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ABSTRACT. Salt stress is becoming one of the major problems in 
global agriculture with the onset of global warming, an increasing 
scarcity of fresh water, and improper land irrigation and fertilization 
practices, which leads to reduction of crop output and even causes 
crop death. To speed up the exploitation of saline land, it is a good 
choice to grow plants with a high level of salt tolerance and economic 
benefits. As the leading fiber crop grown commercially worldwide, 
cotton is placed in the moderately salt-tolerant group of plant species, 
and there is promising potential to improve salt tolerance in cultivated 
cotton. To facilitate the mapping of salt-tolerant quantitative trait loci 
in cotton so as to serve the aims of salt-tolerant molecular breeding 
in cotton, it is necessary to develop salt-tolerant molecular markers. 
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Development of cotton salt-tolerance SSR marker

The objective of this research was to develop simple sequence repeat 
(SSR) markers based on cotton salt-tolerant expressed sequence tags. 
To test the efficacy of these SSR markers, their polymorphism and 
cross-species transferability were evaluated, and their value was 
further investigated on the basis of genetic diversity and evolution 
analysis.

Key words: Gossypium; Salt-tolerant species; EST-SSR; 
Genetic diversity; Evolution analysis

INTRODUCTION

Soil salinization is a global problem in agriculture and the ecological environment. 
Currently, there are 1 billion km2 of saline-alkali soil in the world, covering 7.6% of the land 
area (Liu and Wang, 1998), which cannot be directly used in agriculture. Meanwhile, the 
salinization of land is becoming more and more serious with global warming and increasing 
scarcity of fresh water, as well as improper irrigation and fertilization of the soil (Flowers, 
1999). Consequently, salt stress is becoming one of the major problems in global agriculture 
(Flowers, 1999). To advance the sound management of salinized land, an excellent approach 
is to grow plants with a high level of salt tolerance to enhance its economic benefits. As the 
leading fiber crop worldwide grown commercially in the temperate and tropical regions of 
more than 50 countries, cotton is placed in the moderately salt-tolerant group of plant spe-
cies, and there is promising potential to improve salt tolerance in cultivated cotton (Ashraf, 
2002). Soil with 0.2% or less salt content is beneficial to seedling emergence and growth 
of cotton, whereas 0.3% or higher salt content can be harmful to cotton (Dai et al., 2010). 
Consequently, it is important to improve salt tolerance in cotton to 0.3% or higher, so as 
to expedite the use of saline-alkali land and meet the requirements of modern agriculture 
development in coastal areas.

It is labor-intensive and time-consuming to improve the salt tolerance of cotton 
in traditional breeding. The development of DNA molecular markers will help enhance 
the progress of developing improved varieties. To breed salt-tolerant cotton varieties, it is 
necessary to develop salt-tolerant molecular markers for use in quantitative trait loci (QTL) 
mapping of salt-tolerance and marker-assisted selection of salt-tolerant cotton.

Simple sequence repeats (SSRs) are polymerase chain reaction (PCR)-based 
markers, and generally they have the distinguishing features of high information content, 
simplicity, maneuverability, codominance, even distribution throughout the genome, 
reproducibility, and locus specificity (Zhang et al., 2008). The development of a large 
number of expressed sequence tags (ESTs) provides a good source of PCR-based markers 
for targeting SSRs. EST-derived SSRs (EST-SSRs) from the transcribed regions of the DNA 
are generally more conserved across species than genomic SSRs from the untranscribed 
regions (Cuadrado and Schwarzacher, 1998), and EST-SSRs have higher cross-species 
transferability compared to genomic SSRs. Moreover, the functions of EST-SSRs can be 
presumed, and marker development is easy to perform at low cost. EST-SSRs have been 
widely developed and applied in plants such as barley (Thiel et al., 2003), pepper (Yi et 
al., 2006), rubber tree (Feng et al., 2009), chickpea (Choudhary et al., 2009), and sesame 
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(Wei et al., 2011). In recent years, an increasing number of ESTs of cotton species including 
Gossypium hirsutum, G. raimondii, G. arboreum, G. barbadense, and G. herbaceum have 
been included in GenBank (http://www.ncbi.nlm.nih.gov/dbEST/). Meanwhile, great efforts 
have also been made to develop EST-SSRs (Qureshi et al., 2004; Taliercio et al., 2006; Guo 
et al., 2006) for cotton. These SSR markers have been widely applied in genetic diversity 
analysis (Arunita et al., 2010), construction of linkage maps (Guo et al., 2007; Lin et al., 
2009), QTL mapping and marker-assisted breeding (Zhang et al., 2009; Liu et al., 2012).

