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Abstract
Association mapping based on linkage disequilibrium provides a promising tool for dissecting the genetic basis underlying 
complex traits. To reveal the genetic variations of yield and yield components traits in upland cotton, 403 upland cotton 
accessions were collected and analyzed by 560 genome-wide simple sequence repeats (SSRs). A diverse panel consisting 
of 403 upland cotton accessions was grown in six different environments, and the yield and yield component traits were 
measured, and 560 SSR markers covering the whole genome were mapped. Association studies were performed to uncover 
the genotypic and phenotypic variations using a mixed linear model. Favorable alleles and typical accessions for yield traits 
were identified. A total of 201 markers were polymorphic, revealing 394 alleles. The average gene diversity and polymor-
phism information content were 0.556 and 0.483, respectively. Based on a population structure analysis, 403 accessions 
were divided into two subgroups. A mixed linear model analysis of the association mapping detected 43 marker loci accord-
ing to the best linear unbiased prediction and in at least three of the six environments(− lgP > 1.30, P < 0.05). Among the 
43 associated markers, five were associated with more than two traits simultaneously and nine were coincident with those 
identified previously. Based on phenotypic effects, favorable alleles and typical accessions that contained the elite allele loci 
related to yield traits were identified and are widely used in practical breeding. This study detected favorable quantitative 
trait loci’s alleles and typical accessions for yield traits, these are excellent genetic resources for future high-yield breeding 
by marker-assisted selection in upland cotton in China.
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Introduction

Cotton (mainly upland cotton) is the world’s most important 
natural textile fiber and a significant oilseed crop (Zhang 
et al. 2012). China is the world’s largest country of cotton 
production, consumption and importation, and it is also the 
largest producer of textiles and garments. The major cotton 

growing regions in China are the Yangtze River Region 
(YtRR), Yellow River Region (YRR), Northwestern Inland 
Region (NIR) and Northern Specific Early Maturation 
Region (NSEMR). In recent years, with climate change and 
adjustments to the industrial development strategy in China, 
the cotton production and growing areas were gradually 
reduced in the YtRR, YRR and NSEMR, but the NIR, rep-
resented by the Xinjiang cotton growing region, has rapidly 
expanded, becoming the largest cotton planting area world-
wide. In 2016, the total cotton growing area was 1904.3 kha 
in Xinjiang, accounting for 50.1% of the total growing area 
in China, and its total yield was 3.503 million tons, con-
tributing 62.5% of the total yield in China. The cotton yield 
per unit area was 1839.6 kg/ha, which is 364.3 kg/ha higher 
than the national average (National Bureau of Statistics of 
the People’s Republic of China, http://www.stats .gov.cn, 
2015). Therefore, Xinjiang has become the cotton growing 
area with greatest yield worldwide.
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The major yield indicators of cotton include seed cot-
ton yield per plant (SY), lint percentage (LP), boll weight 
(BW), bolls per plant (BN), lint index (LI) and seed index 
(SI), which are controlled by complicated quantitative trait 
loci (QTLs). In cotton breeding, the mapping of QTLs con-
ditioning the above-mentioned traits and the identification 
of stable QTLs and favorable alleles are of great theoretical 
and practical value for the improvement of cotton yield. The 
classical genetic method of studying quantitative traits is 
based on a linkage analysis of both parents, and it enabled 
the mapping of multiple QTLs responsible for cotton yield 
and fiber quality using segregating populations from dif-
ferent parents (Guo et al. 2013; Hu et al. 2008; Liu et al. 
2014; Ma et al. 2008; Ning et al. 2013; Qin et al. 2008, 
2009; Shao et al. 2014; Shen et al. 2005; Ulloa and Mer-
edith 2000; Yin et al. 2002; Yu et al. 2013), providing the 
basis for the study of the genetic architecture of quantitative 
traits in cotton. However, because of the limited number 
of markers in upland cotton populations, the accuracy of 
QTLs is relatively low, which impedes further studies using 
map-based cloning and marker-assisted selection. An asso-
ciation analysis is an effective method for studying complex 
quantitative traits, and it facilitates the fine mapping of target 
genes, providing information on certain candidate genes and 
validating their functions. Compared with a conventional 
linkage analysis, an association analysis exhibits three sig-
nificant characteristics: (1) the development of a mapping 
population is not required, and all of the natural population 
and germplasm resources can serve as mapping materials. 
In addition, knowing the pedigrees of these materials is not 
mandatory, as long as genetic variation is present; (2) the 
diverse genetic materials assist the identification of greater 
numbers of gene alleles, which improves the resolution of 
the map; and (3) it can evaluate most of the QTL-linked loci 
and their allelic variations in multiple traits simultaneously, 
resulting in a greater mapping efficiency. This method has 
already been applied to crops, such as wheat (Maccaferri 
et al. 2006), rice (Iwata et al. 2010), maize (Yang et al. 2010) 
and soybean (Hou et al. 2011). In cotton populations, associ-
ation mapping has been used to identify QTLs or determine 
genomic regions associated with plant type (Li et al. 2016), 
yield and its components (Mei et al. 2013), fiber quality 
traits (Nie et al. 2016; Zeng et al. 2009), seed oil and protein 
contents (Liu et al. 2015), and resistance traits (Mei et al. 
2014; Zhao et al. 2014). These studies laid a sound founda-
tion for the application of marker-assisted selection (MAS) 
and molecular design in cotton breeding.

