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Abstract: As one of the most widely cultivated cotton species in China, upland cotton has moderate
fiber quality and wide applicability, but its genetic basis is relatively narrow. To expand genetic
diversity and improve fiber quality, in this study an introgression population (BC5Ss5) containing
107 lines was constructed by using G. hirsutum acc. 4105 as the recurrent parent and G. tomentosum
as the donor parent. Using the specific-locus amplified fragment sequencing (SLAF-seq) strategy,
3157 high-throughput single nucleotide polymorphism (SNP) markers were obtained. Linkage
analysis showed that a total of ninety-one QTLs related to fiber quality traits were detected in three
environments, and the phenotypic variance explained (PVE) rates were 4.53-20.92%. Forty-six QTL
(50.55%) synergistic genes were derived from G. tomentosum. Among them, gFS-A02-1 and qSCI-
A02-1 were stably detected with a PVE of 9.8-16.71% and 14.78-20.92%, respectively. Within the
candidate interval, Ghir_A02G012730, Ghir_A02G012790 and Ghir_A02G012830 were found to be
possibly involved in cellulose and cell wall biosynthesis, with a relatively high expression during
fiber development, 20 DPA and 25 DPA, which suggested that these three genes may be involved
in the regulation of fiber strength traits, but their functions need further validation to determine
the regulatory mechanism. Our research lays the foundation of fiber quality related to basic genetic
research and breeding in cotton.
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1. Introduction

Cotton, as one of the important economic crops in China, has an important role in the
national economy because its fiber is the primary raw material in the textile industry [1]. At
present, due to its high yield and wide adaptation, upland cotton (Gossypium hirsutum L.)
accounts for more than 95% of global cotton production. However, it is difficult to meet
the market demand due to the medium quality of fiber [2]. The global demand for cotton
production has still been increasing in recent years. Due to the fierce competition of
synthetic fiber and other fiber crops, and the increase in production cost, China still pursues
import for high-quality cotton fiber from abroad. This suggest that the improvement of the
fiber quality in high-yield cotton is very important [3].

Fiber quality is a complex trait controlled by a magnitude of QTLs [4]. With the
rapid development of molecular marker technology, molecular markers have gone through
the development of the first generation (represented by RFLP), the second generation
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(represented by SSR) and the third generation (represented by SNP) [5]. Linkage analysis
involves using the linkage recombination between functional genes and markers to compare
whether there are significant differences in the mean values of different marker genotypes
s0 as to achieve the mapping of functional genes [6]. Until now, draft genomes of several
cotton species have been released, including Gossypium raimondii [7], Gossypium arboreum [8],
Gossypium hirsutum [9] and Gossypium barbadense [10]. This greatly promoted the progress
of QTL mapping for cotton agronomic traits and functional gene mining and made an
important contribution to cotton molecular breeding.

Wild cotton species have gained excellent characteristics and adaptation mechanisms
to resist various adverse factors under long-term natural selection. At present, nearly twenty
kinds of wild cotton species (G. mustelinum, G. darwinii and G. tomentosum, etc.) have been
used for genetic breeding and improvement [11]. Using G. mustelinum (donor parent) to
develop a chromosome segment substitution lines (CSSLs) population consisting of seventy-
one lines, a total of twenty-nine QTLs related to six fiber quality traits were detected [12].
The association mapping of 105 introgression lines obtained by the interspecific cross of
G. darwinii with four pieces of upland cotton showed that forty Simple Sequence Repeats
(SSRs) were correlated with five fiber quality traits (p < 0.05) [11]. G. tomentosum is one
of the allotetraploid wild cotton species which has the advantages of drought resistance,
disease and insect resistance, high fiber strength, hairy and no nectaries [13]. Seventeen
BC3F lines were bred by crossing two upland cotton varieties (CA3084 and CA3093) with
G. tomentosum. A total of twenty-eight QTLs were detected for QTL mapping of fiber
quality traits by BCsF, obtained by self-crossing [14]. Thirty QTLs related to five fiber
quality traits were detected by using 107 introgression lines, which were developed with
an interspecific cross using G. tomentosum as the donor parent and G. hirsutum acc. 4105 as
the recurrent parent, and mainly distributed on chromosomes A01, A09, A13, D02 and D10,
respectively [15]. A total of ninety-two QTLs related to five fiber quality traits were detected
by QTL mapping for fiber quality traits from the chromosome segment substitution lines of
G. tomentosum. Additionally, these QTLs had a range of 2.0-12.6% PVE. Among them, there
are eighty QTL-favorable alleles from G. tomentosum [16].

In this study, the upland cotton variety (G. hirsutum acc. 4105) was used as the recurrent
parent and G. tomentosum as the donor parent to construct BCsSs populations (Figure S1).
QTL mapping of cotton fiber quality traits was detected based on phenotypic values in
multi-environments, which laid a foundation for using favorable alleles of important
agronomic traits to improve fiber quality in upland cotton.

2. Materials and Methods
2.1. Plant Materials and Field Experiments

In this study, G. tomentosum was used as the donor parent, and G. hirsutum acc.
4105 was used as the recurrent parent to construct a BC5S5 population with 107 lines
(Figure S1) [15]. The population was planted in Manasi County in the north of Xinjiang in
2018 (E1), Korla in the south of Xinjiang in 2018 (E2) and Manasi County in the north of
Xinjiang in 2019 (E3). In all environments, the field experiment was designed by means of
completely randomized block design. The planting pattern was four rows per film, and the
row spacing (28 + 50 + 28) + 55 cm, plant spacing 9.5 cm, row length 5 m and 2 repetitions.
All environments throughout the growth period adopt a unified field management model.

2.2. Collection of Fiber Quality Traits

Ten naturally opened bolls from the middle of the BC5S5 population were gathered
in E1, E2 and E3 from mid to late September to October each year. The collected bolls
were sent to the Cotton Research Institute of Xinjiang Shihezi Academy of Agricultural
Sciences for testing. The fiber quality traits were tested by the HVI-1000 Automatic Fiber
Measurement System (USTER® HVI 1000, Uster Technologies, Uster, Switzerland) at twenty
degrees Celsius and relative humidity of sixty-five percent. Nine fiber quality traits were
checked, including fiber length (FL), fiber strength (FS), maturity of cotton fiber (MCE),
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micronaire value (MIC), short fiber content (SFC), fiber uniformity (FU), fiber elongation
(FE), spinning consistency index (S5CI) and the water content (TWC).

