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ARTICLE INFO ABSTRACT

Cotton is an economically important commodity for nearly fifty industries including the textile sector which is
largely based on cotton fiber. Identification of markers linked to loci for fiber traits under drought stress may be
particularly beneficial because such loci could provide the genetic adaptability needed to produce good fiber
under water limitation. In the present study, 177 simple sequence repeat (SSR) markers were used to detect
significant quantitative trait loci (QTLs) linked to 11 fiber quality and plant structure traits in a panel of 99
Upland cotton (Gossypium hirsutum L.) genotypes using GLM and MLM analysis. The fiber quality traits, including
fiber length (FL), fiber fineness (FF), fiber strength (FS), fiber elasticity (FE), fiber uniformity (FU), spinning
conversion index (SCI), earliness (EAR), 1st position boll retention (1st PBR), 2nd position boll retention (2nd
PBR), total boll number (TBN) and plant height (PH), were tested under both well-watered and water-limited
irrigations in two locations. At both locations, GLM identified a total of 74 and 70 QTLs under well-watered and
water limited conditions, respectively, at p < 0.005. MLM detected seven and 23 QTLs under well-watered and
water-limited conditions, respectively. Of the identified QTLs, some QTLs were detected in both locations: three
for well-watered and two for water-stress conditions. Moreover, a total of 19 QTLs were stable under both
watering-regimes. The QTLs identified herein could be useful in the development of cotton cultivars that have
adaptability to drought conditions worldwide.
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1. Introduction breeders both because fiber traits directly affect yield and because

improvements in spinning technology have increased demand for high-

Cotton is the most important natural fiber crop in the world. The
genus Gossypium contains approximately 50 species of which only four
are cultivated: Gossypium hirsutum [n = 2x = 26, (AD),], G. barbadense
[n = 2x = 26, (AD),], G. arboreum (n = x = 13, A,) and G. herbaceum
(n =x =13, A,). With their superior fiber features (fiber strength,
length, fineness), only G. hirsutum (Upland cotton) and G. barbadense
(Extra Long Staple cotton) are used in commercial production. Over
90% of global cotton production originates from G. hirsutum alone
(Jenkins, 2003; Rai et al., 2013). Fiber quality is a key goal of cotton

grade fiber (Wendel and Cronn, 2002). Fiber quality is determined by a
combination of attributes including fiber length, fiber fineness (cell wall
thickness), fiber strength, fiber elasticity, neps (small nodules on the
fiber), short fiber index, uniformity index, spinning consistency (suit-
ability of fibers for yarn-spinning), color grade, and reflectance degree
(brightness of cotton fibers) (Hake et al., 1996).

Fiber quality traits are quantitative and controlled by multiple genes
with major and minor phenotypic effects (Paterson et al., 2003; Shen
et al., 2006). These traits are also affected by planting date (Pettigrew
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and Adamczyk, 2006), growing environment conditions (Liakatas et al.,
1998; Pettigrew, 2001) and management practices such as fertilization
and irrigation (Read et al., 2006; Girma et al., 2007). In addition to the
complex genetic nature of fiber traits, the negative correlation between
fiber quality and yield provides a challenge for cotton breeders (Shang
et al., 2016).

Drought is a major problem that limits global cotton production.
Water supply during fiber cell development directly impacts fiber
quality. A plant’s drought tolerance is the result of a variety of mor-
phological and physiological factors (Singh, 2004). For this reason,
breeding for improved fiber quality traits under drought stress is
complicated (Shakoor et al., 2010), although it has been suggested that
yield can be effectively selected for under drought stress (Malik and
Wright, 1998; Munir et al., 2007). Thus, the identification of stable
quantitative trait loci (QTL) under both irrigated and water stress
conditions could facilitate molecular breeding of cotton genotypes with
high fiber quality and yield traits. QTL, genetic diversity and structure
analysis all require the availability of abundant DNA markers which are
continually being developed for the cotton genome (Li et al., 2014; Lu
et al., 2015; Parekh et al., 2016).

Although a number of QTL analyses in Upland cotton have focused
on fiber traits (Cai et al., 2014; Wang et al., 2015; Jamshed et al., 2016;
Shang et al., 2016), there have been few efforts to detect QTLs for fiber
quality under water stress conditions (Saranga et al., 2001; Paterson
et al.,, 2003; Saeed et al., 2011). Saranga et al. (2001), using inter-
specific F, and F3 cotton plants derived from a cross between inbred
lines of G. hirsutum cv Siv’on and G. barbadense cv F-177, reported 13
and 33 QTLs under well-watered and water-limited conditions, re-
spectively, for 16 traits including plant productivity, physiology and
fiber quality. Paterson et al. (2003) identified 79 QTLs associated with
fiber quality traits in F, and F5 generations derived from G. hirsutum cv
Siv’on and G. barbadense cv F-177 under water limited and well-irri-
gated conditions. Seventeen of the identified 79 QTLs were specific to
water-limited conditions whereas only two were specific to well-irri-
gated conditions. Saeed et al. (2011) mapped physiological, yield and
plant structure traits in an F, population generated from a cross be-
tween G. hirsutum cv. FH-901 (drought sensitive) and G. hirsutum cv.
RH-510 (drought tolerant). A total of seven QTLs were detected of
which three and two QTLs were specific to water-limited and well-
watered conditions, respectively. Such QTL analysis of germplasm pa-
nels, which contain G. hirsutum lines with varied genetic backgrounds,
has the potential to detect a broader array of useful alleles.

Most of the previous studies mentioned above used biparental po-
pulations for QTL mapping. However, association mapping (AM) de-
tects correlations between genotypes and phenotypes in a sample of
individuals on the basis of linkage disequilibrium (Zondervan and
Cardon, 2004). AM uses historic recombination events within a plant
population instead of a biparental population. Thus, this method allows
much higher mapping resolution and sampling of many more alleles at
a given locus (Zhu et al., 2008). Moreover, AM analysis is relatively
faster than bi-parental QTL mapping since it is not necessary to breed a
population for detection of marker-trait associations. Association ana-
lysis using germplasm panels has been performed in cotton for agro-
nomic traits as well as biotic and abiotic stress tolerance
(Abdurakhmonov et al., 2008, 2009; Wang et al., 2013; Cai et al., 2014;
Jia et al., 2014; Saeed et al., 2014; Zhao et al., 2014; Sethi et al., 2016;
Ademe et al., 2017; Igbal and Rahman, 2017; Li et al., 2017; Ma et al.,
2017).