In the present study, two experimental sites were 
employed, Korla in southern Xinjiang and Shihezi in north-
ern Xinjiang. Using 403 upland cotton germplasms from 
different cotton growing regions (199 from NIR, 49.3% of 
the total number) and SSR markers evenly distributed on 
the cotton genome, we performed a whole genome scan and 

an association analysis to investigate the favorable genes, 
allelic mutations and germplasms related to cotton yield and 
yield-related traits in the high-yield region of Xinjiang. This 
work will provide a theoretical basis for MAS in upland 
cotton breeding.

Materials and methods

Selection of upland cotton accessions

A total of 403 upland cotton accessions from China (378) 
and other countries (25) were selected from cotton germ-
plasm collections in our laboratory for association mapping 
purposes (Table S1). These accessions were divided into 
the following five groups based on ecological areas, with 
87 from the YRR in China, 63 from the YtRR in China, 199 
from the NIR in China, 29 from the NSEMR in China and 
25 from foreign countries, with 18 from the United States, 
five from the Soviet Union, one from Israel and one from 
Angola.

Field experiments and trait phenotyping

All of the 403 upland cotton accessions were planted at Shi-
hezi, North Xinjiang (E85.94°, N44.27°) in 2013, 2014 and 
2015 (designated SHZ13, SHZ14 and SHZ15, respectively) 
and at Korla, South Xinjiang (E86.06°, N41.68°, in the NIR) 
in 2013, 2014 and 2015 (designated KRL13, KRL14 and 
KRL15, respectively). Each accession was grown in a plot 
having 40–45 plants in two rows, with 0.10 m between the 
plants in each row and 0.45 m between the rows. The field 
planting followed a randomized complete block design with 
three replications in each environment. Field management 
followed conventional standard field practices. The 10 plants 
in the middle of each row were tagged for scoring and har-
vesting seed cotton. The yield traits evaluated included SY 
(g/plant), LP (%), BW (g), BN, LI (g) and SI (g).

SSR marker genotyping

Total genomic DNA of 403 accessions was extracted from 
the leaves as described by Paterson et al. (1993). SSR mark-
ers were selected at an average distance of 10 cM on each of 
the 26 chromosomes from the tetraploid cotton genetic map 
(Zhao et al. 2012). Additionally, previously reported markers 
linked to QTLs for breeding target traits of cotton (Guo et al. 
2013; Ning et al. 2013; Qin et al. 2008; Shen et al. 2005) 
were also selected. In total, 560 SSR markers were used 
to screen for the genetic polymorphisms of the population. 
The SSR primer sequences were obtained from the Cotton 
Microsatellite Database (http://www.cotto nmark er.org/). The 
polymerase chain reaction (PCR) amplification procedure 

http://www.cottonmarker.org/
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was performed as described by Zhang et al. (2002). The 
polymorphisms detected by SSR markers were evaluated 
using FA™-96 Automated High Throughput SSR/Tilling 
Analysis System (Advanced Analytical Technology Inc, 
Ankeny, IA, USA), SSR genotyping was coded as “1” for 
present, “0” for absent and “?” for missing data.