2.3. Statistics of Phenotypic Data

The statistical software SPSS (IBM SPSS Statistics, version 24, Armonk, NY, USA
https:/ /www.ibm.com/support/pages/downloading-ibm-spss-statistics-24) (accessed
on 22 April 2021) [17] was used to analyze variance and basic statistical analysis of the
phenotypic data of fiber quality traits, such as average, standard deviation, coefficient of
variation, kurtosis, skewness and so on. The correlation analysis of fiber quality traits
was carried out by using the “corrplot” package in R program (https://cran.r-project.org/
web/packages/corrplot/index.html) (accessed on 23 April 2021) [18]. The heritability (H?)
analysis was carried out by using the “Ime4” package in R program (https:/ /cran.r-project.
org/web/packages/lme4/index.html) (accessed on 23 April 2021) [19].

2.4. Identification of SNP Markers

SNP markers were obtained by SLAF-sequences analysis and SNP identification as
described by Keerio et al. [15]. The young and fresh leaves of parents and each introgression
line (IL) were collected, frozen with liquid nitrogen and stored in the refrigerator at —70 °C.
After the DNA was extracted, agarose gel electrophoresis (1%) was performed to meet the
requirements of database construction, and then SLAF-seq database construction, sequenc-
ing, tag analysis and SNP identification were carried out [20,21]. The SLAF-sequences of
G. tomentosum were from Shen et al. [20]. The sequencing depth of parents is more than
20 times, and the sequencing depth of offspring is more than 5 times. Raw reads were first
used to filter out low-quality reads (quality score < 20 e), the remaining reads were sorted
to each progeny according to duplex barcode sequences. Then, each of the high-quality
reads was trimmed off 5-bp terminal position. The reference genome TM-1 sequence was
downloaded from the CottonGen database (https://www.cottongen.org) (accessed on
15 June 2020). High-quality reads were mapped to the genome of G. hirsutum TM-1 using
Burrows-Wheeler-Aligner (BWA, version 0.7.10) software [22]. Sequences that map to
the same position with more than 95% identity are defined as a SLAF locus. SNP loci in
each SLAF locus were then detected between parents using the Genome Analysis Toolkit
(GATK) software. SNPs were filtered with the criteria that the minimum read depth was
less than 10, and the average base quality was less than 30. A total of 25,659 SNP markers
were detected in the parents, of which 20,370 SNP markers were located on chromosomes.
Finally, 3157 SNP markers were obtained by further comparison with the SNP in each IL.
The genome sequences of ILs developed from SLAF-seq are available at NCBI Sequence
Read Archive database with BioProject accession number PRJNA421265 and PRJNA316549.

2.5. QTL Mapping

The QTL IciMapping version 4.2 software (https:/ /isbreeding.caas.cn/rj/index.htm)
(accessed on 10 March 2022) was used to construct the genetic map based on the 3157 SNPs
data, and the JoinMap 4.0 software was used to visualize the genetic map. To detect the
QTL related to fiber quality traits, the CSL function of QTL IciMapping 4.2 software [23]
was used to detect fiber quality traits QTL based on the stepwise regression additive effect
model (RSTER-LRT-ADD). Genotyping of SNP according to QTL IciMapping 4.2 software
requirements was performed [24]. We marked the same genotype as G. hirsutum acc. 4105
as “0” and the same genotype as G. tomentosum as “2” for QTL mapping. An LOD threshold
of 3.0 was considered to define a significant additive QTL. If the same QTL is detected in
more than two environments, it will be defined as a stable QTL. The R program “Link-
ageMapView” package (https:/ /cran.r-project.org/web/packages/LinkageMap View /)
(accessed on 10 March 2022) [25] was used to visualize the QTL on the genetic map. Naming
method of QTL: q + trait abbreviation + “-” + chromosome number + QTL number [26]. Sta-
ble QTLS are those that can be detected simultaneously in two or more environments [27].
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2.6. RNA Extraction and Gene Expression Validation

The experimental material is the cotton variety TM-1. Cotton fibers were collected at
different developmental stages (0, 5, 10, 15, 20 and 25 DPA) and stored in —80 °C ultra-
low-temperature refrigerator after snap-freezing using liquid nitrogen. Total RNA was
extracted using the EASYspin Plus Plant RNA Kit (Aidlab Biotech, Beijing, China), and the
RNA concentration and purity were determined by the NanoDrop spectrophotometry and
agarose gel electrophoresis, respectively. The RNA reverse transcribes into cDNA using
the EasyScript® One-Step gDNA Removal and cDNA Synthesis SuperMix Kit. To verify
the potential functions of candidate genes in cotton fiber development, primer design was
performed using the online site Primer3Plus (https:/ /www.primer3plus.com/index.html)
(accessed on 2 May 2022), the primers for qRT-PCR analysis are listed in Table S1. The qRT-
PCR method was used to verify the expression patterns of genes at different periods of fiber
development [28] by using the PerfectStart Green qPCR SuperMix Kit for validation. The
gene relative expression level was calculated by the 2~44 method [29]. Three independent
replicates were performed for each sample. The GRUBQY7 (accession number: DQ116441)
gene was used as a reference gene.

3. Results
3.1. Phenotypic Statistical Analysis

To uncover the excellent allelic variation of fiber quality from G. tomentosum, a BC5Ss
population of 107 introgression lines was constructed, and the fiber quality traits of the
BC5Ss5 population and its recurrent parents (G. hirsutum acc. 4105) were investigated in
2018 and 2019. All the traits exhibited normal distribution based on absolute kurtosis and
skewness value being less than 1, with skewness ranging from —0.18 to 0.51 and kurtosis
ranging from —0.86 to 5.8 (Table 1, Figure S2). The coefficient of variation (CV) varied from
1.18% (MCEF) to 17.79% (FE), with an average CV of 7.68%. The heritability (H?) ranged
from 17.95% (SFC) to 74.29% (FE) (Table 1). Under the three environments, traits such as FL,
FS and SCI all showed a large degree of variability and the phenomenon of transgressive
segregation [30], indicating that these traits were quantitative traits controlled by polygenes
and could be mapped by QTLs. The phenotypic trends of eight traits available in three
environments are shown in Figure 1, the phenotype data of FL, FS, MIC, SCI and FU were
more stable than other traits among the three environments, while MCEF, FE, TWC and SFC
were more easily affected by the environment, among which TWC had the worst stability
and was greatly affected by the environment.

Table 1. Descriptive statistics of values for fiber quality traits under three environments.

