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Abstract

Background
Meta-analysis of quantitative trait locus (QTL) is a computational technique to identify consensus QTL
and re�ne QTL positions on the consensus map from multiple mapping studies. The combination of
meta-QTL intervals, signi�cant SNPs and transcriptome analysis has been widely used to identify
candidate genes in various plants.

Results
In our study, 884 QTL associated with cotton �ber quality traits from 12 studies were used for meta-QTL
analysis based on reference genome TM-1, as a result, 74 meta-QTL were identi�ed, including 19 meta-
QTL for �ber length (FL), 18 meta-QTL for �ber strength (FS), 11 meta-QTL for �ber uniformity (FU), 11
meta-QTL for �ber elongation (FE), and 15 meta-QTL for micronaire (MIC). Combined with 8589
signi�cant SNPs associated with �ber quality traits collected from 15 studies, 297 candidate genes were
identi�ed in the meta-QTL intervals, 20 of which showed high expression speci�cally in the developing
�bers. According to the function annotations, some of the 20 key candidate genes are associated with the
�ber development.

Conclusions
This study provides not only stable QTLs used for marker-assisted selection (MAS), but also candidate
genes to uncover the molecular mechanisms for cotton �ber development.

Background
As a natural and renewable resource, cotton �ber has been the most important raw material in the cotton
textile and processing industry all over the world. With the improvement of people's living standard and
advancements in techniques and diversi�ed methods of spinning, the demand for cotton �ber quality is
increasing. Cotton �ber quality traits are complex quantitative traits, including �ber length (FL), �ber
strength (FS), �ber uniformity (FU), �ber elongation (FE), and micronaire (MIC), which are controlled by
many quantitative trait loci (QTL) (Ademe et al. 2017; Wang et al. 2016). FL and FS are considered as the
most important traits affecting yarn quality, and FS is very important for advanced spinning technologies
in the textile industry (Yang et al., 2016). The MIC is a measure of �ber �neness and �ber maturity, which
in�uences the �ber processing and dyeing consistency (Rodgers et al., 2017). Hundreds of QTL
contributing to �ber quality traits were already mapped on genetic maps of cotton by using a variety of
populations, which were evenly distributed throughout cotton genomes (Qin et al. 2008; Shen et al. 2007;
Wang et al. 2020; Yu et al. 2013). Tan detected 104 QTL controlling �ber quality traits with 180
recombinant inbred lines derived from Herein and Yumian 1, while only 25 QTL were detected in all three
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environments (Tan et al. 2018). A total of 134 QTL for �ber quality traits were detected using 231 F6:8

recombinant inbred lines, derived from an intraspeci�c cross between Xinluzao24 and Lumianyan28 (Liu
et al. 2018b). 74 QTL were detected to be associated with �ve �ber quality traits (30 QTL) and eight yield
traits (44 QTL) using 107 introgression lines developed with an interspeci�c cross using G. hirsutum acc.
4105 as the recurrent parent and G. tomentosum as the donor parent (Keerio et al. 2018). 186 additive
QTL were obtained for �ve �ber quality traits using 137 recombinant inbred lines (Jia et al. 2018).

In order to make these mapped QTL more useful to plant breeding and gene cloning, a further analysis of
all these loci has to be carried out. However, due to the fact that most QTL mapping studies differ in
numerous aspects, such as mapping population type, and size, and molecular marker type, an elaborated
method has to be applied for this purpose (Venske et al. 2019). In this regard, meta-analysis of QTL has
been proven as an e�cient approach, and has been constantly improved (Go�net and Gerber 2000; Salvi
and Tuberosa 2015), which aims to verify whether QTL in isolated studies actually represent a common
position or not on the genetic map of the studied species, and stablish the occurrence of QTL “hotspots”
in a consensus map. This approach was already applied to various crops and complex traits, such as
fusarium head blight resistance in bread wheat (Venske et al. 2019), grain weight in tetraploid wheat
(Avni et al. 2018), cist nematode resistance in soybean (Guo et al. 2006a), resistance to white mold in
common bean (Vasconcellos et al. 2017), yield under drought in rice (Swamy et al. 2011), yield in maize
(Martinez et al., 2016), and multiple traits in cotton (Said et al. 2013).

