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Abstract Fiber yield and quality are the most important
traits for Upland cotton (Gossypium hirsutum L.). Identify-
ing high yield and good fiber quality genes are the prime
concern of researchers in cotton breeding. Association
mapping offers an alternative and powerful method for
detecting those complex agronomic traits. In this study, 198
simple sequence repeats (SSRs) were used to screen mark-
ers associated with fiber yield and quality traits with 302
elite Upland cotton accessions that were evaluated in 12
locations representing the Yellow River and Yangtze River
cotton growing regions of China. Three subpopulations
were found after the estimation of population structure.
The pair-wise kinship values varied from 0 to 0.867. Only
1.59% of the total marker locus pairs showed significant
linkage disequilibrium (LD, p < 0.001). The genome-wide
LD decayed within the genetic distance of ~30 to 32 cM at
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= 0.1, and decreased to ~1 to 2 cM at #* = 0.2, indicat-
ing the potential for association mapping. Analysis based
on a mixed linear model detected 57 significant (p < 0.01)
marker—trait associations, including seven associations for
fiber length, ten for fiber micronaire, nine for fiber strength,
eight for fiber elongation, five for fiber uniformity index,
five for fiber uniformity ratio, six for boll weight and seven
for lint percent, for a total of 35 SSR markers, of which 11
markers were associated with more than one trait. Among
marker—trait associations, 24 associations coincided with
the previously reported quantitative trait loci (QTLs), the
remainder were newly identified QTLs/genes. The QTLs
identified in this study will potentially facilitate improve-
ment of fiber yield and quality in the future cotton molecu-
lar breeding programs.
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Introduction

Cotton is one of the most important fiber crops in the world
and provides the main products of lint for the industry.
The genus Gossypium includes approximately 45 diploid
(2n = 2x = 26) and 5 allotetraploid (2n = 4x = 52) spe-
cies distributed mostly in tropical and subtropical regions
worldwide (Fryxell 1992). Diploid species (2n = 26) are
classified into eight genomic groups (A-G and K), occur-
ring naturally in Africa, Asia, Americas, and Australia
(Wendel and Cronn 2003). Tetraploid species, including G.
hirsutum and G. barbadense, arose in the New World from
inter-specific hybridization between A and D genome spe-
cies, which are believed to have originated from G. herba-
ceum race africanum and G. raimondii, respectively (Bru-
baker et al. 1999). As complexity of tetraploid crop, which
is considered as “doubled interspecific hybrid” that lead to
the permanent fixation of heterozygosity, G. hirsutum and
G. barbadense have inherited excellent genes from the A
and D genomes species. Identification of these genes may
facilitate improvements of fiber traits in cotton (Saha et al.
2006). With the improving and upgrading of textile indus-
try, the demand for good fiber quality is increasing rapidly.
Therefore, breeding new cultivars with high yield and elite
fiber qualities is becoming one of the goals of modern cot-
ton breeding.

Evaluating the valuable germplasm will benefit improve-
ments of fiber yield and quality traits in cotton the breed-
ing programs. The primary objective of worldwide cotton
breeding programs is the genetic improvement of fiber
yields and quality. However, improving cotton fiber qual-
ity is challenging due to the narrow genetic base of mod-
ern cotton cultivars (Igbal et al. 2001; Rungis et al. 2005;
Abdurakhmonov et al. 2012) and negative genetic correla-
tion between fiber yield and quality traits (Culp and Lewis
1973). Both drawbacks to cotton improvement illustrate
that it is necessary to effectively explore existing germ-
plasm resources for important quantitative traits of agro-
nomic importance, including valuable genes from wild spe-
cies. It showed that the breeding of every new and typical
cultivar greatly benefitted from the identification of valu-
able germplasm from different areas with different back-
grounds (Van-Esbroeck and Bownam 1998). Tagging eco-
nomically important quantitative trait loci (QTLs) from G.
hirsutum accessions in different genetic backgrounds will
accelerate the mining of novel genes, enable the quick and
efficient pyramiding of nonallelic QTLs by marker-assisted
selection (MAS), and enhance the breeding of elite com-
mercial cotton cultivars.

Many QTLs related to fiber yield and quality traits
have been identified based on QTL linkage mapping
methods by assembling intra-specific segregating popu-
lations of G. hirsutum (Shappley et al. 1998; Ulloa and
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Meredith 2000, 2005; Zhang et al. 2003, 2012; Wang
et al. 2006; Shen et al. 2005, 2006, 2007; Gore et al.
2014) in inter-specific populations from crosses between
G. hirsutum and G. barbadense (Jiang et al. 1998; Kohel
et al. 2001; Paterson et al. 2003; Mei et al. 2004; Lacape
et al. 2003, 2005, 2010; Park et al. 2005), and intra-spe-
cific G. arboreum populations (Ma et al. 2008) in the
past years. The precise detection of detecting QTL loca-
tions depends on the recombination fraction between the
QTLs for the traits of interest and adjacent markers (Mac-
kay and Powell 2007). Those QTLs identified in differ-
ent linkage groups have been summarized in one genetic
map by Said et al. (2013, 2015). In linkage mapping, the
major limitation hampering fine mapping is the availabil-
ity of few meiotic events (Jannink et al. 2001; Flint-Gar-
cia et al. 2005; Hall et al. 2010).

