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Abstract. Improvement of cotton fibre yield and quality is challenging due to the narrow genetic base of modern cotton cultivars,
which emphasizes the great need to effectively explore the existing germplasm resources. With major objective to assess the genetic
diversity and population structure at DNA level, 302 elite upland cotton germplasm accessions (253 Chinese and 49 different exotic
origins), were genotyped using 198 simple sequence repeats (SSRs) markers. Each of the 198 markers differed greatly in its ability to
detect variations in the panel of cotton germplasm. The SSRs amplified 897 alleles, of which 77.7% were polymorphic. The number of
alleles varied from 2 to 12 (mean 4.53). Gene diversity ranged from 0.020 to 0.492 with a mean of 0.279. The polymorphic information
content (PIC) values ranged from 0.371 to 0.019 (mean 0.225). Genetic distances in the whole cotton germplasm ranged from 0.451 to
0.052 (mean 0.270), demonstrating relatively wider genetic diversity range. Chinese-origin cotton germplasm showed the highest level
of SSR polymorphisms (gene diversity = 0.268, PIC = 0.218), whereas American-origin revealed the highest mean genetic distance
(0.274). Model-based Bayesian analysis clustered the whole cotton germplasm into three subpopulations, and the highest molecular
variation ws revealed between subpopulations (4%, P<0.001). The SSRs revealed moderate level of genetic diversity at DNA level,
identified three structured subpopulations, suggesting a potential use of these markers for genomewide association mapping studies
and for identifying and conserving useful alleles in upland cotton germplasm.
Keywords. genetic diversity; population structure; simple sequence repeats; upland cotton; Gossypium hirsutum.

Introduction
Among the four species of cotton grown as the principal source of natural fibre worldwide, Gossypium hirsutum
L. (upland cotton) accounts for ∼90% of cultivation, followed by G. barbadense L. (accounting for ∼8%), whereas
G. herbaceum L. and G. arboretum L. together provide
∼2% of the world’s cotton production as discussed elsewhere (Zhang et al. 2008; Abdurakhmonov et al. 2012).
Because of its significant economic benefits, such as highyield and agroecological adaptability, worldwide cotton
breeding programmes have focussed on improving upland
cotton.

Sustainable crop improvement requires diverse plant
genetic resources that enable breeders to create novel gene
combinations and select crop varieties more suited to the
needs of varied agricultural systems (Glaszmann et al.
2010). These resources may extend from commercial cultivars to wild or exotic species (McCarty et al. 2006). In
China, more than 8800 cotton germplasm accessions are
collected, developed and maintained, of which ∼83% were
G. hirsutum Campbell et al. 2010; Du et al. 2012; Jia et al.
2014a).
However, the narrow genetic base of upland cotton
genotypes remains a constraint in breeding programmes
worldwide (Paterson et al. 2004; Abdurakhmonov et al.
2012), including China (Chen and Du 2006). In upland
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cotton, the narrow genetic base accounts for the extensive
use of closely related genotypes in breeding programmes
(Wendel et al. 1992; Esbroeck et al. 1999) or a ‘genetic
bottleneck’ in historic crop domestication, which selected
a few genotypes (Iqbal et al. 2001). In general, the genetic
distances reported for upland cotton from various studies was in the range of 0.01–0.28 (Abdurakhmonov 2012),
indicating a genetic ‘bottleneck’ during the domestication
of elite cultivars. There were remarkable debates, however, the decline in genetic base of upland cotton can
partly account for the lack of innovative tools to effectively exploit the genetic diversity of Gossypium species
(Abdurakhmonov et al. 2012). The most effective use of
genetic diversity in Gossypium species requires modern
genomics technologies that help to reveal the molecular basis of genetic variations of agronomic importance
(Abdurakhmonov 2007; Chen et al. 2007).
Several DNA marker systems were developed and
applied to assess the genetic diversity in various crop
species, including cotton. These are the restriction fragment length polymorphism (Ulloa et al. 2005), random
amplified polymorphic DNA (Mumtaz et al. 2010; Sapkal et al. 2011), amplified fragment length polymorphism
(Rana et al. 2005; Badigannavar et al. 2012), intersimple sequence repeats (ISSR; Noormohammadi et al. 2011)
and simple sequence repeats (SSRs; Chen and Du 2006;
Abdurakhmonov et al. 2009; Cai et al. 2014; Jia et al.
2014b; Tyagi et al. 2014; Zhao et al. 2014). SSRs are
powerful genetic markers applicable to plant breeding programmes (Gupta and Varshney 2000), since they are the
most abundant throughout most plant genomes, easy to
use, multiallelic and highly polymorphic. The multiallelic
nature of SSRs is because of the wide variation in the number of repeats of SSR motif, generating polymorphisms
according to the size of the fragments amplified by specific
primers to the flanking regions (Morgante and Olivieri
1993). The loci of these markers are also highly reproducible across species, especially within a genus (Saha et al.
2004). As a result, SSRs are used in a wide range of studies,
such as genetic diversity, cultivar fingerprinting, molecular mapping and marker-assisted selection in crop plants
(Reddy et al. 2001; Zhang et al. 2008).
Accordingly, a diverse set of SSR markers distributed
across 26 chromosomes (AD genome) were used in the
present study to assess the molecular genetic variations and
population structure in the elite upland cotton germplasm.