Trait Environment Aégl(')asge AvIe];:ge Max. Min. SD CV (%) Skewness Kurtosis H? (%)
E1 29.21 28.49 31.74 25.76 1.33 4.66 0.13 —0.62

FL (mm) E2 29.03 28.56 32.89 24.66 1.80 6.29 0.31 —0.12 61.48
E3 27.69 28.73 31.34 26.20 1.10 3.83 0.23 —0.39
FS E1 30.20 30.56 36.06 244 221 7.24 0.04 0.00

(N.tox 1) E2 28.25 29.08 33.94 2455 2.04 7.02 0.06 —0.31 61.4
CIN-tex E3 29.73 29.77 34.34 25.69 1.96 6.60 0.14 -0.33
El 450 432 5.14 3.25 0.37 8.69 0.00 —0.18

MIC E2 3.34 4.15 5.16 2.96 0.49 11.82 —0.14 —0.56 55.56
E3 4.75 425 5.19 3.26 0.33 7.68 —0.18 0.58
El 86.93 86.77 89.19 84.16 0.01 1.18 0.00 —0.22

MCEF (%) E2 84.27 86.27 89.81 83.27 0.01 1.68 0.08 —0.59 54.3
E3 86.96 85.59 88.64 83.05 0.01 1.19 0.19 0.53
El 85.61 84.67 87.38 82.59 1.03 1.22 0.36 —0.21

FU (%) E2 87.72 84.03 87.66 81.07 1.46 1.73 0.21 —0.58 22.62
E3 85.67 84.93 87.14 82.42 1.13 1.33 —-0.13 —0.44
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Table 1. Cont.
. . 4105 IL . o : o
Trait Environment Average Averzge Max. Min. SD CV (%)  Skewness Kurtosis H2 (%)
El 8.51 9.56 12.79 6.36 1.56 16.37 0.13 —0.86
SFC (%) E2 8.24 11.88 17.53 7.38 2.26 19.06 0.44 —0.23 17.95
E3 7.12 9.31 12.08 6.50 1.16 12.43 0.02 —0.28
El 5.95 5.57 7.99 3.84 0.97 17.35 0.51 —0.26
FE (%) E2 5.62 5.55 7.88 3.57 0.99 17.79 0.17 —0.49 74.29
E3 7.17 6.90 9.18 4.66 0.91 13.23 0.02 —-0.3
El 142.82 140.33 163.11 117.5 11.05 7.87 0.17 —0.58
SCI E2 156.28 134.81 164.35 109.08 13.68 10.15 0.00 —0.68 57.08
E3 135.05 138.19 163.43 112.91 10.71 7.75 —0.08 —0.38
El 6.22 6.54 7.28 5.96 0.31 4.74 0.48 —0.15
TWC (%) E2 6.11 6.20 7.04 5.72 0.26 4.25 0.41 —0.08 40
E3 6.71 7.67 8.40 7.07 0.32 4.13 0.22 —0.52
Note: E1 for Manasi (2018); E2 for Korla (2018); E3 for Manasi (2019); FL: fiber length; FS: fiber strength; MCEF:
maturity of cotton fiber; MIC: micronaire value; SFC: short fiber content; FU: fiber uniformity; FE: fiber elongation;
SCI: spinning consistency index; TWC: the water content.
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Figure 1. Statistics of nine fiber quality traits under three environments: E1 (Manasi in 2018), E2
(Korla in 2018), E3 (Manasi in 2019).
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3.2. Phenotypic Correlation Analysis

Further, the correlation analysis of fiber-quality-related traits was carried out by using
the “corrplot” package in R (Figure 2) and found that FL was significantly positively
correlated with FS, FU and SCI, while it was negatively correlated with MIC, MCF and
SFC. FS was positively correlated with MCF, FU and SCI, and negatively correlated with
SFC. However, MIC had no significant correlation with other traits except that there was
a significant positive correlation with MCF and a significant negative correlation with
SCI and FL. MCF was significantly negatively correlated with FL, FE, TWC and SCI. FU
was negatively correlated with SFC and positively correlated with FE, TWC and SCI.
Among them, SFC was not significantly correlated with MIC and MCEF, but was negatively
correlated with other fiber quality traits. There was a significant positive correlation
between FE and TWC. Conversely, there was no significant correlation between TWC
and SCIL.

FL

I 08
' 06

" Fs

~ @ ®

072" 075" 032" -0.24" 0.75" -0.61" scl
Figure 2. Pearson’s correlation coefficient among fiber quality traits. * Indicates significant difference
at the 0.05 probability level; ** indicates significant difference at the 0.01 probability level; *** indicates
significant difference at the 0.001 probability level. FL: fiber length; FS: fiber strength; MCF: maturity
of cotton fiber; MIC: micronaire value; SFC: short fiber content; FU: fiber uniformity; FE: fiber
elongation; SCI: spinning consistency index; TWC: the water content.

3.3. Phenotypic Variance Analysis

Moreover, variance analysis of fiber quality traits in three environments was carried
out. As shown in Table 2, except for SFC and TWC, other traits had genotypic differences
with extreme significance. Furthermore, all fiber quality traits from different environments
showed significant variation. In the interaction between genotype and environment, ex-
cept for SFC, there were significant differences in other traits, and there were extremely
significant differences in FL, FE and MIC. Therefore, fiber quality traits are easily affected
by genes, different years and different planting environments.

Table 2. Analysis of variance (ANOVA) among fiber quality traits in different environments.

Source Genotype Environment Genotype x Environment Error
(df =106) (df =2) (df =206) (df =103)
FL 5.258 *** 4.367 * 2.040 ** 0.823
ES 3.438 *** 15.849 *** 1.388 * 2.772
MIC 4.261 *** 10.946 *** 1.763 *** 0.08
MCF 3.456 *** 60.282 *** 1.380 * 0.873
FU 1.959 *** 24.028 *** 1.498 * 1.227
SFC 0.268 3.477 % 0.277 56.097
FE 3.107 *** 131.828 *** 0.803 ** 0.771
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Table 2. Cont.