Association mapping, based on linkage disequilib-
rium (LD), offers an alternative method for mapping
QTLs that evaluates whether certain alleles within a
population are found with specific phenotypes more fre-
quently than expected (Flint-Garcia et al. 2003). Since
the first association analysis in G. arboreum for the
evaluation of fiber quality (Kantartzi and Stewart 2008),
association mapping study has been widely employed in
Upland cotton germplasm resources to identify QTLs
associated with important fiber yield and quality traits
(Abdurakhmonov et al. 2008, 2009; Zeng et al. 20009;
Mei et al. 2013; Cai et al. 2014; Fang et al. 2014; Qin
et al. 2015), with epistasis and environmental interac-
tion of fiber yield traits (Jia et al. 2014a), with Verticil-
lium wilt resistance (Jia et al. 2014b; Zhao et al. 2014),
and with drought and salinity tolerance (Saeed et al.
2014; Jia et al. 2015). Some stable QTLs about fiber
quality identified in different genetic backgrounds were
also detected in association mapping (Fang et al. 2014;
Hugie et al. 2016). The number of QTLs detected in a
given study depends on the type and size of the map-
ping population, genetic markers used, traits investi-
gated, number of environments used for phenotyping,
and genome coverage (Semagn et al. 2010). Once QTLs
affecting a trait of interest are accurately identified,
marker tags are effective tools that allow the mobili-
zation of the genes of interest from donor lines to the
breeding material to develop superior cotton cultivars
through marker-assisted selection (MAS) programs. In
addition, exploring the genetic basis of fiber quality
traits using association mapping will increase the scope
of effective utilization of germplasm resources. The
main objective of the present study was to explore QTLs
underlying fiber quality traits in diverse Upland cotton
genotypes using SSR markers. The QTLs identified in
this study will facilitate fiber yield and quality improve-
ment in future breeding programs.



Mol Genet Genomics

Materials and methods
Plant material

A total of 302 elite Upland cotton (G. hirsutum L.) acces-
sions obtained from the Institute of Cotton Research, Chi-
nese Academy of Agricultural Sciences (ICR, CAAS)
germplasm banks, were used for this study. These materi-
als were selected on the basis of phenotypic expression of
important agronomic and fiber quality traits, such as fiber
yield, boll number and size, maturity, fiber quality, and
biotic and abiotic stress tolerance (Du et al. 2007). Among
these accessions, 253 (83.8%) were collected from diverse
cotton growing areas of China. The remaining 49 (16.2%)
were introduced from 13 different countries (USA, Aus-
tralia, Burundi, Chad, Ivory Coast, Kenya, Pakistan, Rus-
sia, Sudan, Turkmenistan, Uganda, Uzbekistan, and Viet-
nam). A detailed description of the 302 Upland cotton
accessions is provided in Supplemental File 1.

Field experiment locations

The field experiments were conducted during the main
rain seasons of 2012 and 2013 at the 12 different locations
of the Yellow River (YeR) and Yangtze River (YaR) cot-
ton growing regions of China. Among the 12 experimen-
tal sites, six of them, i.e., Anyang (Baibi), Anyang (ICR),
Baoding, Dongying, Hejian, and Xinxiang were selected in
the YeR region. The remaining six locations, i.e., Changde,
Changsha, Hefei, Jingzhou, Jiujiang, and Wuhan were
located in the YaR region. The agro-ecological character-
istics of the two major cotton growing regions vary greatly
in terms of soil type and fertility, rainfall amount and dis-
tribution, temperature, length of growing season, and cot-
ton production and management practices (Hsu and Gale
2001; Wu and Guo 2005). In general, early and intermedi-
ate maturing cotton varieties are usually grown in the YeR
region, whereas medium and late maturing cotton varie-
ties are favored in the YaR region due to the availability of
abundant rainfall and the long growing season.

Experimental treatments, design and phenotypic data
collection

In this study, the 302 Upland cotton accessions were con-
sidered treatments in each experimental location. The field
experiments were arranged in a randomized complete block
design (RCBD) with three replications. Each accession
was grown in a single row plot 8.0 m in length, with an
inter-row spacing of 0.8 m. Intra-row spacings were 0.3 and
0.5 m in the YeR and YaR region, respectively. Each repli-
cation was set 1.0 m apart. The cotton crop was established
depending on locally recommended practices by either

direct sowing of linted or delinted seeds or transplanting
using seedlings. Planting was conducted in the months of
April and May in each production season. Other recom-
mended agronomic practices, including seedbed prepara-
tion, seeding rate, seed treatment, thinning, fertilizer rate
and application, irrigation, weeds and pest control, were
followed to maintain a good crop stand in each location.
Fiber yield and quality traits were measured on ten rep-
resentative plants selected randomly from each plot (gen-
otype) and tagged for identification. At the stage of plant
maturity (approximately 70% ball open), 30 well devel-
oped open boll samples (3 bolls per plant) from the middle
branches of tagged plants were harvested in each plot and
weighed for seed cotton yield. After ginning of the sample
bolls using a roller gin, approximately 150 g lint samples
were used from each plot to evaluate various fiber traits.
The data for fiber quality traits were measured using high
volume instruments (HVI) in the Laboratory of Quality
& Safety Risk Assessment for Cotton Products (Anyang),
Ministry of Agriculture, People’s Republic of China.

Genomic DNA extraction, SSR genotyping, and allele
recording

A total of 198 genomic SSR markers selected previously
(Pan et al. 2008) including BNL (13), CIR (2), CM (1),
DPL (14), GH (9), HAU (25), JESPR (7), MGHES (3),
MUCS (2), MUSS (4), NAU (100), STV (3), and TMB
(15), were used for genotyping. The primer sequences for
the SSR markers were obtained from the publicly avail-
able CottonGene (http://www.cottongene.org) and Cotton
Marker (http://www.cottonmarker.org) databases. The SSR
markers are distributed across the 26 chromosomes (AD
genome) of Upland cotton with a mean of 7.6 markers per
each chromosome (Supplemental File 2).

Genomic DNA was extracted from the sample leaves of
each cotton genotype using the cetyltrimethyl ammonium
bromide (CTAB) method described by Zhang and Stewart
(2000). In the field, 2-3 young and fully expanded sam-
ple leaves were randomly collected from ten seedlings of
each cotton genotype. All sample leaves were stored at
—70 °C. During genomic DNA extractions, sample leaves
were freeze-dried in liquid nitrogen. The quality of the
genomic DNA extraction was assessed using 1% agarose
gel electrophoresis.