Materials and methods
Plant materials

A total of 302 elite upland cotton germplasm obtained
from the Institute of Cotton Research, Chinese Academy
of Agricultural Sciences (ICR, CAAS) germplasm banks
were used for this study. The cotton genotypes were

selected on the basis of phenotypic expression of important agronomic and fibre-quality traits, such as fibre yield,
boll number and size, maturity, fibre quality and stress
tolerance (Du et al. 2007). Based on geographic origins,
the whole cotton germplasm was grouped into Chineseorigin (253, 83.8%), American-origin (25, 8.3%) and
other country-origin (24, 7.9%) populations. The detailed
descriptions of the 302 elite upland cotton germplasm is
provided in table 1 of electronic supplementary material at
http://www.ias.ac.in/jgenet/.

Genomic DNA extraction and SSR genotyping

Genomic DNAs were extracted from the leaves of each
cotton genotype using the cetyl trimethyl ammonium bromide (CTAB) method described by Zhang and Stewart
(2000). In the field, 2–3 young and fully expanded leaves
were randomly collected from five seedlings of each cotton
genotype. All sample leaves were stored at −70◦ C. During
genomic DNA extractions, sample leaves were freeze-dried
in liquid nitrogen. The quality of the genomic DNA extraction was checked using 1% agarose gel electrophoresis.
A total of 198 core SSR markers selected previously
(Pan et al. 2008) were tested across the 302 cotton genotypes, which include 13 BNL, 2 CIR, 1 CM, 14 DPL, 9
GH, 25 HAU, 7 JESPR, 3 MGHES, 2 MUCS, 4 MUSS,
100 NAU, 3 STV and 15 TMB. The primer sequences
for the SSR markers were obtained from the publicly
available CottonGene (http://www.cottongene.org) and
Cotton Marker (http://www.cottonmarker.org) databases.
The selected 198 SSR markers are distributed across the 26
chromosomes (AD genome) of upland cotton with a mean
of 7.6 markers per each chromosome (table 2 of electronic
supplementary material.
The PCR solution preparation, PCR amplification and
gel electrophoresis were performed as described by Zhang
and Stewart (2000). The PCR amplification reaction was
run in a total volume of 10 μL (1.0 μL 10× PCR buffer, 0.2
μL dNTP, 0.2 μL Taq DNA polymerase, 0.65 μL forward
primer, 0.65 μL reverse primer, 6.1 μL double distilled
H2 O and 1.2 μL DNA (50 ng μL−1 )). The PCR amplification was run using a Thermal Cycler (MJ Research,
Waltham, USA) with an initial denaturation at 95◦ C for 3
min, 30 cycles of denaturation at 94◦ C for 30 s, annealing
at 57◦ C for 50 s and an extension at 72◦ C for 50 s, followed
by a final extension at 72◦ C for 7 min and it was saved
at 4◦ C. PCR amplification products were separated by gel
electrophoresis using 8% PAGE with a 1× TBE electrolyte
solution. Electrophoresis was carried out using a doublesided vertical gel casting apparatus (HTJY, China) with a
capacity of 96 comb lanes. A standard 50-bp DNA ladder
was used as a reference to determine the size of amplified
DNA bands. The gels were stained with silver solution
to easily identify polymorphisms. The visualization and
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recording of DNA bands were performed manually using
a UV light board.
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Results
Genetic diversity and phylogeny in panel genotypes

