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Abstract. Gossypium species represent a vast re-
source of genetic multiplicity for the improvement
of cultivated cotton. To determine genetic diversity
and relationships within a diverse collection of
Gossypium, we employed 120 SSR primers on 20
diploid species representing seven basic genome
groups of the genus Gossypium, five AD allotetra-
ploid cotton accessions while T. populnea served as
an outgroup species. Out of 120 SSR primers, 49
pairs are polymorphic, which produced a total of
99 distinct alleles with an average of 2.0 alleles per
primer pair. A total of 1139 major SSR bands were
observed. Genetic similarities among all the diploid
species ranged from 0.582 (between G. herbaceum
and G. trilobum) up to 0.969 (between G. arboreum
and G. herbaceum). Phylogenetic trees based on
genetic similarities were consistent with known
taxonomic relationships. The results also indicated
that G. raimondii is the closest living relative of the
ancestral D-genome donor of tetraploid species and
the A-genome donor is much similar to the present-
day G. herbaceum and G. arboreum. Ancient
tetraploid cotton species were formed by hybridiz-
ing and chromosome doubling between them, then
different tetraploid cotton species appeared by
further geographical and genetic isolation and

separating differentiation. The results showed that
SSRs could be an ideal means for the identification
of the genetic diversity and relationship of cotton
resources at the genomic level.
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Introduction

The genus ‘Gossypium’ comprises about 50
species including the world’s most important
fiber crop. It ranges from shrubs to small trees
in arid regions spreading throughout the
tropics and subtropics (Wendel 1995). Mostly
it has diploid species (2n=26), but the five
species coming from the Western Hemisphere
are classic genomic allopolyploids (‘AD-gen-
ome’, 2n=52), which is the result of hybrid-
ization between two diploid species (‘A-gen-
ome’ and ‘D-genome’), possibly in the mid-
Pleistocene (Wendel 1989, Seelanan et al. 1997,
Cronn et al. 2002, Senchina et al. 2003). Since
their parental genome groups exist in diploid
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form in different hemispheres, the question
‘‘how and when allopolyploid cotton formed’’
has stimulated discussion for more than
50 years. According to some authors, Gossy-
pium had an ancient, perhaps Cretaceous
origin, due to its global distribution and high
level of cytogenetic and morphological diver-
sity. However, others suggest the origin of
allopolyploids in agricultural times, thus pre-
senting a scenario that involved human trans-
fer of an African or Asiatic A-genome cultigen
to the New World, followed by deliberate or
accidental hybridization with a wild D-genome
species (reviewed by Senchina et al. 2003).

Four different species have been indepen-
dently domesticated at different times in human
history, including the New World allopoly-
ploids,G. hirsutumL. andG. barbadenseL., and
the OldWorld diploids,G. herbaceum L. andG.
arboreum L. (Brubaker et al. 1999). These
species provide most of the world’s textile fiber
and are important sources of oil and cotton seed
meal (Pillay and Myers 1999). But currently,
over 90% of the world’s cotton derives from G.
hirsutum, while G. barbadense produces most of
the remaining commercial cotton.

Research on genetic diversity and phyloge-
netic relationships among cultivated and wild
cotton species is necessary for better under-
standing of cotton evolution. In addition,
molecular characterization of germplasm aids
plant breeders in selecting appropriatematerials
for further genetic improvement of cultivars.

Molecular markers have been widely used
in genetic analyses, breeding and investigations
of genetic diversity and the relationship
between cultivated and wild species because
they have several advantages over other mor-
phological markers, including high polymor-
phism and independence from effects related to
environmental conditions and the physiologi-
cal stage of the plant.

The utilities of comparative morphology
(Fryxell 1979, 1992), intercross fertility and
cytology (Endrizzi et al. 1985), allozymes
(Wendel et al. 1992), RFLP (Wendel and
Brubaker 1993), RAPD (Multani and Lyon
1995, Tatineni et al. 1996, Iqbal et al. 1997, Lu

and Myers 2002), AFLP (Pillay and Myers
1999, Abdalla et al. 2001) and other molecular
markers (Wendel and Albert 1992; Cronn et al.
1996, 2002) have all been used successfully in
genetic diversity analyses in cotton species. In
spite of the success of these methods, the level
of polymorphism detectable is low, with allo-
zymes and RFLP markers having particularly
low intra- and inter-specific polymorphism,
and these types of markers tend not to be
efficient when applied to the genotyping of
large germplasm collections (Liu et al. 2000).