Several strategies were combined to identify candidate genes, such as combination of association
mapping and linkage analysis (Cui et al. 2018; Mahuku et al. 2016; Zhang et al. 2019a), combination of
QTLs and transcriptome analysis (Chen and Bian 2018; Shimono et al. 2016; Wang et al. 2020). A
sucrose synthesis-related gene (Gh_D03G1338) was associated with FL was identi�ed by the
combination of genome-wide association and linkage analyses (Zhang et al. 2019a). Three genes,
Gh_D05G1077 and Gh_D13G1571 for SY, and Gh_A11G0775 for LY, were identi�ed using genome-wide
association mapping. Five candidate genes were identi�ed by the combination of QTL mapping and
transcriptome analysis, which regulated pericarp thickness in sweet corn(Wu et al. 2020). A peroxidase
gene (GhPRXR1) required for oil content in upland cotton was identi�ed by the combination of genome-
wide association and transcriptome analysis (Ma et al. 2019). Two candidate genes for �ber elongation
and developmental were identi�ed by the combination of genome-wide association and transcriptome
analysis (Ma et al. 2018a).

Some novel genes functioning in �ber initiation and elongation have been veri�ed by molecular biology
methods, for example, An R2R3 MYB transcription factor gene (GhMYB25-like)(Walford et al. 2011), a
homeodomain leucine zipper gene (GhHD-1)(Walford et al. 2012), a vacuolar invertase gene (GhVIN1)
(Wang et al. 2014), cotton actin gene (GhACT1)(Li et al. 2005), cotton annexin genes (AnxGb6 and
GhAnn2)(Huang et al. 2013; Tang et al. 2014), �ber-speci�c pro�ling gene (GhPFN2)(Wang et al. 2010),
and actin-depolymerizing factor gene (GhADF1) (Wang et al. 2009). In addition, cellulose synthases
genes GhCesA1, WLIM1a and GhADF1 are responsible for the Secondary cell wall (SCW) in cotton �bers
(Han et al. 2013; Salnikov et al. 2003; Wang et al. 2009).



Page 5/24

In the study, 884 QTL associated with cotton �ber traits from 12 studies (Ali et al. 2018; Diouf et al. 2018;
Huang et al. 2017; Jia et al. 2018; Keerio et al. 2018; Li et al. 2016a; Liu et al. 2018b; Ma et al. 2018a; Tan
et al. 2018; Wang et al. 2015; Zhang et al. 2015b; Zou et al. 2018) were used for meta-QTL analysis based
on upland cotton reference genome TM-1 (Zhang et al. 2015a), and 74 meta-QTL were identi�ed.
Combined with 8589 signi�cant SNP loci associated to cotton �ber quality traits collected from 15 papers
(Chandnani et al. 2018; Fang et al. 2017; Gapare et al. 2017; Handi et al. 2017; Huang et al. 2017; Islam et
al. 2016; Li et al. 2018; Li et al. 2017b; Liu et al. 2018b; Ma et al. 2018a; Ma et al. 2018b; Su et al. 2016; Su
et al. 2018; Sun et al. 2017; Wen et al. 2018), 297 candidate genes associated with cotton �ber quality
traits were identi�ed. 20 genes showed high expression speci�cally in the developing �bers, some of
which are associated with the �ber development. According to the results, the combination of meta-QTL,
signi�cant SNP by GWAS, and spatiotemporal expression analysis provides not only stable QTLs used
for marker-assisted selection (MAS), but also candidate genes to uncover the molecular mechanisms for
cotton �ber development.

Methods

Data collection and organization
From the Web of Science website, G. hirsutum, �ber quality traits, GWAS, SNP, QTL, and high density
genetic map (HDGM) were searched as keywords, and more than 50 related articles were retrieved.
Finally, 884 QTL were selected from 12 articles (Ali et al. 2018; Diouf et al. 2018; Huang et al. 2017; Jia et
al. 2018; Keerio et al. 2018; Li et al. 2016a; Liu et al. 2018b; Ma et al. 2018a; Tan et al. 2018; Wang et al.
2015; Zhang et al. 2015b; Zou et al. 2018), which related to �ber elongation (FE), �ber length (FL), �ber
strength (FS), micronaire (MIC), �ber uniformity (FU), spinning consistency index (SCI), short �ber (SF),
�ber re�ectance (FR) and �ber yellowness (FY) traits. QTL numbers, traits, population type and size, and
number of markers were listed in Table 1. GWAS data from 15 articles (Chandnani et al. 2018; Fang et al.
2017; Gapare et al. 2017; Handi et al. 2017; Huang et al. 2017; Islam et al. 2016; Li et al. 2018; Li et al.
2017b; Liu et al. 2018b; Ma et al. 2018a; Ma et al. 2018b; Su et al. 2016; Su et al. 2018; Sun et al. 2017;
Wen et al. 2018) were selected, including 8589 signi�cant SNP loci associated with FL, FS, FU, FE, MIC,
MIC, SCI, SF, and FC (Table S3, Table S4).

