have further expanded the application of DNA markers in
modern crop improvement programs. Consequently, MAS has become an essential component of
genomics-assisted breeding strategies aimed at accelerating the development of improved crop

varieties (Hasan et al. 2021; Zhang et al. 2023; Tyagi et al. 2024).

Among the various cotton species, Gossypium barbadense (Sea Island cotton) is well-known for
its exceptional fiber quality, particularly its extra-long staple (ELS) fibers, which are sought after
for producing fine and strong yarns. Its superior fiber quality makes it a preferred parent in
breeding programs aimed at improving fiber length, strength, and fineness. Despite its excellent
fiber quality, G. barbadense is susceptible to biotic and abiotic stresses, which can limit its
performance in certain growing conditions. In contrast, Gossypium darwinii, a wild cotton species
native to the coastal areas of Australia, is known for its high resilience to abiotic stresses such as
drought and biotic stresses including Fusarium and Verticillium wilt resistance. Although
Gossypium darwinii generally exhibits shorter fiber length than G. barbadense, its rich genetic
diversity and enhanced stress tolerance provide valuable genetic resources for improving cotton
adaptability to environmental changes and strengthening crop resilience under future climatic
challenges (Zhang et al. 2020). The hybridization of G. barbadense and G. darwinii crosses
provides an excellent opportunity for the identification of QTLs that influence both fiber quality
traits and biotic and abiotic stress tolerance. This crossbreeding approach is particularly useful for
developing cotton varieties that are well-suited to harsh environments while maintaining desirable
fiber traits. Through QTL mapping in RIL populations derived from such crosses, researchers can
identify loci that influence fiber strength, fiber length, micronaire, and fiber uniformity while
simultaneously introducing disease resistance and drought tolerance traits from G. darwinii. RIL
populations are particularly valuable in QTL mapping because they are genetically stable and

homozygous, which means that they provide reliable and consistent data for identifying QTLs.

Cotton fiber quality traits are governed by complex genetic networks and are strongly influenced
by environmental conditions. As quantitative and polygenic traits, fiber characteristics are
regulated by numerous genes with intricate interactions among themselves and with environmental

factors. Therefore, improving cotton fiber quality requires a comprehensive understanding of the
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underlying genetic architecture, which can be achieved through approaches such as genome-wide
association studies (GWAS) and quantitative trait locus (QTL) mapping. These genomic
approaches enable the identification of specific chromosomal regions and candidate genes
associated with key fiber attributes, including fiber length, strength, fineness, and uniformity,
thereby providing valuable genetic resources for cotton improvement programs (Wang et al. 2016;
Zhang et al. 2019). The application of molecular markers in QTL mapping enables breeders to
identify and monitor genomic regions associated with target traits in breeding populations, thereby
improving selection efficiency and accelerating the development of superior cotton varieties. In
cotton, QTL mapping has successfully identified numerous loci associated with fiber quality traits,
including major-effect QTLs that contribute significantly to fiber strength and length (Li et al.
2017). These QTLs are distributed across multiple chromosomes, with individual loci generally
explaining only a limited proportion of the phenotypic variation. However, the pyramiding of
favorable alleles from multiple QTLs can produce cumulative effects, leading to substantial

improvements in fiber quality and providing valuable resources for molecular breeding.

The development of recombinant inbred line (RIL) populations derived from the cross between
Gossypium barbadense and Gossypium darwinii has provided valuable genetic resources for
dissecting the genetic basis of cotton fiber quality traits. Zhang et al. (2019) utilized such an RIL
population to identify quantitative trait loci (QTLs) associated with fiber length and strength. Their
study identified multiple fiber strength-related QTLs on chromosomes 2 and 6, which contributed
to both additive and dominant genetic effects. These findings highlight the complex genetic
architecture underlying fiber quality traits and demonstrate the importance of exploiting diverse
germplasm resources for improving cotton fiber performance. Previous investigations have
identified a large number of QTLs associated with key fiber quality traits, including fiber length,
strength, uniformity, elongation, and micronaire, in populations derived from Gossypium
barbadense. These findings highlight the importance of exotic germplasm resources for
uncovering the genetic basis of fiber quality variation and facilitating the improvement of superior
fiber traits in cotton breeding programs (Fan et al. 2018; Zhai et al. 2016). Chen et al. (2018)
identified quantitative trait loci (QTLs) associated with fiber elongation using a Gossypium
barbadense x Gossypium darwinii population and detected a major-effect QTL on chromosome

15. This QTL exhibited a significant contribution to fiber development during the elongation stage,
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a critical period that largely determines final fiber length. These findings highlight the potential of
utilizing wild cotton germplasm for QTL introgression into cultivated cotton to enhance fiber
quality while simultaneously retaining valuable agronomic characteristics, including improved
stress tolerance. In addition to fiber length and strength, QTLs for fiber uniformity have also been

identified in G. barbadense and G. darwinii RIL populations.

Although G. barbadense is widely recognized for its superior fiber quality and G. darwinii
represents a valuable reservoir of genetic diversity, the genetic resources and introgression
potential of G. darwinii for improving fiber quality in G. barbadense remain comparatively
underexplored. In light of the abovementioned, this research aims to conduct a comprehensive
genetic analysis of fiber yield and quality traits in 198 RIL genotypes derived from interspecific
hybridization between G. barbadense and G. darwinii cotton to identify key quantitative trait loci

(QTLs) and candidate genes associated with superior fiber properties.

