
ORIGINAL RESEARCH
published: 16 August 2018

doi: 10.3389/fpls.2018.01169

Frontiers in Plant Science | www.frontiersin.org 1 August 2018 | Volume 9 | Article 1169

Edited by:

Zhenyu Jia,

University of California, Riverside,

United States

Reviewed by:

Yang-Jun Wen,

College of Sciences, Nanjing

Agricultural University, China

Jia Wen,

University of North Carolina

at Charlotte, United States

*Correspondence:

Junji Su

xjnkysujj1980@163.com

Caixiang Wang

wangcx8050@163.com

Specialty section:

This article was submitted to

Plant Breeding,

a section of the journal

Frontiers in Plant Science

Received: 13 June 2018

Accepted: 23 July 2018

Published: 16 August 2018

Citation:

Su J, Ma Q, Li M, Hao F and Wang C

(2018) Multi-Locus Genome-Wide

Association Studies of Fiber-Quality

Related Traits in Chinese

Early-Maturity Upland Cotton.

Front. Plant Sci. 9:1169.

doi: 10.3389/fpls.2018.01169

Multi-Locus Genome-Wide
Association Studies of Fiber-Quality
Related Traits in Chinese
Early-Maturity Upland Cotton
Junji Su 1,2*, Qi Ma 2, Mei Li 3, Fushun Hao 4 and Caixiang Wang 1*

1 State Key Laboratory of Cotton Biology, Institute of Cotton Research of CAAS, Anyang, China, 2Cotton Research Institute,

Xinjiang Academy of Agricultural and Reclamation Science, Shihezi, China, 3College of Plant Science and Technology,

Huazhong Agricultural University, Wuhan, China, 4 State Key Laboratory of Cotton Biology, Henan Key Laboratory of Plant

Stress Biology, College of Life Science, Henan University, Kaifeng, China

Early-maturity varieties of upland cotton are becoming increasingly important for farmers

to improve their economic benefits through double cropping practices and mechanical

harvesting production in China. However, fiber qualities of early-maturing varieties are

relatively poor compared with those of middle- and late- maturing ones. Therefore,

it is crucial for researchers to elucidate the genetic bases controlling fiber-quality

related traits in early-maturity cultivars, and to improve synergistically cotton earliness

and fiber quality. Here, multi-locus genome-wide association studies (ML-GWAS) were

conducted in a panel consisting of 160 early-maturing cotton accessions. Each

accession was genotyped by 72,792 high-quality single nucleotide polymorphisms

(SNPs) using specific-locus amplified fragment sequencing (SLAF-seq) approach, and

fiber quality-related traits under four environmental conditions were measured. Applying

at least three ML-GWAS methods, a total of 70 significant quantitative trait nucleotides

(QTNs) were identified to be associated with five objective traits, including fiber length

(FL), fiber strength (FS), fiber micronaire (FM), fiber uniformity (FU) and fiber elongation

(FE). Among these QTNs, D11_21619830, A05_28352019 and D03_34920546 were

found to be significantly associated with FL, FS, and FM, respectively, across at least

two environments. Among 96 genes located in the three target genomic regions (A05:

27.95 28.75, D03: 34.52 35.32, and D11: 21.22 22.02 Mbp), six genes (Gh_A05G2325,

Gh_A05G2329, Gh_A05G2334, Gh_D11G1853, Gh_D11G1876, and Gh_D11G1879)

were detected to be highly expressed in fibers relative to other eight tissues by

transcriptome sequencing method in 12 cotton tissues. Together, multiple favorable QTN

alleles and six candidate key genes were characterized to regulate fiber development in

early-maturity cotton. This will lay a solid foundation for breeding novel cotton varieties

with earliness and excellent fiber-quality in the future.
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INTRODUCTION

Upland cotton (Gossypium hirsutum L.), a tetraploid plant, is
the most important natural-fiber crop. It is widely cultivated
in the world and supplies more than 95% of the global fiber
yield due to its extensive adaptive ability and high productivity
(Chen et al., 2007). Upland cotton cultivars can be divided
into early-, middle- and late- maturity varieties, according to
the duration of growth period. Early-maturity (short-season)
cotton is an ecological type with a relatively short growing
period (Yu et al., 2005; Song et al., 2015). It is suited for
wheat-cotton, barley-cotton and rape-cotton double cropping
patterns in cotton growing areas of Yellow River Region (YRR)
and Yangzi River Region (YZRR), and is also fit for single
cropping production in the early-maturity areas of Northwest
Inland Region (NIR) and the Northern Specific Early-Maturity
Region (NSEMR), with the short frost-free period in China
(Yu et al., 2005; Song et al., 2015). Additionally, mechanized
harvesting of cotton after good ripening is very common in
NIR. The cotton varieties appropriate for mechanical harvesting
should have earlier maturing characteristics, especially for early
and concentrated boll-opening traits, compared with those
suitable for manual harvesting (Bao et al., 2014; Feng et al.,
2017). Therefore, the early-maturity upland cotton varieties
are becoming more and more important in Chinese cotton
production.

Currently, farmers gained increased economic benefits
after using new production patterns of double cropping and
mechanical harvesting; whereas application of these cultivation
measures need early-maturity cotton (Du et al., 2015; Dai
et al., 2017; Lu et al., 2017). Owing to their great necessity,
a series of early-maturity cotton varieties, such as “Liaomian,”
“Zhongmiansuo,” and “Xinluzao,” were developed and released
in recent 40 years in China. However, their fiber qualities were
relatively poor compared with those ofmiddle- and late-maturity
cotton varieties. Therefore, it is crucial to improve fiber quality of
early-maturity cotton varieties.

To meet human higher needs for improving textile products,
it is also essential for researchers to focus on fiber-quality
improvement of early-maturity cotton in future. However, it
is difficult to improve fiber quality of early-maturity cotton by
means of traditional breeding strategy because of the significant
negative correlation between earliness and excellent-quality fiber
(Song et al., 2005; Fan et al., 2006). The rapid development of
genotyping techniques based on simple sequence repeat (SSR)
and single nucleotide polymorphism (SNP) markers provided an
alternative method to improve the efficiency of crop breeding.
Generally, marker-assisted selection (MAS) is a high-efficiency
and economical approach for modern breeding, compared with
the traditional phenotyping breeding (Lande and Thompson,
1990). Researchers have spent a great amount of time and
effort on mapping quantitative trait loci (QTL) by using linkage
analysis. Over the last two decades, a number of cotton earliness-
related QTL have been identified via linkage mapping (Fan et al.,
2006; Li et al., 2013; Jia et al., 2016). Compared to the studies
evaluating cotton earlymaturity, far toomany investigations have
been conducted to identify genetic signatures for fiber quality.

A recent meta-QTL analysis suggested that approximately one
thousand QTL for fiber-related traits have been detected in
intraspecific upland cotton populations (Said et al., 2015), and
a few near-term studies have added new QTL for cotton fiber
quality (Shang et al., 2015; Tan et al., 2015; Tang et al., 2015; Fang
X. et al., 2017).

A genome-wide association study (GWAS) is a wonderful
supplement to QTL mapping, and it has been widely used in
upland cotton in recent years (Su et al., 2016a, 2018; Fang L.
et al., 2017; Huang et al., 2017; Sun et al., 2017; Ma Z. et al.,
2018). Although there are a lot of reports on GWAS for cotton
earliness and fiber-quality related traits in the past ten years (Zeng
et al., 2009; Zhang et al., 2013; Cai et al., 2014; Nie et al., 2016; Su
et al., 2016a,b; Sun et al., 2017; Ma Z. et al., 2018), few GWAS
investigations have been conducted on fiber-quality related traits
in early-maturity upland cotton. In the previous studies, the
majority of QTL or quantitative trait nucleotides (QTNs) for fiber
quality are mainly derived from germplasms of G. barbadense
and late-maturity G. hirsutum, they are not convenient for use
in fiber-quality improvement of early-maturity cotton. Therefore,
it is needed to identify QTNs and candidate genes associated
with fiber quality in the panel consisting of early-maturity upland
cotton accessions.

