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Abstract

Salinity affects cotton production worldwide. In our study, we assessed marker-trait associations for salinity tolerance in cotton using
a set of 109 cotton variety germplasm (mainly from China and USA). Cotton varieties were screened for polymorphism with 250
SSR markers. Out of these 250 SSR markers, 98 were found to be polymorphic. Plant material was grown under normal versus saline
(100mM and 200mM NaCl) conditions in greenhouse and data was collected for morpho-physiological traits at seedling stage. SSR
markers linked with Ty, T, relative value of T,, and relative value of T, treatments only were considered associated with salinity
tolerance. On the basis of overall performance of cultivars judged by relative values, cultivars Jian mian 13, Si mian 4 and Gan mian
8 were found to be salt tolerant, whereas, Ke yi 2, Yan mian 48 and Zhong mian suo 49 were found to be salt sensitive.
STRUCTURE software identified 5 sub-populations in this cotton germplasm. These sub-populations consisted of 10-30 varieties. At
r? > 0.05, 3% SSR marker pairs showed significant pairwise linkage disequilibrium (LD). At the highly significant threshold of r* >
0.1, 1.82% of SSR marker pairs were remained in LD. Genome-wide LD at r* > 0.1 was reduced to ~4 — 7 ¢cM, indicating a strong
potential for association mapping. Markers BNL3103 (D6), NAU478 (D8) and BNL3140 (D9) were associated with salt treatment.
These markers can be utilized in molecular breeding of cotton for the release of salt tolerant cultivars.

Keywords: Linkage disequilibrium (LD); Morpho-physiological traits; Simple sequence repeats (SSRs); STRUCTURE; TASSEL.
Abbreviations: DPW_dry plant weight; DRW_dry root weight; DSW_dry shoot weight; FPW_fresh plant weight; FRW_fresh root
weight; FSW_fresh shoot weight; GLM_general linear model; LD_linkage disequilibrium; MAF_minor allele frequency;
MCMC_Markov chain Monte Carlo; Max_maximum; Min_minimum; MLM_mixed linear model; PL_plant length;
QTL_quantitative trait loci; RL_root length; RSR_root-shoot ratio; SD_standard deviation; SL_shoot length; SSR_simple sequence
repeat; TASSEL _trait analysis by association, evolution and linkage; WC_water content.

Introduction

Genome-wide association mapping, based on linkage Cotton (Gossypium spp.) is the most important fiber and
disequilibrium (LD), is a powerful technique to identify oilseed crop in the world, grown in more than 80 countries
genomic regions linked to specific variants of a phenotypic with a worldwide production of 123 million bales (480
trait. Compared to traditional QTL mapping using bi- pounds per bale) during the 2011/2012 growing season
parental populations, LD-based association mapping (United States Department of Agriculture, 2012). World
approach, using natural populations for mapping purposes, is cotton production is affected by a number of abiotic stresses
a high resolution method (Abdurakhmonov et al., 2009). (Saeed et al., 2011). Out of these, salinity is a major abiotic
Genome-wide association studies have been extensively used stress limiting cotton growth and development at the
in human genetics to find genomic regions linked to germination and seedling stage (Ashraf and Ahmad, 2000).
susceptibility to various diseases (Jorde, 2000; Weiss and There are a number of molecular mechanisms which are
Clark, 2002). In plants also, it is gaining wide spread use and involved in tolerance to abiotic stresses in plants (Saeed et
there are reports of association studies in many crops like al., 2012). These molecular mechanisms encompass stress
bread wheat (Breseghello and Sorrells, 2006; Reif et al., tolerance or stress avoidance phenomenon. Genes involved in
2011; Yu et al., 2012; Hao et al., 2012), rice (Wen et al., these molecular mechanisms can be tagged with the help of
2009; Yan et al., 2009a; Shao et al., 2011), maize (Li et al., molecular mapping approaches. In our present research, we
2011; Lu et al., 2012; Phumichai et al., 2012), barley (lvandic assessed extent of LD in the G. hirsutum germplasm from
et al., 2002; lvandic et al., 2003; Cockram et al., 2008; Roy et USA and diverse regions of China. This is the first report of
al., 2010), triticale (Niedziela et al., 2012); rape (Rezaeizad et extent of LD in the cotton germplasm from an important
al., 2011), and bean (Shi et al., 2011). In cotton (Gossypium cotton growing region of the world. Marker-trait associations
hirsutum L.), there are limited reports of association mapping for salinity tolerance were also identified. The objectives of
and that are on fiber quality traits (Abdurakhmonov et al., this study were to (i) estimate extent of LD in the cotton
2008, 2009). Association mapping for abiotic stress tolerance variety germplasm (ii) assess power of association mapping

in cotton have not been attempted yet.
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Table 1. List of cultivars used in the study.