Several association analyses were performed for fiber and yield
traits in cotton. Wang et al. (2013) performed AM for yield traits (lint
weight per boll, lint percentage and seed cotton yield) and fiber traits
(fiber elongation, fiber strength, fiber uniformity, fiber upper half mean
length and micronaire) in 55 accessions of G. barbadense using 170 SSR
and 258 SRAP markers. They detected 28 SSR and 44 SRAP loci linked
to the traits. Abdurakhmonov et al. (2008) used 95 SSR markers with
178 loci for LD-based AM analysis of fiber traits (elongation, fiber
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length, fiber strength, micronaire, uniformity, and reflectance) in 285
G. hirsutum accessions resulting in 103 trait-linked SSR loci.
Abdurakhmonov et al. (2009) also used 202 SSR markers with ~285
polymorphic loci in 335 G. hirsutum accessions for the same six fiber
traits resulting in 120 trait-linked SSR loci. Cai et al. (2014) conducted
association analysis and detected 107 trait associated loci for three fiber
traits (fiber length, fiber strength and micronaire) using 97 poly-
morphic SSR markers in a panel of 97 G. hirsutum accessions in three
different environments. They reported that 70 marker associations were
found in two or three environments and half of them were reported in
previous studies. Moreover a few AM studies for abiotic stresses are
available. Saeed et al. (2014) detected 16 marker- trait associations
under salinity stress conducting AM with 217 amplicons from 98
polymorphic SSR markers in 109 G. hirsutum accessions. Jia et al.
(2014) performed LD based AM for salt and drought tolerance in 323 G.
hirsutum genotypes using 106 SSR markers with 278 polymorphic loci.
They identified 15 and three loci for drought and salt tolerance, re-
spectively.

In the present study, a total of 99 G. hirsutum genotypes were sur-
veyed with 177 simple sequence repeat (SSR) markers to identify stable
QTLs associated with fiber quality and plant structure related traits
including fiber length, fiber fineness, fiber strength, fiber elasticity,
fiber uniformity, spinning conversion index, earliness, 1st and 2nd
position boll retention, boll number per plant and plant height for two
locations under well-watered (normal irrigated) and water-limited
(water stress) conditions.

2. Material and methods
2.1. Plant material

The germplasm panel of 99 Upland cotton (G. hirsutum L.) genotypes
was supplied by NCRS (Nazilli Cotton Research Station), Aydin, Turkey.
The panel consisted of genotypes grown for commercial production in
Turkey and known to differ in fiber quality traits (Table S1).

2.2. Phenotypic performance

Field experiments were conducted during the 2011 and 2012
growing seasons at two locations under well-watered and water-limited
conditions: Agricultural Research Station of Adnan Menderes
University (ADU) and Ozaltin Agricultural Enterprises Industry and
Commerce Inc. (OAE), both in Kocarli, Aydin, Turkey at 370 51’ N la-
titude, 270 51’ E longitude and 56 m altitude. Sandy loam soil is
characteristic in this geographical region. The climate of the region is
semiarid with an average annual precipitation of 657 mm. The soil in
the experimental fields ranged from 20%-28% water content with a
7-10% wilting point at ADU; and 13-14% water content and a 4-6%
wilting point at OAE. The experiments were set up in a complete ran-
domized block design with four replications on 19 May 2011 and 3 May
2012. Additional nitrogen was applied as 33% ammonium nitrate
(kg ha™') before the first irrigation. Four replicates of each of the 99
genotypes were planted in a single 12 m row with 0.7 m between rows
and 0.20 m between individual plants. A compound fertilizer of N, P
and K (15-15-15) was introduced at a rate of 60kg ha=! before
planting. Soil moisture was measured by the gravimetric method. The
irrigation treatments were based on replenishment of soil water de-
pletion. The control treatment was designated to receive 100% re-
plenishment. Depletion was defined as the difference between the depth
of water held in the root zone at field capacity and the depth of water
actually held in the root zone at the time of irrigation. Irrigation was
applied when 50% of available soil moisture was consumed in the
1.20 m root zone in the full irrigation (100%) treatment during the ir-
rigation periods. The measured water content for the full irrigation
(100%) treatment was used to initiate irrigation of cotton during the
growing season. In deficit irrigation treatment, 50% the full irrigation
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treatment was applied on the same day as full irrigation. In each lo-
cation approximately 626 mm and 313 mm of water were applied for
the well-watered and water-limited treatments, respectively. Each plot
was harvested by hand. Harvest was performed on 29 September 2011
and 14 September 2012 (Sezener et al., 2015). Phenotyping was per-
formed at both sites (ADU and OAE) during both years.

After harvest, a roller gin was used to separate the fibers from the
seed. The fibers were incubated at 21 °C and 65% relative humidity for
48 h until they reached 7-8% humidity. Fiber quality traits were then
assessed. Fifty bolls were used to determine fiber quality parameters.
Fiber length (FL) (mm), fiber fineness (FF) (mic), fiber strength (FS) (g
teks 1), fiber elasticity (FE) (%), fiber uniformity (FU) (%) and spin-
ning conversion index (SCI) were analyzed using a USTER-HVI machine
according to HVI cotton standards. Earliness (EAR) (%) was calculated
as weight (kgha™1) of seed cotton at first harvest divided by weight
(kg ha~!) of total seed cotton (first and second harvest). Total boll
number (TBN) per plant was counted as total number of bolls at first
and second position. The percentages of first and second position boll
retention (1st PBR and 2nd PBR) were determined by the following
formulas, respectively: [100*(total of 1st position boll number—1st
position fallen boll number)/total of 1st position boll number] and
[100*(total of 2nd position boll number—2nd position fallen boll
number)/total of 2nd position boll number]. Plant height (PH) (cm)
was measured as the length between the cotyledonary node and term-
inal bud. All data were evaluated with JMP 5.0 statistical software
(JMP°, Version 5.0, SAS Institute Inc., Cary, NC, 1989-2007). Bivariate
correlation coefficients between traits were calculated by PAWS sta-
tistics software (SPSS Inc. Released 2009, PASW Statistics for Windows,
Version 18.0, Chicago: SPSS Inc.) with Pearson Correlation, two-tailed
method. The mean data from the two locations were used to establish
phenotype histograms for each water treatment using Microsoft Excel
(2007).

2.3. Genotyping and data analysis

DNA was extracted from young leaves at the 4-5 true leaf stage
using the manual DNA isolation protocol of Doyle and Doyle (1987). A
total of 177 SSR markers including a core primer set developed by Yu
et al. (2012) were used to determine polymorphic loci within the po-
pulation. At least three markers per chromosome were used to ensure
coverage of the genome (Table S2).

PCR (polymerase chain reaction) analysis was conducted as de-
scribed by Baytar et al. (2017) and DNA fragments were separated with
a Fragment Analyzer™ Automated CE System using the method of DNF-
900-55-DNA-35-500 bp. PROSize 2.0 analytical software was used to
analyze the raw data for polymorphism determination. Allele sizes were
determined by binning fragments into + 2 base pair bins.