Phenotypic data analysis

The descriptive statistics, association analyses and the fre-
quency distributions of the phenotypic traits were carried out 
using SPSS 19.0 software (Li and Chen 2010). The best lin-
ear unbiased predictions (BLUP) for yield and yield compo-
nent traits across the six environments were obtained using 
the “R” program. The ANOVA for each trait under multiple 
environments was performed in SAS 8.1. The variance was 
divided into components of germplasm, environment, and 
the interaction of germplasm and environment to determine 
the variance of each trait, and the broad sense heritability h2

B
 

was calculated based on the variance.

Genotypic data analysis

The analysis of the genotypic data of the 403 germplasms 
was performed using PowerMarker V3.25 software (Liu 
and Muse 2005). The analysis of the population structure 
based on the genotypes was performed using Structure 2.3.1 
software (Evanno et al. 2005) with the parameter settings 
as follows: 1–10 was selected for kinship (K) value with a 
replication of 5; the length of burn in period of the Markov 
chain monte carlo was set to 10,000 times at the beginning, 
followed by 100,000 times, and all other parameters were 
as default. The ΔK was calculated based on lnP (D), with 
which an appropriate K value was selected to obtain the 
corresponding population structure (Q) matrix. The genetic 
similarity coefficient (Jaccard coefficient) among germ-
plasms was determined by NTSYS-pc V2.10 software to 
obtain a phylogenetic tree (Adams and Rohlf 2000). The 
linkage disequilibrium (LD) values among the polymorphic 
loci were evaluated by Tassel5.0 (Bradbury et al. 2007).

Association analysis and favorable allele 
exploration

Using Tassel 5.0 software (Bradbury et al. 2007), along with 
the K matrix produced from genotypic data, the above-men-
tioned marker data, the trait values under each environment, 
and the BLUP values and Q matrix, a mixed linear model 
(MLM) was employed to perform the association analysis 
between traits and markers, and the phenotypic variation 
explained (R2) by each loci at the significance of P < 0.05 
(− lgP > 1.30) was calculated. After obtaining associated 
markers, the phenotypic effects of allelic variations at SSR 
loci were evaluated, and the allelic variations, phenotypic 
effects and typical varieties significantly associated with the 
traits were analyzed. The calculation method for the pheno-
typic effect of SSR alleles was as follows:

where ai represents the phenotypic effect of the ith allele, 
xij represents the jth material’s phenotypic value of the ith 
allele, ni represents the number of materials having the ith 
allele; Nk represents the nth material’s phenotypic value of 
all materials, and nk is the number of materials. If ai > 0, then 
the allele is considered to have a positive effect; if ai < 0, 
then the allele is considered to have a negative effect.

Results

Variations in phenotypic traits

The phenotypic characteristics of yield and yield compo-
nents in six environments were determined by BLUPs, the 
BLUPs values of each accession and phenotypic data for 
each environment of six yield and yield components traits 
were determined for association mapping. The coefficients 
of variance for SY, LP, BW, BN, SI and LI were 9.04, 7.01, 
7.30, 8.43, 9.37 and 9.26%, respectively (Table 1), indicating 
that there was a broad variation under the six environmental 
conditions among the 403 upland cotton accessions. The 

ai = Σxij
/

ni − ΣNk

/

nk

Table 1  Phenotypic statistics 
based on the results of the 
BLUP processing of six 
environments

SY seed cotton yield, LP lint percentage, BW boll weight, BN the number of bolls per plant, SI seed index, 
LI lint index

Trait Min Max Mean SD CV (%) h
2

B
 (%)

SY 26.32 45.63 33.57 3.03 9.04 47.77
LP 32.62 48.42 40.88 2.86 7.01 91.99
BW 4.22 7.16 5.64 0.41 7.30 78.07
BN 4.82 8.04 5.96 0.50 8.43 49.01
SI 8.75 16.17 10.70 1.00 9.37 86.05
LI 4.93 9.56 7.43 0.69 9.26 86.01