Source Genotype Environment Genotype x Environment Error
(df =106) df=2) (df =206) (df =103)
SCI 2.367 *** 3.802 * 1.038 * 142.465
TWC 1.05 551.562 *** 0.639 * 0.168
Note: * Indicates significant difference at the 0.05 probability level; ** indicates significant difference at the 0.01
probability level; *** indicates significant difference at the 0.001 probability level. FL: fiber length; FS: fiber strength;
MCF: maturity of cotton fiber; MIC: micronaire value; SFC: short fiber content; FU: fiber uniformity; FE: fiber
elongation; SCI: spinning consistency index; TWC: the water content.
3.4. Genetic Map Construction
To construct the genetic map of the BC55s5 population, a total of 3157 SNP polymorphic
markers were found in the introduction lines of the BC5S5 population, which were unevenly
distributed on each chromosome, by SLAF-seq sequencing. The SNP markers on each
chromosome range from 24 (D03) to 535 (A13) (Table 3; Figure S3). The genetic linkage
map data were visualized by using JoinMap 4.0 software [31]. In total, 3157 markers were
assigned to 26 chromosomes, and the total physical distance of the introduced segments
was 665 Mb (Table 3; Figure S4). The At sub-genome and Dt sub-genome were 403 Mb
(the average coverage rate is 35.44%) and 262 Mb (the average coverage rate is 33.64%),
respectively. The highest percentage of genome coverage was 77.54% on chromosome A13,
and the smallest was 19.28% on chromosome DO03. For each line, it was observed that the
SNP markers showed an uneven distribution, among which the IL_64 line contained the
most markers (924 SNPs); while the IL_80 line had only 196 SNPs (Figure 3). Genotyping of
107 strains of the BC5S5 population revealed that there were identical imported fragments
among different families on chromosomes A06 and A13 of the At subgenome and chro-
mosomes D06, D09 and D10 of the Dt subgenome. In particular, chromosomes were most
abundant at A13 and D06 (Figure S5).
Table 3. Genome coverage of introgressed chromosome segments in the BC5S5 population.
Length of Percentage of
Size of Physical Introgressed Number of SNP Average Marker Max Interval &
Chromosome . . N Genome
Distance (Mb) Segments in Markers Distance (Mb) (Mb) Coverage (%)
Genome (Mb) overage (/o
A01 99.88 38 317 0.31 16.91 38.04
AQ02 83.45 34 99 0.84 28.19 40.74
A03 100.26 22 65 1.49 17.33 21.94
A04 62.91 13 30 2.12 23.27 20.66
AQ05 82.05 29 81 1.11 26.61 35.35
A06 103.17 24 82 1.25 46.03 23.26
A07 78.25 24 95 0.78 29.57 30.67
A08 103.63 39 108 0.94 14.27 37.64
AQ09 75.00 30 158 0.45 10.99 40.00
A10 100.87 29 83 1.21 21.00 28.75
All 93.32 19 55 1.71 36.06 20.36
Al2 87.48 40 108 0.81 8.56 45.72
Al13 79.96 62 535 0.14 4.76 77.54
At-total 1150.23 403 1816
Average 88.48 31.00 139.69 1.01 23.23 35.44
D01 61.46 15 39 1.55 22.78 2441
D02 67.28 34 245 0.27 8.99 50.53
D03 46.69 9 24 1.86 22.18 19.28
D04 51.45 22 79 0.64 17.27 42.76
D05 61.93 21 65 0.84 9.97 33.91
D06 64.29 38 384 0.16 5.40 59.10
D07 55.31 32 178 0.29 4.99 57.85
D08 65.89 14 58 1.14 35.71 21.25
D09 51.00 12 41 1.23 31.77 23.53
D10 63.37 19 101 0.61 14.97 29.98
D11 66.09 13 42 1.60 34.50 19.67
D12 59.11 12 30 1.82 26.46 20.30
D13 60.53 21 55 1.07 11.46 34.69
Dt-total 774.40 262 1341
Average 59.57 20.15 103.15 1.01 18.96 33.64
Total 1924.63 665 3157
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Figure 3. Distribution of SNPs in 107 ILs.
3.5. QTL Mapping of Fiber Quality Traits
In order to map the QTL of fiber quality traits, the CSL function of QTL IciMapping
version 4.2 (https:/ /isbreeding.caas.cn/1j/index.htm) (accessed on 10 March 2022) software
was used to detect fiber quality traits QTL based on the stepwise regression additive effect
model (RSTER-LRT-ADD) (Table 4; Figure 4). A total of 91 QTLs for fiber quality traits were
detected on 25 chromosomes. The specific distribution is shown in Figure S6. Thirty-two,
twenty and thirty-nine QTLs were detected in E1, E2 and E3 environments, respectively
(Table 4). Among the 91 QTLs, 54 QTLs (59.34%) were identified in the At sub-genome, and
37 QTLs (40.66%) were in the Dt sub-genome (Figure S6). The logarithm of odds (LOD),
position, PVE, and additive effects of QTLs are presented in Table 4. The PVE of nine fiber
quality traits ranged from 4.53% to 20.92%, with an average of 10.54%.
Table 4. QTLs for fiber quality traits detected in ILs populations under three environments.
Trait  Environment Chromosome P‘(’lﬁ,}%‘)’“ QTL LOD PVE (%) Add Fav igg{:erﬁeles
El A01 33.83 gFL-A01-1 6.32 10.24 —0.57 4015
E3 A03 5.28 qFL-A03-1 4.02 6.04 —0.73 4015
E3 A05 4.58 qFL-A05-1 3.38 5.11 —0.34 4015