In this research, a total of 132 pairs of non-redundant EST-SSR primers were ef-
fectively developed according to the salt-resistant cotton ESTs. The primers were applied 
to 38 cotton accessions, including 7 diploids in the A genome, 7 diploids in the D genome, 
and 24 accessions covering the 5 tetraploids. The markers were evaluated, and cross-species 
transferability was analyzed to support QTL mapping of salt-tolerant traits, genetic diversity 
analysis, and construction of cotton maps.

MATERIAL AND METHODS

Cotton materials

Totally, 38 cotton accessions were selected including 7 diploids in the A genome in-
cluding G. arboreum and G. herbaceum, 7 diploids in the D genome including G. raimondii, 
and 24 AADD tetraploids covering all the 5 tetraploid cotton species. Their genomic groups 
and abbreviations are given in Table 1. The cultivated cotton species were collected from the 
National Cotton Medium-Term Germplasm Bank, Cotton Research Institute, Chinese Acad-
emy of Agricultural Sciences (CCRI), whereas the wild species were collected from the Wild 
Cotton Species Research Team of CCRI. Four of the 38 cotton materials have known salt tol-
erance of which 2 accessions G. hirsutum L. cv. CCRI35 and G. hirsutum L. Zhong07 are salt 
tolerant and two other accessions G. hirsutum L. cv. CCRI12 and G. hirsutum L. Xinyan96-48 
are salt sensitive (Zhang et al., 2010).

Development of EST-SSR primers

EST-SSR primers were developed on the basis of the known salt-tolerant ESTs as 
follows. Salt-tolerant genes were searched in the Arabidopsis Information Resource (TAIR, 
http://www.arabidopsis.org/). The Arabidopsis genes were used as queries for BLAST 
against cotton EST bank (http://www.agcol.arizona.edu/cgi-bin/pave/Cotton/index.cgi), and 
the corresponding cotton transcript contigs were found. These cotton transcript contigs were 
used to develop EST-SSR markers by using MISA (http://pgrc.ipk-gatersleben.de/misa/) and 
Primer3 (http://frodo.wi.mit.edu/) software programs. The length of SSR primers was 18 to 
25 bases with 20 bases as the optimum length. A product length of 100-500 bp was selected 
with annealing temperatures of 55°-59°C; 57°C was desired as the optimum temperature. 
Meanwhile, the SSR primers were BLASTed with existing primers in the Cotton Marker 
Database (http://www.cottonmarker.org/), and a self-developed Perl scriptlet was then used 
to analyze the information and prevent redundancy. A total of 132 pairs of EST-SSR primers 
were developed and named “NTUXXX”, in which NTU means Nantong University and XXX 
the serial number of the SSR primers.
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DNA extraction, PCR amplification and electrophoresis

A modified CTAB method was utilized to extract genomic DNA from the cotton ac-
cessions (Paterson et al., 1993).

The PCR mixture of 10 µL included 1X PCR buffer, 1.5 mM MgCl2, 0.25 mM dNTP, 5 
pmol forward and reverse primers, 20 ng template DNA, and 0.15 U Taq polymerase. The PCR 
profile was as follows: predenaturation at 95°C for 3 min, followed by 30 cycles of 94°C for 40 
s, 57°C for 45 s, and 72°C for 1 min, and 72°C for an extension of 7 min. The PCR products 
were separated on 10% polyacrylamide gels with silver staining used to develop DNA bands.

Data collection and analysis

Gel photos were used to score DNA bands. At each band position, the following values 
were given: band present “1”, band absent “0”. The NTSYSpc ver 2.0 software (http://www.
exetersoftware.com/) was used to calculate genetic similarity of the 38 cotton accessions and 
UPGMA was used to construct dendrograms.