To date, although SSRs are well established
for human andmammalian genetics (Hanslik et
al. 2000, Kanthaswamy et al. 2001), these
markers have become available in plant species.
They have been used to investigate genetic
diversity in many plant species, including those
of maize (Taramino and Tingey 1996), soybean
(Morgante and Olivieri 1993), Brassica spp.
(Poulsen et al. 1993), rice (Davierwala et al.
2000), barley (Macaulay et al. 2001), pearlmillet
(Chowdari et al. 1998), Arabidopsis (Depeige et
al. 1995), tomato (Broun and Tanksley 1996),
conifers (Tsumura et al. 1997), sorghum (Dean
et al. 1999), wheat (Huang et al. 2002), spelt
(Bertin et al. 2001), wild emmer wheat (Fahima
et al. 2002),Elymus caninus (Sun et al. 2001) and
ryegrass (Jones et al. 2001). However, SSRs
have not been explored for the resolution of
phylogenetic relationships in Gossypium spp.

The present phylogenetic relationships of
the cotton genome groups was proposed by
Wendel and Cronn (2003) according to recent
molecular phylogenetic investigations, includ-
ing largely cpDNA restriction site variation,
and nucleotide sequence variation of a limited
number of selected chloroplast genes, nuclear
ribosomal DNA and low-copy nuclear genes
(Wendel and Albert 1992; Cronn et al. 1996,
2002). Nevertheless, several significant ques-
tions and/or uncertainties about their phylo-
geny need to be further investigated. This work
will provide evidence for the genetic diversity
of Gossypium and valuable information for
further conservation and cotton breeding pro-
grams. In addition, this work will elucidate the
possible A- and D- genome donor of extant
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tetraploid cotton species, and evaluate the
feasibility of SSR markers in resolving phylo-
genetic relationships of cotton germplasm.

Materials and methods

Plant materials. Twenty-five cotton accessions
including cultivated and wild (20 diploid and five
tetraploid cotton species) were evaluated in the
present study. One semi-wild G. hirsutum was also
used. In order to serve as an outgroup species,
Thespesia populnea was included as well. It was
chosen because of its known distant relationship to
the cotton species complex. The details of all
accessions are presented in Table 1.

DNA extraction. All the accessions were
grown in the greenhouse of Zhejiang University
for DNA isolation. Total genomic DNA was
extracted from fresh young leaves of each accession
using the CTAB method (Paterson et al. 1993).

DNA quality was evaluated by photospect-
rometry using the 260/280 nm absorbance ratio
method and by electrophoreses in 0.8% (w/v)
agarose gel. Its concentration was estimated at
260 nm and quantified by means of comparison
with DNA ladder of DL2000 (TaKaRa) ranging
from 100 to 2000 bp. The stock DNA samples were
stored at )20�C and working DNA samples
(containing 50 ng lL)1) at 4�C.

PCR amplification and SSR analysis. The
sequences of SSR primers were obtained from
Cotton DB database (http://algodon.tamu.edu/
htdocs2cotton/cot2tondb.html). They were synthe-

sized by the company of Shanghai biotechnology in
China.

DNA amplification was carried out in a volume
of 20lL containing 2lL 10� buffer, 1.6lL MgCl2
(25 mM), 0.2lL dNTPs (10 mM), 6lL template
DNA (50 ng lL�1), 2lL primers (2.5lM) (1lL of
forward and reverse primer each), 0.2lL Taq
polymerase (5 U/lL, Sangon), 8lL ddH2O.

The following PCR profile was used in a DNA
Mastercycler, Eppendorf, Germany. Initial dena-
turation at 94�C for 3 minutes followed by 35
cycles of denaturation at 94�C for 50 seconds,
annealing at 58�C for 50 seconds, extension at 72�C
for 2 minutes, followed by a final extension at 72�C
for 10 minutes and a 4�C hold.

In all cases, PCR reactions were performed at
least twice in order to ensure that absence was
natural and was not due to failed reaction.

Alleles were scored on the basis of the presence
or absence of amplified fragments. Each SSR
fragment was considered a different locus as it
corresponds to a unique position in the genome.