To date, a lot of single-locus GWAS (SL-GWAS) have been
reported in upland cotton (Zeng et al., 2009; Zhang et al., 2013;
Nie et al., 2016; Su et al., 2016a,b,c; Sun et al., 2017; Ma Z. et al.,
2018). The SL-GWAS methods are involved in multiple testing,
and Bonferroni correction is frequently adopted to control the
false positive rate. However, this correction is very stringent,
thus some important loci cannot be detected, especially for
large error in the phenotypic measurement in field experiments
(Tamba et al., 2017). To overcome this issue, multi-locus GWAS
(ML-GWAS) methodologies have been developed. They include
mrMLM (Wang et al., 2016), FASTmrMLM (Tamba and Zhang,
2018), ISIS EM-BLASSO (Tamba et al., 2017), FASTmrEMMA
(Wen et al., 2017), pLARmEB (Zhang et al., 2017), and pKWmEB
(Ren et al., 2018). Additionally, to decrease the false positive rate,
a combination of several ML-GWAS methods have been applied
in previous studies (Wu et al., 2016; Misra et al., 2017; Ma L. et al.,
2018).

In this study, ML-GWAS for fiber-quality related traits were
conducted in a panel composed of 160 early-maturing cotton
accessions. The main objective of our study was to discover the
favorable QTN allelic variations and some potential candidate
genes controlling fiber quality in the early-maturity upland
cotton. This investigation will lay a foundation for breeding new
cotton varieties with earliness and excellent fiber quality in the
future.

MATERIALS AND METHODS

Plant Materials
A natural population consisting of 160 Chinese early-maturity
upland cotton accessions were generated (Table S1). These
accessions were sampled from the germplasm gene bank of
the Cotton Research Institute of the Chinese Academy of
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Agricultural Sciences (CRI-CAAS). The germplasms fell into
three groups based on cotton-planting regions in China.
Specifically, 81, 58, and 21 accessions were from the YRR, NIR
and NSEMR, respectively. All the accessions have relatively short
whole growing period (ranging from 100 to 120 days).

Field Experiments
A collection of 160 early-maturity upland cotton accessions was
evaluated under four environmental conditions (2 locations ×
2 years): Anyang, Henan, China (36.13◦N, 114.80◦E) in 2014
and 2015 (designated AY-2014 and AY-2015, respectively), and
Shihezi (SHZ), Xinjiang, China (44.52◦N, 86.02◦E) in 2014 and
2015 (designated SHZ-2014 and SHZ-2015, respectively). The
field experiments were arranged in a randomized complete block
design with three replications. At AY, each accession was sown
in a single-row plot with about 20 plants, while at SHZ, each
accession was planted in double-row plots with about 30 plants.
The field trials at SHZ were performed with drip irrigation
under plastic film conditions, whereas the plots at AY were
furrow irrigated as needed. The experimental field management
measures were full accordance with local agronomic practices.

Phenotyping and Data Analysis
After mature, a total of 20 naturally opened bolls, as a cotton
fiber sample, were handly picked from central part of the
plants from each accession in each replicate every year. Fiber
samples weighing 10∼15 g lint cotton were then measured for
fiber property determination using an HVI-MF 100 instrument
(User Technologies, Inc., USTER, Switzerland) at the Cotton
Fiber Quality Inspection and Testing Center of the Ministry of
Agriculture, Anyang, China. The following fiber-quality related
traits were evaluated: 50% fiber span length (FL, mm), fiber
strength (FS, cN.tex−1), fiber micronaire (FM), fiber uniformity
(FU, %) and fiber elongation (FE, %). The analysis of variance
(ANOVA) for phenotypic data was conducted using the SPSS22.0
software.

SNP Genotyping
Genomic DNA was isolated from young leaf tissue of all
accessions using a modified cetyltrimethylammonium bromide
(CTAB) method as described by Paterson et al. (1993). Reduced-
representation DNA sequences of 160 early-maturity cotton
accessions have been obtained by specific-locus amplified
fragment sequencing (SLAF-seq) approach with coverage of
approximate 5.50×. To mine the SNPs with higher quality, the
raw reads were mapped to the G. hirsutum L. TM-1 genome v
1.1 (Zhang et al., 2015) using BWA software (Li and Durbin,
2009). The GATK (McKenna et al., 2010), and SAMTools (Li
et al., 2009) packages were used for SNP calling. The filtered
SNPs, with a missing rate <10% and a minor allele frequency
(MAF) ≥ 0.05, were reserved and used for the subsequent
analysis.

Clustering Analysis, Population Structure
and Linkage Disequilibrium (LD) Analysis
A neighbor-joining phylogenetic tree among 160 individuals was
constructed using the filtered SNPs by the Tassel 5.2 software

(Bradbury et al., 2007). The population structure was analyzed
using a principal component analysis (PCA) approach with the
Tassel 5.2 program (Bradbury et al., 2007). LDs between SNPs
were estimated as the squared correlation coefficient (R2) of
alleles using the Tassel 5.2 tool (Bradbury et al., 2007). The
R2-values were calculated within a 0- to 10-cM window.

Genome-Wide Association Study and
Allelic Variation Analysis
Six ML-GWAS methods, including the mrMLM, FASTmrMLM,
FASTmrEMMA, pLARmEB, pKWmEB, and ISIS EM-BLASSO,
were used in this study. The mrMLM is a multi-locus model
including markers selected from the rMLM method with a
less stringent selection criterion (Wang et al., 2016). The
FASTmrMLM reduces the running time in mrMLM by more
than 50%, and also shows slightly high statistical power in
QTN detection, high accuracy in QTN effect estimation and
low false positive rate as compared to mrMLM (Tamba and
Zhang, 2018). FASTmrEMMA is a fast multi-locus random-
SNP-effect EMMA model, which is more powerful in QTN
detection and model fit (Wen et al., 2017). The pLARmEB
integrates least angle regression with empirical Bayes to perform
ML-GWAS under polygenic background control (Zhang et al.,
2017). The pKWmEB retains the high power of Kruskal–Wallis
test, and provides QTN effect estimates and effectively controls
false positive rate (Ren et al., 2018). The ISIS EM-BLASSO has
the highest empirical power in QTN detection and the highest
accuracy in QTN effect estimation, and it is the fastest, as
compared with EMMA and mrMLM (Tamba et al., 2017). All
parameters were set at default values, and the critical thresholds
of significant association for all the above six methods were set at
LOD = 3.00 (Wang et al., 2016; Tamba et al., 2017; Wen et al.,
2017; Zhang et al., 2017; Ren et al., 2018; Tamba and Zhang,
2018).

The phenotypic-effect value of each allelic variation was
calculated by the phenotypic data over the accessions with each
type, and box plots of the relative phenotypic data were produced
using the R software.

Prediction of Potential Candidate Genes
Putative candidate genes were identified by physical positions
of significant trait-associated SNP loci in the G. hirsutum L.
reference genomes v1.1 (Zhang et al., 2015). According to LD
decay distance, the interval for the prediction of candidate
genes for the significant SNP loci was determined. The genes
distributed in these regions were collected. Transcriptome
sequencing data from 12 upland cotton tissues (including
fiber in 5, 10, 20, 25 DPA (days post anthesis), root,
stem, leaf, torus, calycle, cotyledon, petal and pistil) were
available on the cotton website (https://cottonfgd.org/). Heat
maps of the putative candidate gene expression patterns
were drawn using the R package “pheatmap.” The biological
functions of putative candidate genes were annotated by gene
ontology (GO) items on the cotton website (https://cottonfgd.
org/).
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RESULTS

SNP Genotyping
To gain insight into the genetic bases of fiber-quality related
traits, 160 early-maturity upland cotton accessions were
performed using SLAF-seq, and a complete set of markers
containing 72,792 high-quality SNPs was explored by filtering
according to the stringent quality control. These detected
markers consisted of 47,594 and 25,198 SNPs in the At and Dt
chromosomes respectively, and were unevenly distributed on
all the 26 chromosomes of upland cotton. Moreover, the SNP
loci with maximal number were identified on chromosome

TABLE 1 | Statistics of SNPs.