Meta-QTL analysis
Since SNPs are developed by genome sequencing, each marker has a �xed and unique location in the
genome. By anchoring the SNPs on both sides of the QTL to the TM-1 genome (Zhang et al. 2015a), the
con�dence interval of the QTL can be determined. More than three overlapped or location similar QTL
reported in multiple documents of the same trait is considered as a meta-QTL. Previous studies have
indicated that a region containing multiple QTL of same traits can be used as a hotspot with a region size
of approximately 20 cM (Said et al. 2013) or a physical distance of approximately 10 Mb in upland
cotton (Keerio et al. 2018). Therefore, in order to ensure the credibility and inclusiveness of the meta-QTL,
the genome region of about 10 Mb was used as the con�dence interval of the meta-QTL. A stable meta-
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QTL region was obtained by manual organizing, and the stable meta-QTL intervals were illustrated in the
form of Circos plot using Circos software (Krzywinski et al. 2009). The SNP loci signi�cantly correlated
with the same trait was compared with the meta-QTL intervals; thereby the most likely location of the
candidate genes in the meta-QTL intervals was determined.

Candidate gene identi�cation
8589 signi�cant SNP loci associated to cotton �ber quality traits were collected from 15 GWAS studies
and mapped to TM-1 genome (Chandnani et al. 2018; Fang et al. 2017; Gapare et al. 2017; Handi et al.
2017; Huang et al. 2017; Islam et al. 2016; Li et al. 2018; Li et al. 2017b; Liu et al. 2018b; Ma et al. 2018a;
Ma et al. 2018b; Su et al. 2016; Su et al. 2018; Sun et al. 2017; Wen et al. 2018) (Table S3, Table S4).
Then they were mapped to the 74 meta-QTL, and the mapped SNPs are shown in Table S5. Lastly, the
genes closely linked to the SNPs (SNPs within genes) were selected as candidate genes, which are shown
in Table S6.

Gene ontology (GO) analysis and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis
The signi�cant enrichment analysis of Gene ontology (GO) terms was carried out using agriGO v2.0
software (p-value < 0.05) (http://bioinfo.cau.edu.cn/agriGO/) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis of Genes was performed with KEGG Automatic Annotation Server
(KAAS). R package clusterPro�ler (http://bioconductor.org/packages/2.8/bioc/html/clusterPro�ler.html)
was uesd for result visualization.

Gene expression patterns
The tissue expression levels of the candidate genes were obtained from previously reported
transcriptome data (Zhang et al. 2015a).

Results

Collection of QTL and SNPs associated with �ber quality
traits
A total of 12 QTL mapping studies for cotton �ber quality traits were used in this study, in which the
mapping population size ranged from 107 to 503 lines (Table 1) (Ali et al. 2018; Diouf et al. 2018; Huang
et al. 2017; Jia et al. 2018; Keerio et al. 2018; Li et al. 2016a; Liu et al. 2018b; Ma et al. 2018a; Tan et al.
2018; Wang et al. 2015; Zhang et al. 2015b; Zou et al. 2018), and the number of SNP markers ranged
from 168 to 19191 (Table 1). As a result, a total of 884 initial QTL related to cotton �ber quality traits
were collected, which were unevenly distributed on each chromosome, and ranged from 12 to 57 (Fig. 1,
Table S1). Chromosomes A4 had the lowest number of QTL and chromosome A10 had the highest
number of QTL. Among them, there were a large number of QTL related to FL, FS, MIC, FU, and FE, which
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were 204, 207, 179, 118, and 108, respectively. However, there were small number of QTL related to the
SCI, SF, FR, and FY, which were 21, 19, 13 and 15, respectively (Table S1).