2. Materials and methods
2.1 Development and phenotypic evaluation of the RIL population

A cross between G. barbadense L. (Xinhai 18) and G. Darwinii Watt (Darwinii 5-7) was conducted
to generate 198 RIL individuals that were used for phenotypic evaluation, genetic map construction,
and QTL detection. The single-seed descent (SSD) technique was employed to develop the
recombinant inbred lines (RIL). In each F2 progeny line, one individual was selected randomly
and selfed to generate the next progeny line by self-hybridization. An Fs.7 population was carefully
selected as the RIL population for phenotypic evaluation. Field evaluation of the RIL population
was carried out for 3 consecutive growing seasons (2023, 2024, and 2025) in Xinjiang (XJ) (East
113°370. North 35°120). The experimental design was laid out on a randomized complete block
design with two biological replications. Each genotype was sown on a 5 m-long single ridge with
inter-row spacing of 0.8 m. Each row was planted to 15 to 20 plants per ridge. All agronomic and
other cultural management practices were performed in accordance with the recommendations of
the Institute of Cotton Research, CAAS (ICR, CAAS) in Anyang. Agronomic and fiber quality
traits were recorded as follows: boll weight (BW) (g) measured as the weight of 30 mature bolls,
lint percentage (LP) (%) calculated as the weight of 30 fibers divided by seed weight, and seed
index (SI) (%) recorded as the weight of 100 cotton seeds. Fiber length (FL) (mm), fiber strength
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(FS) (cN-tex 1), micronaire (MIC) (ng-inch™), fiber uniformity (FU) (%), and fiber elongation (FE)
(%) were measured using the HVI1000 (USTER®) machine. Descriptive statistics, heritability,

variance analysis, and correlation analysis were performed using SPSS software.
2.2 Phenotypic data collection

A total of 25 naturally open bolls were hand-harvested from each plot. After ginning, 10-15 g of
fiber from each sample was sent to the Cotton Fiber Quality Inspection and Testing Center of the
Ministry of Agriculture, Anyang, China, and the fiber quality traits of each genotype were
measured by the HVII000 automatic fiber testing  system  (http://www.
uster.cn/en/instruments/fiber-testing-1/uster-hvi-3/), including FE (%), FS (cN-tex '), FL (mm),
MIC (pg inch™) and FU (%).

2.3 Statistical analysis

2.3.1 Analysis of variance and estimation of genetic effects

Data on yield and fibre quality traits were subjected to both separate and combined analyses of
variance (ANOVAs) using SPSS. Fisher’s least significant difference (LSD) test (a = 0.05) was
used to separate the means. Genotypes, replications, and environment were considered as random
effects. Years were treated as environments. The following random model was used for ANOVA

in one environment:
Yijk =u+G; + ﬂj 7y T € (Gonzilez-Barrios et al. 2019)
Where, Yiik y2i G,» B i Vijand & are observations of the i™ genotype and ;" replication in the k”

block, overall mean, effect of the i genotype, effect of the j” replication, effect of the k" block nested
within j” replication, and random error, respectively.

The following random model was used for ANOVA across environments:

Yoy =p+G + B,y + 7y +E +(GE), + &, (Gonzélez-Barrios et al. 2019)

Where, Y,»jk[, 1 G,-’ ,Hj(,)’yk(,j)’ El, (GE), and € are observations of the i” genotype in the

j™ replication, the A" block, and the /" environment, the overall mean, effect of the i’ genotype,
within-environment replicate effect, environment x replication within block effect, environment
effect, genotype x environment interaction effect, and random error, respectively.



231
232

233

234

235

236
237
238

239

240
241

242

243
244
245
246
247
248
249
250

251

252
253
254
255

2.3.2 Estimation of genetic variability parameters and correlation

Broad-sense heritability as well as correlation analysis was computed using the formulae given by

Singh and Chaudhary (1985) as follows:

2
o
(a) Broad-sense heritability (hb2 )= o—f
ph
0'2 0'2
Where, 012,;, = az + Tgl + —;as described according to (Littell et al. 2006), O';h , 02 ,rand/
r

are phenotypic variance, genotypic variance, number of replications, and number of
environments, respectively. Heritability estimates were grouped as high (> 50 %),
moderate (20 — 50 %), and low (< 20 %), as suggested by Stansfield (1986).

Cov(x,y)

2 2
O xX07)

(b) Correlation coefficients (7 Ty )=

2 2 ) . ) .
Where, Cov(x,y) 0 x, 0y are the covariance between the traits x and y, the variance of trait x,

and the variance of trait y, respectively.

2.4 SNP Marker Calling

The two parental lines and 198 RILs were used for marker calling. The samples' genomes were
randomly cut using the Illumina HiSeq2500 platform. 380 bp to 480 bp genome segments were
obtained for further sequencing. The raw data were filtered according to published methods by
Wallace and Mitchell (2017). The Burrows-Wheeler Alignment (BWA) program was used to align
the purified data to the reference genome
(https://cottonfgd.net/about/download/assembly/genome.Gbar.CRI.fa.gz), while SNPs were
identified using Genome Alignment Tool Kits (GATK) and Sequence Alignment Tools (SAM).