S.No  Cultivar Name Origin S.No  Cultivar Name Origin S. No Cultivar Name Origin

1 140007 China 38 Ji 668 Hebei, China 75 Yu mian 5 Henan, China

2 Shanmian1l Shaanxi, China 39 DPL14 A America 76 Zhong mian suo 15 Henan, China

3  XiangSC-24 Hunan, China 40 T™-1 America 77 Yan mian 1 Jiangsu, China

4 Sumian9 Jiangsu, China 41 Zhong mian suo 9409 Henan, China 78 Chuan 414 Sichuan, China

5 Lumian4 Shandong, China 42 Lu mian 6 Shandong, China 79 DPL 16 America

6  Xuzhou 142 Jiangsu, China 43 E mian 14 Hubei, China 80 Zhong mian suo 7 Henan, China

7 Jimian8 Hebei, China 44 Zhong mian suo 41 Henan, China 81 Yan mian 48 Jiangsu, China

8 57-681 Sichuan, China 45 Yunanl China 82 Jin mian 6 Shanxi, China

9  Liao mian4 Liaoning, China 46 King America 83 Liao mian 10 Liaoning, China
10 Ejing1l Hubei, China 47 Shi duan 5 Hebei, China 84 Jigan3 China
11  Dai hong dai Hunan, China 48 140005 China 85 Jin mian 19 Shanxi, China
12 MD51ne America 49 Su mian 5 Jiangsu, China 86 Jin mian 23 Shanxi, China
13 Sumian 6 Jiangsu, China 50 Zhong mian suo 5 Henan, China 87 Dai 61 China
14  Lumianl Shandong, China 51 Su mian 3 Jiangsu, China 88 Deng en 118 China
15  Jimiani Hebei, China 52 Xu zhou 1818 Jiangsu, China 89 Han dan 428 Hebei, China
16 Sumianl Jiangsu, China 53 Keyi 2 Beijing, China 90 Zhong mian suo 23 Henan, China
17 Zhong mian suo 3 Henan, China 54 Xiang mian 10 Hunan, China 91 Gan mian 6 Jiangxi, China
18  Wan mian 2 China 55 DPL 15 America 92 Handi mian 289 China
19  Zhong mian suo 16 Henan, China 56 Lu mian 2 Shandong, China 93 Liao mian 5 Liaoning, China
20 Simian3 Jiangsu, China 57 Dong ting 1 Hunan, China 94 Dai 62 China
21  Esha28 Hubei, China 58 Chuan mian 56 Sichuan, China 95 Zhong mian suo 49 Henan, China
22 Jimian 12 Hebei, China 59 86-6 Henan, China 96 Jun mian 1 Xingjiang, China
23 Jian mian 13 China 60 Stoneville 4 America 97 Lu mian yan 18 Shandong, China
24 Yumian 21 Henan, China 61 Jing simian China 98 Lu mian 14 Shandong, China
25  Sumian 12 Jiangsu, China 62 Yu mian 1 Henan, China 99 Zhi mian 3 China
26 Shan 1155 Shaanxi, China 63 Su mian 16 Jiangsu, China 100 Dai xu mian China
27  Zhong mian suo 34 Henan, China 64 Simian 4 Jiangsu, China 101 Ji feng 106 China
28  Shiyuan 321 Hebei, China 65 Stoneville 2B America 102 Lu mian 12 Shandong, China
29 140006 China 66 Hua 101 Hubei, China 103 Liao mian 17 Liaoning, China
30 Lumian5 Shandong, China 67 Su mian 2 Jiangsu, China 104 Zhong mian suo 17 Henan, China
31  Zhong mian suo 12 Henan, China 68 Gan mian 8 Jiangxi, China 105 Zhong mian suo 44 Henan, China
32 Xiang mian 16 Hunan, China 69 Zhong mian suo 4133 Henan, China 106 Shan mian 4080 Shaanxi, China
33  Simian2 Jiangsu, China 70 86-1 Henan, China 107 Shang giu 24 Henan, China
34 Xua hou 514 Jiangsu, China 71 Shan 401 Shaanxi, China 108 Foster 6 America
35  Zhong mian suo 19 Henan, China 72 Ji mian 7 Hebei, China 109 Shan 6192 Shaanxi, China
36 52-128 Sichuan, China 73 Zhong mian suo 45 Henan, China
37  Zhong mian suo 25 Henan, China 74 Ejing 92 Hubei, China