Table 1
Fiber quality traits QTL mapped by SNP markers from 12 papers

QTL Traits Population

type

Population

size

Number of

markers

Reference

8 FS RIL 250 168 SNP [Zou et al.
2018]

37 FL, FS, MIC RIL 196 106 SSR & 104
SNP

[Zhang et al.
2015]

9 FS RIL 161 304 SSR &
5571 SNP

[ Wang et al.
2015]

104 FL, FS, MIC, FU, FE RIL 180 12116 SNP [Tan et al.
2018]

21 FL, FE BIL 176 15369 SNP [Ma et al.
2018]

134 FL, FS, MIC RIL 231 122 SSR& 4729
SNP

[Liu et al.
2018]

30 FL, FS, MIC, FU, FE ILs 107 3157 SNP [ Keerio et al.
2018]

186 FL, FS, MIC, FU, FE RIL 137 139 SSR &
6295 SNP

[Jia et al.
2018]

50 FL, FS, MIC, FU,

FE, SF

Natural
population

503 19 191 SNP [Huang et al.
2017]

193 FL, FU, MIC, FS, FE, FR,
FY, SCI

F2:3

population

277 5178 SNP [ Diouf et al.
2018]

48 FL, FS, MIC, FU, FE RIL 188 2618 SNP [Li et al. 2016]

59 FL, FS, MIC, FU, FE RIL 180 6254 SNP [ Ali et al.
2018 ]

FL, �ber length; FS, �ber strength; MIC, �ber micronaire; FU, �ber uniformity; FE, �ber elongation; SCI,
spinning consistency index; SF, short �ber; FR, �ber re�ectance; FY, �ber yellowness.

Meta-QTL of �ber quality traits
In this study, a meta-analysis was performed with 884 QTL related to cotton �ber quality traits, and a total
of 74 stable meta-QTL related to FL, FS, FE, MIC, and FU were obtained, including 19 for FL, 18 for FS, 11
for FU, 11 for FE, and 15 for MIC, which covered 26 upland cotton chromosomes. There were 33 meta-
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QTL in the At sub-genome and 41 in the Dt sub-genome. The con�dent intervals (CI) of all meta-QTL were
smaller than their respective initial QTL, which were ranged from 2.4 to13.4 Mb, with an average of
8.5 Mb (Fig. 2, Table S2). Among the 74 meta-QTL, 19 were obtained from multiple QTL coincident
regions of 4 or more studies (Table S2), indicating that these regions had high correlation with cotton
�ber quality traits.

Meta-QTL for FL

A total of 19 meta-QTL related to FL were obtained, covering 17 chromosomes, including 7 meta-QTL on
At sub-genome (A01, A05, A08, A09, A10, and A12), and 12 Meta-QTL on Dt sub-genome (D02, D03, D04,
D05, D06, D08, D09, D10, D11, D12, and D13) (Fig. 2, Table S2). Three meta-QTL have been mapped in
more than 5 studies, namely meta-QTL-3, meta-QTL-15, and meta-QTL-17, which were located in the
18.8–31.70 Mb region on A05 chromosome, the 54.17–61.86 Mb region on D10 chromosome, and the
15.70-24.32 Mb region on D11 chromosome respectively (Table S2).

Meta-QTL for FS

A total of 18 meta-QTL related to FS were obtained, covering 15 chromosomes, including 9 meta-QTL on
At sub-genome (A01, A02, A03, A05, A07, A09, and A10), and 9 meta-QTL on Dt sub-genome (D04, D05,
D06, D07, D08, D10, D11, and D12) (Fig. 2, Table S2). Among them, four meta-QTL have been identi�ed in
the four studies, namely meta-QTL-23, meta-QTL-25, meta-QTL-27, and meta-QTL-30, which were located
in 5.81–14.90 Mb on A05, 63.33–73.57 Mb on A07, 93.51–100.20 Mb on A10, and 4.01–15.81 Mb region
on D05 respectively (Table S2).

Meta-QTL for FU

A total of 11 meta-QTL related to FU were obtained, covering 11 chromosomes, including 5 meta-QTL on
At sub-genome (A02, A06, A09, A10, and A11), and 6 meta-QTL on Dt sub-genome (D01, D02, D03, D05,
D11, and D12). Among the meta-QTL, meta-QTL-45 on D03 and meta-QTL-47 on D11 chromosomes are
more reliable for identi�cation in four studies (Fig. 2, Table S2).