No. Species name Abbreviation Genome

  1 G. herbaceum L. cv. Jinta G. her. Jt A1
  2 G. herbaceum L. cv. Gaotai G. her. Gt A1
  3 G. arboreum L. cv. Yunnanfuning G. arb. Ynfn A2
  4 G. arboreum L. cv. Sihua G. arb. Sh A2
  5 G. arboreum L. cv. Jiangsuhongjingjijiao G. arb. Jshjjj A2
  6 G. arboreum L. cv. Jiangling G. arb. Jl A2
  7 G. arboreum L. cv. Haimenxiaobaihua G. arb. Hmxbh A2
  8 G. thurberi G. thu D1
  9 G. davidsonii G. dav D3-d
10 G. klotzschianum G. klo D3-k
11 G. aridum G. ari D4
12 G. raimondii G. rai D5
13 G. gossypioides G. gos D6
14 G. trilobum G. tri D8
15 G. hirsutum L. Zhong4133 G. hir. Z4133 (AD)1
16 G. hirsutum L. cv. Simian3 G. hir. Sm3 (AD)1
17 G. hirsutum L. 87-28 G. hir. 87-28 (AD)1
18 G. hirsutum L. Zhongyuan9111 G. hir. Zy9111 (AD)1
19 G. hirsutum L. ZhongyuanHAS-1 G. hir. ZyHAS-1 (AD)1
20 G. hirsutum L. cv. CCRI35 G. hir. CCRI35 (AD)1
21 G. hirsutum L. cv. CCRI12 G. hir. CCRI12 (AD)1
22 G. hirsutum L. Zhong2201 G. hir. Z2201 (AD)1
23 G. hirsutum L. Yahuang9103 G. hir. Yh9103 (AD)1
24 G. hirsutum L. Zhongyuan9112 G. hir. Zy9112 (AD)1
25 G. hirsutum L. ZhongAR40772 G. hir. Z40772 (AD)1
26 G. hirsutum L. Zhong07 G. hir. Z07 (AD)1
27 G. hirsutum L. Xuzhou261 G. hir. Xz261 (AD)1
28 G. hirsutum L. Jiangsudatao G. hir. Jsdt (AD)1
29 G. hirsutum L. TM-1 G. hir. TM-1 (AD)1
30 G. hirsutum L. PD94042 G. hir. PD94042 (AD)1
31 G. hirsutum L. Xinyan96-48 G. hir. Xy96-48 (AD)1
32 G. hirsutum L. cv. Sumian15 G. hir. Sm15 (AD)1
33 G. hirsutum L. Zhongzi4280 G. hir. Zz4280 (AD)1
34 G. barbadense L. Pima3-79 G. bar. P3-79 (AD)2
35 G. barbadense L. Hai7124 G. bar. H7124 (AD)2
36 G. tomentosum G. tom (AD)3
37 G. mustelinum G. mus (AD)4
38 G. darwinii G. dar (AD)5

Table 1. List of cotton accessions.
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The richness of alleles for each marker, which can also be regarded as the measure of 
usefulness of each marker in distinguishing one individual from another, was measured using the 
polymorphic information content (PIC) calculated as follows: PIC = 1 - ΣPij

2, given that Pij is 
the frequency of the jth allele for the ith locus, summed across all alleles of the locus (Nei, 1973).

The number of amplified fragments in each species was counted regardless of poly-
morphism. Amplification was quantified according to the following equation: Amplification 
(%) = number of amplified x 100 / (total combinations of EST-SSRs x cotton species tested).

DNA sequencing and sequence analysis

The amplified fragments were excised from polyacrylamide gels. DNA recovery, vec-
tor ligation, and transformation of DH5α Escherichia coli competent cells were conducted as 
described by Guo et al. (2003). At least three positive clones from each amplified fragment were 
simultaneously sequenced by Invitrogen Biotech (Shanghai), China. The DNAMAN program 
(Lynnon Biosoft, Quebec, Canada) was used to align the amplified SSR alleles. The consensus 
sequence was used as the reference in sequence comparisons and base mutation analyses.