Genetic diversity analysis

From each SSR marker locus, amplified alleles with
clear band separations were scored manually as either ‘1’
(present) or ‘0’ (absent) as binary characters. In each SSR
marker, the patterns of amplified alleles were denoted by
letter codes as A, B, C and so on. Genetic diversity was
assessed for each SSR locus across all cotton germplasms
based on the estimated number of alleles, number of polymorphic alleles, per cent polymorphism, gene diversity
(Nei 1972) and polymorphic information content (PIC;
Botstein et al. 1980) using PowerMarker ver. 3.25 (Liu
and Muse 2005). Genetic distances (Nei et al. 1983) were
calculated, and a phylogenic tree was constructed from
a distance matrix using the neighbour-joining (NJ) algorithm as provided in PowerMarker ver. 3.25 (Liu and Muse
2005). The results of molecular phylogenic analyses were
viewed and edited using MEGA ver. 6.0 (Tamura et al.
2013).
Population structure and differentiation

The genetic structure of the whole germplasm was
analysed using model-based Bayesian (MBB) analysis
provided in Structure ver. 2.3 (Pritchard et al. 2010).
To infer the number of subpopulations (Q-matrix), an
admixture model and correlated allele frequencies between
populations were applied as per Falush et al. (2003). Structure was run under 10,000 burn-ins and 100,000 Markov
chain Monte Carlo iterations after the burn-ins. A fiverepetitions of Structure were run by fixing the number of
populations (K ) from 1 to 10. An average likelihood value,
L(K ), was calculated for each K across all runs. The number of populations was determined as per Evanno et al.
(2005) by estimating K , an ad hoc quantity based on
the second order change of the log probability of data
with respect to the number of populations inferred by the
Structure software. The uppermost likelihood of K was
taken to represent the optimal value of K and clustered
the cotton germplasm into different populations. Cotton
genotypes were assigned to three different subpopulations
based on the maximum probability of membership and a
threshold probability of membership (≥0.50) as inferred
by the MBB analysis.
The genetic variances among MBB and geographic
origin-based (GOB) populations were partitioned by an
analysis of molecular variance (AMOVA) using GenALEX
ver. 6.5 (Peakall and Smouse 2012). To determine the patterns of genetic differentiation and relationships among
populations, a principal coordinate analysis (PCoA) was
analysed using GenALEX ver. 6.5 (Peakall and Smouse
2012).

Analysis results for SSR polymorphisms are shown in
table 3 in electronic supplementary material. A total of
897 alleles were detected using the 198 SSR markers across
302 upland cotton genotypes. Of the 897 amplified alleles, 697 (77.7%) were polymorphic. The number of alleles
ranged from 2 to 12 with a mean of 4.53. Large numbers of SSR markers (156, 78.8%) detected 3–6 alleles.
Gene diversity ranged from 0.020 to 0.492 with a mean of
0.279. NAU2862, STV69 and DPL212 recorded the highest genetic diversity, whereas GH354, DPL46, NAU2721
and NAU899 had the lowest. The PIC values for the 198
SSR markers varied from 0.371 to 0.019 with a mean of
0.225. The highest PIC values were recorded in NAU1103,
DPL212, STV69 and NAU2862, whereas the lowest were
in NAU899, NAU2721, DPL46 and GH354. The study
further indicated that among the 198 SSR markers, 108
(54.5%) had PIC values <0.25, whereas the remaining 90
(45.5%) fell within the range of 0.25–0.371.
A phylogenic tree constructed for the whole germplasm
population identified three major clusters, C-I, C-II and
C-III consisting of 74, 159 and 69 genotypes, respectively
(figure 1). Among the three major clusters, the largest number of genotypes (table 1) was grouped in C-II, including
120 from China and 39 exotic (mainly from USA, Australia
and Africa). This cluster also contained cotton genotypes
collected from varied geographic origins with a diverse
fibre yield, fibre quality and stress-tolerant characteristics
(Mulugeta 2015).
The NJ analysis of the whole germplasm showed that
genetic distances ranged from 0.451 to 0.052 with a mean
of 0.270 (table 2), demonstrating relatively wider genetic
diversity ranges. The highest genetic distance was recorded
between Lu Mian 2 and Xin Lu Zao 7, whereas the lowest
was noted between Yin Mian 1 and Handan 109.