The polymorphic SNP markers were used to construct a genetic map.

2.5 Genetic Map Construction

Genetic map construction was performed using the genotype-by-sequencing method, which
involves identification of SNP markers. Markers that covered < 60 % of the progeny individuals
in the RIL were discarded. Segregation of each SNP marker was conducted using a Chi-square test.

Markers with distorted inheritance patterns were used to balance marker distribution across each
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chromosome and mitigate segregation distortion. The filtered SNP markers were employed to

construct a genetic map using the Ici-Mapping software (V. 4.2).

2.6 QTL Mapping

Ici-Mapping software version 4.2 was used to detect QTLs associated with all the traits under
consideration. Interval composite interval mapping (ICIM) parameters were used to map the QTLs.
Forward and backward regression models with a 1 ¢cM walking speed, a probability of 0.01 for
input and output, and a window size of 10 ¢cM were used. The LOD threshold was determined by
the manual permutation technique, establishing a value of 11.5, corresponding to 2.5 LOD scores.
Trait QTL values below 2.5 scores were considered not fit for further selection of significant and

consistent QTLs.

2.7 Analysis of Loci and Selection of Candidate Gene

To comprehensively capture potential functional genes and cis-regulatory elements linked to target
traits, on chromosome D07, the original bin interval (Bin_1605594 1613130) was extended by 10
kb upstream and downstream. The information on candidate genes in this QTL region was
extracted directly from the Gossypium barbadense reference genome accessible at the CottonGen
website (https://www.cottongen.org). Additionally, interspecific orthology analysis was performed

to identify their one-to-one orthologs in G. hirsutum.
3. Results

3.1 Phenotypic Analysis and Correlation of Traits in RIL Population of G. barbadense and G.

darwinii Introgressions

The phenotypic evaluation was conducted in a recombinant inbred line (RIL) population
comprising 198 individuals and two parental lines, Xinhai-18 and Darwinii 5-7. Results from the
phenotypic data analysis showed abundant variation among accessions. BW, LP, FL, FU, FS, MIC,
FE and SI exhibited values in the ranges of 2.28-4.93 g, 20.40-39.57 %, 25.87-38.77 mm, 82.13-
88.90 %, 27.43-47.10 cN-tex !, 2.53-5.63 pg inch™, 6.57-7.20 % and 9.8-16.45 % with average
values of 3.5 g, 31.57 %, 33.14 mm, 86.24 %, 37.11 cN-tex !, 4.45 %, 6.94 % and 12.75 %,
respectively (Table 1). All yield and fiber quality traits were normally distributed (Fig. 1),

indicating that these traits are quantitative and controlled by multiple genes. The coefficients of

10
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variation (CVs) for BW, LP, FL, FU, FS, MIC, FE and SI were 12.79 %, 10.19 %, 8.36 %, 1.47 %,
11.16 %, 13.04 %, 1.89 % and 9.38 %, respectively (Table 1). Correlation analysis demonstrated
significant associations among the majority of the evaluated traits (Fig. 2). BW exhibited highly
significant positive correlations with all other measured traits, indicating a strong relationship
between boll productivity and fiber-related characteristics. LP showed significant positive
correlations with FE, MIC, and FS. FL was positively correlated with SI, FE, FS, and FU. Similarly,
FU displayed significant positive associations with SI, FE, MIC, and FS. FS was positively
correlated with SI, FE, and MIC. MIC showed a significant positive correlation with FE, and FE
was positively associated with SI. In contrast, a significant negative correlation was observed
between LP and SI. No significant correlations were detected among the remaining trait
combinations, indicating limited associations between these trait pairs. In addition, ANOVA
revealed that the effects of genotype (G), year (Y), and the interaction of genotype and year (G X
Y) were significant (P<0.001) for all traits (Table S1). This result suggested that fiber quality traits
are affected by both genotype and year. The broad-sense heritability (H?) values for BW, LP, FL,
FU, FS, MIC, FE, and SI were 90.20 %, 94.97 %, 95.00 %, 71.9 %, 93.25 %, 93.45 %, 75.62 %,
and 93.4 %, respectively (Table 1).
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Fig. 1 Frequency distributions of yield and fiber quality traits in a RIL population of a cross between G. barbadense and
G. darwinii cotton. Boll weight (BW), fiber elongation (FE), fiber micronaire (MIC), fiber strength (FS), fiber length (FL), fiber
uniformity (FU), Seed index (SI), and lint percentage (L.P).
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Figure 2 Correlation analysis of yield and fiber quality traits in the a RIL population of a cross between
G. barbadense and G. darwinii cotton. Boll weight (BW), fiber elongation (FE). fiber micronaire (MIC),
fiber strength (FS), fiber length (PL) and fiber uniformity (FU), Seed index (SI), Lint percentage (LP).
* indicates significant correlation at P<0.05: ** indicates significant correlation at 2 <0.01.