2.4. Population structure and genetic diversity

SSR data were scored considering each band as an independent
locus using a dominant system: “1” for allele presence, “0” for allele
absence and “9” for missing data. Genetic diversity (GD) of the markers
was calculated by Gene Diversity software (GDdom) (Abuzayed et al.,
2016). The ancestral sub-clusters of the population were determined by
a model-based clustering method applied in the software package
STRUCTURE ver. 2.3.4 using the admixture model (Pritchard et al.,
2000). The program parameters included a burn-in of 50,000 iterations
and 300,000 MCMC (Markov Chain Monte Carlo) replications for ac-
curate estimation. Cluster numbers (K) from 2 to 10 were tested with 20
replications each to detect the number of significant sub-clusters in the
population. The program generated a Q matrix that represents the
proportion of each individual’s assignment to each sub-cluster at each K
(2-10). The clustering results were processed using the STRUCTURE
HARVESTER program (Earl and vonHoldt, 2012) implementing the
Evanno method (Evanno et al., 2005) to decide on the best K for the
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population. The threshold value for individual assignments to the best K
was set at 70%. Individuals with an assignment probability lower than
70% were described as “admixed”. Pairwise dissimilarity and genetic
distance within the population were calculated using DARwin 5.0
(Perrier and Jacquemoud-Collet, 2006). Dendrogram for genetic di-
versity based on dissimilarity values was drawn with the Dice coeffi-
cient and the unweighted neighbor-joining algorithm. Pairwise PhiPT
(®pt) values, analogous to Fst genetic distances, were calculated among
subgroups by molecular variance analysis (AMOVA) with 99 permuta-
tions using GenAlEex 6.503 software (Peakall and Smouse, 2006,
2012).

2.5. Linkage disequilibrium analysis and LD decay

Pairwise linkage disequilibrium (LD) analysis was calculated as the
correlation coefficient (r?) between all pairs of SSR markers using
TASSEL 2.1 (Bradbury et al., 2007). LD analysis was performed with r?,
as it is considered a better LD parameter than D’ (Kruglyak, 1999;
Ardlie et al., 2002; Terwilliger et al., 2002). Before conducting LD
analysis, SSR alleles with frequencies below 0.05 were removed using
the site filtration function of TASSEL because minor alleles can bias LD
estimations. LD analysis was then performed on the filtered dataset
based on the squared allele-frequency correlations (r%) between marker
pairs using the rapid permutation test with 10,000 shuffles (p < 0.01).
The LD decay pattern of marker pairs was generated for pairs with
significant LD (p < 0.01 and r* =0.01).

2.6. QTL analysis

QTL identification was performed with TASSEL software ver. 2.1
using the general linear model corrected with Q matrix (GLM + Q) and
the mixed linear model corrected with Q matrix and kinship (K)
(MLM + Q + K) (Bradbury et al., 2007). Before conducting the QTL
analysis, minor SSR allele frequencies (MAF) lower than 0.05 were
filtered using the site filtration function in TASSEL. Association ana-
lyses of the morphological data and SSR allelic data were conducted
using the Q matrix calculated by STRUCTURE 2.3.4 and the relative
kinship among individuals (K matrix) determined by TASSEL 2.1. The
significance level to declare SSR markers associated with fiber traits
was set at p < 0.005. False discovery rate (FDR) for different p values
was calculated with QVALUE software (Storey, 2002) (q < 0.25)
(Weller et al., 1998; Benjamini and Yekutieli, 2005). The chromosomal
positions of the molecular markers were based on Blenda et al. (2012)
and Yu et al. (2012) (Table S2). Chromosome assignments to the A and
D subgenomes were based on Wang et al. (2006).

3. Results
3.1. Phenotypic performance

Eleven traits were evaluated under both well-watered and water-
limited regimes in two different locations (ADU and OAE). Location
effect was found to be significant for fiber elasticity, fiber uniformity,
spinning consistency index, earliness, first and second position boll
retention, and total boll number under well-watered conditions. Under
water-limited conditions, location effect was found to be significant for
fiber elasticity, earliness, second position boll retention, total boll
number and plant height (Table S3). All phenotypic traits were nor-
mally distributed under both treatments (Figs. 1 and 2).

Tables S4 and S5 summarize the phenotypic results for each of the
genotypes. Fiber length (FL) ranged from 26.5 mm to 33.2 mm with a
mean value of 29.6mm under the well-watered regime and from
25.5mm to 32.4 mm with a mean value of 28.2 mm under the water-
stress regime. FL had a statistically significant (p < 0.05) decrease (x” =
—5%) in the majority of the panel (91%) under water stress. In con-
trast, fiber fineness (FF) significantly increased (x” = +10%) in 86% of
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Fig. 1. Distributions of the genotypes for eleven traits under well-watered conditions.

the panel and decreased in 12% of the panel under water-limited
conditions. FF ranged from 3.5 mic to 5.1 mic with a mean value of 4.4
mic under the well-watered regime and from 3.7 mic to 5.5 mic with a
mean value of 4.8 mic under the water-limited regime. Fiber strength
(FS) ranged from 29.7 g teks ™! to 41.4 g teks ' (with a mean of 34.8 g

teks ~ 1) under well-watered conditions and from 28.2 g teks ~' to 43 g
teks ™! (with a mean value of 33.8 g teks 1) under water-limited con-
ditions. Under water stress, FS decreased significantly (x™= —3%) in
63% of the panel however this trait increased or remained constant in
37% of the panel. Fiber elasticity (FE) of the genotypes ranged from
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Fig. 2. Distributions of the genotypes for eleven traits under water-limited conditions.
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5.3% to 7.4% under the well-watered regime and from 4.9% to 7.5%
under the water-limited regime with mean values of 6.2% and 6.0%,
respectively. FE decreased significantly (x’= —3%) in 62% of the
genotypes and increased or remained constant in the rest of the geno-
types under limited irrigation. Fiber uniformity (FU) ranged from
83.2% to 87.7% under well-watered conditions and from 81.4% to
87.4% under water-limited conditions with mean values of 85.3% and
84.4%, respectively. While FU decreased significantly (x = —1%) in
65% of the panel under water stress, it increased significantly or re-
mained constant in 13% and 22% of the panel, respectively. Spinning
conversion index (SCI) ranged from 79.3 to 141.1 with a mean value of
106.4 under the well-watered regime and from 63.4 to 137.8 with a
mean value of 93.2 under the water-stress regime. SCI decreased sig-
nificantly (x*= —13%) in 85% of the genotypes and increased sig-
nificantly in 13% of the panel under limited irrigation.