RESULTS

Characteristics of the ESTs and EST-SSR primers

In total, 132 pairs of EST-SSR primers were developed on the basis of the salt-tolerant 
cotton ESTs. The primer sequences, the serial No. of the ESTs in cotton EST database, and 
the serial No. of the corresponding genes in TAIR are listed in Table S1. Regarding the re-
peat motif type, the trinucleotide repeats had the highest frequency of 28.79%, followed by 
hexanucleotide repeats, pentanucleotide repeats, and tetranucleotide repeats with the frequen-
cies of 26.51, 24.24 and 16.67%, respectively, whereas dinucleotide repeats had the lowest 
frequency of 3.79%.

Cross-species amplification of the EST-SSR primers

The amplification products of the EST-SSR primers were 100 to 500 bp (Figure 1). Of 
the 132 NTU primer pairs, clear bands were amplified in 106 pairs with an effective amplification 
rate of 80.3%. The rest of the primers, 26 pairs had no amplification product or specific bands.

As shown in Figure 1, both single-locus markers and multilocus markers were devel-
oped in this research. The marker NTU113 with a single locus of 230 bp was amplified in all 
38 accessions, whereas 3 loci were detected with the marker NTU002 that showed polymor-
phisms between different accessions.

Eight of the 106 effective markers were amplified with clear bands in all 38 cotton 
accessions, namely NTU023, NTU056, NTU097, NTU103, NTU113, NTU121, NTU125, and 
NTU132. Fifty-six of the 106 markers were amplified in 30-37 accessions; forty-one of these 
primers were amplified in 17-29 accessions. One primer NTU031 was only amplified in 12 
accessions, of which 3 belonged to G. arboreum in the diploid A genome, 8 belonged to G. 
hirsutum, and 1 G. tomentosum in the tetraploid AD genome, whereas none was amplified in 
any of the diploid D genome species, indicating the existence of genome-specific amplifica-
tion. The average cross-species transferability rate was 80.3%.

http://www.geneticsmr.com/year2014/vol13-2/pdf/gmr3098_supplementary.pdf
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The 106 effective markers had different amplification efficiency, and cross-species trans-
ferability, within different cotton species (Table 2). They had much higher cross-species trans-
ferability across the A genome (86.52%) than that across the D genome (64.50%), whereas the 
cross-species transferability within tetraploid species was 82.78% (Table 2). Only 19 pairs of the 
primers were amplified in all the tetraploid cotton materials, which was a small portion of the 
total primers, whereas most primers were amplified only in part of the tetraploid cotton materials.

The EST-SSR markers also had different amplification efficiencies in different cotton 
accessions even in the same species. The highest amplification efficiency was observed in two 
tetraploid cotton G. hirsutum L. Zhong2201 and G. hirsutum L. Yahuang9103 with an ampli-
fication ratio of 100%, and stable bands were amplified in both accessions. For G. klotzschia-
num in the D genome, these primers had the lowest amplification efficiency of 43.3%, where 
only about 47 of the 106 primers were amplified.

Figure 1. Polyacrylamide gel electrophoresis patterns of microsatellite alleles amplified using two EST-SSR 
markers. PCR products could be amplified from all 38 accessions by NTU113 and with only a single locus 
amplified in each accession; null alleles were detected in Gossypium klotzschianum for NTU002 and more than 
one locus was amplified in each accession. Lane M = molecular weight marker; lanes 1-38 = G. herbaceum L. cv. 
Jinta, G. herbaceum L. cv. Gaotai, G. arboreum L. cv. Yunnanfuning, G. arboreum L. cv. Sihua, G. arboreum L. 
cv. Jiangsuhongjingjijiao, G. arboreum L. cv. Jiangling, G. arboreum L. cv. Haimenxiaobaihua, G. thurberi, G. 
davidsonii, G. klotzschianum, G. aridum, G. raimondii, G. gossypioides, G. trilobum, G. hirsutum L. Zhong4133, G. 
hirsutum L. cv. Simian3, G. hirsutum L.87-28, G. hirsutum L. Zhongyuan9111, G. hirsutum L. ZhongyuanHAS-1, 
G. hirsutum L. cv. CCRI35, G. hirsutum L. cv. CCRI12, G. hirsutum L. Zhong2201, G. hirsutum L. Yahuang9103, G. 
hirsutum L. Zhongyuan9112, G. hirsutum L. ZhongAR40772, G. hirsutum L. Zhong07, G. hirsutum L. Xuzhou261, 
G. hirsutum L. Jiangsudatao, G. hirsutum L. TM-1, G. hirsutum L. PD94042, G. hirsutum L. Xinyan96-48, G. 
hirsutum L. cv. Sumian15, G. hirsutum L. Zhongzi4280, G. barbadense L. Pima3-79, G. barbadense L. Hai7124, 
G. tomentosum, G. mustelinum, and G. darwinii, respectively.
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DNA sequencing analysis of EST-SSR markers