PCR solution preparation, PCR amplification, and gel
electrophoresis were performed as described by Zhang
and Stewart (2000). The PCR amplification was run in a
total volume of 10 pL [1.0 uL 10x PCR buffer, 0.2 uL
dNTP mix, 0.2 yL. Tag DNA polymerase, 0.65 pL for-
ward primer, 0.65 pL reverse primer, 6.1 pL ddH,0, and
1.2 uL DNA (50 ng pL~")]. The PCR amplification pro-
tocol was performed in a thermal cycler (MJ Research,
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Waltham, USA) with initial denaturation at 95 °C for
3 min, 30 cycles of denaturation at 94 °C for 30 s, anneal-
ing at 57 °C for 50 s, and an extension at 72 °C for 50 s,
followed by a final extension at 72 °C for 7 min, after
which the samples were maintained at 4 °C. PCR ampli-
fication products were separated via gel electrophoresis
using 8% polyacrylamide gel (PAGE) with 1x TBE elec-
trolyte solution. Electrophoresis was conducted using a
double-sided vertical gel casting apparatus (HTJY, China)
with a capacity of 96 comb lanes. A standard 50-bp DNA
ladder was used as a reference to determine the sizes of
amplified DNA bands. The gels were stained with silver
solution to easily identify polymorphisms during DNA
band reading. The visualization and recording of DNA
bands were performed manually using a UV light board.

For each SSR marker locus, amplified alleles with
clear band separations were scored manually as either ‘1’
(present) or ‘0’ (absent) binary characters. For each SSR
marker, the patterns of amplified alleles were denoted by
letter codes as A, B, C, and so on according to molecular
weight.

Population structure and kinship

The genetic structure of the cotton population was evalu-
ated using model-based Bayesian (MBB) analysis pro-
vided in Structure version 2.3 (Pritchard et al. 2010).
To infer the number of subpopulations (Q-matrix),
an admixture model and correlated allele frequencies
between populations were applied according to Falush
et al. (2003). Structure was run under 10,000 burn-ins
and 100,000 Markov Chain Monte Carlo iterations after
the burn-ins. Five replicates of Structure were run by fix-
ing the number of groups (K) from 1 to 10. An average
likelihood value, L(K), was calculated for each K across
all runs. The number of group was determined accord-
ing to Evanno et al. (2005) by estimating AK, an ad hoc
quantity based on the second order change of the log
probability of data with respect to the number of sub-
populations inferred by the Structure software. The
uppermost likelihood of AK was taken to represent the
optimal value of K and the cotton accessions were clus-
tered into different subpopulations. Cotton accessions
were assigned to different subpopulations based on the
maximum probability of membership and a threshold
probability of membership (>0.50) as inferred from the
MBB structure analysis.

To estimate the genetic relationships between individ-
uals, the relative kinship coefficients (K-matrix) among
all pairs of Upland cotton population were estimated
using SPAGeDi version 1.3, with the negative kinship
value set to zero (Hardy and Vekemans 2002).
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Linkage disequilibrium

The genome-wide LD was analyzed for each pair of SSR
marker loci using TASSEL version 2.1 (Bradbury et al.
2007; http://www.maizegenetics.net), based on the genetic
map of Shen et al. (2005, 2007). Alleles present at less than
5% frequency were removed using the TASSEL site filtra-
tion function before LD analysis to avoid spurious associa-
tions on low-frequency markers because minor alleles are
usually problematic and biased for LD estimates between
pairs of loci (McRae et al. 2002; Abdurakhmonov et al.
2008; Myles et al. 2009). LD was estimated by calculating
the square value of the correlation coefficient (%) between
all pairs of SSR loci (Hill and Robertson 1968). The sig-
nificance of #* among all pairs of SSR loci was evaluated
using TASSEL version 2.1 with the rapid permutation test
(Churchill and Doerge 1994) in 1000 shuffles. Each pair
of loci was grouped as linked (marker loci located on the
same chromosome) or unlinked (marker loci located on
different chromosomes). The LD was estimated for linked
and unlinked markers in the cotton population and in the
three subpopulations (P-I, P-II, and P-III) inferred from
the structure analysis. The 7% values for pairs of SSR loci
were plotted as a function of map distances (centimorgan,
cM) between loci and LD decay (at 7 < 0.001). A non-
linear logarithmic regression curve was drawn to describe
an overall relationship between 7> and the cM of SSR mark-
ers on the same chromosome using TASSEL (http://www.
maizegenetics.net/tassel). The linkage map performing LD
was obtained from a linkage map constructed by Shen et al.
(2007).

Phenotypic data analysis

The phenotypic data for fiber yield and quality traits col-
lected on the 302 Upland cotton accessions from each envi-
ronment for two consecutive years (2012 and 2013) were
subjected to analysis of variance (ANOVA) for RCBD,
according to Gomez and Gomez (1984). The homogeneity
of variance tests was evaluated to determine whether data
from individual environments (E) could be pooled to evalu-
ate G X E using a combined ANOVA. The linear model
that describes the factors or sources contributing to the var-
iance of each trait in a multi-environment experiment was
used according to Freeman (1973). In this model, each trial
was considered a separate environment: Y = + G; + B(
E)y + E; + GEj; + e where, Yy is the measurement of the
ith genotype, jth environment, and kth replication; u is the
overall mean; G, is the effect of the ith genotype; B(E); is
the effect of the jth block in the kth environment; E; is the
effect of the jth environment; GE; is the effect of interac-
tion of the ith genotype with the jth environment; and e;;
denotes the experimental error (plot residual).
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The general linear model (GLM) procedure of Statistical
Analysis System version 9.2 (SAS Institute 2007) was used
for the analysis of variance in the field experiment data to
test the genotype (G), environment (E) and genotype by
environment (G X E) effects. The mean values of the geno-
types for each phenotypic trait were compared using the
least significance difference (LSD) test at 5% level of prob-
ability. The Pearson linear correlation coefficients (r) were
estimated among all phenotypic traits according to Kwon
and Torrie (1964). For each trait, the phenotypic variance,
genotypic variance, and broad-sense heritability (H*) were
calculated from the ANOVA mean squares according to
Burton (1951) as H? = ‘(/—f X 100, where V; is genetic vari-

M.,

ance that is estimated as - — Vp denotes phenotypic vari-
ance and is calculated as Vg + V,; r is the number of repli-
cates; M, is the mean squares of genotypes (treatment); and
M, represent the mean squares of error.