For agronomic traits, earliness (EAR) of the genotypes increased
(x"= +17%) significantly in the majority of the panel (93%) under
water-limited conditions and ranged from 56.0% to 90.2% with a mean
value of 74.8% under well-watered conditions and from 74.5% to
99.2% with a mean value of 87.6% under water-limited conditions.
First position boll retention (1st PBR) ranged from 49.7% to 79.1%
(with a mean value of 63.7%) under well-watered conditions and from
49.7% to 73.7% (with a mean value of 62.1%) under water-limited
conditions. Water stress decreased this trait significantly (x’= —3%) in
60% of the panel. Second position boll retention (2nd PBR) ranged from
26.5% to 63.2% under the well-watered regime and from 27.1% to
59.5% under water-limited conditions with mean values of 46.8% and
42.8%, respectively. Like 1st PBR, this trait decreased significantly
(x"= —9%) in the majority (65%) of the genotypes under water stress.
Total boll number (TBN) per plant ranged from 6.9 to 21.3 (with a
mean of 11.0) under well-watered conditions and from 5.7 to 12.1
(with a mean of 8.0) under the water-limited regimes. This trait sig-
nificantly decreased (x= —27%) in 94% of the panel under water
stress. Plant height (PH) ranged from 83.6 to 122.3 cm (with a mean
value of 100.0 cm) under well-watered conditions and from 61.8 to
93.9 cm (with a mean value of 78.5 cm) under water-limited conditions.
As expected, water stress led to significantly decreased PH (x”= —21%)
in all genotypes.

Significant correlations were detected between fiber traits under
both watering regimes (p < 0.05andp < 0.01) (Tables S6 and S7). FS
was positively correlated with FU, FL, SCI under both treatments. In
contrast, FS was negatively correlated with EAR, FE and 1st PBR under
well-watered conditions but only with FE under water-limited condi-
tions. FE correlated negatively with FL and SCI under both watering
treatments and positively correlated with 1st PBR and TBN under
water-limited conditions and with only 1st PBR under well-watered
conditions. While FU was positively correlated with both FL and SCI, FF
was negatively correlated with both FL and SCI under both watering
treatments. For boll traits, TBN, 1st PBR and 2nd PBR were positively
correlated with each other under well-watered conditions. Under well-
watered conditions, PH correlated positively with TBN and negatively
with EAR. However, under water-limited conditions, PH correlated
positively with FL and TBN; and negatively with EAR and 2nd PBR.

3.2. Population structure and genetic diversity

A total of 967 SSR loci were generated from 177 markers with an
average of 5.5 alleles per marker across the 99 Upland cotton (G. hir-
sutum L.) genotypes. The genetic diversity (GD) of the SSR markers
within the germplasm ranged from 1% to 50% with a mean value of
28%. Filtering out minor allele frequencies (MAF) lower than 5%
yielded 625 loci from the original 967 loci. The optimum group number
(K) was determined to be two since the AK value peaked at K = 2 (Fig.
S1, Table S1). Sub-groups A and B contained 29 and 41 individuals,
respectively (cut-off 70%). The remaining 29 individuals were deemed
admixed because their assignment probabilities fell below the cut-off
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value of 70%. Pairwise ¢pt values between subgroups of A (Pop1) and
B (Pop2) were calculated (Table S8 and Fig. S2). Genetic variation
between groups was 11% and within groups was 89%.

Pairwise dissimilarity values ranged from 22% to 60% with a mean
value of 38% within the population. Four genotypes (Delta Diamond,
Gloria, Nazilli 143 and Niab111) were not included in pairwise dis-
similarity analysis because they contained too many missing data va-
lues. The four main groups G1, G2, G3 and G4 consisted of 46, 22, 15
and 8 individuals, respectively (Fig. S3). Based on origins, 72% (33/46)
of G1 consisted of USA-bred cultivars and 73% (11/15) of G3 was
composed of Turkish cultivars. Admixed-origin individuals mostly
clustered in G2. A strong correlation existed between the pairwise
dissimilarities and distances as presented in the dendogram (r = 0.92).

3.3. Linkage disequilibrium analysis and LD decay

LD analysis generated a total of 195,000 pairwise comparisons of
967 SSR loci across 99 G. hirsutum genotypes. Overall, 6352 (3.3%)
marker pairs had significant LD levels (p < 0.01 and r* = 0.01) with
2.8% of marker pairs significant at r? > 0.1. Pairwise estimates for
markers (r?) ranged from 0.06 to 1 within a genetic distance range of
0-172cM (p < 0.01). Most r? values were between 0.06 and 0.2. The
average r> value of the significant LD values was 0.16. The LD decay
plot showed how r? (LD) declined with genetic distance (cM) between
marker pairs (Fig. S4). The genetic distance at which LD level (r?)
dropped below 0.2 (Vos et al., 2017; Delourme et al., 2013) was
40-50 cM.

3.4. QTL analysis

We identified different sets of QTLs for each treatment in the two
locations at a significance level of p < 0.005. At both locations, GLM
detected a total of 74 and 70 QTLs under well-watered and water
limited conditions, respectively. MLM detected seven and 23 QTLs
under well-water and water-limited conditions, respectively. The pro-
portions of null (;x0) (FDR) and significant values (1-w0) were de-
termined for each condition and location (Table S9). Although the in-
itial FDR level was adjusted to 0.25 using QVALUE software (Weller
et al., 1998; Benjamini and Yekutieli, 2005), QTLs for many traits were
identified at lower p values corresponding to q values < 0.05. Table
S10 shows the p and q values for all of the QTLs regardless of their
significance.

3.4.1. Well-watered conditions

Under well-watered conditions, separate GLM and MLM analyses
identified 52 and four QTLs, respectively, at ADU; and 22 and three
QTLs, respectively, at OAE (p < 0.005) (Tables 1 and S11). The total
phenotypic variation explained (PVE, r*) by the individual marker loci
ranged from 6% to 27% at ADU and; from 9% to 15% at OAE. Of the
identified loci, three each at ADU and at OAE were supported by both
GLM and MLM methods. Moreover, three QTLs were detected in both
locations (ADU and OAE) (Tables 1, 2 and S11). These stable QTLs
included one locus linked to FE (BNL3502) and two loci for 1st PBR
(DPL088 and JESPR274). GLM or MLM analyses did not detect any QTL
for FU and 2nd PBR at the two locations.

3.4.1.1. Fiber length. At ADU, three QTLs on two chromosomes (A13
and D04) were associated with FL by GLM. DOW070g4 on D04 and
JESPR1531 45 on A13 had PVE values of 14% and 12%, respectively. At
OAE, GLM analysis of FL data detected four QTLs distributed on four
chromosomes (A05, A07, A09 and D02). PVE values ranged from 10%
to 12%. MLM did not yield any QTL under well-watered conditions
(Table S11).

3.4.1.2. Fiber fineness. At ADU, no QTL were detected under well-
watered conditions. At OAE, two FF QTLs on two chromosomes (A03
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Table 1
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Summary of QTLs under well-watered and water-limited conditions at two locations (ADU and OAE).