E3 A05 60.15 qFL-A05-2 5.05 7.76 0.63 G. tomentosum
E3 A06 32.34 qFL-A06-1 3.41 5.06 0.57 G. tomentosum
El A08 83.82 qFL-A08-1 7.19 11.89 —0.82 4015
E3 A08 7.97 qFL-A08-2 3.22 4.74 —0.41 4015
FL E3 A10 20.72 qFL-A10-1 8.56 14.23 0.52 G. tomentosum
E1 D02 3.37 gFL-D02-1 9.45 16.46 —0.61 4105
E2 D02 1.50 gFL-D02-2 4.48 14.91 —-0.72 4105
E3 D02 21.93 qFL-D02-3 8.95 15.02 0.50 G. tomentosum
El D04 37.79 qFL-D04-1 6.59 10.75 0.78 G. tomentosum
El D06 52.24 qFL-D06-1 4.05 6.32 —0.42 4015
E3 D08 28.80 gFL-D08-1 4.65 7.08 1.74 G. tomentosum
E3 D08 33.59 gFL-D08-2 3.08 453 0.99 G. tomentosum
E1l A02 81.75 qFS-A02-1 5.51 9.80 1.04 G. tomentosum
E2 A02 81.75 qFS-A02-2 7.59 16.71 1.21 G. tomentosum
E3 A03 95.37 qFS-A03-1 3.02 7.23 0.57 G. tomentosum
E2 Al10 40.14 qFS-A10-1 4.89 10.10 1.65 G. tomentosum
El Al13 26.20 qFS-A13-1 8.70 16.67 —4.09 4015
E2 Al3 78.98 qFS-A13-2 3.84 7.74 —-0.76 4015
FS E1l D07 26.27 qFS-D07-1 3.75 6.41 —1.05 4015
El D08 30.65 qFS-D08-1 3.33 5.64 0.72 G. tomentosum
E2 D08 30.85 qFS-D08-2 5.26 10.97 4.10 G. tomentosum
E3 D08 32.26 qFS-D08-3 3.40 8.20 —-1.31 4015
E3 D08 42.32 qFS-D08-4 6.11 15.66 —1.14 4015
E1l D09 46.21 qFS-D09-1 7.98 15.02 1.81 G. tomentosum
E3 D11 16.80 qFS-D11-1 3.45 8.33 1.05 G. tomentosum
El A03 90.56 gMIC-A03-1 4.32 10.08 0.26 G. tomentosum
El1 A04 59.45 gMIC-A04-1 5.12 12.17 —0.22 4015
MIC E1l A07 50.02 gMIC-A07-1 5.13 12.19 —0.33 4015
E3 A08 69.93 gMIC-A08-1 3.37 11.38 —0.11 4015
E3 D01 42.61 gMIC-D01-1 3.71 12.62 —-0.14 4105
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Table 4. Cont.
Trait Environment Chromosome P(()ls{,lltll’()m QTL LOD PVE (%) Add Favosr(;ll:lo{ze&{eles
E2 A02 41.92 gMCF-A02-1 8.78 16.17 0.03 G. tomentosum
El A03 89.63 gMCF-A03-1 3.64 11.25 0.01 G. tomentosum
E3 A05 35.08 gMCF-A05-1 3.22 5.22 —0.01 4015
E3 A08 52.24 gMCF-A08-1 6.49 11.32 0.00 -
MCF El D02 10.92 gMCF-D02-1 3.32 10.18 —0.01 4015
E2 D02 3.37 gMCF-D02-2 3.20 10.30 0.01 G. tomentosum
E3 D05 51.40 gMCF-D05-1 4.36 7.27 0.00 -
E3 D07 8.74 gMCF-D07-1 4.07 6.74 0.00 -
E3 D07 21.28 gMCF-D07-2 3.48 5.72 0.00 -
E3 A03 27.53 qFU-A03-1 6.77 10.86 —0.72 4015
E1l A05 44.26 qFU-A05-1 3.75 7.34 0.92 G. tomentosum
E3 A05 2.79 gFU-A05-2 3.54 5.24 —0.26 4105
E3 A05 78.57 qFU-A05-3 8.93 15.03 0.90 G. tomentosum
El A06 19.81 qFU-A06-1 8.98 19.92 —0.64 4015
FU E3 A07 20.64 qFU-A07-1 4.86 7.46 —0.34 4015
E2 A08 88.37 gFU-A08-1 3.13 8.04 0.50 G. tomentosum
E2 D08 50.42 gFU-D08-1 6.64 18.56 -0.77 4105
El D10 10.63 gFU-D10-1 3.49 6.82 —0.36 4105
E3 D11 16.80 gFU-D11-1 6.51 10.41 0.64 G. tomentosum
E1l D12 6.53 qFU-D12-1 5.43 11.03 0.63 G. tomentosum
E3 D13 41.37 gFU-D13-1 5.90 9.27 —0.76 4015
E1l A13 59.98 qSFC-A13-1 5.46 20.21 0.87 G. tomentosum
SEFC E2 D04 50.11 qSFC-D04-1 4.13 18.17 1.01 G. tomentosum
E3 D07 53.59 gSFC-DO07-1 3.84 15.25 —0.48 4015
E2 A03 63.06 qFE-A03-1 3.55 8.33 0.49 G. tomentosum
E1l A04 57.88 qFE-A04-1 4.82 10.09 0.52 G. tomentosum
E3 A04 10.54 qFE-A04-2 3.26 6.32 0.28 G. tomentosum
E2 A05 48.90 gFE-A05-1 3.24 7.55 1.51 G. tomentosum
E1l A07 23.81 qFE-A07-1 4.56 9.48 —0.32 4015
El A07 71.27 qFE-A07-2 6.39 13.86 —1.01 4105
FE E2 A07 61.62 gFE-A07-3 341 7.97 -0.37 4105
E3 A07 40.54 qFE-A07-4 3.75 7.34 0.54 G. tomentosum
El All 93.03 qFE-A11-1 3.27 6.60 1.37 G. tomentosum
E2 D04 47.00 qFE-D04-1 4.56 10.94 —0.36 4015
E3 D07 8.93 gFE-D07-1 5.60 11.43 —0.38 4015
E3 D07 21.28 gFE-D07-2 7.71 16.50 0.74 G. tomentosum
E2 D10 1.74 gqFE-D10-1 5.47 13.41 0.42 G. tomentosum
E3 A01 20.34 qSCI-A01-1 391 6.33 2.82 G. tomentosum
El A02 81.75 qSCI-A02-1 8.30 20.92 6.84 G. tomentosum
E2 A02 81.75 qSCI-A02-2 3.74 14.78 6.66 G. tomentosum
E3 A02 82.67 qSCI-A02-3 6.65 11.45 —4.07 4105
E3 A04 30.63 qSCI-A04-1 3.57 5.74 —3.25 4015
E3 A04 62.70 qSCI-A04-2 3.17 5.04 3.18 G. tomentosum
SCI El A05 86.26 qSCI-A05-1 4.18 9.59 4.71 G. tomentosum
El A08 63.85 qSCI-A08-1 3.49 7.88 —8.15 4105
E2 Al2 46.99 qSCI-A12-1 3.31 12.96 —5.63 4105
El Al13 21.67 qSCI-A13-1 3.58 8.11 —18.14 4105
E3 D08 29.17 qSCI-D08-1 3.23 5.15 4.86 G. tomentosum
E3 D11 16.80 qSCI-D11-1 8.88 16.09 7.29 G. tomentosum
E3 D13 41.37 qSCI-D13-1 6.24 10.64 —7.50 4015
E3 A06 31.94 qTWC-A06-1 3.07 12.89 0.20 G. tomentosum
El A09 51.56 qTWC-A09-1 3.22 8.29 0.19 G. tomentosum
E2 Al2 74.65 qTWC-A12-1 4.99 12.00 —0.11 4105
TWC El A13 1.76 qTWC-A13-1 3.44 8.90 —0.13 4105
El Al13 68.49 qTWC-A13-2 4.46 11.79 0.13 G. tomentosum
E2 D04 0.35 qTWC-D04-1 3.80 8.92 0.09 G. tomentosum
El D08 3.82 qTWC-D08-1 5.71 15.54 0.21 G. tomentosum
E2 D10 8.18 qTWC-D10-1 4.86 11.65 —0.10 4105
Note: the “+” symbol in Add represents that the favorable allele is derived from G. tomentosum; the “—" symbol