to detect reliable QTLs, and (iii) identify markers linked to
salt tolerant traits in cotton.

Results
Phenotypic variation

Cotton varieties revealed a wide range of phenotypic
variation in morpho-physiological traits (SL, RL, PL, FSW,
FRW, FPW, DSW, DRW, DPW, RSR, and WC) under both
control and salt treatments (Table 2). The growth of cotton
cultivars was severely affected at 200mM NaCl treatment.
There were significant differences for salt treatments,
genotypes and salt x genotype interactions (Table 3). Under
T, treatment, the traits SL, RL, PL, FSW, FRW, FPW, DSW
and DPW showed significant positive correlation (P < 0.05)
(Table 4). FRW, DSW, DRW and DPW had significant
negative correlation (P < 0.05) with WC. FPW, DSW and
DRW had significant negative correlation (P < 0.05) with
RSR. Under T, treatment, the traits SL, RL, PL, FSW, FRW,
FPW, DSW, DRW and DPW had significant positive
correlation (P < 0.05). FRW had significant positive
correlation with RSR (P < 0.05). Under T, treatment, the
traits SL, RL, PL, FSW, FRW, FPW, DSW, DRW and DPW
had positive correlation (P < 0.05). There was significant
negative correlation (P < 0.05) between SL and RSR; RL and
RSR; PL and RSR; DSW with WC and RSR; DRW and
DPW with WC. Quite large number of individuals had
increase in RL (37 cultivars), FRW (68 cultivars), DRW (46
cultivars) and RSR (74 cultivars) under T, treatment (Fig 1).
There was higher WC in more number of individuals under
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T, treatment (91 cultivars) (Figure 1). On the basis of overall
performance of cultivars judged by relative values, Jian mian
13, Si mian 4 and Gan mian 8 were found to be salt tolerant
cultivars, whereas, Ke yi 2, Yan mian 48 and Zhong mian suo
49 were found to be salt sensitive cultivars.

SSR genotyping, inference of population structure, pairwise
linkage disequilibrium and LD decay

SSR genotyping yielded a total of 217 amplicons or alleles
from 98 primer pairs, with an average of 2.21 alleles/primer
pair (a range of 2-7 alleles per primer pair). Every
chromosome had 3- 4 primer pairs.

For determination of population structure, the distribution of
log probability of data , LnP(D), did not show a clear peak
against any value of K, but by the use of parameter AK, rate
of change in the log probability of the data, graph peaked
against a value of K = 5 (Evanno et al. 2005). This confirmed
5 subpopulations in the germplasm. Number of varieties in
each subpopulation ranged from 10-30. Subpopulation 2
consisted of 10 varieties, whereas subpopulation 3 consisted
of 30 varieties.

At significant threshold values of r? > 0.05, 3% SSR
marker pairs showed a significant pairwise LD in a total of
109 cotton varieties (in a total of 4,560 pairwise
comparisons). At the highly significant threshold of r? > 0.1,
only 1.82% of SSR marker pairs were remained in LD. r?
values ranged from 0.0 to 0.63. Triangle plots for pairwise
LD between SSR markers demonstrated significant LD
blocks in the genome-wide LD analysis. Genome-wide LD
decay was assessed by plotting r* LD values as a function of



Table 2. Phenotypic variation of cotton cultivars for morpho-physiological traits under Ty, T, and T, treatments.