Chr. Number of

SNPs

Density of

SNP (kb/SNP)

Chr. Number of

SNPs

Density of

SNP

(kb/SNP)

A01 4410 22.65 D01 1873 32.81

A02 3460 24.12 D02 1846 36.45

A03 3367 29.78 D03 1655 28.21

A04 2485 25.32 D04 1479 34.79

A05 3320 27.73 D05 1551 39.93

A06 4414 23.37 D06 1991 32.29

A07 3388 23.10 D07 1658 33.36

A08 4703 22.03 D08 2699 24.41

A09 2443 30.70 D09 1635 31.19

A10 5013 20.12 D10 2240 28.29

A11 3817 24.45 D11 2466 26.80

A12 2996 29.20 D12 2016 29.32

A13 3778 21.16 D13 2089 28.98

Chr., chromosome, according to the upland cotton reference genome (Zhang et al., 2015).

A10 (5013), while those with the minimal number were
detected on chromosome D04 (1479). The average marker
density was about one SNP per 28.10 kb genomic regions.
The greatest marker density was found on chromosome A10
with one SNP per 20.12 kb, while the smallest marker density
was seen in chromosome D05, with one SNP per 39.93 kb
(Table 1).

Phenotypic Variation
To examine whether significant phenotypic variances exist in the
fibers among the 160 upland cotton accessions, the five fiber-
quality related traits including FL, FS, FU, FM and FE were
examined. The results showed that the parameters of fibers from
different accessions were quite diverse (Table 2). For instance, the
FL ranged from 24.07 to 33.69mm, with a mean of 28.09mm, the
FS had a great variation ranging from 22.70 to 40.65 cN.tex−1,
and the FM from four environments varied from 2.50 to 6.00,
with an average value of 4.83. Additionally, the FU and FE
had wide distributions and variations (Table 2, Figure 1). These
results indicate that early-maturity cotton varieties had broad
variation in fiber-quality related traits under different planting
conditions.

We observed that the phenotypic values of FL and FS at
Anyang (AY) were significantly lower than those at Shihezi
(SHZ). By contrast, there were no significant differences in FM
and FU between the two locations. The FE values in AY-2014
were also strikingly lower than those in other environments
(Table 2, Figure 1). Furthermore, the statistically significant
differences (P < 0.001) were observed among genotypes,
environments, and the genotype × environment interactions on
all the five target traits (Table S2). These data suggest that the

TABLE 2 | Phenotypic distribution range of five fiber-quality related traits of 160 early-maturity upland cotton accessions.

Traits Environments Mean Min Max SD CV (%)

FL (mm) AY-2014 29.08 26.31 33.69 1.25 4.31

AY-2015 28.33 24.80 32.15 1.65 5.82

SHZ-2014 27.86 25.79 31.53 1.08 3.88

SHZ-2015 27.10 24.07 31.07 1.47 5.43

FS (cN.tex−1) AY-2014 30.40 26.07 39.43 2.22 7.31

AY-2015 28.75 22.70 40.65 3.15 10.97

SHZ-2014 29.85 25.94 40.54 2.24 7.51

SHZ-2015 26.07 22.87 34.47 2.44 9.35

FU (%) AY-2014 84.60 82.00 86.53 0.86 1.02

AY-2015 84.06 80.30 86.80 1.29 1.54

SHZ-2014 84.04 80.80 86.43 1.11 1.32

SHZ-2015 83.29 79.40 86.87 1.44 1.72

FM AY-2014 4.68 3.28 5.78 0.50 10.61

AY-2015 4.85 2.85 6.00 0.50 10.25

SHZ-2014 4.73 3.78 5.39 0.32 6.68

SHZ-2015 5.05 3.67 5.80 0.35 6.98

FE (%) AY-2014 6.30 6.10 6.53 0.09 1.39

AY-2015 6.78 6.50 7.05 0.12 1.77

SHZ-2014 6.74 6.50 6.93 0.08 1.22

SHZ-2015 6.68 6.40 6.93 0.12 1.79

FL, fiber length; FS, fiber strength; FM, fiber micronaire; FU, fiber uniformity; FE, fiber elongation; Max, maximum; Min, minimum; SD, standard deviation; CV, coefficient of variation; AY,

Anyang; SHZ, Shihezi.
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FIGURE 1 | Phenotypic distributions of five fiber-quality related traits of 160 early-maturity upland cotton accessions in four cultivating environments.

five fiber-quality related traits were significantly influenced by the
environmental conditions.

Population Structure and Linkage
Disequilibrium Analysis
To understand the phylogenetic relationship of the 160 upland
cotton genotypes, a neighbor-joining phylogenetic tree was

conducted based on their genetic distances, which derived from
the SNP differences in these accessions. The population could
be divided into three different groups, designated pop I (YRR,
with 54 accessions), pop II (NIR, with 44 accessions) and pop
III (YRR, NIR and NSEMR, with 62 accessions), respectively
(Figure 2A). Furthermore, we found that there are an intimate
genetic relationship between NSEMR accessions and the early
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varieties from YRR and NIR, which were mainly assigned to pop
III, while the recent accessions from YRR and NIR belonged to
pop I and pop II, respectively. These findings imply that early-
maturity accessions in YRR and NIR might derive from NSEMR
varieties in upland cotton.

Next, the population structure of the panel was analyzed using
a PCA on the basis of the identified SNPs. Three conceivable
subpopulations were separated by PC1 and PC2 (Figure 2B).
Similarly, YRR, NIR and mixed group (YRR, NIR and NSEMR)
were respectively distinguished via PCA. Based on the results
from both the phylogenetic tree and PCA, the panel was
separated into three groups (Figures 2A,B).

To examine the LD decay distance in the panel, its decay
rate was estimated using the SNPs. The result showed that
the genome-wide LD decay rate of the natural population
was approximately 400 kb, where the R2 drops to half of the
maximum value (Figure 2C). Due to the average marker density
with one SNP per 28.10 kb (Table 1), we concluded that these
markers were sufficiently dense for detecting the associated
QTNs.

Multi-Locus Genome-Wide Association
Studies
A total of 70 significant QTNs were simultaneously detected
to be associated with the above five objective traits by at
least three multi-locus GWAS (ML-GWAS) methods (Table 3).
Among these QTNs, 16, 20, 9, 16, and 9 were found to be
associated with FL, FS, FM, FU, and FE, respectively. Among
the 70 significant QTNs, three were simultaneously presented
across at least two environments (Table 3). One (D11_21619830)
for FL, with a high proportion of total phenotypic variance
explained by the QTN (2.35∼11.07%), was found simultaneously
in the two planting environments (AY-2014 and SHZ-2014)
(Figure 3A, Table 3). Note that this QTN was detected by
three methods (mrMLM, ISIS EM-BLASSO and pLARmEB)

in AY-2014, and by four methods (mrMLM, FASTmrMLM,
pLARmEB and ISIS EM-BLASSO) in SHZ-2014. Another QTN
(A05_28352019) for FS was found by four methods (mrMLM,
FASTmrMLM, pLARmEB and pKWmEB) in AY-2014 and by
three methods (mrMLM, FASTmrMLM and pLARmEB) in
SHZ-2014 (Figure 3A, Table 3). Most meaningfully, the QTN
(D03_34920546) for FM was presented simultaneously in three
environments (AY-2014, AY-2015 and SHZ-2015), and was
detected at AY (2014 and 2015) by all the six ML-GWAS
methods (Figure 3A, Table 3). In conclusion, the three identified
QTNs (A05_28352019, D03_34920546 and D11_21619830),
might be some steady major QTNs controlling the target
traits.

Identification of Favorable Allelic Variations
To identify favorable alleles of QTNs for target traits, we focused
on the above 3 steady QTNs, which exhibited the maximum
LOD, –lg(P) value and phenotypic variation. The striking QTN
D11_21619830 presented three types of allele (AA, AG and
GG), and the accessions with the favorable allele AA (n = 112)
showed significantly higher FL than those with the GG (n = 26)
and AA (n = 20) alleles (Figure 3B). Moreover, we found
that QTN A05_28352019 had three types of allelic variation
AA, AG and GG, respectively, where the average FS of the
favorable allele GG (28.89 cN.tex−1) was higher than those of
the AA (26.26 cN.tex−1) and AG (26.98 cN.tex−1) (Figure 3B).
Additionally, the peak QTN (D03_34920546) had three allelic
variations (AA, AG and GG), and the accessions with the GG
variation showed higher FM than those with the alternate AA
variation. Considering themost excellent level of FM (3.70∼4.20)
for spinning, allele AA of the peak QTN could be regarded as
the favorable allele with the mean FM value of 4.28, whereas
the corresponding type GG was the unfavorable allele with the
mean FM value of 4.89 (Figure 3B). These findings indicated
that the fibers of the accessions with favorable allelic variations

FIGURE 2 | Phylogenetic tree, population structure and LD decay of 160 early-maturity upland cotton accessions. (A) Neighbor-joining phylogenetic tree of all cotton

accessions. The pop III was a mixed group including YRR, NIR and NSEMR. (B) Principal component analysis (PCA) of the association panel. (C) The entire genome

LD decay of the population.
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TABLE 3 | The significant QTNs for five fiber-quality related traits detected simultaneously by using three or more multi-locus GWAS methods.