in Add represents that the favorable allele is derived from G. hirsutum acc. 4105.

Four QTLs associated with FS (gFS-A02-1, gFS-A02-2) and SCI (qSCI-A02-1, gSCI-A02-2),
which were detected in more than two environments, were simultaneously detected at the
81.75 Mb locus on chromosome A02. These were considered to be stable QTLs, and these
QTLs were positive additive effects, indicating that the favorable alleles were derived from
G. tomentosum. QTL associated with FL (gFL-D02-1), MCF (gMCF-D02-2), FE (gFE-D07-2),
MCF (gMCF-D07-2), FS (gFS-D11-1), FU (qFU-D11-1) and SCI (gSCI-D11-1) traits were
detected simultaneously on chromosomes D02 (3.37 Mb), D07 (21.28Mb) and D11 (16.8Mb),
suggesting that these loci may be tightly linked to fiber quality traits.
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Figure 4. Distribution map of QTLs for fiber quality traits on chromosomes.
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Additive effect

Fifteen QTLs for FL were detected on 10 chromosomes (Figure 4; Table 4), and their
LOD values ranged from 3.08 to 9.45. The LOD (9.45) value and PVE (16.46%) of gFL-D02-1
are the highest among all FL-related QTLs, indicating that this locus is closely related to FL.

For FS, thirteen QTLs were detected on eight chromosomes with PVE ranging from
5.64% to 16.71%. Nevertheless, the LOD and PVE values of gF5-A13-1 were the highest,
and the add value was —4.09 (Figure 5), indicating that upland cotton variety 4105 could
inhibit FS at this locus. It is worth noting that a stable QTL was simultaneously detected at
position 81.75 Mb on chromosome A02, and all showed positive additive effects, indicating
that G. tomentosum had a positive regulatory effect on FS.

fop o i 0 S SIS S

e
-

Gk

Figure 5. Additive effects of QTLs related to fiber quality traits on chromosomes. Additive effects
are displayed on the y-axis and QTLs are displayed on the x-axis. Red represents a positive additive
effect, and the green represents a negative additive effect.

A total of five QTLs were detected by MIC, which was distributed on chromosomes
A03, A04, A07, A08 and DO1. Four QTLs showed positive additive effects and one QTL
showed negative additive effects (Figure 5).

Nine QTLs and twelve QTLs were detected by MCF and FU traits, and the LOD values
were 3.2-8.7 and 3.13-8.98, respectively. The PVE was 5.22-16.17% (MCF) and 5.24-19.92%
(FU). Four QTLs in MCF had no significant additive effects, and more than half of the QTLs
in FU had negative additive effects (Figure 5). However, SFC only localized three QTLs
on three chromosomes, which was the least number of QTL traits. LOD and PVE were
3.84-5.46 and 15.25-20.21%, respectively.

Thirteen QTLs were detected in both FE (on eight chromosomes) and SCI (on ten
chromosomes). Among them, FE located four QTLs on A07 chromosome (23.81-71.27 Mb),
two QTLs (gFE-A07-2, gFE-A07-4) showed positive additive effects and the other two QTLs
(gFE-A07-1, gFE-A07-3) showed negative additive effects (Figure 5). It is worth mentioning
that gSCI-A02-1 and qSCI-A02-2 were detected as stable QTLs, and PVE was 14.78%-20.92%,
and both showed positive additive effects (Figure 5), which shows that this interval is a
tight linkage to SCI traits, and G. tomentosum has a positive regulatory role.

In total, eight QTLs were detected for TWC on seven chromosomes (A06, A09, A12,
A13, D04, D08 and D10), with PVE ranging from 8.29% to 15.54% for each QTL. Five QTLs
are true additive effects and three QTLs are negative additive effects (Figure 5).

3.6. Identification and Gene Expression Analysis of Candidate Genes Relating to Fiber Strength

The FS was mainly affected by cellulose synthesis during the thickening period of the
fiber secondary wall, while cell wall biosynthesis and supermolecule structure also affect
the cotton fiber strength. Therefore, the genes predominantly expressed in fibers during
20 DPA and 25 DPA were screened, and the genes related to the FS were annotated by gene
function as candidate genes.
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The QTL (gFS-A02-1) locus was detected at the stable point in this study. Confidence
intervals were in the upstream and downstream 500 kb intervals at the co-association
site A02: 81,750,772 bp. Fourteen genes and annotation information were retrieved from
the upland cotton of Huazhong Agricultural University as the reference genome in the
Cotton Functional Genomics Database (CottonFGD.org, https://cottonfgd.org/) (accessed
on 5 May 2022). Using the retrieved protein sequences of fourteen candidate genes, nine ho-
mologous genes were obtained by BLAST analysis of The Arabidopsis Information Resource
database (TAIR, https:/ /www.arabidopsis.org/Blast/index.jsp) (accessed on 7 May 2022)
(Table S2). Ghir_A02G012730 encodes Nucleotide-diphospho-sugar transferases protein,
and its homologous gene AT1G64980 (CDI) plays a major role in pollen germination and
tube growth [32]. Nucleotide-diphospho-sugar transferases were also found in maize to
affect the cell wall development of elongated internodes by participating in the transition
from primary cell wall to secondary cell wall synthesis [33]. Ghir_A02G012790 is the gene
encoding the cytochrome P450 protein. Cytochrome P450 family genes have been declared
to be involved in the biosynthesis of lignin precursors or hormone homeostasis, participate
in the formation of cell walls and regulate plant growth [34,35]. Ghir_A02G012830 encodes
an evolutionarily conserved protein with putative GTP-binding motifs. Its homologous
genes (AT3G13870) regulate cell expansion and root hair development [36] while participat-
ing in plant-type cell wall biogenesis (Table S2). In Arabidopsis, the RHD3 gene is required
for cell wall biosynthesis and actin organization [37]. These three genes (Ghir_A02G012730,
Ghir_A02G012790 and Ghir_A02G012830) were identified as candidate genes related to the
regulation of cotton fiber strength traits.