Genetic diversity in GOB populations

The molecular diversity assessment results for the GOB
populations revealed that the highest level of polymorphisms was detected in Chinese-origin (polymorphic alleles = 3.5 per SSR marker, gene diversity = 0.268 and
PIC = 0.218), followed by other country-origin and
American-origin germplasm populations (table 3). A very
low SSR polymorphism differences were recorded between
American-origin (gene diversity = 0.262, PIC = 0.212) and
other country-origin (gene diversity = 0.263, PIC = 0.212)
populations. The highest mean genetic distance was noted
for American-origin (2.274), followed by other countryorigin (0.271) and Chinese-origin (0.268) germplasms. The
result revealed that the introduced genotypes had higher
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Figure 1. DBNJ tree in a panel of 302 upland cotton (G. hirsutum) germplasm accessions. Three major clusters (C-I, C-II, C-III)
were identified comprised of 74 (acc. no. 4–24), 159 (acc. no. 256–268), and 69 (acc. no. 301–175) germplasm in a clockwise direction,
respectively. The coloured symbols denote geographic origins of each germplasm accession: China (red), America (green), Australia (blue), Africa (pink), Russia (black), Turkmenistan (light blue-diamond), Uzbekistan (light blue-triangle), and Vietnam (light
blue-square).

genetic distances than those from China, but the latter had
the widest range.
Structure analysis in MBB subpopulations

The population structure analysis revealed that the highest number of populations occurred at K =3, suggesting
that the whole germplasm could be grouped into three

subpopulations (figure 2). The maximum probability of
membership in the three MBB subpopulations (P-I, P-II
and P-III) is indicated in table 1 of electronic supplementary material. A total of 127 genotypes were assigned to
P-I with probabilities ranging from 0.353 to 0.978. P-II
contained 83 genotypes with probabilities ranging from
0.356 to 0.910. The P-III group consisted of 92 genotypes with probabilities ranging from 0.358 to 0.912. Based
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Table 1. Distribution of a panel of 302 upland cotton (G. hirsutum) germplasm accessions by geographic origins among different
populations inferred by DBNJ and MBB structure analyses.
DBNJ

MBB

Geographic origins

C-I

C-II

C-III

Total

P-I

P-II

P-III

Total

China
Exotic
Australia
Burundi
Chad
Ivory Coast
Kenya
Pakistan
Russia
Sudan
Turkmenistan
Uganda
USA
Uzbekistan
Vietnam
Total (exotic)
Total

68

120

65

253

113

63

77

253

1

8
1
2
1
1
1
1
1
1
1
19
1
1
39
159

9
1
2
1
1
1
4
1
1
1
25
1
1
49
302

3

2
1
1
1
1

4

2

1
1

9
1
2
1
1
1
4
1
1
1
25
1
1
49
302

5
6
74

3

1
4
69

1
1
1
1

1
9
1
1
20
83

7
14
127

9
15
92

Table 2. Genetic distance estimates within panel, MBB and geographic-origin based GOB populations of upland cotton (G. hirsutum) germplasm accessions.