Meta-QTL for FE

A total of 11 meta-QTL related to FE were obtained, covering 11 chromosomes, including 4 meta-QTL on
At sub-genome (A05, A10, A11, and A13), and 7 meta-QTL on Dt sub-genome (D01, D04, D07, D11, and
D12) (Fig. 2, Table S2). Among these meta-QTL, meta-QTL-53 on chromosome D01 was identi�ed in four
studies.

Meta-QTL for MIC

A total of 15 meta-QTL related to MIC were obtained, covering 14 chromosomes, including 8 meta-QTL on
At sub-genome (A05, A06, A08, A09, A10, A11, and A13), and 7 meta-QTL on Dt sub-genome (D03, D05,
D06, D08, D09, D11, and D12) (Fig. 2, Table S2). Two meta-QTL have been identi�ed in the four studies,
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namely meta-QTL-61 and meta-QTL-71, which were located in 17.32–26.9 Mb on A05, and 52.98–
62.38 Mb on D08 respectively (Table S2).

Candidate genes identi�cation combined and meta-QTL
intervals and signi�cant SNPs
8589 signi�cant SNP loci associated to cotton �ber quality traits were collected from 15 GWAS studies
and mapped to TM-1 genome (Chandnani et al. 2018; Fang et al. 2017; Gapare et al. 2017; Handi et al.
2017; Huang et al. 2017; Islam et al. 2016; Li et al. 2018; Li et al. 2017b; Liu et al. 2018b; Ma et al. 2018a;
Ma et al. 2018b; Su et al. 2016; Su et al. 2018; Sun et al. 2017; Wen et al. 2018) (Table S3, Table S4,
Fig. 2), 4343 of which were mapped in the 74 meta-QTL regions (Table S5). 297 candidate genes were
identi�ed closely linked to the 4343 SNPs, including 126 genes for FL, 93 for FS, 40 for FU, 20 for FE, 18
for MIC (Table S6).

GO and KEGG enrichment analysis of candidate genes
To identify common characteristics of these genes in biological functions, gene ontology (GO) analysis
were performed with the 297 candidate genes, and 200 of them had ontology annotation, which were
classi�ed into the three main GO categories (biological process, molecular function, and cellular
component) and 15 GO terms (Fig. 3; Table S7). In the biological process category, protein modi�cation
process (30, 15%), cellular protein modi�cation process (30, 15%), protein metabolic process (46, 23%),
macromolecule modi�cation (30, 15%), macromolecule metabolic process (69, 34.5%), cellular protein
metabolic process (37, 18.5%), cellular macromolecule metabolic process (60, 30%), and proteolysis (11,
5.5%) were the major subcategories (Fig. 3, Table S7). In the cellular component category, 35 (17.5%)
genes were enriched in the membrane subcategory (Fig. 3; Table S7). In the molecular function category,
protein serine/threonine kinase activity (18, 9%), protein binding (55, 27.5%), peptidase activity (10, 5%),
protein tyrosine kinase activity (20, 10%), DNA binding (22, 11%), and transporter activity (16, 8%) were
the major subcategories (Fig. 3, Table S7).

To further comprehend the enriched pathways of the candidate genes, KEGG pathway analysis was
performed, and 234 annotated genes were assigned to 4 KEGG pathways (P < 0.05), including pentose
and glucuronate interconversions, acarbose and validamycin biosynthesis, vitamin digestion and
absorption, and membrane tra�cking (Table 2). Some of the pathways have been reported to be
associated with �ber development, such as, pentose and glucuronate interconversions pathway is
associated with �ber elongation.