Well-watered condition

Water-limited condition

# QTLs at ADU # QTLs at OAE

# QTLs at ADU # QTLs at OAE

Trait GLM MLM Supported by GLM MLM Supported by # QTLs at GLM MLM Supported by GLM MLM Supported by # QTLs at
both GLM and both GLM and both ADU both GLM and both GLM and both ADU
MLM MLM and OAE MLM MLM and OAE
FL 2 0 0 4 0 0 0 0 1 0 1 1 1 0
FF 0 0 0 2 2 2 0 0 0 0 0 0 0 0
FS 5 0 0 3 1 1 0 7 0 0 3 1 1 1
FE 1 0 0 3 0 0 1 2 1 1 2 1 1 1
FU 0 0 0 0 0 0 0 4 4 4 0 1 0 0
scI 1 0 0 5 0 0 0 0 0 0 2 0 0 0
EAR 2 2 2 0 0 0 0 1 1 1 0 1 0 0
Ist PBR 7 2 1 5 0 0 2 7 5 5 0 0 0 0
2nd PBR 0 0 0 0 0 0 0 4 0 0 0 0 0 0
TBN 14 0 0 0 0 0 0 8 1 1 12 0 0 0
PH 20 0 0 0 0 0 0 8 3 3 9 2 2 0
TOTAL 52 4 3 22 3 3 3 41 16 15 29 7 5 2
Table 2 3.4.1.6. Earliness. GLM and MLM analysis of earliness data from ADU
Markers identified as stable in both locations. identified two EAR QTLs, DPL080,3, on A06 and DPL223,55 on DO7.
. o o . "
Stable QTLs in both ADU and OAE Thfﬂr PVE values were 12% an.d 16%, respectively. The additive effects
of individual alleles on the trait were —5.66% and + 4.79, respectively
ww WL (Tables S11 and S13). At OAE, either GLM or MLM analysis detected
significant EAR QTL (p < 0.005; gFDR < 0.25) under well-watered
Trait Marker PVE Chromosome Marker PVE Chromosome conditions
@« %) >, %) )
FS - - - DPL405  10-12 D02 3.4.1.7. First position boll retention. At ADU, GLM analysis of 1st PBR
FE BNL3502 10-14 D02 BNL3502 14-31 D02 data revealed seven QTLs. Of these loci, JESPR157 and JESPR208 map
1st PER DPLOSS  9-11  A06 _ _ _ on moFe than one chromosome (A08 and DQS; AO? and D09,
JESPR274 11-15 D09 _ _ _ respectively) (Blenda et al., 2012) so that their locations are not

and A11) were identified by both GLM and MLM methods. These QTLs
were BNL1231,99 on A1l and MUSS425,5, on A03. PVE values were
13% and 11%, respectively. Their individual additive effects on the trait
were (+) 0.15 and 0.20 mic, respectively (Tables S11 and S13).

3.4.1.3. Fiber strength. GLM analysis of the fiber strength data from
ADU identified five FS QTLs distributed on four chromosomes (A05,
D01, D04 and D09). PVE values ranged from 8% to 12%. MLM did not
yield any QTL at ADU. At OAE, three QTLs on three chromosomes (D02,
D06 and D11) were associated with FS using the GLM method. The PVE
values ranged from 11% to 15%. One QTL of DPL7175g9 on D11 had the
largest PVE value (15%) and an additive effect on the trait of +1.82g
teks ~* and was supported by both GLM and MLM (Tables S11 and S13).

3.4.1.4. Fiber elasticity. At ADU, GLM analysis of fiber elasticity data
identified one FE QTL of BNL35025¢, on D02 with a PVE value of 14%.
This QTL was also identified at OAE by GLM method with PVE value of
11%. At OAE, the other two QTLs identified by GLM were DOW056,45
(unknown location) and DPL112;sg with PVE values of 12% and 15%,
respectively. MLM did not yield any QTL for FE at both locations (Table
S11).

3.4.1.5. Spinning conversion index. At ADU, GLM detected one SCI QTL
with two alleles (DPL1565g3 and DPL156,g5) on A05. The PVE values of
individual alleles were 16% and 13%, respectively (Table S11). At OAE,
five SCI QTLs were identified by GLM. Four of the QTLs are located on
three chromosomes (A02, A09 and D02). The location of the fifth QTL
(BNL1034) is not certain because it maps to three chromosomes (A11,
D03, and D11) (Blenda et al., 2012). The PVE values ranged from 9% to
14%. MLM did not detect any QTL for SCI under well-watered
conditions.
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certain. The remaining four QTLs are distributed on four
chromosomes (A06, A07, A11 and D09). The PVE values ranged from
10% to 15%. MLM analysis identified two QTLs, JESPR220;3, on D04
and JESPR274,3; on D09 of which JESPR274,3, was supported by
GLM. The allelic effects of the individual markers on the trait were
+2.53% and +2.63%, respectively (Tables S11 and S13). At OAE, five
QTLs were associated with 1st PBR by GLM. They were distributed on
five chromosomes (A04, A06, AO8, D05, and D09). The PVE values
ranged from 9% to 14%. MLM did not detect any significant QTL at
OAE (Table S11).

3.4.1.8. Total boll number per plant. GLM analysis of TBN data from
ADU identified fourteen QTLs. Thirteen of the QTLs are distributed on
ten chromosomes (A06, A07, A11, D01, D02, D06, D08, D09, D11 and
D12). Ten loci had PVE values greater than 10% (Table S11). MLM
analysis did not reveal any significant QTL for TBN at ADU. At OAE, no
significant QTL was detected by either GLM or MLM analyses.

3.4.1.9. Plant height. At ADU, 20 QTLs on 13 chromosomes (A07, Al1,
Al12, D02, D03, D04, D05, D06, D08, D09, D10, D11 and D12) were
associated with PH by GLM analysis. MLM analysis did not reveal any
significant QTL for PH. The PVE values of individual alleles ranged
from 6% to 27% with 19 of the loci having phenotypic effects higher
than 10% (Table S11). At OAE, no QTL was detected by either GLM or
MLM analyses for PH under well-watered conditions.

3.4.2. Water-limited conditions

Under water-limited conditions, GLM and MLM analysis separately
identified 41 and 16 QTLs, respectively, at ADU and 29 QTLs and seven
QTLs, respectively, at OAE (p < 0.005). Of these loci, 15 QTLs at ADU
and 5 QTLs at OAE were supported by both GLM and MLM analysis
(Tables 1, 2 and S12). Two QTLs were identified in both locations (ADU
and OAE) (Table 2). These stable QTLs included DPL405 associated
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with FS and BNL3502 associated with FE (Table 2). At both locations
GLM or MLM did not detect any significant QTL for FF.

3.4.2.1. Fiber length. At ADU, GLM analysis did not identify any QTL
for FL. MLM detected one QTL for FL, DOW070 on D04, with additive
allelic effect of +0.53 mm (Tables S12 and S13). At OAE, only one
locus (DPL075,03) on D06 was associated with FL by GLM. The PVE
value of the allele was 16%. DPL075,03 was also identified by MLM
analysis with a positive additive effect of +0.68 mm (Tables S12 and
S13).