728 Genes & Genomics (2018) 40:725–734

1 3

h2
B
 for the six traits had a range of 47.77–91.99% among 

the accessions (Table 1). LP showed the greatest h2
B
 value 

(91.99%), indicating that LP was less impacted by environ-
mental factors than the other five traits. An analysis of the 
frequency distribution based on the results of BLUP process-
ing indicated that each trait had a normal or approximately 
normal distribution and was suitable for genetic analysis 
(Fig. 1). There were significant positive phenotypic corre-
lations between SY and its components, and there were sig-
nificant negative correlations between SI and LP, SI and BN, 
and BW and BN (Table 2). The correlation coefficients for 
SY with LP, BW, BN, SI and LI were 0.109, 0.464, 0.799, 
0.234 and 0.331, respectively.

Genetic diversity of the SSR markers

From 560 SSR markers in the 403 upland cotton accessions, 
201 displayed polymorphisms (Table S2), accounting for 
36.1% of the total markers, with an average of 7.73 mark-
ers per chromosome. A total of 394 alleles were obtained, 
ranging from 1 to 4, with an average of 1.96. The number 
of genotypes per marker ranged from 2 to 14, with an aver-
age of 4. The gene diversity and polymorphism information 

content (PIC) of the 394 alleles averaged 0.556 and 0.483, 
respectively, with ranges of 0.142–0.669 and 0.132–0.677, 
respectively (Fig. 2). Thus, a large difference in the distribu-
tion frequencies existed in upland cotton accessions.

Population structure and linkage disequilibrium

The population structure was determined using STRU CTU 
RE software. When K = 1–10, the LnP(D) was elevated as 

Fig. 1  Frequency distributions of the breeding values based on the 
BLUPs of six yield-related agronomic traits of 403 cotton accessions 
in six environments. a Seed cotton yield (SY); b lint percentage (LP); 

c boll weight (BW); d the number of bolls per plant (BN); e seed 
index (SI); and f lint index (LI)

Table 2  The correlations between SY and its components based on 
the results of the BLUP processing of six environments

SY seed cotton yield, LP lint percentage, BW boll weight, BN the 
number of bolls per plant, SI seed index, LI lint index
*Significant at the P < 0.05 level
**Significant at the P < 0.01 level

Trait SY LP BW BN SI

LP 0.109*
BW 0.464** − 0.004
BN 0.799** 0.106* − 0.149**
SI 0.234** − 0.540** 0.626** − 0.139**
LI 0.331** 0.654** 0.556** − 0.003 0.243**
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the K value increased, and no inflection point was found in 
this panel (Fig. 3a). Therefore, ΔK changes were adopted to 
determine suitable K values. When K = 2, the ΔK reached 
its maximum value (Fig. 3b), suggesting that the total panel 
could be divided into two subpopulations (Fig. 3c), des-
ignated as Subgroups 1 and 2. Subgroup 1 contained 206 
accessions, including 70 accessions (70/87, 80.5%) from 
the YRR, 58 accessions (58/63, 92.1%) from the YtRR, 10 
accessions (10/29, 35.5%) from the NSEMR, 53 accessions 
(53/199, 26.6%) from the NIR and 15 accessions (15/25, 
60.0%) from countries other than China. Subgroup 2 con-
tained 197 accessions, including 17 accessions (17/87, 
19.5%) from the YRR, 5 accessions (5/63, 7.9%) from the 
YtRR, 19 accessions (19/29, 65.5%) from the NSEMR, 146 
accessions (146/199, 73.4%) from the NIR and 10 acces-
sions (10/25, 40.0%) from countries other than China. The 
Neighbor-joining method was used to construct a phyloge-
netic tree containing the 403 upland cotton accessions based 
on Nei’s genetic distances calculated by PowerMarker V3.25 
software, and it showed that the majorities of Subgroups 1 
and 2 were clustered together in the unrooted tree (Fig. S1). 
Based on these results, the corresponding Q matrix at K = 2 
was used for the marker-trait association mapping. The LD 
of this population was analyzed using 201 SSR markers. In 
total, 18.94% of the marker loci showed significant LD val-
ues (P < 0.05), the LD distribution was nonuniform on each 
chromosome, with the loci having greater LD levels being 
mainly concentrated on chromosomes D5, D7, D8, D11, D6 
and A8 (Fig. S2).