Page 10/24

Table 2
KEGG analysis of candidate genes

Accession Name Input gene number p-value

ko00040 Pentose and glucuronate interconversions 2 (1.89%) 0.01

ko00525 Acarbose and validamycin biosynthesis 1 (0.94%) 0.02

ko04977 Vitamin digestion and absorption 1 (0.94%) 0.02

ko04131 Membrane tra�cking 10 (9.43%) 0.04

Key candidate genes identi�ed from expression patterns
To better understand the molecular function of the candidate genes, the expression in 10 tissues (root,
stem, leaf, petal, anther, stigma, �bers at four developmental stages) obtained from the transcriptome
datasets of the upland cotton genetic standard TM-1 were used for spatiotemporal expression analysis
(Zhang et al. 2015a). Among the 126 candidate genes for FL, nine of which (Gh_D08G1950,
Gh_D06G0479, Gh_D11G1626, Gh_D13G1900, Gh_D10G0833, Gh_D13G1965, Gh_A09G1231,
Gh_D08G1970, and Gh_D04G1574) showed high expression speci�cally during the development of
cotton �ber. Gh_D08G1950, Gh_D06G0479, Gh_D11G1626, Gh_D13G1900, Gh_D10G0833, and
Gh_D13G1965 showed high expression speci�cally at �ber secondary wall biosynthesis stages (20 and
25 DPA); Gh_A09G1231, Gh_D08G1970, and Gh_D04G1574 showed high expression speci�cally at �ber
elongation stages (5 and 10 DPA). Among the 93 candidate genes for FS, 5 of which (Gh_A01G1474,
Gh_A05G2203, Gh_D08G2110, Gh_A10G2036, and Gh_A07G1801) showed high expression speci�cally
during the development of cotton �ber. Gh_A01G1474, Gh_A05G2203 and Gh_D08G2110 showed
speci�cally high expression at �ber secondary wall biosynthesis stages (20 and 25 DPA); Gh_A10G2036,
and Gh_A07G1801 showed high expression speci�cally at �ber elongation stages (5 and 10 DPA).
Among the 40 candidate genes for FU, 2 of which (Gh_A11G2663 and Gh_D11G2059) showed high
expression speci�cally during the development of cotton �ber. Gh_A11G2663 showed high expression
speci�cally at �ber secondary wall biosynthesis stages (20 and 25 DPA); Gh_D11G2059 showed high
expression speci�cally at �ber elongation stages (5 and 10 DPA). Among the 20 candidate genes for FE, 3
of which (Gh_A13G0282, Gh_A13G0354 and Gh_A11G1313) showed high expression speci�cally at �ber
elongation stages (5 and 10 DPA). Among the 20 candidate genes for FE, Gh_D11G1416 showed high
expression speci�cally at �ber secondary wall biosynthesis stages (20 and 25 DPA) (Table S8).

To better understand the molecular function of the key candidate genes identi�ed from expression
patterns, they were annotated in CottonFGD (https://cottonfgd.org/). As a result, 4 genes (Gh_D10G0833,
Gh_A05G2203, Gh_D11G2059, and Gh_A13G0354) have no protein annotation, and others encode a
variety of proteins (Table 3). Gh_D08G1950 encodes a probable copper-transporting ATPase HMA5;
Gh_D06G0479 encodes a basic endochitinase; Gh_D11G1626 encodes a COBRA-like protein 4;
Gh_D13G1900 encodes a WAT1-related protein; Gh_D13G1965 encodes a protein WVD2-like 1;
Gh_A09G1231 encodes a 40S ribosomal protein S28; Gh_D08G1970 encodes a probable aquaporin PIP1-
2; Gh_D04G1574 encodes a Snakin-1; Gh_A01G1474 encodes WAT1-related protein; Gh_D08G2110
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encodes a CASP-like protein 5A2; Gh_A10G2036 encodes a Rop guanine nucleotide exchange factor 5;
Gh_A07G1801 encodes a peptidyl-prolyl cis-trans isomerase FKBP15-1; Gh_A11G2663 encodes a protein
WVD2-like 1; Gh_A13G0282 encodes a xylulose kinase; Gh_A11G1313 encodes a EPIDERMAL
PATTERNING FACTOR-like protein 9; Gh_D11G1416 encodes a transcriptional corepressor
LEUNIG_HOMOLOG (Table 3).