3.4.2.2. Fiber strength. GLM analysis of fiber strength from ADU
identified seven FS QTLs of which six QTLs were on six chromosomes
(A07, A11, D02, D05, D08 and D10). The seventh QTL, JESPR15753g,
maps on A08 and D08, therefore its location is not certain (Blenda et al.,
2012). The PVE values ranged from 10% to 13% (Table S12). At OAE,
three QTLs on two chromosomes (A08 and D02) were associated with
FS by GLM analysis. MLM supported one of them, TMB1427,,¢, with a
PVE value of 16% and an additive allelic effect of 1.58 g teks ~* (Tables
S12 and S13).

3.4.2.3. Fiber elasticity. At ADU, GLM analysis of FE detected two QTLs
on two chromosomes (D02 and DO08). Of these, one QTL (BNL3502)
with two alleles (BNL3502,5, and BNL3502,40) on D02 was also
supported by MLM analysis with the opposite allelic effects of
—0.23% and +0.21%, respectively, on FE. Their PVE values were
14% and 24%, respectively (Tables S12 and S13). At OAE, two QTLs on
two chromosomes (D02 and D12) were associated with FE by GLM. PVE
values ranged from 12% to 31%. MLM also supported two alleles of
BNL3502 (BNL3502,5, and BNL3502,,0) on D02 with opposite
individual allelic effects of —0.34 and +0.30%, respectively (Tables
S12 and S13).

3.4.2.4. Fiber uniformity. At ADU, four QTLs on four chromosomes
(Al11, Al12, DO2 and D10) were associated with FU by both GLM and
MLM analysis. The PVE values ranged from 11% to 12%. The allelic
effects of the markers on the trait were between (+/—) 0.68% and
0.87% on FU. However, two alleles of DPL354 (DPL345,¢3 and
DPL354:4¢) had opposite effects of +0.68% and —0.68%,
respectively (Tables S12 and S13). At OAE, GLM could not detect any
QTL for FU. MLM identified one QTL, DPL156, with two alleles
(DPL1564g3; and DPL156,g5) on A05. The two alleles of DPL156
(DPL1564g3 and DPL156,g5) had opposite allelic effects on FU of
+0.61% and —0.51%, respectively (Tables S12 and S13).

3.4.2.5. Spinning conversion index. At ADU, the GLM and MLM analyses
did not detect any significant QTL for SCI. At OAE, GLM analysis
detected two SCI QTLs, DPL405,5; on D02 and TMB1427,, on A0S,
with PVE values of 13% and 11%, respectively. MLM did not identify
any significant QTL for SCI at OAE (Table S12).

3.4.2.6. Earliness. At ADU, GLM and MLM analyses of EAR data from
ADU detected one QTL, DPL080,3, on A06. It had a PVE value of 12%
and a negative allelic effect of —3.12% (Table S12 and S13). At OAE,
GLM analysis did not detect any significant QTL for EAR. MLM analysis
identified one QTL, MUSS425,g,, on A03 with a positive allelic effect of
+4.90% (Tables S12 and S13).

3.4.2.7. First position boll retention. At ADU, GLM analysis identified
seven QTLs for 1st PBR. The location of one, BNL1667, is not certain
because the marker maps to four chromosomes (A01, A02, DO1 and
D02) (Blenda et al., 2012). The remaining six QTLs are on six
chromosomes (A05, A06, A10, A12, D06 and D07). The PVE values
ranged from 10% to 16%. MLM detected five QTLs all of which were
supported by GLM analysis. These QTLs are distributed on five
chromosomes (A05, A10, A12, D06 and D07). The additive effects of
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the alleles on the trait were between (+/—) 2.08% to 2.84% (Tables
S12 and S13). At OAE, GLM or MLM analyses did not detect any
significant QTL for 1st PBR.

3.4.2.8. Second position boll retention. At ADU, GLM analysis of 2nd PBR
data identified four QTLs distributed on four chromosomes (A01, A0S,
A12 and D08). PVE values ranged from 9% to 11% (Table S12). At OAE,
GLM or MLM did not identify any significant QTL for 2nd PBR.

3.4.2.9. Total boll number per plant. At ADU, eight QTLs were detected
by GLM analysis for TBN. Excepting BNL3989 (location not certain; A03
or A13), they are on five chromosomes (A03, A04, A06, D02 and D12).
PVE values ranged from 12% to 18%. MLM supported one of these QTL,
DPL080,35, on A06 with a negative additive effect of —0.62 (Tables
S12 and S13). At OAE, GLM analysis of TBN identified 12 QTLs. All,
except BNL1667 and JESPR157, are distributed on nine chromosomes
(A05, A07, A11, A12, D02, D07, D08, D09 and D12). BNL1667 maps to
four chromosomes (A01, A02, DO1 and D02) and JESPR157 maps to
two chromosomes (A08 and D08), therefore the locations of the linked
QTL are not certain. The PVE values ranged from 9% to 16% (Table
$12). MLM revealed no QTL for TBN at OAE.

3.4.2.10. Plant height. GLM analysis of PH from ADU detected eight
QTLs of which seven QTLs are distributed on seven chromosomes (A02,
A06, A12, D02, D03, D08 and D11). The location of the seventh, linked
to JESPR208, is uncertain because this marker maps to two
chromosomes (A09 and D09) (Blenda et al., 2012). The PVE values
ranged from 8% to 21% (Table S12). MLM identified three PH QTLs on
three chromosomes (A02, D03 and DO08) and all were supported by
GLM. Allelic effects of the markers were between (+/—) 3.39 cm and
5.37 cm (Tables S12 and S13). At OAE, nine QTLs were identified for
PH by GLM. Seven of the loci are on six chromosomes (A04, A11, A12,
D04, D05 and D09). The locations of the loci linked to BNL1034 and
BNL1667 are not certain (Blenda et al., 2012). The PVE values of the
markers ranged from 8% to 15%. Two PH QTLs were detected by MLM
analysis: BNL1667 and TMB1295 on DO5. Allelic effects of the markers
on the trait were +3.18cm and +3.24 cm, respectively (Tables S12
and S13).

4. Discussion

In the present study, a germplasm panel of 99 Upland cotton gen-
otypes was surveyed with 177 SSR markers to conduct genome-wide
association analysis of eleven fiber traits under two watering regimes in
two different locations. Our study also revealed which genotypes were
the most stable, i.e., showed the least change in fiber quality under
water stress.