301
302

303
304
305

306

307
308
309
310
311
312
313
314
315
316
317

318

319
320
321
322
323
324

Table 1. Phenotypic statistics of yield and fiber quality traits of a RIL population between G.
barbadense and G. darwinii Cotton

Traits Min Max Mean SD CV (%) H*(%)
BW 2.28 4.93 3.51 0.44 12.79 90.20
LP 20.40 39.57 31.57 3.21 10.19 94.97
FL 25.87 38.77 33.14 2.77 8.36 95.00
FU 82.13 88.90 86.24 1.26 1.47 71.69
FS 27.43 47.10 37.11 4.14 11.16 93.25
MIK 2.53 5.63 4.45 0.57 13.04 93.94
FE 6.57 7.20 6.94 0.13 1.89 75.62
SI 9.84 16.45 12.75 1.19 9.38 93.24

Note: BW = Boll weight; LP = Lint percentage; FL = Fiber length; FU = Fiber uniformity; FS =
Fiber strength; MIC = Micronaire; FE = Fiber elongation; SI = Seed index; Min = Minimum; Max
= Maximum; SD = Standard deviation; CV = Coefficient of variation; //* = Broad sense heritability.

3.2 Genotypic and SNP Marker Analysis in a Recombinant Inbred Line Population.

A total of 200 individuals, including 198 RILs and two parental lines, were subjected to genome-
wide resequencing analysis. The average number of generated reads per individual was 183.91
million, of which 183.33 million were uniquely aligned to the reference genome. The average
mapping rate reached 99.67 %, while only 0.58 million reads per sample remained unmapped,
demonstrating the high reliability and accuracy of the sequencing dataset for downstream SNP
discovery and genetic analysis (Additional Table 2). After filtering and quality control, the total
number of detected SNPs across all individuals was 797 239 111, consisting of approximately 551
480 141 transitions and 245 758 970 transversions. On average, 29.16 % of these markers showed
heterozygosity (Additional Table 3). The SNP markers were further refined by removing markers
that did not align with the average sequencing depth of the parental lines, which was set at 8x.

Ultimately, 3 518 SNP markers were selected for construction of the genetic map.
3.3 Construction and Statistical Description of Genetic Map

A total of 3 518 polymorphic homozygous SNP markers between the two parents were used to
estimate recombination frequency and genetic distance using QTL IciMapping v4.2. Based on
genetic distance, SNP markers were assigned to 26 linkage groups corresponding to the 26
chromosomes of G. barbadense and renamed according to the reference genome physical map.
(Figure 3). The genetic distance between adjacent markers was estimated, and finally the total

genetic map distance was 3 801 ¢cM, with 2 091.7 ¢cM in the A sub-genome and 1 709.5 cM in the
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325 D sub-genome. The average number of markers in each linkage group was 135.3; chromosome
326  AO04 contained the fewest markers (10), while chromosome D22 contained the most (270markers).
327  The average distance between the 26 linkage groups was 146.2 ¢cM; chromosome A04 showed the
328  shortest distance at 2.64 cM, while chromosome A05 showed the longest at 328.98 ¢cM. The largest
329  gap observed on chromosome D23 was 38.98 cM. The average proportion of gaps less than 5 cM
330  across the 26 linkage groups was 96.71% (Table 2).

zgzsi‘ L FF Z%% ~sEE

AO01 AO2 AO03 A04 AO05 AO06 AO07 A08 A09 Al19 A10 All Al12 DO1 D02 DO3 D04 DO5 D06 DO7 D08 D09 D10 D11 D12 D13

_éEE%E‘

Chromosome

Figure 3. Shows the genetic map of 198 RIL population derived from a cross between G. bar x G. darwinii.

The X-axis represents the number of chromosomes, where AO1 to A13 indicate the 13 chromosomes of

the A-subgenome of G. barbadense and DO1 to D13 indicate the 13 chromosomes of the D-subgenome of G. darwinii.
The Y-axis represents the genetic distance (cM, centiMorgan), and the black lines across the chromosomes indicate the markers.

331

332  Table 2. Detailed information of SNP markers in the genetic map

Chromoso Total Bin Total Distance Average Maximum Gaps<5
mes Markers (cM) Distance(cM) Gap(cM) (cM)%
Al 120 215.28 1.79 28.2 92.50%
A2 104 56.62 0.54 4.5 100%
A3 191 155.25 0.81 8.7 97.90%
A4 10 2.64 0.26 0.45 100%
A5 165 328.98 1.99 28.77 89.70%
A6 67 89.01 1.33 16.17 94%
A7 47 101.03 2.15 26.63 93.60%
A8 69 44.87 0.65 4.17 100%
A9 126 93.51 0.74 4.93 100%
Al0 156 196.83 1.26 36.24 95.50%
All 196 140.84 0.72 8 97.95%
Al2 155 198.13 1.28 17.62 94.84%
Al3 205 215.70 1.05 14.8 96.59%
D1 159 252.35 1.59 29.95 94.96%
D2 155 177.37 1.14 29.59 95.48%
D3 56 54.60 0.98 7.24 96.42%
D4 79 78.80 1.00 8.52 94.94%
D5 226 291.14 1.29 24.82 96%
D6 139 121.40 0.87 34.66 97.84%
D7 163 138.23 0.85 9.88 98.15%
D8 190 178.25 0.94 16.82 95.26%
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D9 270 206.69 0.77 12.17 97.41%
D10 112 139.53 1.25 38.98 97.32%
D11 121 125.07 1.03 20.87 97.52%
D12 160 117.49 0.73 6.1 98.75%
D13 77 81.58 1.06 8.99 96.05%
Total 3518 3801.21 1.07 17.22 96.49%

Note: cM = CentiMorgan
3.4 QTL Analysis and Allelic Effect of High-Density Genetic Map