Table 3
The annotation of key candidate genes

Traits Gene ID Annotation

FL Gh_D08G1950 Probable copper-transporting ATPase HMA5

FL Gh_D06G0479 Basic endochitinase

FL Gh_D11G1626 COBRA-like protein 4

FL Gh_D13G1900 WAT1-related protein At1g09380

FL Gh_D10G0833 Not available

FL Gh_D13G1965 Protein WVD2-like 1

FL Gh_A09G1231 40S ribosomal protein S28

FL Gh_D08G1970 Probable aquaporin PIP1-2

FL Gh_D04G1574 Snakin-1

FS Gh_A01G1474 WAT1-related protein At1g25270

FS Gh_A05G2203 Not available

FS Gh_D08G2110 CASP-like protein 5A2

FS Gh_A10G2036 Rop guanine nucleotide exchange factor 5

FS Gh_A07G1801 Peptidyl-prolyl cis-trans isomerase FKBP15-1

FU Gh_A11G2663 Protein WVD2-like 1

FU Gh_D11G2059 Not available

FE Gh_A13G0282 Xylulose kinase

FE Gh_A13G0354 Not available

FE Gh_A11G1313 EPIDERMAL PATTERNING FACTOR-like protein 9

MIC Gh_D11G1416 Transcriptional corepressor LEUNIG_HOMOLOG

Discussion
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SNP-based meta-QTL analysis for cotton �ber quality traits
supports complete and accurate genetic information
In previous studies, genetic maps were constructed with SSR markers and other low throughput
molecular markers in cotton genetic studies (Guo et al. 2013; Nie et al. 2016; Sun et al. 2012). The low
molecular markers density in genetic research could not only reduce the number and accuracy of QTL
identi�cation, but also result in large con�dence intervals of the QTL in the genome (Guo et al. 2006b; Liu
et al. 2012; Su et al. 2016). With the development of sequencing technology, the application of SNP
markers are wildly used in the cotton genetic research, such as high-density genetic maps (HDGM)
construction (Ali et al. 2018; Diouf et al. 2018) and Genome-wide association (GWAS) study (Cai et al.
2017; Li et al. 2017a; Sun et al. 2018), which results in the identi�cation of a large number of QTL for
cotton �ber quantity traits. Though the meta-analysis of QTL for cotton �ber quantity traits were already
reported, they were based on the low throughput molecular markers (Said et al. 2015a; Said et al. 2013),
which could result in the loss of genetic information, as well as the reduction of accuracy of meta-QTL. In
the study, 884 QTL for cotton �ber quality traits were collected from high-density genetic maps, which
were constructed with large number of SNP markers, as a result, 74 meta-QTL were identi�ed. The CI of
all meta-QTL was smaller than their respective initial QTL, which is ranged from 2.4 to13.4 Mb, with an
average of 8.5 Mb. In addition, the application of unique SNP markers makes it easier to map the QTL
from different studies to TM-1 genome of upland cotton.

The meta-QTL contributes to cotton �ber quality
improvement by MAS
MAS needs to be enabled through the identi�cation of robust QTL, the design of reliable marker systems
to select for these QTL, and the delivery of these QTL into elite genomic backgrounds to enable their use
without associated genetic drag (Cobb et al. 2019). MAS is successfully applied in genetic improvement
of varieties of crops, especially for the major QTL/gene, such as improvement of rice blast resistance by
three-gene pyramid in rice (Xiao et al. 2019), improvement of drought adaptation in maize (Ribaut and
Ragot, 2006), improvement of yield traits in soybean (Reyna and Sneller 2001; Sebastian et al. 2010),
improvement of Fusarium head blight resistance in wheat (Anderson 2007), and improvement of
Verticillium Wilt resistance in cotton (Zhang et al. 2014). QTL mapping with molecular markers provides a
powerful approach to dissect the molecular mechanism underlying complex �ber quality traits(Ijaz et al.
2019). There were thousands of QTL for cotton �ber quality traits identi�ed in different mapping
populations such as RILs, bi-parental segregating populations, and BC populations (Said et al. 2015b),
which provide the potential to be manipulated by MAS for the improvement of cotton �ber quality traits.
However, only the stable QTL for cotton �ber quality traits in various environments and populations can
be used in the MAS breeding. In the study, though 884 QTL for cotton �ber quality traits were collected for
meta-analysis, only 74 meta-QTL were identi�ed, among which, 19 were obtained from multiple QTL
coincident regions of 4 or more studies, including 11 for FL, 4 for FS, 1 for FU, 2 for FE, and 2 for MIC. So
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the �anking SNP markers of the meta-QTL identi�ed in the study, especially the 19 meta-QTL, can be
used for MAS to improve the cotton �ber quality.