To study how DNA polymorphisms are produced, the amplified products from 
NTU060 and NTU121 were sequenced across 10 accessions covering 8 species. A total of 60 
clones were sequenced and the alignment results are shown in Figure 2.

For amplification products of the primer NTU121, most of the flanking sequences 
of the 10 cotton accessions were the same, whereas two transitions (A to G and T to C) and 
two transversions (A to C and G to T) were observed in the flanking sequences. For amplifi-
cation products of the primer NTU060, more differences were found between the 10 cotton 
accessions although most of the flanking sequences were still the same. Eight transitions, 5 
instances of A to G and 3 instances of T to C, and one transversion of G to C were observed. 
Moreover, there were deletions observed in 4 of the 10 accessions; G. raimondii, G. hirsutum 
L. cv. CCRI35, G. hirsutum L. cv. CCRI12, and G. mustelinum.

Polymorphism of EST-SSR markers

Clear bands were amplified with 106 of the 132 (80.3%) EST-SSR primers in the 38 
cotton accessions, and 50 primers that were amplified with obvious polymorphism and stable 
band types are listed in Table 3. PIC values were calculated on the basis of the alleles detected 
by the 50 markers in the 38 cotton accessions. A total of 133 polymorphic alleles were detected 
by the 50 markers with an average of 2.66 per marker, ranging between 2 and 7. The PIC val-
ues ranged between 0.2163 for NTU032 and 0.8370 for NTU082 (Table 3), with an average 
value of 0.4810.

Genetic similarity index and cluster analysis of the 38 cotton accessions

As shown in Figure 3, the 38 accessions were divided into 2 groups at a similarity 
coefficient of 0.57.

Genome  No. of primers  Total bands Total combinations Amplification (%)

 Whole amplification Partial amplification Null amplification

A1   95   7   4   642   742 86.52%
A2   66 40   0   
D1   77   0 29   486   742 64.50%
D3   44 46 16   
D4   73   0 33   
D5   61   0 45   
D6   81   0 25   
D8   60   0 46   
AD1   19 87   0 2106 2544 82.78%
AD2   44 45 17   
AD3   78   0 28   
AD4   83   0 23   
AD5 102   0   4

Table 2. Amplification results and cross-species transferability of 106 EST-SSRs among different genomes.

Whole amplification = all SSR primer pairs could produce PCR products in a given genome; partial amplification 
= there were no amplicons in some species in a given genome; null amplification = no amplicon of expected size 
was produced in any species of a given genome; total combinations = total combination of EST-SSRs x tested 
cotton species.
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Figure 2. CLUSTAL alignment of amplified products in 10 cotton accessions by primers NTU060 and NTU121. 
Primer-binding sites are represented by arrows. Repetitive sequences are indicated in box. Consensus nucleotides 
are listed under the sequences.

A

B
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EST-SSR primer No. of alleles PIC

NTU032 3 0.2163
NTU104 2 0.2188
NTU108 2 0.2235
NTU025 2 0.2688
NTU077 3 0.3317
NTU003 2 0.3628
NTU067 2 0.3829
NTU081 2 0.3911
NTU112 2 0.3911
NTU022 2 0.3950
NTU026 2 0.3950
NTU014 3 0.3972
NTU015 2 0.3995
NTU078 2 0.4012
NTU020 2 0.4132
NTU094 3 0.4192
NTU091 2 0.4200
NTU016 2 0.4248
NTU130 2 0.4260
NTU053 2 0.4297
NTU034 3 0.4335
NTU118 2 0.4383
NTU002 2 0.4486
NTU120 2 0.4486
NTU079 2 0.4494
NTU128 2 0.4614
NTU119 2 0.4664
NTU093 2 0.4728
NTU100 2 0.4764
NTU124 2 0.4837
NTU070 3 0.4886
NTU041 2 0.4956
NTU055 2 0.4959
NTU125 3 0.4995
NTU042 2 0.4998
NTU111 2 0.4998
NTU038 3 0.5130
NTU123 3 0.5240
NTU098 3 0.5544
NTU009 2 0.6208
NTU028 3 0.6389
NTU023 3 0.6750
NTU036 4 0.7120
NTU062 4 0.7148
NTU008 4 0.7149
NTU060 5 0.7275
NTU068 4 0.7340
NTU107 4 0.7423
NTU004 5 0.7889
NTU082 7 0.8370