Electrophoresis. The PCR products were ana-
lyzed directly on 2.0% agarose gels in TBE buffer
at 5 V/cm. The DNA fragments were visualised by
staining with ethidium bromide and transillumina-
tion under UV light. A DNA ladder, labeled with
DL2000 (TaKaRa), ranging from 100 to 2000 bp,
was used to determine the size of the SSR
fragments.

Data analysis and cluster analysis. The effec-
tiveness of SSR markers in detecting polymorphism
in the analyzed Gossypium genotypes was evaluated
through trivial statistical parameters such as the

Table 1. Details of cotton accessions used in the present study

No Materials Genome No Materials Genome

1 G. arboreum A2 14 G. gossypioides D6

2 G. herbaceum A1 15 G. raimondii D5

3 G. africanum A1�2 16 G. aeysianum E3

4 G. capitis-viridis B3 17 G. somalense E2

5 G. anomalum B1 18 G. stocksii E1

6 G. sturtianum C1 19 G. longicalyx F
7 G. australe G 20 G. bickii G
8 G. nelsonii G 21 G. hirsutum (AD)1
9 G. aridum D4 22 G. barbadense (AD)2
10 G. thurberi D1 23 G. mustillinum (AD)4
11 G. klotzschianum D3�k 24 G. darwinii (AD)5
12 G. davidsonii D3�d 25 G. hirsutum (semi-wild) (AD)1
13 G. trilobum D9 26 T. populnea
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number of polymorphism primer pairs and poly-
morphism bands, average polymorphism per pri-
mer pair, similarity coefficients and so on.

The SSR reproducible fragments were classi-
fied as present (1) or absent (0), and were typed into
a computer file as a binary matrix, one for each
molecular marker. The similarity coefficient was
used to construct a dendrogram by the Unweighted
Pair Group Method with Arithmetic Averages
(UPGMA) according to Rohlf (1993). Clustering
analyses were performed using NTSYS-pc (version
2.02h) to calculate the genetic similarity matrices.

Results

SSR analysis. For the purpose of genetic
diversity studies, codominant SSR markers
are coded as binary data so as to match the
binary dominant data-set. In this study, the
SSR markers provided a powerful assay for
discriminating genetic diversity among cotton
accessions.

120 pairs of SSR primers were used for
amplication. From the profiles obtained, 49
pairs were polymorphic, which produced a total
of 99distinct alleleswith an average of 2.0 alleles
per primer pair. A total of 1139 major distinct
SSR bands were observed. These reproducible
polymorphicDNAfragments ranged from50 to
500 base pairs (bp), which reflect a large
difference in the number of repeats between
the different alleles, and partial primer pairs
amplification products are shown in Fig. 1.

Genetic relationships and diversity. Using
these SSR polymorphisms, a dendrogram of
the 26 accessions studied was constructed with
an Unweighted Paired Group Method using
Arithmetic Averages (UPGMA) clustering
algorithm (Fig. 2). The dendrogram separated
the 26 accessions into three main groups at a
similarity coefficient value of 0.680. The first
group consisted of 20 diploid cotton species. In
this group, The A-genome cotton species and
G. nelsonii differed considerably from the other
and were clustered alone. The B-, C-, E-, D-,
G- and F-genomes were clustered together,
and within this group, G. longicalyx was
distinctly differentiated from the others and
then B-, C-, E-, D-, G-genome were divided

into five groups respectively. The second
group consisted of 5 tetraploid cotton species.
Within the second group, G. barbadense, G.
mustillinum and G. darwinii clustered together,
while G. hirsutum and semi-wild G. hirsutum
were more nearer. The T. populnea species
formed an outgroup by itself (the third group).

Genetic relationships of G. darwinii with
G. barbadense and G. hirsutum were studied
using previously generated allozyme data,
and significant introgression of G. hirsutum

Fig. 1. SSR amplification products generated by
partial primer pairs
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alleles was detected. However, morphological
considerations support the hypothesis that
much of G. darwinii’s diversity stems from
interspecific gene flow from G. barbadense
(Wendel and Percy 1990). This is consistent
with our result that G. darwinii and G.
barbadense had a close relationship than G.
hirsutum.

Genetic similarity coefficients of the diploid

cotton species. Genetic similarity coefficients
of 20 diploid cotton species based on UPGMA
using the NTSYS-pc (Version 2.02h) by SSR
were compared.