According to the QTL study, 89 QTLs were detected for all the traits, with 20 and 69 QTLs
distributed across A and D subgenomes, respectively. Specifically, there were 12 QTLs for BW, 15
for SI, 14 for FS, 13 for FL, 10 for MIC, 13 for FE, 6 for FU, and 6 for LP. The distribution of
detected QTLs varied considerably among the 18 chromosomes. Chromosome D07 harbored the
highest number of QTLs (20), followed by D12 (13), D02 (11), D01 (8), and D06 (7). Moderate
QTL enrichment was observed on chromosomes D04, D11, and D12, each containing five QTLs,
while D05 contained 3 QTLs. Chromosomes A01, A02, and D08 each carried two QTLs, whereas
chromosomes A05, A06, A07, D03, D09, and D10 each contained a single QTL. In contrast, no
significant QTLs associated with the evaluated traits were detected on the remaining 8
chromosomes, indicating a non-uniform distribution of genetic loci controlling the studied traits
across the cotton genome. The phenotypic variability explained (PVE) by the detected loci ranged
from 1.69 to 39.78%, while the LOD scores varied from 2.50 to 31.25. (Additional Table 4).

Chromosome1 Chromosome2 Chromosome5 Chromosome6 Chromosome7
LOD Score LOD Score LOD Score LOD Score LOD Score
10 15 20 25 30 5 10 15 20 25 30 15 20 25 30 10 15 20 25 30
-‘ 0 - ° a ° °
- 40 w0 = E w0 P
- 80 — 80 = g 80 80 u
120 120 Ld § 120 120
4 S 160 160 — | B S 160 160
‘ £ 240 240 ™ g 260 £ 200
& 280 — 280 - 240 280
— 320 320 — -_‘ 320 320 320
360 360 ——— 360 360 360
Chromosome12 Chromosome14 Chromosome15 Chromosome16 Chromosome17
LOD s core LOD Score LOD Score LOD s core LOD s core
1 15 20 25 30 © 5 10 15 20 25 30 30
o — ° ° °
= w0 - P — — R
80 — 80 80 I 80
ulf B3 wf 5 g
= 160 180 S S 160 S 160
I £ 240 , E 200 H{ = L] 5 20 §
&) 280 2'0 L 280 ™ 280 280
320 a6 = = 320 3 ol
360 360
ChromosomeIS Chromosome19 Chromosome20 Chromosome21 Chromosome22
LOD Sl:ora LDD S core
o 5 10
o ° 73 el e
- 40 3 a0
7 80 20
] 120 120
n 260 S 260
Al £ 200 - E 2 g z 280 gz o
= 320 —_ 320
360 360
Chromosome23 chromosomeza Chromosomazs
LOD Score
o0 3 0 18 2 25 30 25
40 i FL
80 3 -o i R0
120
160 a— (S
S 280 MIiC
320 — (R
360

Fig. 4. QTL distribution and genomic locations associated with yield and fiber quality traits in Gossypium barbadense. The Y-axis represents the
genetic distance (cM, centiMorgan) of each chromosome, while the X-axis indicates the chromosome number. Each colored line represents an |
individual QTL associated with different traits: dark green lines represent boll weight (BW), light green lines represent lint percentage (LP), * yellow
lines represent fiber length (FL), red lines represent fiber uniformity (FU), purple lines represent fiber strength (FS), cyan lines represent fiber micronaire
(MIC), blue lines represent fiber elongation (FE), and pink lines represent seed index (SI).
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3.5 QTL Clusters on Specific Chromosomes on the Genetic Map

Among the 26 chromosomes analyzed, 7 chromosomes were identified as QTL hot-spot regions,
collectively harboring a high proportion of the detected QTLs associated with fiber quality and
yield-related traits. Chromosome D07 represented the major QTL-rich region, containing 20 QTLs
associated with FL, FS, FE, MIC, BW, and SI. Chromosome A12 carried 13 QTLs linked to BW,
MIC, SI, and FS, while chromosome D01 contained 8 QTLs associated with FL, FE, FU, and LP.
Furthermore, chromosome D04 harbored 5 QTLs associated with MIC, FU, and SI, chromosome
D11 contained 5 QTLs related to FS, FE, and FU, and chromosome D12 carried 4 QTLs associated
with FL, FS, and LP. Among the 89 QTLs identified, 20 were classified as stable QTLs because
they were consistently detected across two or three years of evaluation. These stable QTLs
included four QTLs associated with SI, four with FL, three with FS, three with FE, two with BW,
two with MIC, one with LP, and one with FU. The stable QTLs were distributed across seven
chromosomes, including D07, A12, D01, D06, D04, D11, and D12.

3.6 Analysis of Loci and Selection of Candidate Genes in the QTL regions

A total of six (6) genes were identified in the extended candidate region, including:
Gbar _D07G001580, Gbar D07G001590, Gbar_D07G001600, Gbar D07G001610,
Gbar D07G001620, and Gbar _D07G001630. Interspecific orthology analysis revealed that each
of the 6 G. barbadense genes had a corresponding ortholog in G. hirsutum, including
Ghi_D07G00731, Ghi_D07G00736, Ghi_D07G00746, Ghi_D07G00751, Ghi_D07G00756, and
Ghi_D07G00761. G. barbadense alleles predominantly enhance fiber traits, whereas G. darwinii
alleles contribute to some fiber fineness and micronaire traits. Furthermore, correlation analysis
revealed a significant positive association between Bin_1605594 1613130 and fiber quality traits
(Additional Table 5B).