Traits QTN ID Env. Pos.(Mb) Chr. LOD R2 (%) ML-GWAS

Methods

FL A02_8008893 AY-2014 8.01 A02 3.69–6.42 5.66–15.50 2, 3, 5

A07_14808135 AY-2014 14.80 A07 3.10–5.22 6.97–12.22 1, 2, 5, 6

A09_5999806 AY-2014 6.00 A09 3.23–7.46 2.47–12.33 1, 2, 4

A11_77306905 AY-2014 77.31 A11 3.90–6.75 2.11–9.81 1, 2, 4, 5

D01_38549510 AY-2014 38.55 D01 4.32–4.90 2.83–9.30 1, 2, 5

D03_37661749 AY-2014 37.66 D03 3.56–5.11 1.71–6.70 1, 2, 4, 5, 6

D08_44134483 AY-2014 44.13 D08 4.30–4.48 1.98–6.02 1, 2, 5

D11_21619830* AY-2014 21.62 D11 4.15–5.29 2.35–9.18 1, 3, 5

D03_41720764 AY-2015 41.72 D03 3.00–5.09 7.08–13.15 1, 2, 4, 6

A07_71351661 SHZ-2014 71.35 A07 4.95–5.94 2.84–11.07 1, 4, 5

D11_21619830* SHZ-2014 21.62 D11 3.99–5.45 2.79–11.32 1, 2, 3, 5

A01_20468506 SHZ-2015 20.47 A01 3.88–4.72 8.71–9.84 1, 3, 5

A07_5555999 SHZ-2015 5.56 A07 3.06–4.90 5.24–13.44 1, 2, 5, 6

A09_56201893 SHZ-2015 56.20 A09 3.07–5.07 2.22–6.81 2, 3, 4, 5, 6

D06_15590320 SHZ-2015 15.59 D06 3.23–5.64 2.31–6.62 2, 3, 4, 5, 6

D13_20291732 SHZ-2015 20.29 D13 3.01–3.49 10.41–17.71 2, 5, 6

FS A05_28352019* AY-2014 28.35 A05 4.21–6.09 4.73–14.91 1, 2, 5, 6

A01_3833158 AY-2015 3.83 A01 4.70–7.47 8.01–8.89 1, 5, 6

A11_48101548 AY-2015 48.10 A11 3.60–4.21 7.86–8.44 1, 2, 6

D01_53611999 AY-2015 53.61 D01 4.13–4.95 4.73–7.43 2, 5, 6

D08_54727428 AY-2015 54.73 D08 3.58–10.36 2.23–9.81 1, 2, 6

D08_63040058 AY-2015 63.04 D08 3.97–4.91 3.70–5.98 4, 5, 6

A05_28352019* SHZ-2014 28.35 A05 3.14–6.70 4.03–8.57 1, 2, 5

A05_81758788 SHZ-2014 81.76 A05 3.37–6.73 2.59–6.47 1, 2, 5, 6

A07_71351661 SHZ-2014 71.35 A07 3.14–7.25 3.36–6.33 1, 2, 4, 5

A08_71454278 SHZ-2014 71.45 A08 3.27–5.88 6.75–11.73 2, 5, 6

A09_30635120 SHZ-2014 30.64 A09 3.28–5.78 5.77–11.18 1, 2, 5

A11_85908613 SHZ-2014 85.91 A11 4.32–9.06 15.66–18.87 2, 3, 5

D01_17607059 SHZ-2014 17.61 D01 3.55–13.41 3.98–13.41 2, 5, 6

D06_15477129 SHZ-2014 15.48 D06 5.27–6.94 5.60–7.21 1, 2, 5

D07_45641817 SHZ-2014 45.64 D07 3.36–5.33 0.93–1.33 1, 2, 5

A09_56201893 SHZ-2015 56.20 A09 3.14–4.33 1.80–4.39 3, 4, 5

A13_60864258 SHZ-2015 60.86 A13 3.77–5.28 3.63–8.03 1, 2, 4

D01_53662824 SHZ-2015 53.66 D01 4.35–5.55 2.69–7.99 3, 5, 6

D06_15590320 SHZ-2015 15.59 D06 3.13–4.24 0.88–4.39 1, 2, 4, 5, 6

D12_51137790 SHZ-2015 51.14 D12 3.14–5.64 4.51–14.69 3, 5, 6

FM A03_97922050 AY-2014 97.92 A03 4.01–7.02 5.00–6.91 1, 2, 5, 6

A05_31842417 AY-2014 31.84 A05 3.04–5.46 3.53–15.10 1, 2, 3, 4, 5, 6

D03_34920546* AY-2014 33.49 D03 4.18–9.66 5.58–13.87 1, 2, 3, 4, 5, 6

D03_34920546* AY-2015 34.92 D03 9.31–12.88 16.69–29.90 1, 2, 3, 4, 5, 6

A06_5267401 SHZ-2014 35.27 A06 3.54–5.66 3.79–8.48 1, 3, 4, 6

D03_34920546* SHZ-2014 34.92 D03 3.86–5.26 5.89–17.95 1, 3, 5, 6

D09_23399960 SHZ-2014 23.40 D09 3.99–5.78 5.12–11.08 1, 2, 3

D11_1353254 SHZ-2014 1.35 D11 3.01–6.58 3.35–13.14 1, 2, 3, 4, 5

D04_42032569 SHZ-2015 42.03 D04 3.59–4.24 4.81–11.96 2, 3, 5

FU D07_43127704 AY-2014 43.13 D07 4.61–6.30 4.40–14.6 1, 2, 3, 4, 5

A01_84353970 AY-2015 84.35 A01 3.12–3.77 4.24–4.68 1, 3, 5

A05_65094242 AY-2015 65.09 A05 3.13–4.43 2.58–12.3 2, 3, 4

A05_81758788 AY-2015 81.76 A05 3.82–8.50 5.32–9.88 1, 2, 5

A09_577845 AY-2015 0.58 A09 3.57–5.04 2.34–4.94 1, 2, 3

A11_90350675 AY-2015 90.35 A11 4.13–5.03 3.10–3.89 1, 2, 3

(Continued)
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TABLE 3 | Continued