Marker—trait association

The MLM, which takes into account both population struc-
ture (Q-matrix) and relative kinship (K-matrix) and better
controls spurious associations (Yu et al. 2006), was used
to determine the marker—trait associations using TASSEL
version 2.1 (Bradbury et al. 2007). The MLM (Q + K) is
a statistical model containing both fixed effects (observed
to be quantitative in terms of explanatory variables that
are treated as if the quantities were nonrandom) and ran-
dom effects (variance components model) that can be
described in Henderson’s notation (Henderson 1975) as
y = XB + Zu + € where, y is the known vector of obser-
vations; f is an unknown vector of fixed effects; u is an
unknown vector of random effects; X and Z are known
design matrices; and e is an unknown vector of random
errors. A data file of the Q-matrix was created using Struc-
ture 2.3 (Pritchard et al. 2010), while the K-matrix was
constructed using SPAGeDi (Hardy and Vekemans 2002).
The p value (p < 0.01) of each SSR marker was used to
decide whether a marker was significantly associated with
any fiber quality traits studied. Despite the use of MLM
Type I error rates would be increased with multiple tests.

Results
Population structure and Kinship

The population structure was analyzed with Struc-
ture version 2.3, and population structure was clearly
observed. The estimated likelihood, L(K), values con-
sistently increased with increasing K values from 1 to
10 (Fig. 1). However, based on an estimation of the AK
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Fig. 1 L(K), likelihood of data, for subpopulations (K) from 1 to 10
in Upland cotton (Gossypium hirsutum) population. For each K value,
five independent runs were considered. The estimated L(K) values
consistently increased with increasing K values from 1 to 10
80 -
70 -
60 -

50 -

40

Delta K

30 ~

20 +
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Fig. 2 Detection of the number of subpopulations (K) using delta K
(AK) in Upland cotton (Gossypium hirsutum) population. K (AK) is
an ad hoc quantity based on the second order change of the log prob-
ability of data with respect to the number of subpopulations, for K
ranging from 1 to 10. The AK peak occurred at K =3

peak, the highest number of populations occurred at
K = 3 (Fig. 2). This result suggested that this Upland cot-
ton population could be grouped into three subpopula-
tions (Fig. 3). The maximum probability of membership
in the three MBB subpopulations (P-1, P-II, and P-III) is
indicated in Supplementary Material 1. A total of 127
accessions were assigned to P-I with probabilities rang-
ing from 0.353 to 0.978. P-II contained 83 accessions
with probabilities ranging from 0.356 to 0.910. The P-1II
group consisted of 92 accessions with probabilities rang-
ing from 0.358 to 0.912. Based on the threshold prob-
ability (>0.5) of membership, 223 (73.8%) accessions
were grouped into the three inferred subpopulations,
while the remaining 79 (26.2%) were considered to have
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0,00 =il

Fig. 3 Q-plot showing model-based Bayesian (MBB) structure clus-
tering for the Upland cotton (G. hirsutum L.) population. The colored
subsection within each vertical bar (from top to bottom) indicates

60.0 4
50.0
40.0

30.0

Frequency (%)

20.04

10.04

0.0+ — - T T T T
0 0.05 0.1 0.15 0.2 0.25 0.3 0.4 0.5 0.7 0.9

Relative kinship

Fig. 4 Frequency of pair-wise relative kinship estimates between the
Upland cotton (Gossypium hirsutum) population. Relative kinship
coefficient ranged from O to 0.867. The majority of the pairs of cotton
accessions (51.91%) showed zero estimated kinship values

mixed parentage from more than one population. There-
fore, three subpopulations were considered correct struc-
ture of the population.

Pair-wise kinship was estimated based on the 198
informative SSR markers. The values of pair-wise kin-
ship varied from O to 0.867. The majority of the pairs of
cotton genotypes (51.91%) had zero estimated kinship
values, while 31.41% of the kinship values ranged from 0
to 0.1, 15.15% from 0.1 to 0.25, and the remaining pairs
of genotypes (1.53%) had kinship values greater than
0.25 (Fig. 4). The results indicated involvement of some

membership coefficient (Q) of the germplasm and the three inferred
sub-populations: P-I (red), P-1I (green), and P-111 (blue)

common parental genotypes in the breeding history of the
Upland cotton genotypes studied.

Linkage disequilibrium

The linkage disequilibrium (LD) was calculated for total,
linked, and unlinked markers loci in the cotton population
and MBB subpopulations (Table 1). In this Upland cot-
ton population, the average > of marker locus pairs was
0.0083, and only 1.59% (2174/137,026) of the total marker
locus pairs had significant LD (p < 0.001). In the linked
marker pairs, a mean  of 0.5582 (p < 0.001) was obtained,
which was higher than the LD estimates of unlinked marker
pairs and the whole population. Among the linked marker
pairs, 82.8% showed LD values greater than 0.2, while
for the unlinked marker pairs, the percentage was 13.6%.
The mean r* of marker locus pairs in the MBB subpopu-
lations ranged from 0.4210 to 0.4669 (p < 0.001), which
were higher than the mean LD estimated in the population.
Further analysis revealed that the mean 7> values of marker
locus pairs for linked markers in the MBB subpopulations
were in the range of 0.5886 to 0.6096 (p < 0.001) and high
than those of unlinked markers. Among the three subpopu-
lations, P-I had the lowest mean LD.