Markers associated with yield and yield components

Based on the genotypic data, the Q, the K and the pheno-
typic traits data, a MLM of association mapping was per-
formed to identify the associated SSR loci in upland cotton 
accessions. 43 loci were found to be related to yield and its 

components traits according to the BLUPs and in at least 
three of the six environments at the P < 0.05 (− lgP > 1.3) 
significance level, the range of the explained phenotypic 
variation observed was from 0.97 to 4.01%, with an average 
of 1.62% (Table 3). The numbers of marker loci associated 
with SY, LP, BW, BN, SI and LI were 4, 9, 6, 3, 10 and 
11, respectively. Moreover, four marker loci (BNL3089a, 
NAU1028a, NAU3031b and NAU3881c) were simultane-
ously associated with two different traits, and one marker 
loci (NAU2984b) was simultaneously associated with three 
different traits.

Discovery of favorable alleles and typical accessions

The phenotypic effects of each QTL’s allele for the 21 asso-
ciated marker loci were measured according to the calcu-
lation formula of the phenotypic allele effect. Phenotypic 
effects and typical accessions for each favorable allele are 
shown in Table 4. Taking LI as an example, six marker loci 
having positive phenotypic effects on LI were obtained, of 
which NAU4057a manifested the greatest positive effect 
on the phenotype, and increased LI by 0.14 g in the typi-
cal germplasm accessions ‘L4-13’, ‘Huiyuan14-19’ and 
‘Chuang65’.

Discussion

An association analysis is an analytical method based on 
individual phenotypes and genotypes: thus, the accuracy of 
the phenotypic data has a great impact on the results of an 
association analysis. The BLUP method has desired char-
acteristics, such as an unbiased estimation, minimum vari-
ance of estimation, and the ability to compensate for the bias 
caused by selection and elimination, and thus, it produces 
the best linear unbiased results when acquiring individual 

Fig. 2  Distributions of genetic 
diversity of 201 SSR marker 
loci in 403 upland cotton 
accessions. a Gene diversity, 
b polymorphism information 
content (PIC)
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phenotypic data (Schenkel et al. 2002). In this study, a phe-
notypic trait analysis based on the BLUP results eliminated 
environmental effects and improved the accuracy of pre-
dicting complex quantitative traits. A genotypic analysis 
revealed an average genetic diversity and a polymorphism 
information content of 0.556 and 0.483, respectively, which 
were greater than those of previous studies (Nie et al. 2016; 
Qin et al. 2015). As a result, we explored the 403 upland 
cotton accessions, one of the largest yet investigated, with 
broad geographic and genetic diversity ranges that provided 
sufficient detection power for association mapping.

In the association mapping, the population structure 
always affects the LDs of loci, which further influences 
the accuracy of the association analysis, resulting in false 
positives (Pritchard et al. 2000). The MLM (Q + K), which 

employs both population structure (Q value) and the genetic 
relationship among varieties (K value), is better than GLM 
(Q) and MLM (K) that are solely based on Q and K values, 
respectively (Zhao et al. 2007). In this study, we evaluated 
the genotypic data of polymorphic loci using STRU CTU RE 
software to analyze and calibrate the population structure, 
to calculate the probability of classifying materials into sub-
groups, and to perform the MLM association analysis with 
it as a covariate. This effectively corrected the false asso-
ciation caused by the existence of subgroups. In addition, 
based on the subgrouping from STRU CTU RE, the clustering 
analysis was carried out using Nei’s genetic distance calcula-
tion method, and results of both methods showed good con-
sistency. Based on the pedigree, we demonstrated that the 
cotton from different growing regions in China originated 

Fig. 3  Estimated LnP(D) and ∆K values based on the population 
structural analysis of 403 upland cotton accessions. a The magnitude 
of LnP(D) as a function of K; b magnitude of ∆K as a function of 