Traits QTN ID Env. Pos.(Mb) Chr. LOD R2 (%) ML-GWAS

Methods

D11_22135870 AY-2015 22.14 D11 3.00–6.25 4.17–6.68 1, 2, 5

D12_29952510 AY-2015 29.95 D12 3.77–4.33 5.70–9.85 3, 4, 5

A06_56710162 SHZ-2014 56.71 A06 3.51–5.14 4.32–12.49 1, 2, 3, 4, 5

A07_71351661 SHZ-2014 71.35 A07 3.32–4.12 4.68–7.58 1, 2, 3

A10_91235190 SHZ-2014 91.24 A10 4.00–8.37 6.79–12.89 1, 2, 3, 4, 5

D08_44134483 SHZ-2014 44.13 D08 3.00–6.49 4.30–9.44 1, 2, 3, 4, 5

D11_22044769 SHZ-2014 22.04 D11 3.34–7.46 9.50–23.35 1, 2, 4, 5, 6

A04_57215161 SHZ-2015 57.22 A04 3.54–4.07 11.12–15.91 1, 2, 6

D03_41720764 SHZ-2015 41.72 D03 4.05–6.07 6.67–9.88 1, 2, 3, 6

D10_56039747 SHZ-2015 56.04 D10 4.41–7.04 7.97–12.76 2, 3, 4, 5, 6

FE A11_77306905 AY-2014 77.31 A11 3.15–7.78 4.58–12.40 1, 2, 3, 4, 5, 6

D07_21396263 AY-2014 21.40 D07 6.24–7.56 5.81–10.32 1, 2, 5

D07_43127704 AY-2014 43.13 D07 4.15–6.40 1.47–6.99 1, 3, 5, 6

A01_60422471 AY-2015 60.42 A01 3.67–5.88 3.65–17.78 1, 2, 4

A05_22406870 AY-2015 22.41 A05 3.148–3.80 0.83–8.12 1, 2, 5

A09_46286411 AY-2015 46.29 A09 3.84–6.68 7.93–10.45 1, 2, 4

D01_53662824 AY-2015 53.66 D01 3.28–6.24 7.09–14.52 1, 3, 4, 6

D04_32424503 AY-2015 32.42 D04 3.02–8.53 3.35–5.79 1, 2, 3, 5

A09_56201893 SHZ-2015 56.20 A09 3.40–4.12 4.75–12.57 3, 4, 6

FL, fiber length; FS, fiber strength; FM, fiber micronaire; FU, fiber uniformity; and FE, fiber elongation; QTN, quantitative trait nucleotide; Env., Environment; Chr., chromosome; Pos.,

position; AY, Anyang; SHZ, Shihezi. LOD value indicates the significance levels and R2 (%) indicates the percentage of phenotypic variation explained by each QTN.

mrMLM, FASTmrMLM, ISIS EM-BLASSO, FASTmrEMMA, pLARmEB and pKWmEB are marked by 1 to 6, respectively.

*Indicates the significant QTNs presented simultaneously across at least two environments

were clearly improved compared to those of the accessions with
unfavorable allelic variations.

Prediction of Candidate Genes
The genomic regions (±400 kb around the associated QTNs)
of QTN-linked candidate genes were adopted according to
the genome-wide LD decay distances (about 400 kb) in this
study. Thus, three target regions of the candidate genes
were determined as A05: 27.95–28.75, D03: 34.52–35.32, and
D11: 21.22–22.02 Mbp, and a total of 29, 32 and 35 genes
were presented respectively in the above regions, according
to upland cotton reference genome v1.1 (Zhang et al., 2015;
Table S3). Furthermore, we observed that the expression of
72 genes of them was clearly increased in 12 cotton tissues
using RNA-Seq (Figure 4). Among these genes, Gh_A05G2325,
Gh_A05G2329, Gh_A05G2334, Gh_D11G1853, Gh_D11G1876,
and Gh_D11G1879, were highly expressed in the fiber. Notably,
Gh_A05G2334 was dominantly expressed in all the four
fiber samples; Gh_D11G1853 was mainly expressed in fibers
of 20 and 25 DPA; and Gh_D11G1876 and Gh_A05G2325
was preferentially expressed in fiber of 25 DPA; whereas
Gh_A05G2329 and Gh_D11G1879 had the maximum expression
level in the fibers of 5 and 10 DPA, respectively. Also, the
transcriptional abundances of Gh_D03G1012 and Gh_A05G2335
were slightly higher in fibers than in the other tissues (Figure 4).
These results suggest that the six genes (Gh_A05G2325,
Gh_A05G2329, Gh_A05G2334, Gh_D11G1853, Gh_D11G1876,

and Gh_D11G1879) might play important roles in controlling
fiber quality of early-maturity upland cotton.

To further understand thoroughly the above six putative
candidate genes for target traits, their biological functions
were annotated by gene ontology (GO) items. Three genes
(Gh_A05G2334, Gh_D11G1876, and Gh_D11G1879) were
annotated as transcription factors, such as sequence-specific
DNA binding, DNA-binding transcription factor activity and
regulation of transcription (Table 4). Gh_A05G2334 encoded the
agamous-like MADS-box protein AGL11 which likely plays roles
in many aspects of plant growth and development (Rounsley
et al., 1995). These results indicate that the putative candidate
genes may regulate fiber development by DNA-binding
transcription factors in early-maturity upland cotton.

DISCUSSION

The Origin and Domestication of Chinese
Early-Maturity Upland Cotton
To exploit the limited natural resources and increase economic
income of cotton producers, it is especially necessary to make
use of the double cropping systems and mechanical harvesting
in the major cotton growing regions in China. Thus, early-
maturity cotton cultivars are needed. Indeed, early-maturity
cotton varieties are attracting much attention from many cotton
growers and breeders. Fiber characters are complicated and
comprehensive traits regulated by a lot of QTL and influenced
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FIGURE 3 | Local Manhattan plot (top), and box plots for the fiber-quality related traits (bottom). (A) Manhattan plots of FL, FS, and FM on chromosome A05, D03,

and D11, respectively. (B) Box plots of the significant QTNs (D11_21619830, A05_28352019, and D03_34920546). Each dot represents an SNP. The vertical dashed

lines indicate the genomic region containing the significant QTNs. The red and blue circles mark the significant QTNs.

easily by many external factors (Ulloa and Meredith, 2000). Its
related traits for example FL, FS, and FM are more important
for the spinning industry. Previous investigations had shown that
FL and FS have significant negative correlations with earliness
in cotton. Thus, the early-maturity cotton varieties have much
lower fiber quality than late-maturity ones. Sun et al. (2017)
reported the association panel including early-, middle- and late-
maturity cotton varieties have a big phenotypic variation of the
FL (22.07∼35.56mm) and FS (22.69∼36.80 cN.tex−1). In this
study, FL of the panel ranged from 24.07 to 33.69mm, with a
mean of 28.09mm; while the FS had a great variation ranging
from 22.70 to 40.65 cN.tex−1. These findings indicate that FL of
our association population of the early-maturity cotton has small
distribution ranges compared with the previous results.

Although China is one of the largest nations producing
and consuming cotton in the world, it is not an upland
cotton domestication country (Zhang et al., 2013). The early
cotton varieties were primarily developed by using introduced
varieties (Zhang et al., 2013). King cultivar from America is the
ancestor of the Chinese early-maturity upland cotton. Most of
Chinese early-maturity cotton varieties of the early stage, such as
“Jinmian1,” “Heishanmian1,” “Liaomian1,” “Zhongmiansuo10,”
and “Xinluzao10,” were all derived from “Guannong1,” which

had a breeding pedigree from the King cultivar. In this study,
the association panel contained the above-mentioned core
germplasms, and consisted of more than 80% of the Chinese
early-maturity cotton varieties. Thus, it can represent the wide
genetic diversity of Chinese early-maturity upland cotton. In
the early stage, the Chinese early-maturity cotton varieties
were developed by utilizing the core germplasms from NSEMR
(“Jinmian1,” “Heishanmian1” and “Liaomian1). On the basis of
the clustering of phylogenetic tree and PCA of the study, along
with breeding history, the early-maturity cotton could be divided
into three groups, designated pop I (the recent accessions from
YRR), pop II (the recent accessions from NIR) and pop III
(the NSEMR varieties and the early germplasms from YRR and
NIR), respectively. These findings suggest that early-maturity
accessions in YRR and NIR might derive from the NSEMR early
varieties in Chinese upland cotton.

Comparison of Our GWAS Results With
QTL or QTNs Detected in Previous Studies
In the recent 30 years, many QTL have been mapped, and
some fiber-quality QTL hotspots have been discovered by a
comparative meta-analysis (Said et al., 2015). It has been shown
that chromosome D11 (c24) has the most prominent cluster
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FIGURE 4 | Heat map of expression level of the 72 genes in 12 upland cotton tissues. The red indicates high expression, and the blue shows low expression.
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TABLE 4 | The biological function annotations of the six putative candidate genes for five fiber-quality related traits.