Genetic distance

Panel

China

GOB
America

Other

P-I

MBB
P-II

P-III

Maximum
Minimum
Mean

0.451
0.052
0.270

0.451
0.052
0.268

0.350
0.177
0.274

0.363
0.184
0.271

0.366
0.052
0.241

0.373
0.111
0.270

0.391
0.153
0.276

Table 3. Genetic diversity within MBB and GOB populations of upland cotton (G. hirsutum) germplasm accessions.
Population
GOB
China
America
Other
Mean
SD
MBB
P-I
P-II
P-III
Mean
SD

NG

NPA

NPA M−1

%Pol

MAF

GDiv

PIC

253
25
24

693
586
566
615

3.5
2.9
2.8
3.1

99.4
84.1
81.2
88.2
5.7

0.804
0.809
0.804
0.806
0.153

0.268
0.262
0.263
0.264
0.004

0.218
0.212
0.212
0.214
0.133

127
83
92

656
642
670
656

3.31
3.23
3.38
3.31

94.12
92.11
96.13
94.12
1.160

0.824
0.802
0.796
0.807
0.150

0.242
0.270
0.277
0.263
0.007

0.197
0.219
0.224
0.213
0.128

NGP , number of genotypes; NPA , number of polymorphic alleles; NPA M−1 , number of polymorphic alleles per marker; %Pol, per
cent polymorphism; MAF, major allele frequency; GDiv, gene diversity; PIC, polymorphic information content.
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Figure 2. Q-plot showing model-based Bayesian (MBB) structure clustering for a panel of 302 upland cotton (G. hirsutum) germplasm
accessions. The coloured subsection within each vertical bar (from top to bottom) indicates membership coefficient (Q) of the
germplasm and the three inferred populations: P-I, red; P-II, green; P-III, blue.
Table 4. Analysis of molecular variance (AMOVA) among and within GOB and MBB populations of upland cotton
(G. hirsutum) germplasm accessions.
Source of variation
GOB
Among populations
Within populations
Total
MBB
Among populations
Within populations
Total

df

Sum of square

Mean square

Variance component

Percentage of variation

P value

2
299
301

294.034
28753.463
29047.497

147.017
96.165

1.182
96.165
97.347

1.0
99.0
100.0

<0.003
<0.003

2
299
301

1018.425
28029.072
29047.497

509.212
93.743

4.202
93.743
97.945

4.0
96.0
100.0

<0.001
<0.001

on the threshold probability of membership (≥50%), 223
(73.8%) of genotypes were grouped into the three subpopulations, whereas the remaining 79 (26.2%) were considered
to have admixed parentage from more than one population.
The Chinese and exotic cotton genotypes grouped in
the MBB subpopulations are indicated in table 1. Based
on the maximum probability of membership identified in
each MBB subpopulation, P-I consisted of 113 Chinese
and 14 exotic (seven America, three Australia, one Chad,
one Pakistan, one Russia and one Turkmenistan) genotypes. The P-II population was composed of 63 Chinese
and 20 exotic (nine America, two Australia, two Russia,
one Burundi, one Chad, one Ivory Coast, one Kenya, one
Uganda, one Uzbekistan and one Vietnam) genotypes.
The P-III subpopulation contained 77 Chinese and 15
exotic (nine America, four Australia, one Russia and one
Sudan) genotypes. The MBB clustering corroborated the
pedigree information, other than geographic origin.

Genetic diversity and differentiation in MBB subpopulations

Analysis results for the MBB subpopulations indicated
that P-III had the highest number of SSR polymorphisms
among the parameters studied (polymorphic alleles = 3.38
per SSR marker, gene diversity = 0.277 and PIC = 0.224),
followed by P-II and P-I (table 3). The lowest level of
SSR polymorphisms was detected in P-I, even though
the largest number of genotypes (42.1%) were found in