Trait Units Treatment Mean Min Max SD Kurtosis Skewness
SL cm To 21.00 14.83 24.75 2.00 0.02 -0.29
T 17.83 12.75 23.33 2.22 -0.41 0.25
T, 14.90 10.00 19.83 1.78 0.46 0.25
RL cm To 21.64 13.25 29.00 2.36 1.36 -0.03
T 20.50 12.00 25.25 2.32 131 -0.58
T, 19.49 12.50 25.00 2.48 0.31 -0.57
PL cm To 42.64 30.25 51.00 3.52 159 -0.57
T 38.33 26.13 46.33 3.66 0.50 -0.44
T, 34.41 22.50 42.33 3.46 0.52 -0.48
FSW g To 1.59 0.72 2.64 0.35 -0.01 0.10
T1 1.36 0.71 2.03 0.28 -0.49 0.29
T, 1.09 0.52 1.84 0.21 111 0.31
FRW g To 0.26 0.12 0.46 0.07 0.18 0.40
T1 0.30 0.16 0.50 0.08 -0.30 0.48
T, 0.21 0.12 0.39 0.04 1.16 0.54
FPW g To 1.86 0.86 2.93 0.39 -0.06 0.06
T1 1.66 0.91 243 0.32 -0.59 0.24
T, 1.30 0.66 211 0.23 1.00 0.30
DSW g To 110.97 44.67 270.50 41.07 147 0.91
T, 80.67 29.33 186.75 28.31 243 124
T, 56.47 25.00 135.75 15.57 6.21 1.48
DRW g To 44.22 10.33 138.00 19.91 421 1.46
T 41.83 16.00 93.50 17.32 0.65 0.96
T, 17.76 5.50 37.33 5.89 0.95 0.89
DPW g To 155.19 61.67 339.17 53.65 0.86 0.86
T 122.50 50.67 233.08 37.19 0.31 0.71
T, 74.23 38.00 167.75 19.10 5.89 1.43
RSR To 0.42 0.18 114 0.19 2.03 1.39
T 0.56 0.16 1.42 0.25 2.80 1.46
T, 0.32 0.12 0.68 0.10 1.02 0.65
wcC To 12.23 5.30 25.46 3.49 1.93 1.04
T 14.03 7.53 25.90 3.84 0.46 0.68
T, 17.45 9.36 28.23 3.95 -0.06 0.38
Table 3. Mean squares of the ANOVA of morpho-physiological traits.
Trait/Source of variation  Block Salt Error Genotype Salt x Genotype Model Coeff Var
Shoot length 78.40%** 2918.49*** 5.15 19.58*** 7.84*** 29.89*** 12.60
Root length 2.88 NS 269.13*** 7.32 18.12%** 11.48%** 15.19%** 13.13
Plant length 154.09*** 4458.12*** 13.43 47.96*** 24.31%** 60.04*** 9.49
Fresh shoot weight 2.09%** 14.99%** 0.09 0.26*** 0.13*** 0.28*** 22.19
Fresh root weight 0.05*** 0.50%** 0.01 0.01%** 0.01%** 0.01%** 26.28
Fresh plant weight 2.29%** 19.55*** 0.07 0.42%** 0.16*** 0.38*** 16.87
Dry shoot weight 3744.67** 183911.18*** 634.12 3117.65*** 1682.84*** 3283.88*** 30.97
Dry root weight 549.56* 59683.31*** 137.44 973.73*** 478.49*** 1004.6*** 33.86
Dry plant weight 3803.91* 416341.57*** 854.08 5513.24%** 2676.15%** 6150.13%** 25.35
Root-shoot ratio 0.64*** 3.95%** 0.04 0.13*** 0.1*** 0.14%*** 45.24
Water content 166.53***  1214.02*** 18.87 20.16** 23.71* 33.69*** 20.78

*=P<0.05**=P<0.01, ***=P<0.001

genetic distance in cM. Two long stretches of LD blocks
were observed on chromosomes D4 and D11, extending to a
distance of 81.6 cM and 138.4 cM respectively (Table 4).
Genome-wide LD at r’ > 0.1 rapidly decayed within ~4 — 7
cM, indicating a strong potential for association mapping
(Abdurakhmonov et al., 2008; 2009). There were a number of
unlinked markers showing significant LD between pairs of
loci. This shows that there are factors other than linkage
generating LD in the cotton genome. Extent of LD varied on
different chromosomes i.e., on chromosome D8, LD
extended to 4.5 cM, whereas on chromosome D11, LD
extended to 138.4 cM (Table 5).