Nine of the traits decreased significantly (p < 0.05) in response to
water-stress: fiber length (FL) (—5%), fiber strength (FS) (—3%), fiber
elasticity (FE) (—3%), fiber uniformity (FU) (—1%), spinning conver-
sion index (SCI) (—13%), 1st (—3%) and 2nd (—9%) position boll
retention (PBR), total boll number per plant (TBN) (—27%) and plant
height (PH) (—21%). However, fiber fineness (FF) and earliness (EAR)
significantly increased by +10% and +17%, respectively, under water-
limited conditions. A strong positive correlation was observed between
fiber strength and spinning conversion index under both well-watered
and water-stress conditions (r = 0.92 and r = 0.94, respectively). Thus,
and not surprisingly, a high degree of fiber strength results in high
spinning performance.

Although most of the traits decreased significantly under water
stress, certain genotypes showed significantly increased or stable per-
formance under drought conditions. For example, the genotypes
showing a slight but surprisingly and statistically significant increase in
fiber length under water stress conditions were Samarkant Uzbek
(+2%), DAK 66/3 (+2%) and NGF 63 (+3%). Changes in fiber fine-
ness under water stress conditions were highest in Delcerro (+21%),
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Nata (+21%), Semu SS/G (+21%), Lachata (+23%), SG 1001
(+26%) and Corona (+30%). Fiber strength showed the greatest in-
crease in Flora (+9%), Sicala 3/2 (+11%) and Nieves (+14%). Fiber
elasticity showed the highest increase in Nazilli M39 (+9%), Sealand
542 (+9%), Sicala 3/2 (+10%) and Stoneville 453 (+10%). Fiber
uniformity in the germplasm panel as a whole was not changed much
by the watering regimes (—1%). However, several genotypes showed
an increase (+2%) in FU under water-stress: MS-30/1, Acala 1517 and
Barut 2005. The largest increases in spinning conversion index were
seen in GW Teks (+6%), Ayhan 107 (+6%), DPL 886 (+7%), Barut
2005 (+7%) and NGF 63 (+8%). Earliness was most improved under
water-stress in GW Teks (+42%), Eva (+44%), SJ U 86 (+49%) and
Tomcot 22 (+59%). First and second position boll retention increased
the most in TKY 9409 (+18%), Sahel 1 (+20%) and TKY 3304 GS316
(+26%) and; Zeta (+34%), Aleppo (+ 38%), Somon (+41%) and DPL
20 (+45%), respectively. The genotypes showing the highest increase
in total boll number were S 9 (+9%), Nazilli 87 (+20%) and Ayhan
107 (+32%). In contrast, plant height was significantly decreased in all
genotypes by water-stress. The genotypes with the least decrease were
Flora (—10%), Tomcot Sphinx (—7%), S 9 (—7%) and SG 125 (—5%)
(Tables S4 and S5). Since drought tends to be a limiting factor in cotton
production, the identification of genotypes showing the least change
under water-limited conditions may be useful for breeders hoping to
improve fiber quality.

Genetic diversity analysis revealed moderate genetic dissimilarity
(38%) within cotton germplasm which is consistent with previous SSR-
based studies (36%, Du et al., 2016; 38%, Nie et al., 2016). Our analysis
clearly showed that domestication and intensive breeding have caused
the low genetic diversity of cultivated cotton lines (Fig. S3). The cotton
lines derived from the same breeding program closely clustered in the
same diversity groups. For instance: Acala 5 and Acala 1517; DPL20
and DPL90; Taskent 6 and Taskent Uzbek were clustered closely with
dissimilarities of 27, 24 and 27%, respectively. In general, cultivars
from the same origins tend to cluster in the same groups. For example,
the cultivars from USA, Turkey and Uzbekistan formed their own
groups. Our findings could provide useful information for breeders
looking to enhance genetic diversity in their programs by selecting elite
cotton genotypes based on their dissimilarity.

Linkage disequilibrium is non-random co-segregation of different
loci through generations. LD decay is useful to determine the resolution
of association analysis. In our analysis, genome-wide LD decayed at
40-50 cM (r* = 0.2). The cotton genome spans 5200 cM (Paterson and
Smith, 1999); therefore theoretically, approximately 130 markers are
required for association analysis. We used 177 SSR markers with 967
loci distributed on all of the tetraploid cotton chromosomes (AD, 26
chromosomes). We determined that 3.3% of SSR locus pairs were in
significant LD (p < 0.01, r* > 0.05), a level that is comparable with
the previous studies of 3% and 4%, r> > 0.05 (Saeed et al., 2014;
Abdurakhmonov et al., 2009, respectively). Moreover it is higher than
previously reported: 2.09% (Nie et al., 2016). Many factors affect LD
such as recombination rate, genetic drift and natural selection. Upland
cotton has been cultivated for many years resulting in reduced genetic
diversity (Liu et al., 2000; Lacape et al., 2007; Abdurakhmonov et al.,
2008). The effects of cultivation and breeding on the germplasm are
clearly seen in the moderate level of diversity and high level of LD
decay in our study.

Different sets of QTLs were associated with the eleven traits under
each watering regime in each location (ADU and OAE) by GLM and
MLM analyses. By comparing these sets, we determined which of the
fiber trait associated-QTLs were stable in the two locations (Tables 1
and 2). Three of the QTLs identified under the well-watered regime and
two of the water-limited QTLs were stable in both locations (ADU and
OAE). The three stable QTL under well-watered conditions were
BNL3502 (on D02) for FE; DPL0O88 (A06) and JESPR274 (on D09) for
1st PBR. The two stable QTL under water-limited conditions were
DPL405 (on D02) for FS and BNL3502 (on D02) for FE (Table 2). The
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Table 3
QTLs and linked markers that were stable under both watering-regimes.

Trait Marker Chromosome

1st PBR DPL0O88 A06

EAR DPL0O80O AO6

FE BNL3502 D02

FL DOWO070 D04

FS DPL405 D02

PH DPL088 A06
JESPR208 A09, D09
DPL100 Al12
DPL743 Al12
BNL2496 D03
BNL1151 D08
MGHES22 Do8
DPL307 D09

SCI DPL405 D02

TBN BNL3502 D02
DPL080 D06
BNL1151 D08
MGHES22 D08
JESPR274 D09

aforementioned QTLs showing notable stability in different locations
may be useful in marker-assisted approaches toward cotton improve-
ment.

Nineteen QTLs distributed on three A chromosomes and six D
chromosomes were detected under both watering regimes (Table 3).
Among these stable loci, eight were linked to PH, five to TBN and one
each to FL, FS, FE, SCI, EAR and 1st PBR. Several marker loci were
associated with more than one trait under both watering regimes. For
instance, under both conditions, BNL3502 on D02 was associated with
FE and TBN. DPL080 on A06 was identified for EAR and TBN. DPL405
on D02 was associated with FS and SCI (Table 3). Markers linked to
QTLs of these traits may be particularly useful for improving fiber
quality under drought conditions since they could possess genetic
adaptability against changing climate (water availability) conditions.