this population. A higher level of polymorphisms revealed
in P-III could be related to the large number of recently
developed innovative and interspecific crosses of cotton
genotypes clustered in this population (Mulugeta 2015).
The NJ analysis of MBB subpopulations showed that
the genetic distances (table 2) for P-I ranged from 0.366 to
0.052 with a mean of 0.241. For P-II, the genetic distances
ranged from 0.373 to 0.111 with a mean of 0.270, and for
P-III, the genetic distances ranged from 0.391 to 0.153 with
a mean of 0.276. Among the MBB subpopulations, P-II
showed the highest mean genetic distance and P-I had the
lowest, however, the latter also revealed the widest range
of genetic variations.
The AMOVA results are shown in table 4. The results
indicated that 4% (P<0.001) of the total molecular variation accounted for the differences between MBB populations. The remaining 96% (P<0.001) was owing to
differences within populations, suggesting a high level of
differentiation. Although the larger portions of genetic
variances in the cotton genotype were attributed to
those within populations, the smaller variations detected
between inferred populations were significant, demonstrating the existence of a population structure. The lowest
level of total molecular variations (1%, P<0.003) was
detected between GOB populations.
A two-dimensional PCoA was carried out to further
study the genetic differences and relationships among
MBB and GOB populations (figure 3, a&b). The results
showed that the cumulative percentages of variations
explained by the first two and three axes were 5.82 and
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Figure 3. A two-dimensional PCoA of upland cotton (G. hirsutum) germplasm populations. (a) MBB subpopulations; the coloured
symbols denote the three populations: P-I, red (127); P-II, green (83); P-III, blue (92). (b) MBB subpopulations; the coloured symbols
denote origin of the three populations: red (China origin), green (America-origin), and blue (other-country origin).

8.29%, respectively. The PCoA scatter plot illustrated
that compared with GOB subpopulations, each cotton
genotype in the MBB was separately assembled in their
respective groups (figure 3a), demonstrating the presence
of a population structure within upland cotton genotypes.
However, admixed cotton genotypes overlapped and were
located between the three subpopulations.

Discussion
The availability of diverse upland cotton genetic resources
is vital in providing an abundant and sustainable supply of
allelic variations to the various improvement programmes.
In addition, an efficient evaluation of the genetic resources
using molecular markers will help to decrease redundancy
and to construct a core germplasm collection that can be
used to identify and conserve useful traits and diversify the
narrow genetic base, which is currently hindering cotton
productivity.
In this study, each of the 198 SSR markers differed
greatly in its ability to detect variations in the panel of
cotton genotypes. The wider allelic variations obtained
may be attributed to (i) the large and diverse set of upland
cotton genotypes from various geographic origins, representing the maximum genetic spectrum, and (ii) the large
and diverse SSR marker type that covered the 26 chromosomes (AD genome) of upland cotton. According to
Lacape et al. (2007), the number of alleles amplified per
marker depends upon the selection of markers, the type of
genotypes under investigation, and the methods used for
the resolution of amplified products.
The mean allele number generated in the present study
was comparable with the results reported by Abdurakhmonov et al. (2008) and Campbell et al. (2009). In
contrast to results reported previously (Jia et al. 2014b;
Tyagi et al. 2014), the present study revealed a significant
level of SSR polymorphisms among the cotton genotypes.
Zhao et al. (2015) reported the lowest allele number (mean
2.26, range 2–5), which could be attributed to the type and
number of cotton genotypes and SSR markers used in the