Gene ID Name Chr. Description Function annotations

Gh_A05G2325 A05 Non-specific lipid-transfer

protein 2

Gh_A05G2329 A05

Gh_A05G2334 AGL11 A05 Agamous-like MADS-box

protein AGL11

DNA binding; DNA-binding transcription factor activity;

regulation of transcription; protein dimerization activity

Gh_D11G1853 ephx3 D11 Epoxide hydrolase 3

Gh_D11G1876 GBF1 D11 G-box-binding factor 1 DNA-binding transcription factor activity; regulation of

transcription; sequence-specific DNA binding; nutrient

reservoir activity

Gh_D11G1879 ATHB-40 D11 Homeobox-leucine zipper

protein ATHB-40

DNA binding; DNA-binding transcription factor activity;

regulation of transcription; transcription regulatory region

sequence-specific DNA binding

Function annotations of putative candidate genes were conducted by gene ontology (GO) items on the cotton website (https://cottonfgd.org/); Chr.: Chromosome.

carrying FL, FE and FS QTL hotspots between CIR026 and
NAU2407b. A hotspot cluster A07 (c7) carrying FL and FS
QTL between E1M7_80 and CG05a has also been found (Said
et al., 2015). Another cluster carrying FE, FL and FM QTL
hotspots on D01 (c14) between CIR246 and G1012 has been
identified; and the region between E5M4_480 and pAR544
harbors a hotspot cluster carrying FS QTL on chromosome D03
(c16) (Said et al., 2015). Additionally, some stable QTL for FS
on A07 (Chr.07) have been identified by QTL mapping (Tan
et al., 2015; Fang X. et al., 2017). Similarly, a few associated
SNP loci with fiber quality have been detected via GWAS in
upland cotton (Table S4). Among the identified FL-associated
SNPs, most of markers were located on chromosome A10 and
D11, such as A10_65694094, A10_65696540, D11_24030081
and D11_24030087. Recent reports have shown a number of
cluster_A07 SNPs for FS are distributed in genome region A07:
71.99–72.25 Mbp (Sun et al., 2017; Ma Z. et al., 2018). In
addition, we also found the major genomic region (D11:24.03–
24.10Mbp) consisting of nine SNP loci associated with FL, which
was previously detected (Su et al., 2016a).

In the current study, we characterized the significant
QTNs (D11_21619830, A05_28352019 and D03_34920546) for
fiber-quality related traits. These QTNs were detected using
several new ML-GWAS methods in at least two environments.
Compared with the mapped QTL of the previous studies, the
QTN D11_21619830 was located in the region of QTL hotspot
clusters for fiber quality. Compared with the associated loci
of previous GWAS, these associated QTNs were excluded in
the genomic regions of the previous reports. Therefore, these
identified SNPs may be novel QTNs controlling fiber quality in
our association population of early-maturity cotton.

Superiority of the New Multi-Locus GWAS
Most of previous studies have focused on genetic bases of some
complicated traits using general linear model (GLM) and mixed
linear model (MLM) based on a single-locus GWAS (SL-GWAS)
(Yu et al., 2006; Zhang et al., 2010). However, both of these
models have certain shortcomings. A big false positive incidence
is the uppermost disadvantage of GLMbecause polygenic kinship

is not considered (Korte and Farlow, 2013). In MLM, the
stringent P threshold (P = 0.05/n, n is the number of SNPs)
leads to missing many significant QTNs, particularly small-effect
QTNs (Wang et al., 2016). To make up for deficiencies of GLM
andMLM, somemulti-locus GWAS (ML-GWAS)methodologies
have been developed, such as mrMLM (Wang et al., 2016),
FASTmrMLM (Tamba and Zhang, 2018), FASTmrEMMA (Wen
et al., 2017), ISIS EM-BLASSO (Tamba et al., 2017), pLARmEB
(Zhang et al., 2017), and pKWmEB (Ren et al., 2018). Compared
with the conventional SL-GWAS MLM methods, these ML-
GWAS methods are more powerful and have the advantages
of accuracy. Thus, we adopted the ML-GWAS methods in this
study.

In addition, the significant threshold of these new ML-GWAS
methods is set to a LOD score= 3, which is equal to –lg(P)= 3.70
(Wang et al., 2016). Although the standards are less stringent in
the ML-GWAS methods than in the SL-MLM ones, their false
positive rates are effectively reduced (Wang et al., 2016; Tamba
et al., 2017; Wen et al., 2017; Zhang et al., 2017; Ren et al.,
2018; Tamba and Zhang, 2018). Thus, theML-GWAS approaches
are considered more effective, practical and alternative. In this
study, 70 QTNs significantly associated with five fiber-quality
related traits were simultaneously identified in three or more
ML-GWAS methods (Table 3). Further investigation showed
that three stably expressed QTNs were commonly detected
in multiple environments (Table 3). However, no significantly
associated QTN was found when using the Tassel 5.0 in MLM
[PCs + K, –lg(P) = –lg(0.05/72792) = 6.16]. These data suggest
that theML-GWASmethods are more powerful and robust when
applying to detect the small-effect QTNs for fiber-quality related
traits of upland cotton.

CONCLUSION

In this study, a total of 70 significant QTNs were simultaneously
detected to be associated with five objective traits by three
or more methods. Among these QTNs, D11_21619830,
A05_28352019 and D03_34920546, significantly associated
with FL, FS, and FM, respectively, were simultaneously
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presented across at least two environments. Furthermore,
favorable allelic variations of the three QTNs and 96 genes
contained in the three target genomic range were mined.
Among these, six genes highly expressed in the fibers might be
candidate genes identified by RNA-Seq method. In summary,
many favorable QTN alleles and six candidate genes were
identified to modulate fiber development in early-maturity
upland cotton. This will lay a solid basis for breeding
earliness and excellent fiber-quality cotton varieties in the
future.

AVAILABILITY OF SUPPORTING DATA

The sequence read data from the SLAF-seq analysis for
the 160 sequenced upland cotton lines are available in
the Sequence Read Archive (http://www.ncbi.nlm.nih.gov/
bioproject/PRJNA314284/) (SRP071133 under the accession
number PRJNA314284).

AUTHOR CONTRIBUTIONS

JS and CW designed and supervised the research. JS and ML
performed multi-locus GWAS. JS and QM conducted the field
trials to evaluate the five fiber-quality related traits. JS, CW, and
FH wrote and revised the manuscript. All of the authors read and
approved the manuscript.

FUNDING

This research was funded by the Chinese National Natural
Science Foundation (31660409).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpls.2018.
01169/full#supplementary-material

REFERENCES

Bao, Y. Q., Liu, A. Q., Chen, Q. K., Li, C. P., Liu, Z. S., Zhang, D. W., et al. (2014).

Development trend and variety choice of mechanical harvest of precocious

cotton in the north of Xinjiang. China Cotton 41, 44–45.

Bradbury, P. J., Zhang, Z., Kroon, D. E., Casstevens, T. M., Ramdoss, Y.,

and Buckler, E. S. (2007). Tassel: software for association mapping

of complex traits in diverse samples. Bioinform. 23, 2633–2635.

doi: 10.1093/bioinformatics/btm308

Cai, C., Ye,W., Zhang, T., and Guo,W. (2014). Association analysis of fiber quality

traits and exploration of elite alleles in upland cotton cultivars/accessions

(Gossypium hirsutum L.). J. Integr. Plant Biol. 56, 51–62. doi: 10.1111/jipb.12124

Chen, Z. J., Scheffler, B. E., Dennis, E., Triplett, B. A., Zhang, T. Z., Guo, W. Z.,

et al. (2007). Toward sequencing cotton (Gossypium) genomes. Plant Physiol.

145, 1303–1310. doi: 10.1104/pp.107.107672

Dai, J. L., Li, W. J., Zhang, D. M., Tang, W., Li, Z. H., Lu, H. Q., et al.

(2017). Competitive yield and economic benefits of cotton achieved through

a combination of extensive pruning and a reduced nitrogen rate at high plant

density. Field Crops Res. 209, 65–72. doi: 10.1016/j.fcr.2017.04.010

Du, X. B., Chen, B. L., Shen, T. Y., Zhang, Y. X., and Zhou, Z. G. (2015). Effect of

cropping system on radiation use efficiency in double-cropped wheat–cotton.

Field Crops Res. 170, 21–31. doi: 10.1016/j.fcr.2014.09.013

Fan, S. L., Yu, S. X., Song, M. Z., and Yuan, R. H. (2006). Construction of molecular

linkage map and QTL mapping for earliness in short-season cotton. Cotton Sci.