K; c population structure of 403 upland cotton accession-based SSR 
markers that were divided into two subpopulations: red indicates Sub-
group 1 and green indicates Subgroup 2. (Color figure online)



731Genes & Genomics (2018) 40:725–734 

1 3

Ta
bl

e 
3 

 S
SR

 m
ar

ke
r l

oc
i s

ig
ni

fic
an

tly
 a

ss
oc

ia
te

d 
w

ith
 y

ie
ld

 a
nd

 it
s c

om
po

ne
nt

 tr
ai

ts
, a

nd
 th

ei
r e

xp
la

in
ed

 p
ro

po
rti

on
 o

f p
he

no
ty

pi
c 

va
ria

tio
n

Tr
ai

ts
M

ar
ke

r l
oc

i
C

hr
B

LU
P

SH
Z-

13
K

R
L-

13
SH

Z-
14

K
R

L-
14

SH
Z-

15
K

R
L-

15
En

vi
-

ro
n-

m
en

ts
−

 lg
(p

)
R2  (%

)
−

 lg
(p

)
R2  (%

)
−

 lg
(p

)
R2  (%

)
−

 lg
(p

)
R2  (%

)
−

 lg
(p

)
R2  (%

)
−

 lg
(p

)
R2  (%

)
−

 lg
(p

)
R2  (%

)

SY
N

A
U

26
71

a
A

12
2.

24
**

1.
94

1.
39

1.
07

1.
39

1.
07

2.
57

**
2.

28
4

B
N

L3
08

9a
A

4
2.

73
**

2.
44

1.
38

1.
04

2.
03

**
1.

70
1.

48
1.

14
2.

00
**

1.
66

2.
60

**
2.

30
6

N
A

U
10

28
a

D
3

1.
81

1.
49

1.
49

1.
16

1.
34

1.
01

1.
96

1.
67

4
B

N
L3

45
2b

A
5

1.
46

1.
11

1.
55

1.
20

1.
43

1.
09

1.
65

1.
31

4
LP

N
A

U
51

63
a

A
1

1.
58

1.
24

1.
55

1.
22

1.
61

1.
28

1.
35

1.
01

4
H

A
U

14
34

a
A

12
1.

54
1.

21
2.

02
**

1.
70

1.
91

1.
59

2.
29

**
1.

99
4

H
A

U
14

34
b

A
12

1.
94

1.
61

2.
25

**
1.

94
1.

40
1.

07
1.

61
1.

28
2.

27
**

1.
96

2.
57

**
2.

29
6

N
A

U
37

78
a

A
12

1.
31

0.
97

1.
87

1.
54

1.
69

1.
35

1.
42

1.
08

4
C

IR
28

0
A

6
1.

42
1.

08
2.

58
**

2.
28

1.
74

1.
41

1.
61

1.
26

4
N

A
U

40
73

a
D

1
1.

56
1.

22
1.

58
1.

24
1.

89
1.

55
1.

66
1.

32
1.

37
1.

03
5

N
A

U
30

31
b

D
6

2.
25

**
1.

96
1.

69
1.

37
1.

78
1.

45
1.

67
1.

35
2.

98
**

2.
74

3.
62

**
3.

50
2.

87
**

2.
62

7
N

A
U

30
31

c
D

6
1.

37
1.

04
1.

69
1.

36
2.

37
**

2.
10

1.
87

1.
55

4
B

N
L1

39
5b

D
7

1.
51

1.
17

1.
81

1.
48

1.
53

1.
19

1.
62

1.
29

4
BW

N
A

U
38

81
c

D
12

1.
59

1.
26

2.
09

**
1.

77
1.

34
1.

00
1.

80
1.

46
4

H
A

U
13

55
a

D
13

2.
01

**
1.

67
1.

79
1.

45
1.

95
1.

61
1.

62
1.

27
1.

35
1.

01
1.

31
0.

97
1.

99
1.

66
7

C
IR

24
6a

D
2

1.
42

1.
13

2.
25

**
2.

02
2.

27
**

2.
06

1.
35

1.
04

4
N

A
U

10
28

a
D

3
1.

