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Abstract

Background: Gossypium arboreum is a diploid species cultivated in the Old World. It possesses favorable characters
that are valuable for developing superior cotton cultivars.

Method: A set of 197 Gossypium arboreum accessions were genotyped using 80 genome-wide SSR markers to
establish patterns of the genetic diversity and population structure. These accessions were collected from three
major G. arboreum growing areas in China. A total of 255 alleles across 80 markers were identified in the genetic
diversity analysis.

Results: Three subgroups were found using the population structure analysis, corresponding to the Yangtze River
Valley, North China, and Southwest China zones of G.arboreum growing areas in China. Average genetic distance
and Polymorphic information content value of G. arboreum population were 0.34 and 0.47, respectively, indicating high
genetic diversity in the G. arboreum germplasm pool. The Phylogenetic analysis results concurred with the
subgroups identified by Structure analysis with a few exceptions. Variations among and within three groups
were observed to be 13.61% and 86.39%, respectively.

Conclusion: The information regarding genetic diversity and population structure from this study is useful for
genetic and genomic analysis and systematic utilization of economically important traits in G. arboreum.

Keywords: Gossypium arboreum L., Population structure, Genetic diversity, Genetic differentiation, Simple
sequence repeat (SSR) markers

Background
Cotton is the most important natural fiber crop in the
world. It includes approximately 45 diploid (2n = 2× =
26) and 5 allotetraploid (2n = 4× =52) species distributed
mostly in tropical and subtropical regions throughout
the world (Fryxell 1992; Wendel and Albert 1992;
Wendel and Cronn 2003). Tetraploid species, including
Gossypium hirsutum and Gossypium barbadense, arose
in the New World from inter-specific hybridization be-
tween an A genome and a D genome diploid species
which are believed to have originated from ancestors

similar to modern G. herbaceum race africanum and G.
raimondii, respectively (Stephens 1944; Seelanan et al.
1997; Brubaker et al. 1999; Liu et al. 2001; Chen et al.
2007; Sunilkumar et al. 2006). Diploid species (2n = 26)
are classified into eight genomic groups (A-G and K),
occurring naturally in Africa, Asia, America, and
Australia (Wendel and Cronn 2003). Worldwide, four
species are cultivated: two of these cultivated species are
diploids (2n = 2× = 26) and two are allotetraploids (2n =
4× = 52).
Gossypium arboreum is a diploid species cultivated in

the Old World. It was first domesticated near the Indus
Valley before 6000 BC (Hutchinson 1954; Fryxell 1979,
1992; Moulherat et al. 2002). The primitive G. arboreum
was perennial, and was once considered to have evolved
from the wild G. herbaceum in Africa (Hutchinson

* Correspondence: jiayinhua_0@sina.com; dujeffrey8848@hotmail.com
Institute of Cotton Research of Chinese Academy of Agricultural Sciences,
State Key Laboratory of Cotton Biology, Key Laboratory of Biology and
Genetic Improvement of Cotton, Ministry of Agriculture, Anyang 455000,
Henan, China

Journal of Cotton Research

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

JIA et al. Journal of Cotton Research            (2018) 1:11 
https://doi.org/10.1186/s42397-018-0011-0

http://crossmark.crossref.org/dialog/?doi=10.1186/s42397-018-0011-0&domain=pdf
http://orcid.org/0000-0001-6201-0296
mailto:jiayinhua_0@sina.com
mailto:dujeffrey8848@hotmail.com
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/


1954). More recently, Wendel et al. have presented evi-
dence that G. arboreum was independently domesticated
from a different wild plant that gave rise to G. herba-
ceum (Wendel et al. 1989; Renny-Byfield et al. 2016). G.
arboreum lost photoperiod sensitivity when it spread
from the West India to the North and East India
(Hutchinson 1954). The annual types of G. arboreum fa-
cilitated extension to larger areas and evolved tolerance
to diseases, pest and frost (Silow 1944). Furthermore, en-
vironmental conditions associated with geographic dis-
tribution and domestication resulted in the development
of considerable variation, which has been classified into
six races, soundanense, indicum, burmanicum, cernuum,
bengalense, and sinense in different regions (Silow 1944;
Brubaker et al. 1999).
Gossypium arboreum was introduced into China from