Marker-trait associations

There were 16 significant (P < 0.001) marker-trait
associations identified by MLM analysis (Table 6). Out of
these 16 associations identified by MLM analysis, 11 were
also confirmed by GLM analysis (Table 7). Phenotypic
variance explained values (R?) for these associations ranged
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from 6% to 10%. Markers BNL3103 (D6), NAU478 (D8)
and BNL3140 (D9) were associated with salt treatment.
Markers NAU478 and BNL3140 were associated with more
than one morpho-physiological trait under salt treatments.
Marker NAU478 (D8) was associated with DRW and RSR.
BNL3140 (D9) was associated with DRW and RSR.

Discussion
Linkage disequilibrium in cotton

For association mapping studies, occurrence of significant
LD in the population is a pre-requisite. In our cotton
germplasm, about 3% SSR marker pairs showed a significant
pairwise LD at r? > 0.05. In the previous reports on cotton,
11-12% of SSR loci pairs in the exotic G. hirsutum
accessions (Abdurakhmonov et al., 2008) and 4% SSR
markers in G. hirsutum variety accessions (Abdurakhmonov
et al., 2009) were in significant LD at r’ > 0.05. Our cotton
germplasm included varieties from China and USA; whereas
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Fig 1. Frequency distribution of morpho-physiological traits under Ty, T, and T, treatments.
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Table 4. Correlation coefficients of morpho-physiological traits under T, T, and T, treatments.

SL RL PL FSW FRW FPW DSW DRW DPW wC RSR

SL 1 0.3098*** 0.8163*** 0.6344*** 0.1386NS 0.5927*** 0.4219*** 0.1016NS 0.3619*** 0.0580NS -0.1982*

0.2952** 0.6883*** 0.6503*** 0.2518** 0.5606*** 0.4000*** 0.1404NS 0.2909** 0.1559NS -0.2205*

RL 0.3026** 1 0.7774*** 0.2889** 0.3187*** 0.3299*** 0.1979* 0.2295* 0.2564** -0.0349NS 0.0746NS
0.8663*** 0.3297*** 0.3615*** 0.3283*** 0.2166* 0.1283NS 0.1803NS 0.0408NS -0.0314NS
PL 0.7646*** 0.8178*** 1 0.5851*** 0.2689** 0.5785*** 0.3698*** 0.1849NS 0.3603*** 0.0448NS -0.0828NS
0.5284*** 0.4010*** 0.4754*** 0.3491*** 0.1787NS 0.2807** 0.0771INS -0.1096NS
FSW 0.4892*** 0.4876*** 0.6307*** 1 0.3872*** 0.9646*** 0.6113*** 0.2845** 0.5827*** 0.0449NS -0.1422NS
0.5037*** 0.9485*** 0.6353*** 0.4046*** 0.5945*** 0.1480NS -0.1441NS

FRW 0.3644*** 0.3377*** 0.4372%** 0.5564*** 1 0.5709*** 0.2198* 0.6598*** 0.4810*** -0.1764NS 0.4649***
0.6128*** 0.5055*** 0.5393*** 0.5685*** -0.1379NS 0.1324NS
FPW 0.5199*** 0.4622*** 0.6288*** 0.9689*** 0.6796*** 1 0.5849*** 0.4152*** 0.6294*** -0.0039NS -0.0039NS
0.6375*** 0.4325*** 0.6015*** 0.1730NS -0.1110NS
DSW 0.3750*** 0.3675*** 0.4752*** 0.6878*** 0.5382*** 0.7172%** 1 0.2912** 0.8754*** -0.5590*** -0.4110%**
0.4778*** 0.8706*** -0.4045*** -0.3538***

DRW 0.2778** 0.0596NS 0.1978* 0.2863** 0.5589*** 0.3761*** 0.4861*** 1 0.6800*** -0.5269*** 0.6763***
0.7143*** -0.4073*** 0.6229***