The LD decay rate of the population was investigated
using the 7* values (p < 0.05) of the linked SSR marker

Table 1 L.inkage . Population Overall # Significant 7 (%)? Significant # (mean)®

disequilibrium o) analysis (mean)?

in the whole Upland cotton Linked® Unlinked? Total® Linked Unlinked Total®

(Gossypium hirsutum L.)

population and model-based Panel 0.0083 0.46 1.13 1.59 0.5582 0.1105 0.2401

Bayesiap (MBB) sub- P-1 0.0132 0.43 0.46 0.89 0.5886 0.2668 0.4210

populations P-1I 0.0177 0.43 0.38 0.80 0.6096 0.3049 0.4669
P-111 0.0162 0.37 0.34 0.72 0.6045 0.3147 0.4659

# Level of significance: p < 0.001

® Overall mean > was calculated for the total SSR pairs of loci generated for each population group

¢ Linked: pairs of loci on the same chromosome

4 Unlinked: pairs of loci from different chromosomes

¢ Total: sum for linked and unlinked

f Total: mean for total SSR pairs in each population
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pairs. To identify the average genome-wide LD decay,
#? values of the SSR marker pairs on the same chromo-
somes were plotted as a function of genetic distance in cM
(Fig. 5). The non-linear regression curve exhibited a clear
decay of LD as genetic distance increased. In the scatter
diagram, genome-wide LD extended within the genetic dis-
tance of ~30 to 32 ¢cM at 7* = 0.1, whereas it was reduced
to ~1 to 2 ¢cM at /* = 0.2, demonstrating the potential for
association mapping.

Variations of fiber yield and quality traits

Phenotypic performance data of the 302 accessions evalu-
ated from 2012 to 2013 across 18 locations (year as envi-
ronment) were used in this study. Homogeneity of variance
tests allowed for a combined analysis across the environ-
ments. The ANOVA for fiber yield and quality traits

1
0.9 t
08 *
07 ?
06 ¥
05
0.4
03
0.2

01 2°
't
0

&

LD ()

*
o »° DMEE I
20 40 60 80 100 120

Genetic distance (cM)

Fig. 5 LD (?) decay against genetic distance among linked SSR
marker loci in the Upland cotton (G. hirsutum L.) population. Level
of significance was determined at p < 0.001. The inner fitted trend
line is a non-linear logarithmic regression curve of 7> on genetic dis-
tance. The genome-wide LD decayed within the genetic distance of
~30t0 32 ¢cM at 7* = 0.1, and reduced to ~1 to 2 ¢cM at % = 0.2

(Table 2) revealed significant (p < 0.01) variations in the
main effects of genotypes (G), environments (E), and gen-
otype by environment (G X E) interactions. ANOVA also
indicated that except for fiber elongation (FE) and fiber uni-
formity index (UI), the genotype effects accounted for the
largest portion of the sums of squares for boll weight (BW),
lint percent (LP), fiber length (FL), micronaire (Mic), fiber
strength (FS), and fiber uniformity ratio (UR), followed by
environment and G X E interactions.

The broad-sense heritability (H?) values and correlation
coefficients of all fiber yield and quality traits were esti-
mated (Table 2). The H? values were ranged from 75.18
to 97.08%. The lowest H? was recorded for UL, while the
highest was for LP. Majority of fiber yield and quality traits
showed higher H* values. Simple linear correlation coeffi-
cients (r) calculated among all pairs of fiber quality traits
(Table 3) revealed that among all traits, FL. had positive
significant (p < 0.01) correlations with several yield and
quality traits, including BW, FS, FE, UI, and UR. Alterna-
tively, Mic exhibited negative significant (p < 0.01) rela-
tionships with BW, FS, FE, and UR. While, LP was nega-
tive relationships with the important quality traits, FL, and
FS Among all pairs of correlations, 60% were positive
suggesting that simultaneous improvement of quality traits
might be used to achieve high lint yield.

SSR loci associated with fiber quality traits

LD-based association mapping was performed with the
MLM of TASSEL version 2.1. The analysis revealed 57
significant (p < 0.01) marker—trait associations, involv-
ing 35 SSR markers (Table 4). The QTLs detected include
seven for FL, ten for Mic, nine for FS, eight for FE, five
for Ul, five for UR, six for BW and seven for LP. The

Table 2 Analysis of variance Variations

Fiber yield and quality traits

for fiber yield and quality traits

in Upland cotton (Gossypium BW LP FL Mic FS FE Ul UR

hirsutum L.) population

evaluated from 2012 to 2013 in Rep (E) 0.51™ 20.32%%  26.49%*  1.93%%  166.17*%* 0.53%* 41.97**  4]138.99%**

China Genotype (G) ~ 7.25%*  377.31%* 57.83%% 504%% 126.51*%*% 0.79%* 16.99**  4903.51**
Environ (E)  251.48%* 3207.49%* 779.58** 83.57** 1909.19%* 32.06** 342.27** 78,766.67**
GXE 0.52%* 8.47%%  2.03%k  (.25%* 5.09%% Q.11%*%  2.37%* 214.78%**
Pooled error 0.24 375 1.24 0.13 3.05 0.05 1.69 120.59
Mean 5.11 36.05 29.46 4.80 29.77 6.80 85.18 140.76
Ccv 9.60 5.37 3.78 7.44 5.86 3.36 1.52 7.80
LSD 0.05 0.19 0.73 0.42 0.13 0.66 0.09 0.49 4.14
H? 90.64 97.08 93.82 9275 93.10 82.46 75.18 92.97