The combination of meta-QTL intervals and signi�cant SNP
provide reliable information to identify candidate genes
Due to the challenging detection of rare variants in GWAS and high false-positive rates in QTL mapping,
the combination of association mapping and linkage analysis has been wildly used for revealing the
genetic architecture of complex quantitative traits (Andersen et al. 2005; Li et al. 2016b; Visscher 2008).
17 candidate genes for kernel test weight were identi�ed in maize by the combination of association
mapping and linkage analysis(Zhang et al. 2019c). 19 candidate genes for plant and ear height were
identi�ed in maize by combining association mapping and linkage analysis(Li et al. 2016b). 25 candidate
genes for soybean seed protein and oil content were identi�ed by combining association mapping and
linkage analysis(Zhang et al. 2019b). In our study, the combination of meta-QTL intervals and signi�cant
SNP identi�ed by association mapping was used for candidate gene identi�cation coving the whole
cotton genome, which provides more comprehensive and reliable information. As a result, 297 candidate
genes associated with cotton �ber quality traits were identi�ed.

Candidate genes are probably involved in the development
of cotton �bers
Due to the di�culty of forward genetics research in cotton, transcriptome analysis Combined with QTL
has been widely used to identify candidate genes for �ber development (Fang et al. 2014; Shi et al. 2006;
Tu et al. 2007; Yoo and Wendel 2014). In our study, transcriptome analysis of ten cotton tissues were
used for 297 candidate genes expression pattern analysis, as a result, 20 genes showed high expression
speci�cally in the developing �bers. In addition, the encoded proteins and functions of the 20 genes were
annotated, and many of them were associated with �ber development. Gh_D11G1626 encoded a COBRA-
like protein 4, and expressed in the �ber secondary wall biosynthesis stages; the function of COBRA-like
protein has been reported in sorghum and rice, which were involved in secondary cell wall cellulose
biosynthesis (Dai et al. 2011; Li et al. 2019; Sato et al. 2010), so Gh_D11G1626 is probably involved in the
secondary wall biosynthesis. Gh_D13G1900 and Gh_A01G1474 encoded WAT1-related proteins, and
showed speci�cally high expression at the �ber secondary wall biosynthesis stages; the WAT1-related
protein were probably related to high bast �ber yield in cotton (Liu et al., 2018a). Gh_D13G1965 and
Gh_A11G2663 encoded protein WVD2-like 1, and showed speci�cally high expression at the �ber
secondary wall biosynthesis stages; in Arabidopsis, WVD2 was involved in the cell expansion (Yuen et al.
2003). Gh_D08G1970 encoded a probable aquaporin PIP1-2, and showed speci�cally high expression at
�ber elongation stages; aquaporin proteins were reported to be involved in the cotton �ber cell elongation
and development (Li et al. 2013; Yang and Cui 2009). Gh_A10G2036 encoded a Rop guanine nucleotide
exchange factor 5, and showed speci�cally high expression at �ber elongation stages; Rho of plants
(ROP) was reported participated in the spatial patterning of secondary cell walls and regulated the
polarized cell growth (Kost 2008; Oda and Fukuda 2014; Yanagisawa et al. 2018), so Gh_A10G2036 is
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probably involved in the cotton �ber elongation. According to the results, the candidate genes identi�ed
by the combination of meta-QTL intervals, signi�cant SNPs, and transcriptome data, are reliable, however,
there are still lots of work to do to verify the function of the key candidate genes.

Conclusion
In the study, we identi�ed 74 meta-QTL and 297 candidate genes associated with cotton �ber quality
traits, and 20 of which showed high expression speci�cally in the developing �bers and are associated
with the �ber development. The study provides not only stable QTLs used for marker-assisted selection
(MAS), but also candidate genes to uncover the molecular mechanisms for cotton �ber development.
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Figure 1

Initial QTL distribution on 26 chromosomes of G. hirsutum genome FL, �ber length; FS, �ber strength;
MIC, �ber micronaire; FU, �ber uniformity; FE, �ber elongation; SCI, spinning consistency index; SF, short
�ber; FR, �ber re�ectance; FY, �ber yellowness.
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Figure 2

Locations of Meta-QTL and signi�cant SNPs. Each color represents one trait, red for FL, gray for FS, blue
for FU, green for FE, and yellow for MIC. There are two tracks for each trait, the inner tracks represent the
meta-QTL, and the outer tracks represent signi�cant SNP loci associated with corresponding traits. FL,
�ber length; FS, �ber strength; MIC, �ber micronaire; FU, �ber uniformity; FE, �ber elongation.
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Figure 3

GO analysis of candidate genes of �ber quality traits.
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