various routes, and was domesticated as a local crop be-
tween the 7th and the 13th centuries (Watt 1907; Guo et
al. 2006). It was thought that two primary routes of im-
portation were overland from Bengal-Assam to the Yellow
River, and by sea from Indo-China to the Yangtze River
Valley (Silow 1944). In the south of the Five Ridges area,
Hainan Island and Yunan, G. arboreum was only grown as
garden plants until an extremely early-fruiting type
which were developed from Indian and Indo-Chinese var-
ieties. After the new technology of weaving was brought
to the Yangtze River Valley in the thirteenth century, vari-
ous landraces were developed and widely cultivated in the
area of the middle and lower Yangtze River Valley, then
spread to Northern China encouraged by Imperial edict in
the fifteenth century (Watt 1907; Silow 1944; Guo et al.
2006). The three major growing regions of G. arboreum
including the Southwest region, the Yangtze River Valley,
and the Northern region were gradually formed with the
breeding of local varieties (Guo et al. 2006). Then, the
most important type, race sinense, was developed in
China, until it was completely replaced by Upland cotton
(Gossypium hirsutum L.) in the 1950s (Huang 1996; Guo
et al. 2006).
As the cultivated ‘Old World’ diploid cotton, Gossy-

pium arboreum experienced from natural and artificial
selection due to environmental stress, and evolved to
possess favorable characters that the tetraploid cultivars
lack, such as drought tolerance, disease resistance, and
insect pest resistance which makes it well adapted to bi-
otic and abiotic stresses (Kantartzi et al. 2009; Mehetre
et al. 2003), spinnable fiber with various colors and high
strength that are good for weaving (Park et al. 2005;
Mehetre et al. 2003). These G. arboreum landraces with
adaptive features are important genetic resources for the
improvement of tetraploid cotton, and can help to de-
velop cultivars with invaluable genes for early maturity,
stress tolerance, and high fiber strength in
cotton-breeding programs (Xiang 1988; Rahman et al.

2002; Mehetre et al. 2003; Liu et al. 2006). Understand-
ing the genetic relationships among the landraces of G.
arboreum would facilitate efficient use for developing su-
perior cotton cultivars with favorable agronomic traits.

Methods
Plant material
One hundred and ninety-seven accessions of Gossypium
arboreum were collected from 19 provinces in China,
and were preserved in the Gene Bank of Institute of
Cotton Research of Chinese Academy of Agricultural
Sciences. These accessions were cultivated in the main
cotton growing areas of China including the North re-
gion, the Yangtze River Valley and the Southwest region.
Their accession numbers and passport data are listed in
Additional file 1: Table S1. A panel of 24 accessions were
selected to screen the polymorphic microsatellites for
the analysis of diversity and structure of the natural
population.

Genotyping with SSR markers
DNA from young and fully expanded leaves of each ac-
cession was extracted as described by Paterson and
Smith (1999). SSR primers information was obtained
from the Cottongen (Cottongen, https://www.cotton-
gen.org/). PCR is conducted in 10 μL volumes, which in-
cluded 1.0 μL 10× Buffer (consisting of 20 mmol·L− 1

MgSO4, 100 mmol·L− 1 KCl, 80 mmol·L− 1 (NH4)2SO4,
100 mmol·L− 1 Tris-HCl, pH 9.0, 0.5% NP-40), 50 ng
template DNA, 0.5 mmol·L− 1 dNTP, 0.4 units of Taq
DNA polymerase, 0.5 μmol·L− 1 forward and reverse
primers. The amplification program of PCR included a
3 min pre-denaturation step at 95 °C, 30 cycles of 94 °C
for 45 s, 57 °C for 45 s, 72 °C for 1 min, and 7 min ex-
tension at 72 °C. All reactions were completed using a
PTC-100TM thermocycler. The PCR products were
stored at 4 °C before being running on the 8%
non-denatured PAGE gel (Sambrook et al. 1989). The
gel was stained using the method of Zhang et al. (2000),
and was photographed using SYNGENE gel system.