To verify the potential role of these genes in fiber strength, the relative expression levels
at different fiber developmental stages were analyzed by qRT-PCR technology (Figure 6).
The results showed that Ghir_A02G012730 was preferentially expressed at 0 DPA early in
cotton fiber development and strongly expressed again at 25 DPA. Thereafter, its expression
level decreased (Figure 6A). The expression pattern of Ghir_A02G012790 was similar to
that of Ghir_A02G012730 (Figure 6B). The relative expression level of Ghir_A02G012790
was significantly reduced in 5 DPA and 10 DPA after being preferentially expressed in the
early stage, and it was almost not expressed, but it was highly expressed in the late stage
of fiber development (20 DPA and 25 DPA). The expression pattern of Ghir_A02G012830
was expressed throughout the cotton fiber development process and showed an upward
trend, and the relative expression level increased rapidly at 20 DPA, and then decreased
(Figure 6C).
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Figure 6. The relative expression levels of the three candidate genes, which is Ghir_A02G012730 (A),
Ghir_A02G012790 (B), and Ghir_A02G012830 (C), were obtained on the different stages of cotton
fibers in TM-1 by using qRT-PCR. The relative expression levels are shown on the y-axis and the
different DPA values during fiber development are shown on the x-axis. Error bars indicate the
standard deviation of three replicates. Significant expression is compared to the previous period.
** significantly correlated at the 0.01 level; *** significantly correlated at the 0.001 level.

So, it is hypothesized that these three genes (Ghir_A02G012730, Ghir_A02G012790 and
Ghir_A02G012830) play an important role in FS, but the regulating mechanism needs to be
further validated.
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4. Discussion
4.1. Population Dominance of Wild Species

Upland cotton is the most widely planted cotton species in China, which shows
advances in high yield, high boll setting rate and wide adaptability. However, its fiber
quality cannot meet the requirements of high-end textiles. In addition, upland cotton has a
narrow genetic base, so it is very difficult to improve the fiber quality of upland cotton under
the normal breeding procedure. G. tomentosum has the characteristics of stress resistance and
high fiber strength [13]. Introducing the superior alleles of G. tomentosum into upland cotton
might enrich the genetic diversity and further improve the potential of fiber quality. At the
beginning of the 20th century, the first three-way hybrid was obtained from wild cotton and
upland cotton (G. hirsutum x Asiatic cotton x G. tomentosum). Its fiber quality was excellent,
but the yield was relatively low. Through continuous backcrossing, hybridization and
selective breeding, a cotton variety with excellent fiber quality and high yield (PD875) was
cultivated [38]. Subsequently, the favorable alleles derived from G. tomentosum regulating
non-nectary traits were also successfully introduced into upland cotton [39]. G. tomentosum
has been crossed with Zhong miansuo 12 to generate F, population. A high-density
genetic linkage map was constructed, showing that 3093 marks loci were mapped on
26 chromosomes of the cotton genome, with an average distance of 1.48 cM, covering
the genetic distance of 4365.3 ¢cM [40]. Zamir described that the population of ILs are an
example of the whole exotic genome, where each single line has a chromosome segment
from an exotic parent, while the rest of the genome is always obtained from an elite
variety [41]. A population of CSSLs with an upland cotton background was constructed by
using G. tomentosum, and the average length of the introgression homozygous fragment
introduced into each chromosome ranged from 0.9 to 9.8 cM, and it was also shown that
the introgression fragments had a great influence on FL, FS and MIC traits [16].

In this study, 107 lines of the BC5Ss population were constructed using wild tetraploid
G. tomentosum as donor parents, and stable homozygous lines were obtained through
backcrossing, which provided genetic resources for further identification. In terms of
fiber quality traits, the population showed a large range of variation, and the introduction
fragments of G. tomentosum effectively affected the fiber quality traits such as FS, SFC and
so on. The QTL mapping of fiber quality was carried out for the BC5Ss population, which
lay the foundation for the follow-up study of fine mapping and function of QTL.

4.2. Sources and Effects of Favorable Alleles

In this study, G. hirsutum acc. 4105 was used as the recurrent parent and G. fomentosum
as the donor parent. In all QTLs detected, forty-six favorable alleles of QTLs were from
G. tomentosum and forty-one favorable alleles of QTLs were from G. hirsutum acc. 4105. The
favorable alleles were mainly derived from G. hirsutum acc. 4105, including FL, MIC and
FU, which contained seven, one and five QTLs, respectively. In quality traits such as FS,
MCE, SEC, FE, SCI and TWC, most of the favorable alleles come from G. tomentosum. The
results show that the introduction of G. tomentosum fragments can help to improve the fiber
quality traits such as FS, FE and SFC, which is consistent with the fine and strong fiber
quality of G. tomentosum and is of great significant research value for the improvement
of upland cotton varieties. It is worth noting that among the stable QTLs (gFS-A02-1 and
gSCI-A02-1) detected, the favorable alleles were all derived from G. tomentosum (Table 4;
Figure 7).

In summary, QTL-favorable alleles derived from G. tomentosum had a great impact on
FS, SFC, SCI and other traits, which play a certain role in improving the fiber quality traits
of upland cotton. These results indicated that the favorable alleles of the QTL come from
high-value parents and low-value phenotypic parents. This is consistent with the previous
research [42,43].
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Figure 7. The distribution of the source for the favorable alleles regulating fiber quality traits.

4.3. Distribution of QTL Clusters

Most QTLs related to cotton yield and fiber quality traits were clustered and co-
linked [44]. A region containing three or more QTLs (which can be used to control different
traits) within 20 cM of the chromosome is called a QTL cluster. It is estimated that the
average 1 cM of cotton genome is equivalent to the physical region of 0.5 Mb [45]. The
distribution of six QTL clusters was also found in this study (Table 5, Figure 4), namely
A02-cluster, AO3-cluster, A04-cluster, D02-cluster, DO7-cluster and DO08-cluster. These QTL
clusters included quantitative traits of FS, SCI, MCF, MIC, FE and FL, among which the
number of QTLs in D08-cluster was the largest (has six QTLs).

Table 5. QTL cluster distribution of fiber quality traits on chromosome.