According to the similarity matrix of 20
diploid cotton species, G. arboreum and G.
herbaceum, which belong to A- genome, had
the greatest similarity (0.969), whereas G.
herbaceum and G. trilobum had the least
similarity (0.582). The average similarity coef-
ficient of these source germplasms was 0.755.
Thus we can conclude, that there are deep
genetic backgrounds among diploid cotton
germplasms for the genetic and breeding
research. Within these diploid cotton species,
there are many favorable characteristics such
as fiber quality and yield traits, insect and
pathogen resistance, tolerance to environmen-
tal stresses and so on, which may be avail-

able to our development of superior cultivars
(Abdalla et al. 2001). So an understanding of
the genetic and genomic relationships of cot-
ton species is a critical step for further utiliza-
tion of extant genetic diversity and genomic
information.

Relationship between the species from A or

D genome and tetraploid species. On the basis
of obtained binary data, a matrix of similarity
coefficients between A, D genome and tetra-
ploid cotton species was calculated, and the
results are shown in Table 2.

According to Table 2, the mean genetic
similarity coefficients of nine diploid species
comparing with 5 tetraploid species were
from 0.618 to 0.731. The highest genetic
similarity coefficient was between G. raimondii
and five tetraploid species while the lowest
was between G. trilobum and 5 tetraploid
species.

By statistical analysis, we can find that the
genetic similarity coefficients of G. raimondii
and five tetraploid species were significant at
0.01 level when comparing with G. aridum,
G. thurberi, G. trilobum and significant at
0.05 level comparing with G. klotzschianum,
G. davidsonii, G. gossypioides. But there was
no significant difference in their genetic simi-

Coefficient of similarity
0.57 0.67 0.77 0.87 0.97

 arboreum 
 herbaceum 
 africanum 
 nelsonii 
 capitis-viridis 
 anomalum 
 aeysianum 
 somalense 
 stocksii 
 sturtianum 
 aridum 
 thurberi 
 trilobum 
 klotzschianum 
 davidsonii 
 raimondii 
 gossypioides 
 australe 
 bickii 
 longicalyx 
 barbadense 
 mustillinum 
 darwinii 
 hirsutum 
 hirsutum 
 T.populnea 

Fig. 2. The dendrogram of Gossypium spp. based on SSR molecular markers
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larity coefficients between G. arboreum and
G. herbaceum of A-genome species by com-
paring with 5 tetraploid species.

Overall, among D-Genome species, G.
raimondii is the possible sole D genome donor
of tetraploid cotton species. Among A-Gen-
ome species, G. arboreum and G. herbaceum
are all the possible closest living relatives of the
ancestral A-genome donor and the position of
them is equal on the course of formation of
tetraploids. These two A-genome diploid spe-
cies are phylogenetically equidistant from
extant tetraploid cotton species. Ancient tetra-
ploid cotton species were formed possibly
by hybridizing and chromosome doubling
between the archaic species related to G.
arboreum or G. herbaceum and G. raimondii,
then different tetraploid species might have
appeared by further geographical and genetic
isolation and separating differentiation. The
theory of one sole origin about tetraploid
cotton (Beasley 1940, Gerstel 1953) was fur-
ther testified by the present results.

According to the results, we can claim that
(1) the results are in agreement with the genetic
background of cotton germplasms which was
proposed by Wendel and Cronn (2003). (2)
G. arboreum and G. herbaceum are the possi-
ble closest living relatives of the ancestral
A-genome donor and G. raimondii is the
possible sole D-geome donor of tetraploid
cotton species. (3) SSRs are the useful method
for identification of genetic diversity and
relationship of cotton germplasm.

Discussion

The diploid species have been divided into
cytologically, genome-based groups (reviewed
by Endrizzi et al. 1985, Stewart 1995), three
primary centers of diversity, that is the African–
Asian species (A-, B-, E-, and F-genomes), the
Australian species (C-, G-, and K-genomes),
and the New World species (D-genome) (Small
and Wendel 2000). Each genome represents a
group of morphologically similar species that
can rarely form hybrids with species from other
genomic groups. There are five allotetra-T
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ploid species with genome composition AD
(2n=4x=52) including the commercially
important G. hirsutum (‘‘Upland cotton’’) and
G. barbadense (‘‘Pima’’ and ‘‘Egyptian’’ cot-
ton), and they are traditionally considered to be
allotetraploids (2n =52), containing A- and D-
subgenomes and being endemic to the New
World (Fryxell 1992).