investigation. However, other studies showed higher allele
numbers per SSR marker, 5.6 (Lacape et al. 2007), 5.08
(Zhang et al. 2011) and 6.9 (Moiana et al. 2012), notably
in the semi-wild and wild races of Gossypium cotton.
The degree of SSR marker polymorphism is commonly
measured using PIC values (Botstein et al. 1980; Gupta
and Varshney 2000; Shete et al. 2000). According to
Botstein et al. (1980), the informativeness or discriminatory power of the SSR markers can be defined as being
high for PIC >0.50, moderate for PIC values ranging
from 0.25–0.50 and low or slightly informative for PIC
<0.25. Accordingly, the present investigation revealed that
the 198 SSR markers tested across 302 cotton genotypes
were slightly (54.5%) and moderately (45.5%) informative.
Therefore, the current results obtained from the PIC value
analysis suggested the narrow genetic base of upland cotton genotypes existed due to the genetic bottleneck effect
of domestication emanating from a small founder population and strong selection pressure (Tanksley and McCouch
1997; Iqbal et al. 2001).
The narrow genetic base of upland cotton sources was
well-documented in various studies (Chen and Du 2006;
Abdurakhmonov et al. 2008; Campbell et al. 2009; Tyagi
et al. 2014). This indicates that a genetic bottleneck preceded the development of the modern upland cultivars,
and initial domestication events were accompanied by
a significant reduction in genetic diversity, which was
only intensified by the current worldwide breeding strategies (Rungis et al. 2005). Most upland cotton cultivars
developed in China were derived from a few genotypes
introduced from overseas, and hence they might have a
narrow genetic base (Chen and Du 2006; Du et al. 2007),
although diversity is still evident among derived cultivars
achieved using various breeding methods.
The molecular diversity assessment for GOB upland
cotton (253 of Chinese, 25 of American and 24 of other
country origins) populations revealed that the highest level
of polymorphisms was detected in the populations from
China, followed by those from the America, and then those
from other countries (Australia, Burundi, Chad, Ivory
Coast, Kenya, Pakistan, Russia, Sudan, Turkmenistan,
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Uganda, Uzbekistan and Vietnam). The high level of SSR
polymorphisms detected in the Chinese cotton genotypes
may be because (i) this group comprised the largest proportion (83.8%) of the genotypes assembled from various
geographic origins of China, and (ii) elite genotypes representing the maximum genetic variations existed in the
Chinese upland cotton gene pool. In contrast to the present
results, Zhao et al. (2015) reported the highest genetic
diversity for cotton genotypes from the America, followed
by China and then, other countries. Similarly, a study
conducted using upland cotton source genotypes (mainly
Chinese and America origins) revealed that introduced
genotypes had higher genetic diversity than domestic
source genotypes (Chen and Du 2006). This could substantiate the notion that most upland cotton genotypes used
in the early cotton breeding programmes across the globe,
including China, were derived from the America (Iqbal
et al. 2001), resulting in the USA-based cultivars preserving a higher level of polymorphisms as compared to cotton
genotypes originating in other countries. The discrepancies between the present and previous study results could
be related to the type and number of cotton genotypes
and SSR markers used. Innovative breeding methods and
technologies, notably atomic energy mutagenesis, may also
enhance the effective use of the existing genetic resources.
Thus, various innovative upland cotton cultivars (∼12.6%
of the 302 genotypes) with diverse traits related to high
yield, fibre quality and tolerance to biotic and abiotic
stresses were developed in China and contribute to broadening the genetic base of modern cultivars (Mulugeta
2015). Although the genetic base of cultivated upland cotton seems to be narrow, the most effective use of genetic
diversity of Gossypium species requires modern genomics
technologies to reveal the molecular basis of genetic variations of agronomic importance (Abdurakhmonov 2007;
Chen et al. 2007).
Understanding the population structure and relationships among the elite upland cotton genotypes is critical
for the conservation, characterization and improvement
of cotton. The present MBB analysis result was similar
to a structure analysis of Chinese origin and introduced
upland cotton genotypes, which were grouped into three
populations (Jia et al. 2014b). However, the MBB structure analysis clustered upland cotton genotypes of Chinese
origin into two main populations (Mei et al. 2013) and the
USA upland cotton genotypes into five (Tyagi et al. 2014)
main populations. These variations might be related to the
type of cotton genotypes, and/or the domestication and
breeding history of upland cotton in a specific geographic
region.
A number of studies used different levels for probability of membership to determine genetic admixture:
50% (Jia et al. 2014b), 60% (Zhao et al. 2014) and 70%
(Tyagi et al. 2014). The presence of an admixture may
result from several events, such as gene flow between genotypes, domestication history, genetic materials sharing and