DPW 0.3782*** 0.2844** 0.4190*** 0.6360*** 0.6406*** 0.6991*** 0.9349%** 0.7461*** 1 -0.6705*** 0.0141NS
-0.5189*** -0.0290NS
wcC -0.0614NS 0.0286NS -0.0255NS -0.0120NS -0.2245* -0.0605NS -0.5126*** -0.5592*** -0.6079*** 1 -0.0701NS
-0.0650NS

RSR -0.0270NS -0.1813NS -0.1546NS -0.3068** 0.112INS -0.2442* -0.3523*** 0.5608*** -0.0516NS -0.1142NS 1

Note: Lower values of the diagonal are for T, upper values of the diagonal for T, and bold face values are for T, treatments,

respectively.

Table 5. Extent of linkage disequilibrium in the cotton variety germplasm used.

2

Locus Namel Locus Name2 r D' P-Diseq Chr. cM
TMEO3 NAU2083 0.05 0.30 0.006 Al 30
BNL3590 NAU437 0.09 0.59 0.003 A2 9
NAU3214 NAU2190 0.13 0.47 0.001 D2 8
JESPR220 BNL448 0.12 0.44 0.006 D4 81.57
NAU1042 NAU3269 0.08 0.35 0.000 A5 30.2
BNL1604 NAU3654 0.13 0.87 0.001 A7 50.7
NAU478 NAU2306 0.09 0.48 0.092 D8 15
NAU2439 NAU478 0.10 1.00 0.005 D8 4.53
NAU1350 NAU2169 0.08 0.69 0.016 D8 30
JESPR291 NAU1350 0.11 0.88 0.005 D8 45
NAU462 BNL1414 0.07 0.66 0.005 A9 205
NAU5166 NAU2317 0.49 1.00 0.001 Al10 208
TMLO5 BNL946 0.12 0.71 0.000 D10 7
TMLO5 NAU2549 0.05 0.26 0.029 D10 425
NAU1366 TMHO05 0.07 0.41 0.010 D11 1384

previous reports were of the cotton germplasm including
African, Australian, Latin American, Mexican, and Uzbek
ecotypes. It suggests that the G. hirsutum germplasm from
diverse sources have undergone similar factors contributing
to LD. Distance for decay of LD varied in different crop
plants as in Arabidopsis thaliana, 50 kb (Nordborg et al.,
2005); wheat, <1 cM to ~5cM (Breseghello and Sorrells,
2006); maize, 1-10 kb (Yan et al., 2009b); barley, 5-10 cM
(Pasam et al., 2012); tobacco, 1-75 cM (Fricano et al., 2012);
and sunflower, 100 kb (Fusari et al., 2008). Reports of
linkage disequilibrium in other crop plants indicate that
extent of LD varies in different organisms and it depends on
factors involved in specific mode of breeding and selection
pressure. In our study, long haplotypic blocks of LD were
observed on some chromosomes (Table 4). This may be the
result of selection pressure for some specific traits in cotton.

Salinity tolerance and marker-trait associations

Salt tolerance in plants is a complex phenomenon involving a
large number of biochemical, morphological and physiolo-
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gical processes (Flowers et al., 1977; Greenway and Munns,
1980). Cotton is most sensitive to salinity at seedling stage
(Pessarakli and Tucker, 1985; Khorsandi and Anagholi,
2009) and effect can be quantified by measuring morpho-
physiological traits (Munns, 2007). Clear and significant
differences were found in cotton genotypes for all the
measured morpho-physiological traits under salt treatments
(Table 3). For molecular studies, there should be a fair degree
of variability present among the organism of interest, only
then the molecular approaches can identify the genetic cause
underlying this variability. As there was a significant
variability shown in our experimental plant material, so the
results of our molecular findings are of future significance. In
this study, significant marker-trait associations were found.
Marker NAU2679 (A6) had significant associations both
under control and salt treatments. This marker will be helpful
in future endeavors for developing cotton cultivars best suited
under both control and salt stress conditions. Markers
BNL3103 (D6), NAU478 (D8) and BNL3140 (D9) were
associated with salt treatments only. This finding highlights
the contribution of D subgenome of tetraploid cotton in



Table 6. Marker-trait associations assessed by MLM analysis with their phenotypic variance explained (R?) values (P < 0.001).