78
1.

46
2.

12
**

1.
81

1.
72

1.
40

1.
75

1.
42

1.
62

1.
29

5
N

A
U

29
84

b
D

7
1.

96
1.

62
2.

64
**

2.
34

2.
96

**
2.

69
1.

56
1.

22
4

N
A

U
55

08
a

D
9

1.
57

1.
22

2.
90

**
2.

63
1.

82
1.

48
1.

34
1.

00
4

B
N

N
A

U
71

95
A

1
1.

96
1.

62
2.

34
**

2.
12

1.
81

1.
57

1.
46

1.
11

2.
05

**
1.

72
5

N
A

U
87

4a
A

6
2.

32
**

2.
03

1.
41

1.
15

1.
57

1.
25

1.
70

1.
38

4
N

A
U

49
26

b
D

12
1.

92
1.

60
1.

45
1.

19
1.

58
1.

25
1.

37
1.

05
4

SI
N

A
U

26
71

b
A

12
1.

51
1.

18
1.

69
1.

37
1.

39
1.

07
2.

27
**

1.
98

4
JE

SP
R

15
3c

A
13

3.
09

**
2.

83
1.

72
1.

38
2.

43
**

2.
12

2.
86

**
2.

59
2.

83
**

2.
55

1.
52

1.
18

1.
72

1.
38

7
N

A
U

53
68

b
A

8
1.

39
1.

04
3.

86
**

3.
68

2.
17

**
1.

84
1.

59
1.

25
4

N
A

U
38

81
c

D
12

4.
15

**
4.

01
2.

35
**

2.
03

2.
66

**
2.

36
2.

49
**

2.
19

3.
67

**
3.

47
2.

15
**

1.
82

6
B

N
L2

49
6a

D
3

1.
80

1.
46

1.
76

1.
42

1.
62

1.
27

2.
33

**
2.

02
1.

82
1.

48
5

B
N

L2
49

6b
D

3
1.

82
1.

48
1.

69
1.

35
1.

53
1.

19
2.

42
**

2.
11

1.
67

1.
33

5
N

A
U

30
95

a
D

5
1.

65
1.

43
1.

61
1.

40
1.

88
1.

72
2.

55
**

2.
50

4
N

A
U

29
84

b
D

7
1.

92
1.

59
1.

37
1.

03
2.

22
**

1.
90

1.
65

1.
31

1.
76

1.
42

2.
15

**
1.

82
6

N
A

U
13

02
D

8
3.

27
 *

*
3.

03
2.

86
**

2.
58

1.
99

1.
65

3.
76

**
3.

58
2.

78
**

2.
50

1.
54

1.
20

2.
03

**
1.

70
7

N
A

U
53

35
b

D
8

2.
22

**
1.

89
2.

15
**

1.
83

2.
08

**
1.

76
2.

02
**

1.
69

1.
71

1.
37

5



732 Genes & Genomics (2018) 40:725–734

1 3

from different sources. The genetic components of the cot-
ton grown in YRR and YtRR are mainly from American 
cotton germplasms ‘Stoneville’, ‘Lone star’, ‘Foster’, ‘Acala’ 
and ‘Deltapine’, and they exhibit large BNs, high LPs, loose 
architecture and mid-to-late maturity. The cotton grown in 
NIR is mainly based on genetic components that originated 
from germplasms from the former Soviet Union, such as 
‘108Fu’, ‘KK1543’ and ‘611Bo’, which show compact stat-
ures, short fruit branches, early maturity, and fast and cen-
tered boll openings. The cotton varieties of the NSEMR are 
based on the American cotton ‘King’ with the integration of 
genetic components of a former Soviet Union variety, and 
they show early maturity and disease resistance (Ai et al. 
2005; Huang 2007). The tested germplasms in the present 
study were classified into two populations, and varieties 
originating from various cotton growing regions were pre-
sent in each population, but the varieties in the YtRR and 
YRR were mainly classified into Subgroup 1, while most 
of the NIR and NSEMR varieties were classified into Sub-
group2, which was consistent with the pedigrees of these 
germplasms.