Data collection and analysis
The most intensely amplified band for each SSR locus
was scored using a standard 50 base pairs (bp) DNA
marker (Takara Biotech, Dalian, China) as reference.
Presence of amplified fragments was scored as 1, and
the absence was labelled as 0 for the SSR locus. Missing
data was represented as “-9”. Diversity was calculated
based on the genotype data for 80 polymorphic SSRs in
197 individuals. SpaGeDi software was used to calculate
allele frequencies (Hardy and Vekemans 2002). The
polymorphic information content (PIC) was also esti-
mated using the Powermarker software package version
3.25 (Liu and Muse 2005). Powermarker software
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package version 3.25 was used to calculate the genetic
distance (GD). Principal coordinate analysis (PCA) was
done with NTSYS-pc software version 2.1 in using
Dcenter and Eigen functions (Rohlf 2000). Analysis of
molecular variance (AMOVA) among and within groups
was performed using Arlequin ver 3.5 software (Excoffier
and Lischer 2010).

Population structure analysis
Population structure was estimated using Structure ver-
sion 2.3.4 (Pritchard et al. 2000) based on co-dominant
genotypic data. The number of populations tested was as-
sumed as K from 1 to 10. The length of running time was
100 000 and replication after burning was 10 000 for the
STRUCTURE with the admixture model. The second
graphs for Pn and ΔK(Delta K) were built to find a proper
number of K values using the method of Evanno et al.
(2005).

Results
SSR marker analysis
A total of 116 SSR primer pairs were selected to detect
the genotypes of all accessions. Among the SSRs, 24
primers were found to be monomorphic, and 12 primers
could not be scored clearly. These 36 SSRs were deleted,
leaving 80 SSR primer pairs for analysis. Accessions that
missed more than 5% SSR data were also removed. Fi-
nally, 197 accessions and 80 SSR primer pairs were used
for further analysis. In these accessions, a total of 255
SSR alleles were detected with an average of 3.2 alleles
per SSR marker (from 2 to 6 alleles) (Table 1). The num-
ber of effective allele varied from 1.1 to 4.8 with an aver-
age of 2.3 effective alleles per locus. A summary of
marker statistics for all the accessions is presented in
Additional file 2: Table S2.

Population structure
Population structure of the 197 accessions was per-
formed with the software Structure version 2.3.4. The
log-likelihood increased with the value of K, but no evi-
dence showed that the number of subpopulations could
be identified from the plot of probability for K (Fig. 1a).
Then, the plot of ΔK was built using the method de-
scribed by Evanno et al. (2005) (Fig. 1b). A strong signal
for the number of clusters was successfully identified to
be three based on ΔK value. Among all accessions, 128
accessions could be assigned to three different sub-
groups based on 60% membership threshold, and the

remaining 69 accessions were considered to have
admixed parentage. The subgroups were showed as
three different colored bar plots that reflected the single
ancestral genetic background (Fig. 2). Detailed member-
ship probabilities of all accessions were described in
Additional file 1: Table S1.
The whole group of G. arboreum were separated into

three subgroups. These three subgroups consisted of 42,
40 and 46 accessions, and were labeled as Group 1, 2
and 3, respectively. These subgroups were found to cor-
respond to the three traditional G. arboreum growing
zones in China namely the Yangtze River Valley, North
China and Southwest China. Most of the accessions in
Group 1 (Additional file 1: Table S1) were from the
Yangtze River Valley, except seven accessions from
Southwest China and one from North China, which
meant that they have been selected and evolved to adapt
to the local environment. Accessions in Group 2 (Add-
itional file 1: Table S1) were mainly from North China
excluding nine accessions from the Yangtze River Valley
and one from Southwest China. Almost all the acces-
sions in Group 3 (Additional file 1: Table S1) were from
Southwest China excluding three accessions from the
Yangtze River Valley and one from North China. Acces-
sions that have admixed parentage could be found in all
the three zones meaning that they had mixed genetic
background.