Genomic regions impacting more than one trait were revealed. For
example, a region spanning DPL743, DOW083 and DPL100 over an
interval of approximately 20 cM on chromosome Al2 was associated
with TBN and PH under both watering regime conditions. Similarly, a
region spanning DPL717 and DPL193 on chromosome D11, an interval
smaller than 12 cM, was identified for PH. Moreover, on chromosome
D12 a region between JESPRO14 and BNL1227 with an interval of
smaller than 1 cM was associated with TBN. On chromosome D02, a
genomic region spanning BNL2882 and BNL3502 over 3 cM was asso-
ciated with TBN. The most impactful chromosome was D02 (carrying
19/156 QTLs; 12%) followed by chromosomes of D09 (12/156 QTLs;
8%) and D08 (11/156 QTLs; 7%). Jamshed et al. (2016) also reported
D02 as rich in QTL clusters associated with fiber quality traits. Taken
together, the aforementioned results could indicate which regions of
the genome control agricultural traits related to drought response in
cotton. Those genomic regions could be potential targets in studies
aimed to elucidate the mechanisms underlying drought tolerance/
stress.

Individual markers with high PVE values on the traits could be
useful for marker-assisted selection of the best genotypes in breeding
programs. For instance, two alleles (BNL3502;50 and BNL35025¢,) of
the marker BNL3502 on D02 had strong effects (PVE values of 23% and
31%, respectively) on FE under water stress at OAE (Table S12).
Similarly, on A11, the alleles BNL1151,9g and BNL1151,, were asso-
ciated with PH at ADU under well-watered conditions with PVE values
of 27% and 25%, respectively (Table S11). Thus it should be possible to
combine alleles that support high fiber quality and also provide adap-
tation against adverse effects of changing water availability. In the
present study, alleles with opposite effects on the same trait were dis-
covered at several marker loci (Table S13). For example, at OAE,
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MUSS425,55, and MUSS425,59, had effects of +0.20 mic and —0.19
mic, respectively, on FF under well-watered conditions. Similarly, at
ADU BNL3502;50 and BNL350259 had opposite allelic effects of
—0.23% and +0.21%, respectively, on FE under water-limited condi-
tions. Therefore, fiber fineness and elasticity could be improved either
through selection of positive alleles or elimination of negative alleles
from genotypes.

Comparing our results with those of previous QTL analyses provides
an efficient way to distinguish highly stable and reliable QTLs under-
lying fiber traits. Several loci identified in the present study were also
reported in previous studies. BNL1034 was identified for FL by Wang
et al. (2015) however this locus was associated with SCI and PH in our
study. BNL1227 was detected for FE by Zheng et al. (2009) but influ-
enced TBN in our study. BNL1231 was linked to lint percent (Wang
et al., 2007) and to lint index and lint yield (He et al., 2007) but was
associated with FF in the present study. Wang et al. (2007) identified
JESPR208 for seed index however this locus was associated with more
than one trait in our study: 1st PBR, TBN and PH. Moreover, Wang et al.
(2007) associated JESPR274 with lint index; however we found it
linked to four traits: 1st PBR, TBN and PH. While BNL1521 and
JESPR153 were reported for both FS and FL (Cai et al., 2014), we de-
tected BNL1521 for FS and JESPR153 was associated with FL.
BNL1667, previously identified with FF (Zheng et al., 2009) influenced
three traits in our study: 1st PBR, TBN and PH. BNL3502 was associated
with FS by Rakshit et al. (2010) but it was identified for four traits here:
FS, FE, TBN and PH. Mei et al. (2013) linked BNL3594 to lint yield, seed
yield and boll number, however the marker was detected for 1st PBR
and TBN in our study. JESPR208 was detected for boll weight (Mei
et al., 2013) but it was associated with three traits in our study: 1st PBR,
TBN and PH. Differences in the QTLs identified in different studies,
even those using similar markers and population systems, could result
from weak but important differences in the effects which environmental
conditions have on phenotypes. One of the main concerns of breeders
trying to implement marker-assisted selection is a lack of repeatability
of QTL results under different environmental conditions. Therefore, it is
necessary to confirm markers and QTL reliability under a wide range of
environmental factors. Only in this way can associated markers be used
to increase the efficiency of breeding programs.

G. hirsutum L. (AADD) is an allopolyploid that originated through
interspecific hybridization and polyploidization events between two
diploid A and D genome species approximately one to two million years
ago (Li et al., 2015). Many studies have reported that the D-subgenome
contributes more diversity than the A-subgenome (Jiang et al., 1998,
2000; Wright et al., 1998; Paterson et al., 2000; Saranga et al., 2001).
Moreover, many previous QTL studies detected major QTLs for fiber
traits on D rather than A chromosomes (Kohel et al., 2001; Paterson
et al., 2003; Ulloa et al., 2005) despite the fact that D-subgenome
species do not yield spinnable fiber. In our study, the majority of as-
sociations (54%; 85/156 loci) for the related traits were identified on D
chromosomes and the remainder (46%; 71/156 loci) were on A chro-
mosomes.

It has been estimated that the A and D subgenomes diverged ap-
proximately 6 million years ago (Zhang et al., 2015). Thus, it is worth
noting that several fiber quality and plant structure QTLs were found on
homeologous chromosomes: PH on A02-D02; 1st PBR and PH on A04-
DO04; FS and 1st PBR on A05-D05; 1st PBR and TBN on A06-D06; 1st
PBR and TBN on A07-D07; FS, TBN and PH on A11-D11; TBN and PH
on Al12-D12. Interestingly, in some cases, each of the homeologous
chromosomes harbors one of the watering regime-specific QTLs. For
example, 1st PBR-QTL was detected under different conditions on A07
(at DPL136, under well-watered conditions) and D07 (at DPL168, under
water-limited conditions). Similarly, for TBN, DPL136 on AO7 and
TMB2068 on D07 were identified under well-watered and water-limited
conditions, respectively. For FS, DPL199 on A1l and DPL717 on D11
were detected under water-stress and normal irrigation conditions, re-
spectively. DPL181 on D11 and BNL1151 on A1l were associated with
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PH under the well-watered and water-limited regimes, respectively.
Moreover, DPL156 on A05 and DPL247 on D05 were associated with FS
under well-watered and water-limited conditions, respectively. These
results might indicate that different alleles of homeologous loci/genes
may be activated under drought stress with the D chromosome alleles
generally activated under stress conditions.

5. Conclusions

Cotton, a species native to semi-arid and subtropical regions, is
known to have a degree of drought tolerance originating from its wild
ancestors. However, domestication and long-term selection have re-
sulted in reduced genetic variation for drought mechanisms (Saeed
et al.,, 2011). Our association analysis of fiber-related traits is unique
because it was conducted under both well-watered and water stress
conditions in two locations. The QTLs we have identified could provide
a means of improving key agricultural traits in cotton at a time when
climate change threatens to exacerbate drought conditions worldwide.
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