Table 3. Allele number and PIC value of the 50 EST-SSR primers.

All the accessions from the D genome, most of the accessions from the A genome 
except for G. arboreum L. cv. Jiangsuhongjingjijiao, and part of tetraploid cotton accessions 
were in one group; the other group consisted of G. arboreum L. cv. Jiangsuhongjingjijiao 
from the A genome and most of the tetraploid cotton accessions. At a similarity coefficient of 
0.754, G. arboreum L. cv. Jiangling was distinguished from other accessions in the A genome. 
At 0.94, all the accessions in the A genome were differentiated from each other. G. hirsutum 
L. Jiangsudatao was distinguished from other tetraploid cotton accessions at a similarity coef-
ficient of 0.682.
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The two G. barbadense L. accessions G. barbadense L. Pima3-79 and G. barbadense 
L. Hai7124 were differentiated from other tetraploid cotton accessions at a similarity coef-
ficient of 0.70, and they were differentiated from each other at 0.87. G. tomentosum was 
differentiated from other tetraploids at a similarity coefficient of 0.77. G. arboreum L. cv. 
Jiangsuhongjingjijiao could not be differentiated until a similarity coefficient of 0.915 was 
reached. G. hirsutum Zhong4133 and Simian3 still could not be differentiated at a similarity 
coefficient of 0.97.

Figure 3. Dendrogram of 38 cotton accessions based on EST-SSR markers.

DISCUSSION

Development, amplification, and characteristics of the salt-tolerant EST-SSR primers

Regarding crop salt-tolerance improvement, previous research has focused mainly on 
gene mapping, QTL analysis, and genetic diversity analysis, but little effort has been made 
to develop SSR markers for salt-tolerance. Shan et al. (2006) detected SSR markers linked to 
salt tolerance in wheat by using the bulked segregation analysis method combined with SSR 
markers and then located the salt tolerance-related genes. Cheng et al. (2012) mapped 47 
salt-tolerance QTLs in rice using two sets of reciprocal introgression lines. Islam et al. (2011) 
detected three major QTLs on chromosomes 1, 8 and 10 with phenotypic variances of 12.50, 
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29.0, and 20.20%, respectively, at the seedling stage of rice. Lee et al. (2004) mapped a major 
QTL by using SSR markers and a set of soybean near-isogenic lines. In cotton research, Zhang 
et al. (2010) screened 2 salt-tolerant cotton accessions, G. hirsutum L. cv. CCRI35 and G. 
hirsutum L. Zhong07, and 2 salt-sensitive cotton accessions, G. hirsutum L. cv. CCRI12 and 
G. hirsutum L. Xinyan96-48, with 274 SSR markers, and they identified 10 primer pairs that 
could be useful in detecting salt tolerance in cotton.

Although many EST-SSR markers have been developed from G. hirsutum, G. ar-
boreum, G. raimondii, G. barbadense, and G. herbaceum, no EST-SSR primers have been 
developed specifically using salt-tolerance ESTs. In this research, 132 pairs of EST-SSR 
primers were developed based on cotton salt-tolerance ESTs obtained from BLAST with 
Arabidopsis salt-tolerance genes, so as to serve cotton salt-tolerance molecular breeding 
efforts. Previous research has indicated that the effective amplification rate of EST-SSRs 
should be between 60 and 90% (Thiel et al., 2003; Saha et al., 2004), and that some primers 
may have no amplification once the primer covers an mRNA editing site or the amplifica-
tion product contains large introns. In our research, clear bands could be amplified in 106 of 
the 132 NTU primer pairs, and the effective amplification rate was 80.3%, which is a high 
amount within the range reported in previous studies. There may be two reasons as to why 
the remaining 26 primer pairs have no amplification product or specific bands. The first is 
that large introns exist within the amplification region, which may make the product much 
bigger than expected; the second is that the SSR loci and the markers are within transposons 
or repetitive DNA, resulting in multiple products deviating from the expected bands. Regard-
ing no amplification in any of the 38 accessions for some primers, the reason may be that the 
forward primer or reverse primer covers the editing site of mRNA or that large introns exist 
in the genomic DNA (Vendramin et al., 2007).