3.7 Genotype Phenotype Integration Analysis for Marker Bin_1605594_1613130_D07
Results from the integration analysis revealed statistically significant differences (P < 0.001)
among the genotypes for all fiber quality traits. Xinhai 18 consistently exhibits higher mean values
for fiber length, strength, elongation, uniformity, and micronaire compared with Darwin 5-7.
(Additional Figure 1a).

3.8 Correlation Analysis Between Genotype and All Fiber Traits for Marker
Bin_1605594 1613130 D07
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Findings from the correlation study revealed a significant positive correlation (P<0.001) between
all the fiber quality traits and the genotypes. FE shows the highest correlation with genotype (r =
0.630), followed by FS (r = 0.570), FL (r = 0.46), MIC (r = 0.410), and FU (r = 0.360), all of which
exhibit significant moderate correlations. (Additional Figure 1b).

3.9 Expression Analysis of Candidate Genes in the QTL Region

Expression data for the 6 candidate genes on chromosome D07 were obtained from the CottonMD

database available at (https://yanglab.hzau.edu.cn/CottonMD/). According to the investigation,

two genes may be significant for fiber quality characteristics, specifically: Ghi D07G00746, a
ZINC FINGER PROTEIN (ZFP) gene, demonstrated a remarkably elevated expression in both
fibers and ovules at many time intervals. The second gene, Ghi_D07G00736, an uncharacterized
protein LOC107929956, exhibited a modest expression level in both fibers and ovules (Fig. 5 and
6).
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Fig. 5. Expression profiling of candidate zinc finger gene Ghi D07G00746 during cotton development. (A) Heat map showing expression
patterns of four candidate genes across different developmental stages of cotton fibers and ovules. Ghi_D07G00746 exhibits preferential
and elevated expression in fiber and ovule tissues. (B) Tissue-specific expression profile of Ghi_D07G00746 across various cotton tissues,
including vegetative organs, floral organs, seeds, and fibers at different developmental stages. (C) Developmental expression analysis of
Ghi_D07G00746 in fiber and ovule tissues. The box plot compares the expression levels of Ghi_D07G00746 between ovule and fiber tissues,
showing higher expression in fibers.
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Fig. 6. Expression characterization of Ghi_ID07G00736, candidate gene associated with cotton fiber development. (A) Heat map comparison of four candidate
genes showing the preferential expression of Ghi_D07G00736 in cotton fibers and ovules. (B) Expression pattern of Ghi_ID07G00736 across different cotton
tissues. (C) Temporal expression dynamics of Ghi_D07G00736 during ovule and fiber developent. (D) Expression heat map of six orthologous genes reveals
elevated expression of Ghi_D07G00736 in cotton fiber and ovule tissues.

4. DISCUSSION

4.1 Phenotypic Diversity and Heritability of Fiber Quality Traits

Genetic diversity plays a fundamental role in QTL mapping by providing the allelic variation
required to identify associations between genomic regions and target traits. A broader genetic
background increases the likelihood of detecting informative polymorphic markers and improves
the precision of mapping trait-associated loci. Diverse parental germplasm enables the capture of
different genetic effects, including additive, dominant, and epistatic interactions, thereby
enhancing the reliability, resolution, and practical utility of identified QTLs for marker-assisted
selection and crop improvement programs (Collard et al. 2005; Xu and Crouch, 2008). The
considerable genetic variation detected in the present Gossypium barbadense * Gossypium
darwinii RIL population corresponds with previous studies demonstrating high levels of genetic
diversity within and among Gossypium germplasm resources, particularly between G. barbadense

and G. darwinii (Ditta et al. 2018; Abdullaev et al. 2017).

To improve the reliability of the phenotypic measurements and minimize environmental variation
in QTL detection, phenotypic data were collected from a single environment over three
consecutive years. Phenotypic statistical results showed that all traits exhibited phenotypic

variation ranging from 1.47 to 13.04 % (Table 1), which is similar to previous studies (Sun et al.
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2017, Huang et al. 2017, Dong et al. 2018). Heritability is an important genetic parameter that
affects the reliability and precision of association mapping by determining the proportion of
phenotypic variation attributable to genetic factors (Bernardo et al. 2004). Broad-sense heritability
(H?) is commonly used to evaluate the extent to which phenotypic variation is genetically
controlled and to assess the stability of inherited traits. According to Singh (2001), heritability can
be classified into three categories: low (<30 %), moderate (30-70 %), and high (>70 %). In the
present study, all evaluated traits exhibited high heritability, indicating a strong genetic
contribution to trait variation. These findings are consistent with earlier studies that found strong
heritability estimates for cotton fiber-related variables (Nie et al. 2016; Huang et al. 2017; Dong
et al. 2018).