BW (boll weight, g), LP (lint percent, %), FL (fiber length, mm), Mic (micronaire, pg in.”Y), FS (fiber
strength, cN tex‘l), FE (fiber elongation, %), UI (fiber length uniformity index, %), UR (fiber uniformity
ratio, %), CV (coefficients of variation, %), H* (broad-sense heritability, %)

ns non-significant
*, ** Significant at the 0.05 and 0.01 level of probability, respectively
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Table 3 Pearson’s linear

. ” Traits BW LP FL Mic FS FE Ul
correlation coefficients (r)
among fiber yield and quality BW (g)
traits of Upland cotton LP (%) 0.154%%
(Gossypium hirsutum L.) ? ’
population FL (mm) 0.185**  —0.049%*
Mic (ug in.™h) —0.018%* 0.262%%* —0.276%*
FS (g tex™!) 0.105**  —0.068** 0.535%%* —0.258%%*
FE (%) 0.167%* 0.109%* 0.314%* —0.130%* 0.355%%*
UI (%) 0.123%%* 0.043%%* 0.303%* 0.020* 0.305%*  0.199%*
UR (%) 0.154**  —0.121%** 0.619%* —0.404%** 0.795%*  (0.343*%*  (0.608%*

largest numbers of SSR markers were associated with Mic
(10) and FS (9). The proportion of phenotype variation
explained by the markers ranged from 1.7 to 8.9%, with
a mean of 3.5%. In the present study, SSR markers were
associated with different numbers of fiber yield and qual-
ity traits. Out of the 35 SSR markers, 24 (68.5%) were
associated with only one type of fiber yield and quality
traits, while the remaining 11 (31.5%) were simultaneously
associated with two, three, four, or seven different traits.
NAU749 was simultaneously associated with all fiber
quality traits and lint percent. Among the 57 marker—trait
associations, 16 were highly significantly associated with
these eight fiber yield and quality traits (p < 0.001), includ-
ing five SSR markers (HAU1185, HAU423, NAU749,
NAU874 and TMB436) associated with FL, two SSR
markers (NAU1102 and NAU749) associated with Mic,
one SSR marker (TMB436) associated with Fs, two SSR
markers (HAU1185 and NAU749) associated with FE,
one SSR marker (NAU749) associated with UI, two SSR
markers (NAU749 and TMB436) associated with UR, one
SSR marker (JESPR274) associated with BW, and two SSR
markers (DPL212 and DPL715) associated with LP.

Discussion

LD is the basis of association analysis (Flint-Garcia
et al. 2003). In this Upland cotton population, the aver-
age r* of marker locus pairs was 0.0083 while only 1.59%
(2174/137,026) of the total marker locus pairs were deter-
mined to have significant LD (p < 0.001). The current
result was lower than previous reports (Abdurakhmonov
et al. 2009; Mei et al. 2013; Cai et al. 2014), but it was
similar to the result of Zhao et al. (2014). The discrepancy
between different results may be due to differences in the
type and density of markers, types of cotton genotypes,
and probability of statistical significance used. Compared
to other cultivated crops, the percentage of SSR loci pairs
in LD observed in cotton is much lower than the 100%
reported for cultivated barley germplasm (Malysheva-
Otto et al. 2006), the 52-86% reported for durum wheat
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(Maccaferri et al. 2005), and the 27-93% reported for an
elite maize germplasm (Stich et al. 2005). Since out-cross-
ing is common and a high rate of recombination exists in
allopolyploid cottons (Brubaker et al. 1999), this might be
one of the various factors associated with the observed low
level of LD along with mutation, selection and genetic drift
that occurred during the domestication of Upland cotton
germplasm (Abdurakhmonov et al. 2009).

LD between the molecular marker and causative poly-
morphisms was strongly influenced by the physical linkage
and the population structure. Further examination of the
LD analysis results showed that the extents of LD for linked
markers in the whole population and sub-populations were
higher than those of unlinked markers in the present study,
which may suggest the suitability of the cotton population
used in this study for association mapping of important
QTLs. Cai et al. (2014), Zhao et al. (2014) and Qin et al.
(2015) also reported similar results. According to Abdura-
khmonov et al. (2009), in addition to physical linkage
that mainly causes LD between linked markers, selection,
relatedness, genetic drift, bottleneck, and population strati-
fication might generate LD between unlinked marker loci
pairs. In agreement with the results reported by Mei et al.
(2013) and Zhao et al. (2014), the present study showed
varying extents of LD among the population and MBB sub-
populations. The LD level was elevated when the cotton
population was grouped into subpopulations. Flint-Garcia
et al. (2003) stated that population structure is one of the
important factors generating LD within specific population
groups. However, it can also cause spurious marker—trait
associations (Pritchard et al. 2000). This approach entails
a serious consideration of population structure, along with
relatedness, when undertaking population-based associa-
tion mapping studies in cotton genetic resources (Abdura-
khmonov et al. 2009).

LD decay rates affected the resolution of QTL map-
ping from deciding the number of markers in the associa-
tion analysis (Gaut and Long 2003). In general, the genetic
distance at which 7> decays to 0.1 and 0.2 is considered
to be the extent of LD in a species (Zhu et al. 2008). In
the present study, the decay rate was very fast (~1-2 cM)
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Table 4 SSR marker loci significantly (p < 0.01) associated with fiber yield and quality traits of Upland cotton (Gossypium hirsutum L.) popu-