18, 135–139. doi: 10.3969/j.issn.1002-7807.2006.03.002

Fang, L., Wang, Q., Hu, Y., Jia, Y., Chen, J., Liu, B., et al. (2017). Genomic analyses

in cotton identify signatures of selection and loci associated with fiber quality

and yield traits. Nat. Genet. 49, 1089–1098. doi: 10.1038/ng.3887

Fang, X., Liu, X., Wang, X., Wang, W., Liu, D., and Zhang, J. (2017). Fine-mapping

qFS07.1 controlling fiber strength in upland cotton (Gossypium hirsutum L.).

Theor. Appl. Genet. 130, 795–806. doi: 10.1007/s00122-017-2852-1

Feng, L., Dai, J. L., Tian, L. W., Zhang, H. J., Li, W. J., and Dong, H. Z. (2017).

Review of the technology for high-yielding and efficient cotton cultivation in

the northwest inland cotton-growing region of China. Field Crop Res. 208,

18–26. doi: 10.1016/j.fcr.2017.03.008

Huang, C., Nie, X. H., Shen, C., You, C. Y., Li, W., Zhao, W. X., et al. (2017).

Population structure and genetic basis of the agronomic traits of upland cotton

in China revealed by a genome-wide association study using high-density SNPs.

Plant Biotechnol. J. 3, 1–13. doi: 10.1111/pbi.12722

Jia, X., Pang, C., Wei, H., Wang, H., Ma, Q., Yang, J., et al. (2016). High-

density linkage map construction and QTL analysis for earliness-related

traits in Gossypium hirsutum. BMC Genom. 17:909. doi: 10.1186/s12864-016-

3269-y

Korte, A., and Farlow, A. (2013). The advantages and limitations of trait analysis

with GWAS: a review. Plant Methods 9:29. doi: 10.1186/1746-4811-9-29

Lande, R., and Thompson, R. (1990). Efficiency of marker-assisted selection in the

improvement of quantitative traits. Genetics 124, 743–756.

Li, C., Wang, X., Dong, N., Zhao, H., Xia, Z., Wang, R., et al. (2013). QTL

analysis for early-maturing traits in cotton using two upland cotton (Gossypium

hirsutum L.) crosses. Breed Sci. 63, 154–163. doi: 10.1270/jsbbs.63.154

Li, H., and Durbin, R. (2009). Fast and accurate short read alignment

with Burrows-Wheeler transform. Bioinform. 25, 1754–1760.

doi: 10.1093/bioinformatics/btp324

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., et al.

(2009). 1000 Genome project data processing subgroup: the sequence

alignment/map format and SAM tools. Bioinform. 25, 2078–2079.

doi: 10.1093/bioinformatics/btp352

Lu, H. Q., Dai, J. L., Li, W. J., Tang, W., Zhang, D. M., Eneji, A. E., et al.

(2017). Yield and economic benefits of late planted short-season cotton

versus full-season cotton relayed with garlic. Field Crops Res. 200, 80–87.

doi: 10.1016/j.fcr.2016.10.006

Ma, L., Liu, M., Yan, Y., Qing, C., Zhang, X., Zhang, Y., et al. (2018).

Genetic dissection of maize embryonic callus regenerative capacity using

multi-locus genome-wide association studies. Front. Plant Sci. 9:561.

doi: 10.3389/fpls.2018.00561

Ma, Z., He, S., Wang, X., Sun, J., Zhang, Y., Zhang, G., et al. (2018).

Resequencing a core collection of upland cotton identifies genomic variation

and loci influencing fiber quality and yield. Nat. Genet. 50, 803–813.

doi: 10.1038/s41588-018-0119-7

McKenna, A., Hanna, M., Banks, E., Sivachenko, A., Cibulskis, K., Kernytsky,

A., et al. (2010). The genome analysis toolkit: a MapReduce framework for

analyzing next-generation DNA sequencing data. Genome Res 20, 1297–1303.

doi: 10.1101/gr.107524.110

Misra, G., Badoni, S., Anacleto, R., Graner, A., Alexandrov, N., and Sreenivasulu, N.

(2017). Whole genome sequencing-based association study to unravel genetic

architecture of cooked grain width and length traits in rice. Sci. Rep. 7:12478.

doi: 10.1038/s41598-017-12778-6

Nie, X., Huang, C., You, C., Li, W., Zhao, W., Shen, C., et al. (2016).

Genome-wide SSR-based association mapping for fiber quality in nation-

wide upland cotton inbreed cultivars in China. BMC Genom. 17:352.

doi: 10.1186/s12864-016-2662-x

Paterson, A. H., Brubaker, C. L., and Wendel, J. F. (1993). A rapid method for

extraction of cotton (Gossypium Spp.) genomic DNA suitable for RFLP or PCR

analysis. Plant Mol. Biol. Rep. 11, 122–127. doi: 10.1007/BF02670470

Ren, W. L., Wen, Y. J., Dunwell, J. M., and Zhang, Y. M. (2018). pKWmEB:

in tegration of Kruskal–Wallis test with empirical Bayes under polygenic

Frontiers in Plant Science | www.frontiersin.org 12 August 2018 | Volume 9 | Article 1169

http://www.ncbi.nlm.nih.gov/bioproject/PRJNA314284/
http://www.ncbi.nlm.nih.gov/bioproject/PRJNA314284/
https://www.frontiersin.org/articles/10.3389/fpls.2018.01169/full#supplementary-material
https://doi.org/10.1093/bioinformatics/btm308
https://doi.org/10.1111/jipb.12124
https://doi.org/10.1104/pp.107.107672
https://doi.org/10.1016/j.fcr.2017.04.010
https://doi.org/10.1016/j.fcr.2014.09.013
https://doi.org/10.3969/j.issn.1002-7807.2006.03.002
https://doi.org/10.1038/ng.3887
https://doi.org/10.1007/s00122-017-2852-1
https://doi.org/10.1016/j.fcr.2017.03.008
https://doi.org/10.1111/pbi.12722
https://doi.org/10.1186/s12864-016-3269-y
https://doi.org/10.1186/1746-4811-9-29
https://doi.org/10.1270/jsbbs.63.154
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1016/j.fcr.2016.10.006
https://doi.org/10.3389/fpls.2018.00561
https://doi.org/10.1038/s41588-018-0119-7
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1038/s41598-017-12778-6
https://doi.org/10.1186/s12864-016-2662-x
https://doi.org/10.1007/BF02670470
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Su et al. ML-GWAS for Cotton Fiber Quality

background control for multi-locus genome-wide association study. Heredity

120, 208–218. doi: 10.1038/s41437-017-0007-4

Rounsley, S. D., Ditta, G. S., and Yanofsky, M. F. (1995). Diverse roles for

MADS box genes in Arabidopsis development. Plant Cell 7, 1259–1269.

doi: 10.2307/3870100

Said, J. I., Song, M. Z., Wang, H. T., Lin, Z. X., Zhang, X. L., Fang, D. D., et al.

(2015). A comparative meta-analysis of QTL between intraspecific Gossypium

hirsutum and interspecific G. hirsutum × G. barbadense populations. Mol.

Genet. Genom. 290, 1003–1025. doi: 10.1007/s00438-014-0963-9

Shang, L. G., Liang, Q. Z., Wang, Y. M., Wang, X. C., Wang, K. B.,

Abduweli, A., et al. (2015). Identification of stable QTLs controlling

fiber traits properties in multi-environment using recombinant inbred

lines in Upland cotton (Gossypium hirsutum L.). Euphytica 205, 877–888.

doi: 10.1007/s10681-015-1434-z

Song, M. Z., Fan, S. L., Pang, C. Y., Wei, H. L., Liu, J., and Yu, S. X. (2015). Genetic

analysis of fiber quality traits in short season cotton (gossypium hirsutum, l.).

Euphytica 202, 97–108. doi: 10.1007/s10681-014-1226-x

Song, M. Z., Yu, S. X., Fan, S. L., Ruan, R., H., and Huang, Z. M. (2005). Genetic

analysis of main agronomic traits in short season upland cotton (G.hirsutum l.).

Acta Gossypii Sinica. 17, 94–98.