Furthermore, analysis of variance (ANOVA) revealed that the effects of genotype, year, and their
interaction were significant for all evaluated traits (Additional Table 1), indicating that
environmental factors contributed to the phenotypic variation of these characters. The genotype
effect, which showed the greatest contribution, suggests that genetic factors predominantly govern
the quality traits of cotton fibers. Therefore, these traits are suitable for genetic dissection through
linkage mapping approaches. Correlation analysis among different traits is a crucial component of
breeding programs, as it provides insights into the relationships and potential interactions among
target characteristics. Understanding trait associations helps breeders design more efficient
selection strategies and facilitates the simultaneous improvement of multiple desirable traits in
cotton breeding programs (Manan et al. 2022). The correlation analysis revealed significant
positive associations among all evaluated fiber quality traits, indicating that these traits may be
improved simultaneously through effective selection strategies. In addition, significant positive
correlations were observed between yield-related traits and fiber quality parameters, suggesting
potential opportunities for concurrent improvement of productivity and fiber performance.
However, lint percentage (LP) showed a slight negative correlation with seed index (SI), indicating
a possible trade-off between these traits. These findings provide valuable insights for optimizing

selection strategies to improve multiple fiber quality attributes in cotton breeding programs.

4.2 Construction of High-Density Genetic Map
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High-density genetic maps are essential for precise QTL identification and fine mapping of genes
controlling important agronomic traits. In cotton, numerous genetic maps have been developed
using PCR-based molecular markers, particularly simple sequence repeat (SSR) markers. For
instance, Sun et al. (2021) constructed a genetic map spanning 959.4 ¢cM with 155 SSR markers.
Also, Shang et al. (2015) developed a linkage map comprising 581 SSR markers, with an average
marker interval of approximately 6.39 cM. These studies demonstrate the contribution of
molecular marker-based maps to improving the resolution of genetic analysis and QTL detection
in cotton. Liu et al. (2015) used 1 675 SSR markers to construct a genetic map spanning a total
genetic distance of 3 338.2 cM. However, the limited number of available SSR markers has
constrained the development of high-resolution genetic maps in cotton. The adoption of single-
nucleotide polymorphism (SNP) markers has substantially improved marker density and enhanced
the resolution of cotton linkage maps. For example, Han et al. (2022) developed a high-density
genetic map using a Gossypium barbadense RIL population and resequencing-derived SNP
markers, identifying 933 845 SNPs and constructing a linkage map spanning 2 483.17 cM.
Similarly, studies in Gossypium hirsutum have demonstrated the effectiveness of high-throughput
SNP genotyping for construction of dense genetic maps. Jia et al. (2016) developed a high-density
map containing 6 295 SNP markers and 139 SSR markers, covering 4 071.98 ¢cM with an average
marker interval of 0.63 cM. Zhang et al. (2016) constructed a linkage map comprising 5 521 SNP
markers, spanning 3 259.37 cM with an average marker interval of 0.78 cM. Likewise, Li et al.
(2017) generated a high-density genetic map using 3 978 SNP markers, covering 2 480.36 cM with
an average marker distance of 0.62 cM. Collectively, these studies highlight the advantages of
SNP-based high-density mapping approaches for improving QTL resolution and facilitating the
identification of genes underlying complex traits in cotton. Therefore, SNP markers are more
effective for constructing genetic maps. Many of the genetic maps constructed for cotton come
from G. hirsutum. In this study, 198 G. barbadense RIL populations were re-sequenced, and a
high-density genetic map was constructed using 3 518 high-quality SNP markers covering a
distance of 3 801.17 cM with an average of 1.0 cM. Furthermore, the genetic map identified
several SNP markers located within G. darwinii fragments. With its extensive coverage of the
entire genome of G. barbadense cotton, this high-density genetic map serves as a valuable tool for
detecting QTLs and genes associated with both sea-island and Darwin cotton. Its large number of

SNP markers enhances its utility for comprehensive genetic analyses in cotton breeding programs.

19



467
468

469
470
471
472
473
474
475
476
477
478

479

480
481
482
483
484
485
486
487
488
489
490
491
492
493
494

4.3 Influence of Marker Numbers, Environments, and QTL Detection Methods on QTL

Identification

The accuracy and efficiency of QTL analysis are influenced by several factors, including molecular
marker density, marker distribution, and the mapping strategy employed (Sabev et al. 2020). In
addition, environmental variation across different growing conditions can affect QTL detection,
influencing both the number of identified loci and the precision of their estimated genomic
positions (Cornforth and Long, 2003). For complex quantitative traits, such as fiber yield and
quality, identification of stable QTLs across multiple environments enhances their reliability and
practical value for gene discovery and marker-assisted breeding programs (Kushanov et al., 2021).
In the present study, the detection of stable QTLs associated with fiber yield and quality traits
provides valuable genetic resources for elucidating the molecular mechanisms underlying fiber

development in both Gossypium barbadense and Gossypium darwinii.