lation
Traits Marker loci Chr no. F value p value R?
FL BNL2449 10, 13 9.36 0.00240 0.0357 Said et al. (2013, 2015 (10c, 42.14)
HAU1185%* 19 11.15 0.00095 0.0317
HAU2759 25 10.84 0.00110 0.0381
HAU423** 11 12.96 0.00037 0.0426
NAU749%* 10 18.38 0.00002 0.0647
NAU874%* 6 14.20 0.00020 0.0376
TMB436** 25 14.83 0.00014 0.0571 Fang et al. (2014)
Mic DPL209 11 9.07 0.00280 0.0319
HAU2786 17 9.15 0.00270 0.0376
MUSS138 19 10.97 0.00100 0.0443
NAU1102%#%* 19 11.80 0.00068 0.0462 Shen et al. (2006)
NAU1167 3,4 9.97 0.00180 0.0413 Hugie et al. (2016) and Cai et al. (2014)
NAU3995 3 7.25 0.00750 0.0320
NAU749%* 10 11.97 0.00062 0.0393
NAU874 6 9.40 0.00240 0.0290
TMBI10 24 9.42 0.00230 0.0397
TMB436 25 10.39 0.00140 0.0304 Fang et al. (2014)
FS BNL2449 10, 13 8.39 0.00410 0.0368 Said et al. (2013)
HAU2056 1 11.04 0.00100 0.0311
HAU423 11 7.34 0.00710 0.0242
NAU1102 19 10.28 0.00150 0.0428 Hugie et al. (2016), Cai et al. (2014) and Shen et al. (2006)
NAU1302 2,24 10.52 0.00130 0.0449 Shen et al. (2005, 2006)
NAU2508 10 8.16 0.00460 0.0368 Cai et al. (2014)
NAU749 10 8.08 0.00480 0.0311
STV31 10 8.17 0.00460 0.0369
TMB436%** 25 11.46 0.00081 0.0481 Fang et al. (2014)
FE DPL513 1 7.83 0.00550 0.0255
HAU1185%* 19 11.44 0.00082 0.0334
HAU2056 1 9.17 0.00270 0.0323
JESPR50 22 6.85 0.00930 0.0201 Shen et al. (2007)
NAUI215 13,18 8.02 0.00500 0.0246 Said et al. (2013, 2015)
NAU1366 21 10.53 0.00130 0.0314
NAU2265 2 7.73 0.00580 0.0373 Said et al. (2013) and Fang et al. (2014)
NAU749%* 10 11.78 0.00068 0.0448
Ul DPL715 11 8.39 0.00410 0.0268 Fang et al. (2014)
HAU1185 19 10.72 0.00120 0.0216
HAUS878 5 7.27 0.00740 0.0292
NAU1070 14 6.78 0.00970 0.0212
NAU749%* 10 27.65 0.00000 0.0888
UR HAU1185 19 7.60 0.00620 0.0176
NAU1102 19 7.65 0.00600 0.0309 Shen et al. (2006)
NAU749%* 10 20.05 0.00001 0.0715
NAUS874 6 7.89 0.00530 0.0178
TMB436%* 25 15.39 0.00011 0.0556 Fang et al. (2014)
BW BNL4030 22 6.80 0.00960 0.0183 Shen et al. (2007) and Said et al. (2013, 2015)
CIR328 5 7.05 0.00840 0.0274 Said et al. (2013, 2015)
HAUS880 17 9.34 0.00240 0.0294 Hugie et al. (2016), Tan et al. (2015) and Wang et al. (2013)
JESPR274%* 9,23 14.60 0.00016 0.0517 Fang et al. (2014)
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Table 4 (continued)

Traits Marker loci Chr no F value p value R?

NAUI1190 3 7.01 0.00850 0.0231 Hugie et al. (2016), Kim et al. (2013), Wang et al. (2013)

and Shen et al. (2007)

NAU1302 2,24 7.15 0.00790 0.0218 Shen et al. (2005, 2006, 2007)
LP BNL1694 7 8.54 0.00370 0.0222 Said et al. (2015)

DPL212%: 19 12.69 0.00043 0.0323

DPL715%%* 11 14.86 0.00014 0.0376 Fang et al. (2014)

HAU250 13 8.26 0.00440 0.0180

HAU2759 25 7.97 0.00510 0.0206

NAU3377 21 10.93 0.00110 0.0279

NAU749 10 8.68 0.00350 0.0205

** Significant (p < 0.001) QTLs identified with Bonferroni correction

when 7% was set at 0.2, indicating a high mapping reso-
lution, possibly due to the fairly large and diverse cotton
accessions and SSR markers used in the study. The result
suggests that LD decay over short distances will facilitate
association mapping for agronomic and fiber quality traits
in cotton with a relatively large number of various types of
markers (Abdurakhmonov et al. 2009; Zhang et al. 2013),
while LD decay over longer distances will facilitate the
initial association of trait data with haplotypes in chromo-
some regions (Thudi et al. 2014). According to Zhao et al.
(2014), genome-wide LD in the elite Upland cotton germ-
plasm decayed to 10-15 and 1-3 cM when the 7> thresholds
were set at 0.1 and 0.2, respectively.

Association mapping is a powerful method to detect
QTLs underlying complex traits and is more efficient than
linkage analysis because it exploits abundant genetic vari-
ations in diverse genetic backgrounds (Flint-Garcia et al.
2003; Ziegler et al. 2008). In this study, association map-
ping was used to analyze the genetic bases of fiber yield
and quality traits. A total of 57 associations were detected
using the means of fiber yield and quality traits across
2 years at the 12 different locations of China. Of these,
only 24 associations were consistent with QTLs identified
in previously studies (Table 4). The additional marker—trait
associations that did not coincide with previously reported
QTLs were novel QTLs/genes associated with fiber yield
and quality traits. For fiber length, seven associated mark-
ers were identified, among which two markers, BNL2449
and TMB436, had been reported to be located on the chro-
mosome 10 at the position 36.95 c¢cM and chromosome
25 at 74.3 cM, respectively (Said et al. 2013, 2015; Fang
et al. 2014). For fiber strength, NAU1102, NAU1302 and
NAU2508 were determined to coincide with the previous
QTLs, and they were located on the chromosome 19, chro-
mosome 2 at 0 cM and chromosome 10 at 126.827 cM,
respectively (Shen et al. 2005, 2006; Cai et al. 2014; Hugie
et al. 2016). For fiber elongation, NAU1215 and NAU2265
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were previously reported markers that were indentified
using the linkage population, which mapped them on the
chromosome 18 at the position of 49.42 c¢cM and the chro-
mosome 2 at 8.5 cM (Said et al. 2013, 2015). For lint
percent, BNL1694 and DPL715 were previously indenti-
fied markers (Said et al. 2015; Fang et al. 2014). For boll
weight, all the six markers have been reported in previous
research (Shen et al. 2005, 2006, 2007; Wang et al. 2013;
Kim et al. 2013; Said et al. 2013, 2015; Tan et al. 2015;
Hugie et al. 2016). These stably inherited QTLs that were
detected in different populations with different methods
would be very useful for marker-assisted selection of the
fiber-related traits in MAS breeding.