PIC values can be used to evaluate the allele variation of each primer, and it is deter-
mined by the allele number and their distribution frequency (Botstein et al., 1980). Accord-
ingly, PIC is a measure of the degree of the markers’ polymorphism. A higher PIC value gives 
a greater increase in the ability to reveal allelic variation. Generally, EST-SSRs have lower 
likelihood of revealing allelic variation in crops compared to gSSRs (Blair et al., 2006). As 
proposed by Botstein et al. (1980), the criteria of PIC measuring genetic diversity were taken 
as follows: PIC < 0.25, low polymorphism; 0.25 < PIC < 0.5, medium polymorphism; PIC 
> 0.5, high polymorphism. In this research, the PIC values of the 50 primers ranged between 
0.2163 and 0.8370 (Table 3) with an average value of 0.4810. Consequently, 33 of 50 markers 
used in this research had a medium level of polymorphism, 14 markers were highly polymor-
phic, whereas only 3 had a low level of polymorphism, thus indicating that these EST-SSR 
markers can provide abundant genetic information, and also that there is wide genetic diver-
sity between the cotton accessions adopted in this research.

Evaluation of genetic diversity and cotton evolution analysis using the developed 
EST-SSR markers

The collection and conservation of wild germplasm resources are important to expand 
the narrow genetic base of cultivated cotton. In this research, cluster analysis was performed 
on the 38 cotton accessions on the basis of the amplification results of the SSR primers to 
reveal the genetic similarity of these materials. The results showed that these salt-tolerance 
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markers were efficiently amplified and that they could differentiate the 38 cotton accessions 
and help reveal their evolution relationship. As shown in Figure 3, all 38 accessions were di-
vided into 2 groups at a similarity coefficient of 0.57.

In the first group, all the accessions from the D genome and most of the accessions 
from the A genome were grouped together, indicating that they have a close genetic relation-
ship, which is consistent with the conclusion suggested by DNA-sequence phylogenetic data 
that 6-7 million years ago, following a trans-oceanic dispersal event, the D genome, a separate 
lineage in the new world, diverged from an African lineage that also eventually gave rise to the 
A genome within the old world (Wendel and Cronn, 2003). Within the A genome, the two G. 
herbaceum accessions were closely related to G. arboreum with a genetic similarity of 0.85. 
As indicated by Gerstel (1953), G. arboreum is derived from that of G. herbaceum, and these 
two species are set apart by a reciprocal translocation, so genetically both species are closely 
related. G. hirsutum L. ZhongyuanHAS-1 was grouped together with cotton accessions in the 
A genome, and it was differentiated at a similarity coefficient of 0.905, coinciding with the 
pedigree analysis that G. hirsutum L. ZhongyuanHAS-1 was derived from crosses between G. 
arboreum (A genome) and other cotton accessions.

In the second group, it is interesting that G. arboreum L. cv. Jiangsuhongjingjijiao from 
the A genome was clustered here where most of the tetraploid cotton accessions existed; more-
over, it could not be differentiated until a similarity coefficient of 0.915 was reached, indicating 
that it has close relationship with tetraploid cottons especially G. hirsutum, which is consistent 
with the fact that quite a few tetraploid cotton accessions in our research including G. hirsutum 
L. Zhongyuan9112 and G. hirsutum L. Yahuang9103 were bred by crossing G. arboreum with 
other cotton accessions. G. hirsutum L. Zhong07, G. hirsutum L. cv. CCRI12, and G. hirsutum 
L. cv. CCRI35 were clustered in a group with a similarity coefficient of 0.83. Pedigree analysis 
showed that all three tetraploid cotton accessions have Uganda cotton ancestors and that G. 
hirsutum L. cv. CCRI12 is even one of the parents of G. hirsutum L. cv. CCRI35.