Chromosome Position

QTL Clusters Range (Mb) QTL Number QTL
qFS-A02-1, gFS-A02-2
A02-cluster 81.75-82.67 5 qSCI-A02-1, gSCI-A02-2
qSCI-A02-3
gMCF-A03-1, gMIC-A03-1
AQ3-cluster 89.63-95.37 3 GFS-A03-1
gFE-A04-1, gMIC-A04-1
A04-cluster 57.88-62.70 3 4SCI-A04-2
qFL-D02-1, gFL-D02-2
DO02-cluster 1.50-10.92 4 gMCF-D02-1, gMCF-D02-2
gMCEF-D07-2, gFE-DO07-2
D07-cluster 21.28-26.27 3 gFS-D07-1
gFL-D08-1, gFL-D08-2
DO08-cluster 28.79-33.59 6 qSCI-D08-1, gFS-D08-1

qFS-D08-2, qFS-D08-3

In previous studies, ten QTL clusters were found on chromosomes A01, A03, A07,
AQ9, All, D05, D06, D07 and D08 [46]. In this study, QTL clusters were also found on
chromosomes of A03, D07 and D08, and their physical locations were similar to those of
their predecessors. Using the BC5Ss population for QTL mapping, five QTL clusters were
found on chromosomes A01, A09, A13, D02 and D10 [15]. The same QTL clusters were not
found on other chromosomes, which may be due to the influence of the number of loci and
the environment. These QTL clusters may be associated with multiple fiber quality traits of
cotton at the same time, which may be controlled by one polymorphism gene or multiple
closely linked genes [4].
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4.4. Analysis of Co-Location QTL and Stable QTL

The genetic basis of cotton fiber quality traits is complex and easily influenced by genes
and environment. QTLs with stable and high effect value can be used in cotton molecular-
assisted breeding to promote cotton genetic improvement [47]. Stable QTLs can be detected
in two or more environments [27]. In this study, 91 QTLs related to fiber quality traits
were detected and compared with the CottonQTLdb.org (http:/ /www2.cottonqtldb.org)
database (accessed on 20 June 2022) [47], and the genetic distance on the chromosome
was determined by using markers on both sides of the QTL locus. QTL mapping of fiber
quality traits was achieved using RIL population. A total of sixty-two QTLs were detected
to be associated with fiber quality traits, among which gFL05.1 (marker: NAU2894) has a
similar physical location to gFL-A05-1 (4,582,887 bp), and its physical location is ChrA05:
4,627,546-4,627,708 bp [48]. A genome-wide association analysis (GWAS) was performed
for sixteen traits (fiber quality and yield) in a natural population of 503 materials. A total
of 160 QTLs were detected. gGhFE-c22-1 (marker: i12840Gh) and qGhFS-c2-1 (marker:
i03136Gh) were close to the physical locations of gFE-D04-1 (47,001,754 bp) and gFS-A02-1
(81,750,772 bp), and their physical locations are ChrD04: 46,646,103—48,654,115 bp and
ChrAQ2: 81,837,208-82,737,585 bp, respectively [49]. Diouf used the Fp3 population of
277 families for QTL mapping and detected a total of 110 QTLs associated with fiber quality
and yield traits. gFS-A02-1 (81,750,772 bp) stably detected in this study may be related to
qFS-A02-15 (marker: mk1761_A02—mk1778_A02) and gFS-A02-cb (marker: mk1761_AQ2-
mk1778_A02), whose physical positions were ChrA02: 80,488,799-81,766,125 bp; gSCI-
A02-1 (81,750,772 bp) was close to gSCI-A02-15 (marker: mk1761_A02-mk1778_A02), and
qSCI-A02-cb (marker: mk1761_A02-mk1778_A02) [50]. Fiber quality traits were mapped
by QTL using two RIL populations and backcross populations. The physical position of
qFS-Chr02-1 (marker: ICR11064—MGHES0024) detected in this study was similar to that
of gF5-A02-1 (81,750,772 bp) stably detected in this study, whose physical position was
ChrAO02: 82,552,263-82,552,476 bp [51].

In summary, the results of QTL detected in this study are feasible. gFS-A02-1 and
gSCI-A02-1 were located on the same interval of the chromosome, were stably detected
in both environments and acquired the favorable alleles from donor parents. The stable
QTLs detected in this study can be further applied to cotton molecular design breeding
and promote precise genetic improvements in upland cotton.

4.5. Candidate Gene Expression Analysis

In this study, three genes related to cotton fiber development were obtained, and the
expressions of these three genes were up-regulated on the 20th to 25th day after cotton fiber
development. These three genes were related to cell elongation or lignin synthesis. Cotton
fiber is related to the elongation of surface cells and the thickening of secondary walls. The
development pattern of cotton fiber verified the effect of candidate genes on cotton quality.
In this study, TM-1 was used to verify the expression levels of three candidate genes. The
effects of different genotypes of these three candidate genes on cotton fiber development
need to be further verified.

5. Conclusions

In this study, ninety-one QTL loci related to fiber quality traits were detected in a BC555
upland population of 107 lines, which were distributed on 25 chromatins. Additionally,
the PEV rangedfrom 4.53% to 20.92%. More than half of the favorable alleles of QTL
derived from G. tomentosum. Among them, the favorable alleles of QTLs (qFS-A02-1 and
qSCI-A02-1) in stable detection were all from G. tomentosum, and the PVE was 9.8-16.71%
and 14.78-20.92%, respectively, indicating that the introduction fragment of G. tomentosum
greatly improved the fiber quality traits of upland cotton. Fourteen genes were retrieved
in the candidate interval, and it was found that Ghir_A02G012730, Ghir_A02G012790
and Ghir_A02G012830 may be involved in cellulose and cell wall biosynthesis and had a
relatively high expression during fiber development (20 DPA and 25 DPA). This suggests
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that these three genes may be involved in the regulation of fiber strength traits, but their
functions need further verification to determine the regulation mechanism.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/agriculture13030579/s1. Supplementary Table S1. Primers of
qRT-PCR; Supplementary Table S2. Related genes and annotation information in the interval; Sup-
plementary Figure S1. BC5Ss5 introduction line population construction; Supplementary Figure S2.
Phenotypic distribution of nine fiber quality traits in the ILs across three environments; Supplemen-
tary Figure S3. Number of SNP markers in chromosomes; Supplementary Figure S4. SNP genetic
linkage map of BC5S5 population; Supplementary Figure S5. Genotypes of 107 ILs (gray and red
indicate the 4015 and G. tomentosum, respectively); Supplementary Figure S6. Distribution of QTL of
fiber quality trait QTL on chromosomes.
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