The association analysis was based on the LD values 
among markers. Thus, understanding the genomic LDs of 
the targeted population can result in estimates of the density Ta
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Table 4  The SSR marker loci associated with phenotypic effects (ai) 
for six yield traits in typical accessions

Representative accessions are the top-3 entries for the target trait 
value of accessions with the corresponding favorable allele

Traits Marker loci ai Typical accessions

SY NAU2671a 0.86 Yumian5, 29-1, Yumian18
BNL3089a 0.26 97-4-2, Ji668, Yumian18

LP CIR280 0.44 L0014, Gangmian13, L4-13
NAU3778a 0.32 46-13, L4-13, Simian4
NAU3031c 0.24 46-13, L4-13, Simian4
HAU1434a 0.16 46-13, L4-13, Simian4
BNL1395b 0.13 Yuan32, 46-13, Simian4

BW NAU3881c 0.12 9D208, Huiyuan14-19, DP150
CIR246a 0.06 DP208, ZhongC378, DP150

BN NAU4926b 0.16 29-1, Jinken69-2, C2
NAU874a 0.07 Yumian5, Y11, 97-4-2

SI JESPR153c 0.68 DP150, DP208, 9D208
NAU3881c 0.36 Sizimian4, DP150, 9D208
NAU3095a 0.25 DP150, DP208, 9D208
BNL2496a 0.20 DP150, DP208, 9D208

LI NAU4057a 0.14 L4-13, Huiyuan14-19, Chuang65
CIR307c 0.11 Jing1246, Xinluzao26, Chuang65
NAU923 0.09 Jing1246, Xinluzao26, Chuang65
BNL3089a 0.08 Jing1246, Xinluzao26, Chuang65
NAU2265b 0.07 Simian4, Emian16, Xinluzao26
NAU462 0.07 10-1, Xinluzao26, Chuang65
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and quantity requirements of markers in the analysis. As 
an often cross-pollinated crop, cotton exhibits a relatively 
high recombination rate among genomic loci, so its LD is 
relatively low. The LD decay analysis showed that the aver-
age decay distances in the upland cotton population were 
8–25 and 3–7 cM, with LD coefficients  r2 ≥ 0.1 and  r2 ≥ 0.2, 
respectively, and 100–400 SSR markers were used for sta-
tistical analysis in upland cotton (Cai et al. 2014; Mei et al. 
2013; Nie et al. 2016; Qin et al. 2015). In the present study, 
among the 560 uniformly distributed SSR markers, 201 
were polymorphic, and was sufficient to perform associa-
tion analysis of QTLs in upland cotton. however, to perform 
a genome-wide association analysis, we need to increase 
the marker density to identify more markers linked to the 
targeted traits.

Identifying the favorable allelic variations and desired 
germplasms related to yield are important requirements 
for the breeding of high-yield upland cotton. In the pre-
sent study, we performed phenotypic identifications of six 
yield-related traits in 403 upland cotton germplasms over 
3 years at two locations in the high-yield environment of 
Xinjiang, a total of 43 marker loci were identified as associ-
ated with the six traits (− lgP > 1.30, P < 0.05). Of these, 
five marker loci were associated with multiple traits. For 
example, BNL3089a was related to SY and LI, NAU1028a 
was related to SY and BW, and NAU2984b was linked to 
BW, SI and LI, indicating that these markers can be used for 
the synchronous improvement of multiple traits. In addition, 
among the loci identified as associated with yield-related 
traits in the present study, nine were associated with the 
same traits based on the QTLs previously obtained by link-
age analysis (Table 5), indicating the repeatability and sta-
bility of these markers. The remaining 34 markers may be 
novel loci related to yield and yield-related traits, which pro-
vide a theoretical basis for further understanding the genetic 
mechanisms of cotton yield. Moreover, in this study, the 
21 stably detected associations provided 2, 5, 2, 2, 4 and 6 
favorable alleles for SY, LP, BW, BN, SI and LI, respectively 

(Table 4). These favorable alleles can be used in MAS to 
improve the cotton output. Typical carrier accessions based 
on the favorable alleles for yield traits could be selected as 
predominant parents.
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