There are five tetraploid species of Gossypium designated (AD)1 through (AD)5 for 
their genome constitutions (Wendel and Cronn, 2003) that evolved 1-2 million years ago from 
a tetraploid originating through the hybridization of G. herbaceum from the A genome with G. 
raimondii from the D genome (Wendel and Cronn, 2003). In our research, the high transfer-
ability of the EST-SSRs among the 38 tested accessions strongly confirmed that the different 
diploid and tetraploid species evolved from one common ancestor despite their subsequent 
distinctly different and monophyletic evolutionary paths produced by geographical isolation 
and variations in ecological conditions (Fryxell et al., 1992). As pointed out by Wendel et al. 
(1994), the A and D genomes of the South American tetraploid G. mustelinum are genetically 
most similar to the ancestral type that differentiated into the five present-day widely dispersed 
tetraploids. In our research, G. mustelinum was clustered with most of the accessions of the 
diploid A genome and D genome and further supported this conclusion.

There were totally 19 G. hirsutum accessions studied in this research, which were 
separated into two groups at a similarity coefficient of 0.57; 6 of them were clustered with 
most of the diploid species in the first group, whereas the other 13 were clustered in the 
second group with narrow genetic diversity except for G. hirsutum Jiangsudatao being dif-
ferentiated from others at a similarity coefficient of 0.68. The narrow genetic diversity be-
tween the G. hirsutum is a result of only a few underlying parents being used in modern 
cotton breeding.
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Validation of cross-species transferability of EST-SST markers

There have been a few reports of studies in cotton (Guo et al., 2006; Yu et al., 2008) 
and many reports in other plants (Eujayl et al., 2004; Saha et al., 2004; Feng et al., 2009; 
Choudhary et al., 2009) examining cross-species transferability using EST-SSR markers.

In our research, the high cross-species transferability of EST-SSRs from the salt-
tolerant ESTs may imply that there are some common genes related to salt tolerance in dif-
ferent cotton genomes. Sequence alignment analysis of amplified fragments from NTU060 
and NTU121 loci revealed that the primer binding regions were highly conserved except for 
some minor indels or base substitutions, and that microsatellite repeats were present at all 
loci within all of the 10 accessions (Figure 2). Consequently, DNA sequencing showed that 
the high transferability can be attributed to a higher level conservation in the flanking regions 
among these Gossypium species. As indicated by Pang et al. (2006), different cotton species 
had significant differences in salt tolerance, and G. arboreum contributed to salt tolerance 
more than other cotton species. Different salt-tolerant phenotypes may be the manifestation of 
complex mutational events involving indels or base substitutions in SSR regions. It is interest-
ing that some point mutations were found between salt-tolerant G. hirsutum L. cv. CCRI35 
and salt-sensitive G. hirsutum L. cv. CCRI12 (Figure 2). For amplification products of the 
primer NTU121, a transition of A to G was observed in the flanking sequences. For amplifica-
tion products of the primer NTU060, besides the transition of A to G, a transition of C to T and 
a deletion of G were observed. It is reasonable to suppose that these variations in EST-SSR 
regions may have regulatory functions during salt tolerance or may even be critical genetic 
factors in the salt tolerance process.

As shown in Figure 2, the flanking regions of SSR loci changed whereas the number 
of repeats remained unchanged between the different species. Previous research showed that 
the variations in the sequences are mainly due to the variation in the number of repeat motifs 
in the SSR region combined with insertions and base substitutions (Gutierrez et al., 2005; 
Feng et al., 2009; Choudhary et al., 2009). In our study, point mutations, insertions, and dele-
tions were found only in flanking regions, suggesting the presence of evolutionary constraints 
within transcribed regions that limit the mutational events and increase sequence similarity.

EST-SSR markers are very useful in characterizing species relationships and in the 
introgression and search for desirable alleles from wild germplasm pools in Gossypium, which 
may be employed due to their high cross-species transferability. The transferability between 
these different species presented here can increase the efficiency of transferring genetic infor-
mation across species by the molecular tagging of important genes, especially salt-tolerance 
genes using the EST-SSR markers.
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