Some associated markers that were mentioned in pre-
vious reports were determined to be associated with more
than one traits. In previous reports, NAU1102 was indenti-
fied to be linked or associated with fiber strength by Shen
et al. (2006), Cai et al. (2014) and Hugie et al. (2016).
However, the present study determined that it was asso-
ciated with three fiber quality traits, fiber strength, fiber
micronaire and fiber uniformity ratio. We found that
TMB436 was associated with fiber length, fiber strength,
fiber micronaire and fiber uniformity ratio, but this QTL
namely qMIC-c25 was associated with fiber micronaire
only in the report of Fang et al. (2014). NAU1167 was
found to be associated with fiber length in the previous
reports of Cai et al. (2014) and Hugie et al. (2016), while
we found it to be associated with fiber micronaire. In the
reports of Fang et al. (2014), NAU2265 and DPL715 were
associated with fiber length and fiber elongation, respec-
tively, the corresponding QTLs named as gUHM-c2-2 at
position 19.8 cM of chromosome 11 and gELO-c11 at posi-
tion 8.5 cM of chromosome 2. However, our results showed
they were associated with fiber elongation and fiber uni-
formity index, respectively. JESPRS5O0 linked the yield traits
QTL named gLP-D6-1 at position 146.96 cM of chromo-
some 22 reported by Shen et al. (2006), while present study
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determined that it was associated with fiber elongation. The
markers associated with more than one trait may be effi-
ciently utilized to simultaneously improve different fiber
yield and qualities through various breeding programs.

The heritability of fiber quality traits affected the effi-
ciency of screening in the association mapping. The phe-
notypes of complex traits often result from the combined
actions of multiple genes and environmental factors (Mac-
kay et al. 2009). Only those traits with high heritability can
be stably detected by genetic mapping study. This view was
confirmed in the present study that all phenotypic traits had
a very high heritability (>80%) across all environments,
except for UI. The lowest number of QTLs detected in the
UI might be due to the relatively large contribution of the
environment to the phenotype (G X E interaction). The
number of traits associated with each of the SSR markers
varied in the present study. The genetic mechanisms of the
association of markers with more than one trait could be
due to pleiotropy of a single causal gene (Scholl and Miller
1976) or tight linkage of multiple causal genes (Meredith
1977), or both.

Population structure and familial relatedness usually
affected the accuracy of association mapping, and led to
false positive results if not controlled correctly in the sta-
tistical analysis (Pritchard et al. 2000; Yu et al. 2006). A
number of reports have revealed the spurious effects of
population structure and ancestry in association map-
ping of QTLs, causing the false positive-associated mark-
ers (Abdurakhmonov et al. 2009; Mei et al. 2013; Qin
et al. 2015). To correct the effects of population structure
and significantly reduce false positive associations (Type
I error) in the marker—trait association analysis, the MLM
(Yu et al. 2006) has been widely used (Abdurakhmonov
et al. 2008; Mei et al. 2013; Qin et al. 2015). In the pre-
sent study, the MLM analysis identified 58 SSR markers
that were significantly associated with six of the fiber qual-
ity traits, which filtered amount of false positive markers
caused by the family stratification. The results suggest that
stably inherited QTLs/genes are present near these mark-
ers, which may be used to improve fiber quality traits with
broad adaptability across different environments. Recent
studies have demonstrated the feasibility of applying asso-
ciation mapping to explore complex traits in Upland cot-
ton population and detected a number useful markers/QTL
(Abdurakhmonov et al. 2008, 2009; Mei et al. 2013; Cai
et al. 2014; Qin et al. 2015) for various breeding programs.

Using multiple testing methods will increase precision
in QTLs screening. The major concerns in both linkage
and association mapping studies are the statistical power
and the control of false positive associations. Although
the MLM provides a robust method to correct for relat-
edness in population mapping studies, attempts to map

phenotypes that are strongly correlated with relatedness
remain problematic (Myles et al. 2009). A genome-wide
Type I error occurs if at least one false QTL is declared,
thus multiple tests are required to control the Type I error
rate (Bu et al. 2011). The use of stringent probability
thresholds will reduce the rate of false positives. How-
ever, it seems difficult to ascertain which multiple test-
ing method is acceptable to lessen an inflated Type I error
in a given association study. When a stringent threshold
with p < 0.001 was adopted, only sixteen marker—trait
associations were determined to be significant in the
present study, suggesting only a few markers could rep-
resent highly reliable associations. However, corrections
for false positives using conservative multiple adjustment
methodologies may also risk the rejection of true posi-
tives caused by setting the thresholds too high (Abdura-
khmonov et al. 2009; Yan et al. 2011). This limitation
suggests cautious application of multiple testing methods
in association mapping study.

QTLs loci could be a better way to understand the
molecular basis of complex traits related to fiber yield
and fiber quality improvement in Upland cotton. Molecu-
lar markers that are tightly linked to QTLs/genes can be
utilized to develop improved cultivars through various
breeding programs. The markers associated with more
than one trait may be efficiently utilized for simultaneous
improvement of different fiber quality traits. The infor-
mation generated from the current study is believed to
provide the scientific grounds to identify, conserve, and
efficiently utilize favorable alleles residing in the natural
population to improve the genetic base of Upland cotton
cultivars.
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