Ever since the discovery that tetraploid
Gossypium species contain two different ge-
nomes, investigators have attempted to address
the question of parentage, that is, which of the
modern species of A-genome and D-genome
diploids best serve as models of the progenitor
genome donors. Over the decades, a diverse
array of tools have addressed this question
(reviewed in Wendel and Cronn 2003), collec-
tively demonstrating that the best extant mod-
els of the ancestral genome donors are
G. arboreum or G. herbaceum (A-genome) and
G. raimondii (D-genome). These two genome
groups diverged from each other early in the
evolution of the genus, perhaps 7 to 11 million
years ago (Seelanan et al. 1997, Cronn et al.
2002).

Earlier researchers suggested that the New
World tetraploid species arose some 1-2 mil-
lion years ago through the hybridization of an
Old World taxon of the ‘A genome’ cytoge-
netic group, related to the present day spe-
cies G. herbaceum and G. arboreum L.
(2n=2x=26), with a taxon of the ‘D-genome’
group, related to the new world species G.
raimondii and G. gossipioides L. (2n=2x=26)
(Beasley 1940, 1942; Wendel et al. 1992). After
polyploidization, the nascent ‘AD’ disomic
tetraploid (2n=2x=52) gave rise to five extant
tetraploid species, including G. hirsutum and
G. barbadense which dominate world produc-
tion of cotton fiber and seed (Iqbal et al. 2001).

Senchina et al. (2003) also suggested that
the A-genome progenitor of polyploid cotton
are thus interchangeable for the present pur-
poses and the two diploid genomes, A and D,
experienced approximately 5 million years of
evolution in isolation from one another prior
to their reunion at the time of polyploidy
formation during the Pleistocene.

According to our present results, it is
suggested that ancient tetraploid cotton species
were formed possibly by hybridizing and
chromosome doubling between the species of
G. arboreum or G. herbaceum and G. raimondii,
then different tetraploid species might have
appeared by further geographical and genetic
isolation and separating differentiation. This
result is in agreement with the theory of sole
origin about tetraploid cotton (Beasley 1940,
Gerstel 1953).

In our current study, G. nelsonii has a close
relationship with the A-genome, but a far
distant correlation with other genomes. This
result is not in agreement with Stewart (1995)’s
finding who considered G. nelsonii to be G-
genome, but a previous study suggested that it
should belong to C-genome (Fryxell 1992).
According to our study, perhaps it might
belong to another new genome. Nevertheless,
this is our own suggestion based on the present
results. It needs more research work to
approve our findings and to complete Gossy-
pium classification.

Microsatellites, also called Simple Sequence
Repeats (SSRs), are abundant throughout the
eukaryotic genome (Tautz andRenz 1989,Kijas
et al. 1995) and evolve rapidly (Levinson and
Gutman 1987). They are of a variable number
(up to 100) of tandem repeats of 1-6 base pair
(Tautz 1989). They are useful molecular mark-
ers due to their abundance, uniform distribu-
tion, high polymorphism, codominance, rapid
amplification by PCR, relatively simple to
interpret and easily accessed by other laborato-
ries via published primer sequences (Saghai-
Maroof et al. 1994). In similar experiments
carried out on other plant species, the superi-
ority of the SSR marker system in comparison
with the RAPD marker system is usually
observed (Pejic et al. 1998, Palombi and Dami-
ano 2002, Rajora and Rahman 2003).

The availability and abundance of micro-
satellite markers throughout the cotton genome
make them particularly useful in genetic diver-
sity studies of cotton (Reddy et al. 2001), with in
excess of 1000 microsatellite primers having
alreadybeen isolated fromcottonDNAgenome
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libraries (Nguyen et al. 2004). The results of our
work using SSR markers in cotton species
suggest that they may provide an outstanding
new tool for genetic diversity analysis. These
results not only further confirm the previously
phylogenetic analysis of cotton species and the
utility of repetitive DNA sequences for phylo-
genetic analysis of the genus Gossypium, but
also provide new insights into the phylogeny of
the Gossypium genus. It is a very useful method
in the identification of the genetic diversity
and relationship for cotton germplasm at the
genomic level.

Authors pay special thanks to Prof. Zhang xian-
yin for the technical assistance that made this
research possible and providing valuable sugges-
tions for the paper. This research is supported by
National key basis research and development
project. (973 project) (2004CB117305) and
National Natural Science Foundation of China
(No. 30471108).
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