Trait Marker Chr. To T, T, Rel-T; Rel-T,
SL NAU2679 A6 0.07
PL JESPR135 All 0.06
FSw NAU2679 A6 0.08 0.08

JESPR135 All 0.06
FPW NAU2679 A6 0.08 0.09
DRW BNL3103 D6 0.06

NAU478 D8 0.06

BNL3140 D9 0.10

TMHO05 D11 0.06
DPW BNL3103 D6 0.06
RSR NAU478 D8 0.06

BNL3140 D9 0.06

JESPR135 All 0.10 0.05

abiotic stress tolerance. Previous reports have identified
QTLs controlling fiber quality and yield located on the D
subgenome (Jiang et al., 1998). Our results suggest,
complement to the previous findings, that improved fiber
quality, yield and abiotic stress tolerance can be combined in
the same variety simultaneously. Identified markers can be
utilized for molecular breeding of cotton for the release of
salt tolerant varieties.

Materials and methods
Plant materials

The plant material consisted of 109 cotton (G. hirsutum L.)
varieties. Out of these 109 varieties, 9 were from USA and
the remaining 100 were from China, originated from diverse
regions of China (Table 1).

Sowing of plant materials

These cotton varieties were grown in the green house in
polythene bags (30 cm x 5 cm) containing vermiculite (500
g) of pH 6.5, arranged according to a randomized complete
block design with three replications and three treatments (T,
control with ordinary tap water application; T;, 100mM NaCl
solution application; and T, 200mM NaCl solution
application).

Each replication contained 5 bags. On December 24, 2008,
two days before sowing the seeds, the polythene bags
containing vermiculite were given ordinary water to
saturation. On December 26, 2008, 5 seeds/bag were sown
for each cultivar at a depth of 3cm. After germination, only 1
plant/bag was kept. Standard pH (6.5), temperature (25 + 2
°C), humidity (50%) and light requirements (13 h
photoperiod) for cotton growth were maintained throughout
the total duration of experiment. All three treatments were
also applied the nutrient solution for proper cotton seedlings
growth. On January 4, 2009 the control treatment was given
the ordinary tap water, while T, and T, treatments were given
the salt solution treatment (100mM each). T, treatment
(200mM NaCl) was applied in two doses, the second dose on
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January 13, 2009. At that time control and T; treatment was
given ordinary tap water.

Phenotyping of plant materials

On January 26, 2009 green-house experiment was completed
and all the plants were made free of vermiculite carefully and
following parameters measured. First, PL (cm) and PFW (g)
were recorded. After that plants were separated into shoot
and root parts and data were recorded for SL (cm), RL (cm),
FSW (g) and FRW (g). The respective shoots and roots of all
plants were then oven-dried at 70 °C till a constant dry
weight was reached. The dry weight of shoot and root of
respective plants were recorded and summed up to get the
DPW (g). The RSR was calculated using the formula:

RSR = PRW
DSW
Salt stress tolerance indices of genotypes were counted by

determining the relative values for every trait:

Value under stresstreatment (S)
Value under control treatment (C)

Relative value =

SSR Genotyping

For extraction of genomic DNA, from each variety 4-5
young, fully expanded, leaves were collected, and stored at -
80 °C. Genomic DNA was extracted from these leaf tissues
following the method of Paterson et al. (1993). Cotton
germplasm was genotyped for polymorphism with 250 SSR
markers. Out of these 250 SSR markers, 98 were found to be
polymorphic in this cotton germplasm (Table S1). SSR
primer pairs used were from different sources as NAU from
Nanjing Agricultural University, Nanjing, China (Han et al.,
2004; 2006); BNL primers from Research Genetics Co.
(Huntsville, AL, USA, http://www.resgen.com); JESPR from
sequences of Reddy et al. (2001); TM from Dr. John Yu,
USDA-ARS, Crops Germplasm Research Unit, TE, USA;
CIR from Nguyen et al. (2004). Details about these markers
can be found at  www.cottonmarker.org  and
www.cottongen.org. Microsatellites were amplified by



http://www.resgen.com/
http://www.cottonmarker.org/
http://www.cottongen.org/

Table 7. Marker-trait associations assessed by GLM analysis with their phenotypic variance explained (R?) values (P < 0.001).