the frequent appearance of superior genotypes in various breeding programmes. Because China is not a native
cotton-growing area, a large number of Gossypium genotypes, such as DPL, Foster, King, STV, Trice and Uganda,
which were widely used as founding genetic sources for the
upland cotton varieties grown in China, were introduced
from a range of overseas sources for varietal improvement
(Chen and Du 2006; Du et al. 2007; Jia et al. 2014a).
In cotton breeding programmes of the USA, Esbroeck
and Bowman (1998) confirmed that of the 668 cotton
germplasm lines registered in Crop Science from 1972 to
1996, only four appeared in the pedigrees of successful cultivars.
The MBB clustering of whole germplasm was incongruent with geographic origins because none of the GOB
populations was separately located in the three MBB subpopulations. Three of the MBB subpopulations contained
cotton genotypes from China, USA, and other countries,
which indicated gene flow, genetic material exchange and
domestication among genotypes with different geographic
origins. Likewise, in the Chinese and introduced upland
cotton genotypes, Zhao et al. (2015) did not observe a good
relationship between MBB and GOB populations. However, studies indicated that clustering based on molecular
markers was largely related to the areas of origin. Tyagi
et al. (2014) reported that MBB clustering in the USA
upland cotton was incompliance with major cotton growing regions, where the germplasms were believed to have
originated. Similarly, SSR genotyping and MBB analyses of upland cotton inbred lines from Africa, USA and
Brazil revealed strong relationships between the genetic
makeup of cultivars and their country of origin (Moiana
et al. 2012).
The genetic differentiation and relationships among
inferred and GOB populations verified in the AMOVA.
The highest variation was noted between MBB populations. This was further supported by a PCoA scatter
plot. The results indicated the presence of a population
structure in the panel genotypes. Earlier studies revealed
differing molecular variation results among and within
cotton genotype populations. In the exotic upland cotton,
Abdurakhmonov et al. (2008) reported 3.27% between and
96% within populations. Molecular variation was 34.16%
between and 65.84% within the USA upland cotton collected from the major cotton growing regions (Tyagi et al.
2014). In a similar study, Zhao et al. (2015) revealed
that the low differentiation levels observed between populations of Chinese and introduced cotton genotypes
may reflect the evolutionary and domestication histories
of cultivated upland cotton. The small molecular variations detected between the MBB subpopulations, however,
might indicate the suitability of the panel cotton genotypes
for a further marker–trait association study. Flint-Garcia
et al. (2005) stated that in a genomewide association mapping study, the power of structure-based associations to
detect the effects of single genes would be reduced if a

SSR revealed genetic diversity and population structure in upland cotton

large fraction of the variation was explained by population structure.
In conclusion, in this study, 302 elite upland cotton
germplasm accessions (253 Chinese and 49 exotic origins)
were evaluated using 198 genomic SSR markers, which
revealed moderate level of genetic diversity at the DNA
level across all cotton germplasm accessions. Each of the
198 SSR markers differed greatly in its ability to detect
variations in the panel of cotton germplasm. Among these
SSR markers, which showed PIC >0.25 may be selected
and used for genotyping cotton genotypes alone or in combination with other previously developed high-throughput
marker technologies. At molecular level, the genetic diversity revealed is of enormous value for conservation of
useful alleles and efficient use in varietal improvement
programmes of upland cotton. The MBB structure clustering proved to be powerful over distance-based NJ
(DBNJ) for dissecting the genetic components of each
germplasm accession, assigning them to different subpopulations and identifying admixed germplasm accessions.
The SSR markers discriminated the whole panel of upland
cotton germplasm into three genetically distinct subpopulations, suggesting a potential use of these markers for
genetic dissection of complex quantitative traits and association mapping studies.
Since the present study emphasized mainly on domestic
upland cotton germplasm accessions and on limited number of genomic SSR markers, availability of the required
polymorphism, widening of the genetic base of elite
upland cotton genotypes and efficient utilization of genetic
resources in future improvement programmes entails consideration of large-scale genotyping with high-throughput
marker technologies, such as SNP and assessment of
germplasm collected from various source of origin representing the gene pool, is very essential. The information
generated from the current study shall provide the scientific
grounds to identify and conserve useful alleles and diversify the genetic base of upland cotton cultivars at various
levels.
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