Su, J., Fan, S., Li, L., Wei, H., Wang, C., Wang, H., et al. (2016c). Detection of

favorable QTL alleles and candidate genes for lint percentage by GWAS in

Chinese upland cotton. Front. Plant Sci. 7:1576. doi: 10.3389/fpls.2016.01576

Su, J., Li, L., Pang, C., Wei, H., Wang, C., Song, M., et al. (2016a). Two genomic

regions associated with fiber quality traits in chinese upland cotton under

apparent breeding selection. Sci. Rep. 6:38496. doi: 10.1038/srep38496

Su, J., Li, L., Zhang, C., Wang, C., Gu, L., Wang, H., et al. (2018). Genome-wide

association study identified genetic variations and candidate genes for plant

architecture component traits in Chinese upland cotton. Theor. Appl. Genet.

131, 1299–1314. doi: 10.1007/s00122-018-3079-5

Su, J., Pang, C., Wei, H., Li, L., Liang, B., Wang, C., et al. (2016b). Identification of

favorable SNP alleles and candidate genes for traits related to early maturity via

GWAS in upland cotton. BMCGenom. 17:687. doi: 10.1186/s12864-016-2875-z

Sun, Z. W., Wang, X. F., Liu, Z. W., Gu, Q. S., Zhang, Y., Li, Z. K., et al. (2017).

Genome-wide association study discovered genetic variation and candidate

genes of fibre quality traits inGossypium hirsutum L. Plant Biotechnol. J. 1, 1–15.

doi: 10.1111/pbi.12693

Tamba, C. L., Ni, Y. L., and Zhang, Y. M. (2017). Iterative sure

independence screening EM-Bayesian LASSO algorithm for multi-

locus genome-wide association studies. PLoS Comput. Biol. 13:e1005357.

doi: 10.1371/journal.pcbi.1005357

Tamba, C. L., and Zhang, Y. M. (2018). A fast mrMLM algorithm for multi-locus

genome-wide association studies. bioRxiv. doi: 10.1101/341784

Tan, Z. Y., Fang, X. M., Tang, S. Y., Zhang, J., Liu, D. J., Teng, Z.

H., et al. (2015). Genetic map and QTL controlling fiber quality traits

in Upland cotton (Gossypium hirsutum L.). Euphytica 203, 615–628.

doi: 10.1007/s10681-014-1288-9

Tang, S. Y., Teng, Z. H., Zhai, T. F., Fang, X. M., Liu, F., Liu, D. X., et al.

(2015). Construction of genetic map and QTL analysis of fiber quality

traits for Upland cotton (Gossypium hirsutum L.). Euphytica 201, 195–213.

doi: 10.1007/s10681-014-1189-y

Ulloa, M., and Meredith, W. R. Jr. (2000). Genetic linkage map and QTL analysis

of agronomic and fiber quality traits in an intraspecific population. J. Cotton

Sci. 4, 161–170.

Wang, S. B., Feng, J. Y., Ren, W. L., Huang, B., Zhou, L., Wen, Y. J.,

et al. (2016). Improving power and accuracy of genome-wide association

studies via a multi-locus mixed linear model methodology. Sci. Rep. 6:19444.

doi: 10.1038/srep19444

Wen, Y. J., Zhang, H., Ni, Y. L., Huang, B., Zhang, J., Feng, J. Y., et al.

(2017). Methodological implementation of mixed linear models in multi-locus

genome-wide association studies. Brief. Bioinform. doi: 10.1093/bib/bbw145

Wu, X., Li, Y., Shi, Y., Song, Y., Zhang, D., Li, C., et al. (2016). Joint-

linkage mapping and GWAS reveal extensive genetic loci that regulate

male inflorescence size in maize. Plant Biotechnol. J. 14, 1551–1562.

doi: 10.1111/pbi.12519

Yu, J., Pressoir, G., Briggs, W. H., Vroh Bi, I., Yamasaki, M., Doebley, J. F., et al.

(2006). A unified mixed-model method for association mapping that accounts

for multiple levels of relatedness. Nat. Genet. 38, 203–208. doi: 10.1038/ng1702

Yu, S. X., Song, M. Z., Fan, S. L., Wang, W., and Yuan, R. H. (2005).

Biochemical genetics of short-season cotton cultivars that express

early maturity without senescence. J. Integr. Plant. Biol. 47, 334–342.

doi: 10.1111/j.1744-7909.2005.00029.x

Zeng, L., Meredith,W. R., Gutiérrez, O. A., and Boykin, D. L. (2009). Identification

of associations between SSR markers and fiber traits in an exotic germplasm

derived from multiple crosses among Gossypium tetraploid species. Theor.

Appl. Genet. 119, 93–103. doi: 10.1007/s00122-009-1020-7

Zhang, J., Feng, J., Ni, Y., Wen, Y., Niu, Y., Tamba, C. L., et al. (2017).pLARmEB:

integration of least angle regression with empirical Bayes for multi

locus genome-wide association studies. Heredity (Edinb). 118, 517–524.

doi: 10.1038/hdy.2017.8

Zhang, T., Hu, Y., Jiang, W., Fang, L., Guan, X., Chen, J., et al. (2015). Sequencing

of allotetraploid cotton (Gossypium hirsutum L. acc. TM-1) provides a resource

for fiber improvement. Nat. Biotechnol. 33, 531–537. doi: 10.1038/nbt.3207

Zhang, T. Z., Qian, N., Zhu, X. F., Chen, H., Wang, S., Mei, H. X.,

et al. (2013). Variations and transmission of qtl alleles for yield and fiber

qualities in upland cotton cultivars developed in china. PLoS ONE 6:e57220.

doi: 10.1371/journal.pone.0057220

Zhang, Z., Ersoz, E., Lai, C. Q., Todhunter, R. J., Tiwari, H. K., Gore, M. A., et al.

(2010). Mixed linear model approach adapted for genome-wide association

studies. Nat. Genet. 42:355. doi: 10.1038/ng.546

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Su, Ma, Li, Hao and Wang. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Plant Science | www.frontiersin.org 13 August 2018 | Volume 9 | Article 1169

https://doi.org/10.1038/s41437-017-0007-4
https://doi.org/10.2307/3870100
https://doi.org/10.1007/s00438-014-0963-9
https://doi.org/10.1007/s10681-015-1434-z
https://doi.org/10.1007/s10681-014-1226-x
https://doi.org/10.3389/fpls.2016.01576
https://doi.org/10.1038/srep38496
https://doi.org/10.1007/s00122-018-3079-5
https://doi.org/10.1186/s12864-016-2875-z
https://doi.org/10.1111/pbi.12693
https://doi.org/10.1371/journal.pcbi.1005357
https://doi.org/10.1101/\penalty \z@ {}341784
https://doi.org/10.1007/s10681-014-1288-9
https://doi.org/10.1007/s10681-014-1189-y
https://doi.org/10.1038/srep19444
https://doi.org/10.1093/bib/bbw145
https://doi.org/10.1111/pbi.12519
https://doi.org/10.1038/ng1702
https://doi.org/10.1111/j.1744-7909.2005.00029.x
https://doi.org/10.1007/s00122-009-1020-7
https://doi.org/10.1038/hdy.2017.8
https://doi.org/10.1038/nbt.3207
https://doi.org/10.1371/journal.pone.0057220
https://doi.org/10.1038/ng.546
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

	Multi-Locus Genome-Wide Association Studies of Fiber-Quality Related Traits in Chinese Early-Maturity Upland Cotton
	Introduction
	Materials and Methods
	Plant Materials
	Field Experiments
	Phenotyping and Data Analysis
	SNP Genotyping
	Clustering Analysis, Population Structure and Linkage Disequilibrium (LD) Analysis
	Genome-Wide Association Study and Allelic Variation Analysis
	Prediction of Potential Candidate Genes

	Results
	SNP Genotyping
	Phenotypic Variation
	Population Structure and Linkage Disequilibrium Analysis
	Multi-Locus Genome-Wide Association Studies
	Identification of Favorable Allelic Variations
	Prediction of Candidate Genes

	Discussion
	The Origin and Domestication of Chinese Early-Maturity Upland Cotton
	Comparison of Our GWAS Results With QTL or QTNs Detected in Previous Studies
	Superiority of the New Multi-Locus GWAS

	Conclusion
	Availability of Supporting Data
	Author Contributions
	Funding
	Supplementary Material
	References