4.4 QTL Clusters and Genetic Correlation between Fiber Quality and Fiber Yield

QTL clusters harboring loci associated with multiple agronomic traits represent valuable genomic
regions for the simultaneous improvement of correlated characteristics through marker-assisted
selection (Collard et al. 2005; Zhang et al. 2020). These clustered QTL regions provide
opportunities to pyramid favorable alleles and enhance breeding efficiency by targeting multiple
desirable traits in a single selection process. Among the 26 chromosomes analyzed, QTL cluster
regions were identified on seven chromosomes. Chromosome D07 harbored 20 QTLs related to
BW, FL, FS, SI, FE, and MIC. Chromosome A12 contained 13 QTLs related to BW, FS, MIC,
and SI. Chromosome D01 contained 8 QTLs related to FL, FE, and SI. Chromosome D06
contained 8 QTLs related to FL, FE, FU, and LP. Chromosome D04 contained 5 QTLs related to
MIC, FU, and SI. Lastly, Chromosome D12 contained 4 QTLs related to FL, FS, and LP (Figure
5, Table 2). Genes and QTLs located within the same genomic regions may be physically linked
or may exert pleiotropic effects, resulting in the co-localization of loci controlling multiple traits
(Tan et al. 2018; Yang et al. 2022). However, QTL clusters containing favorable alleles for
multiple traits provide promising genomic regions for coordinated genetic improvement and

efficient selection of desirable trait combinations (Song et al. 2017; Wang et al. 2020). Consistently,
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the present study suggests that genetic linkage is the primary factor underlying the difficulty in
combining superior fiber quality with high-yielding traits.

4.5 Genotype-Phenotype Integration Analysis and Correlation Analysis Between Genotype
and All Fiber Traits for Marker Bin_1605594 1613130 D07

Results from integration analysis revealed that the genotype distribution at marker
Bin 1605594 1613130 D07 was reasonably balanced, with 105 genotypes carrying Xinhai 18,
92 genotypes carrying Darwin 5-7, and only 1 missing genotype. The very low missing rate
indicated good marker quality. Comparison of fiber traits between genotypic classes showed that
Xinhai 18 was consistently associated with higher fiber length, fiber strength, fiber elongation,
fiber uniformity, and micronaire, suggesting that the Xinhai 18 allele at this locus is the favorable
allele for fiber-quality improvement (Fig. 5a). The significant differences (P<0.001) observed
between the two genotypes support their use in breeding programs for fiber improvement.
Correlation analysis revealed significant positive correlations (r values ~0.350-0.630, P<0.001)
between the genotypes and all the fiber quality traits (Fig. 5b). This implies that genetic variation
contributes significantly to the expression of fiber quality traits in this population. Therefore,
improvement in one of these traits based on genotype is likely to be associated with improvements
in the others, suggesting shared genetic regulation or pleiotropy among these traits.

4.6 Expression analysis of candidate genes in candidate QTL region

Expression profiling of candidate genes within QTL regions, particularly in developing fiber and
ovule tissues, provides valuable evidence prioritizing potential genes underlying fiber-quality
traits and strengthening the functional interpretation of QTLs (Wang et al. 2020). The expression
profiles of the identified candidate genes were investigated in ovule and fiber tissues across
different stages of cotton fiber development. Among the six candidate genes located within the
chromosome D07 QTL hotspot region, which harbors major and stable QTLs associated with
important fiber quality traits, including fiber length (FL), fiber strength (FS), and fiber elongation
(FE), two genes exhibited consistently higher transcript abundance in both ovule and fiber tissues
throughout multiple developmental stages. The preferential expression patterns of these genes
suggest their potential involvement in regulating ovule and fiber development and support their

selection as promising candidates for further functional characterization (Fig. 6).
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Among these candidates, ZINC FINGER PROTEIN (ZFP) and LOC107929956 may contribute to
the regulation of key fiber quality traits, including fiber length, strength, and elongation. In
previous studies, ZFP proteins have been implicated in cotton fiber development through their
roles in transcriptional regulation and ubiquitin-mediated protein degradation pathways,
suggesting that these genes may influence fiber formation by modulating protein stability and
developmental processes. Zinc finger proteins are important regulators of cotton fiber development.
Several GhZHD and GhZFP genes show fiber-preferential expression and are involved in fiber
elongation, pigment accumulation, and hormone-mediated regulation, making them promising
candidates for functional validation (Abdullah et al. 2018; He et al. 2019). Following QTL
identification, candidate genes can be functionally investigated using approaches such as qRT-
PCR, VIGS, gene overexpression, and CRISPR/Cas9-mediated mutagenesis to clarify their roles
in cotton fiber development and quality (Liu et al. 2019; Gao et al. 2017). Nevertheless, this study
has some limitations. The QTLs identified here were derived from a single G. barbadense % G.
darwinii RIL population evaluated across three consecutive years, and their stability across diverse
genetic backgrounds and environments remains to be confirmed. In addition, the candidate genes
were prioritized based on their genomic positions and expression patterns but were not functionally
validated. Further studies using independent populations and functional approaches are therefore

needed to confirm the causal roles of these QTLs and candidate genes in cotton fiber development.

5. Conclusion

In this study, a population of recombinant inbred lines (RILs) was generated by crossing
Gossypium darwinii (Darwinii 5-7) with Gossypium barbadense (XH-18). Phenotypic assessments
were conducted on three yield-related traits and five fiber quality traits. Using the genotypic
information from both the parental lines and the RIL population, a comprehensive genetic linkage
map was constructed. Subsequent QTL analysis identified 89 QTLs significantly associated with
these traits. Notably, 20, 13, 8, 8, 5, and 4 QTLs were located on chromosome D07, A12, DOI,
D06, D04, and D12, respectively. Two genes were identified, including ZING FINGER PROTEIN
and LOC107929956, which could be important for fiber quality traits in cotton. This research
provides key insights into the genetics of cotton yield and quality, offering a basis for further

studies and improvements in cotton breeding.
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