Trait Marker Chr. TO Tl T2 Rel-T1 Rel-T2
SL NAU2679 A6 0.14
RL JESPR135 All 0.09
PL NAU437 A2 0.10
NAU483 A3 0.10
NAU3016 D3 0.11
BNL3255 A8 0.09
FSW BNL3590 A2 0.13
NAU2679 A6 0.15
FRW NAU1254 A8 0.10
FPW BNL3590 A2 0.14
NAU2679 A6 0.17
DSW JESPR135 All 0.10
DRW BNL3103 D6 0.10
NAU478 D8 0.11
NAU462 A9 0.10
BNL3140 D9 0.10 0.17
TMHO05 D11 0.13
RSR NAU478 D8 0.10
BNL3140 D9 0.10
NAU5189 D9 0.13
JESPR135 All 0.19
JESPR204 D13 0.13

standard PCR procedures described by Zhang et al. (2000).
DNA bands of amplification products were developed with
silver staining and recorded with SX-image system (Sixing
Biological Technology Co. Shanghai, China). Every cotton
chromosome contained ~3-5 SSR  markers. These
chromosome-specific markers were selected based on
findings of Han et al. (2004; 2006). These SSR markers
spanned approximately 2,468 cM distance (48% of cotton
genome coverage). This genome coverage was based on
previous mapping experiments of Han et al. (2004; 2006).
SSR bands were scored on their base pair sizes and the
missing bands were scored either as “?” or “-9” depending on
the software requirements. SSR markers linked with Ty, T,
relative value of Ty, and relative value of T, treatments only
were considered associated with salt tolerance.

Inference of population structure

Number of subpopulations in the cotton variety germplasm
was determined by using software package STRUCTURE
(Pritchard et al., 2000). Admixture model under independent
allele frequencies using the burn-in time of 50,000 and
number of MCMC repeats at 100,000 was used (Pritchard
and Wen, 2004) with the K ranging from 2 to 10.

Pairwise linkage disequilibrium and LD decay

The genome-wide LD between pairs of SSR loci was studied
according to Witt and Buckler (2003). For determination of
LD and marker-trait associations software package TASSEL
ver. 2.1 (Bradbury et al., 2007)
(http://www.maizegenetics.net) was used. MAF filtered
datasets were used to do this analysis, because minor alleles
are usually problematic and biased for LD estimates between
pairs of loci (Mohlke et al., 2001). The MAF removal was
performed using the TASSEL site filtration function. LD was
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estimated by a weighted average of squared allele-frequency
correlations (r?) between SSR loci. The significance of
pairwise LD (P-values < 0.005) among all possible SSR loci
was evaluated using TASSEL with the rapid permutation test
in 10,000 shuffles. The LD values between all pairs of SSR
loci were plotted as triangle LD plots to estimate the general
view of genome-wide LD patterns and evaluate ‘block-like’
LD structures. LD decay (at r? < 0.1) was estimated by
plotting r? values for pairs of SSR loci plotted as a function
of map distances (cM).

Analysis of marker-trait associations

Marker-trait  associations were calculated by MLM
association test incorporating Q (structure relatedness) + K
(kinship) matrices into TASSEL software package (Bradbury
et al., 2007). Marker-trait associations were also confirmed
by GLM association test incorporating Q matrices. For
association mapping, the 5% MAF filtered SSR datasets were
used. To assess significant marker-trait associations P-marker
< 0.001 was used.

Conclusion

From the findings of this study, it is concluded that D
subgenome of cotton contains genomic regions involved in
abiotic stress tolerance along with improved yield and fiber
quality. It is an important finding with respect to the
molecular breeding efforts for development of elite cotton
varieties  with  improved abiotic  stress tolerance
characteristics in view of climate change paradigm. This
study also elaborated that association mapping approach has
strong potential to assess significant marker-trait associations
by utilizing the commercial varieties which can save much
time and cost as compared to traditional linkage mapping
approach. MLM analysis can remove most of the false


http://www.maizegenetics.net/

positives and thus significance of marker-trait associations
can be improved by incorporation of both MLM and GLM
analyses in the association mapping approach.
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