Genetic diversity
Genetic diversity for all accessions was analyzed using
Powermarker software package. The overall PIC value
for SSRs ranged from 0.17 to 0.79 with an average of
0.47 (Table 1). The average genetic distance was 0.32
and ranged from 0.02 to 0.55 (Table 1). The highest gen-
etic distance of 0.55 was between accession No.1 named
Guichi Xiaozimian Baizi from the Yangtze River Valley
and accession No.151 named Donglan Changjing
Zhongmian 1 from Southwest China. The lowest genetic
distance of 0.02 was between accession No.155 named
Changrong Zhongmian from the Yangtze River Valley
and accession No.157 named Wangmo Sanglang Da
Mianhua from Southwest China. Among the three
groups, Group 2 and Group 3 had the highest genetic
distance of 0.205 indicating that the accessions from
North and Southwest China are genetically far from each
other (Table 2). However, Groups 1 and 3 had the lowest
genetic distance of 0.196 reflecting the proximity of des-
cent between the two groups (Table 2). The mixed group

Table 1 Summary of SSR polymorphisms

No. of polymorphic SSRs Polymorphic information content (PIC) Genetic distance

Total alleles Average allele per marker Effective allele per marker Range Range Average Range Average

255 3.2 2.3 1.1–4.8 0.17–0.79 0.47 0.02–0.55 0.32
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was similar and low distance with the three groups, cer-
tifying the parentage from the multi-regions. Within the
groups, Group 3 had the highest average genetic dis-
tance of 0.308, and Group 1 had the lowest average gen-
etic distance of 0.253.
A phylogenetic tree was constructed based on the dis-

tance matrix using the Neighbor Joining (N-J) algorithm.
In the dendrogram, three major clusters were found
(Fig. 3). The dendrogram was also compared with the re-
sults of Structure analysis. Three groups identified in
Structure were found to be in agreement with the clus-
ters observed in the phylogenetic tree shown with differ-
ent colored lines (Fig. 3). Most of lines that were
grouped in one cluster of phylogenetic tree were found
to be from the same group of Structure analysis. Al-
though a few lines were incongruent in the clusters and
strucuture, most of accessions in the clustering pattern
were grouped close to their pedigree parents.
Further study of the genetic relationships between the

accessions was carried out using Principal coordinate
analysis (PCA) (Fig. 4). Accessions from each subgroup
identified in Structure were spread out over three-di-
mensional plane with some overlapping between acces-
sions from different subgroups. The proportions of first
two axes of PCA were up to 68.1% of the variation,
which indicates that level of genetic diversity between

the subgroups was enough high for the identification of
possible genes in G. arboreum germplasm.

Analysis of molecular variance
Analysis of molecular variance (AMOVA) was per-
formed with Arlequin ver 3.5 software. Significant vari-
ation between the groups was observed which
contributed 13.61% of the total variation (P < 0.000 1)
(Table 3). A larger amount of variation within the groups
was found to be 86.39% (P < 0.000 1) (Table 3). Differen-
tiation estimate (FST) from the genetic structure analyses
was 0.137 highly significant at P < 0.000 1, which was
concurred with the analysis of molecular variance. Based
on pairwise FST values, the highest genetic differentiation
was observed between Group 1 and Group 2, which
revealed that accessions of Group 1 are distinct from
accessions of Group 2 (P < 0.000 1) (Table 4). The lowest
genetic differentiation was between Group 2 and Group
3, suggesting that accessions of these two groups are
closer to each other.

Discussion
In the present study, 80 SSR primer pairs were used to
evaluate the diversity of Gossypium arboreum accessions.
These primer pairs produced 255 alleles in the popula-
tion of 197 accessions with an average of 3.2 alleles per

Fig. 1 Analysis of the population structure. The number of group was calculated using STRUCTURE software. a Graph for the log-likelihood. b Graph
for ΔK

Fig. 2 Population structure: The bar plot of Q-matrix estimates for the accessions: Groups are represented in different colors (Red for Group 1, Blue for
Group 2, Green for Group 3)
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marker. PIC values were found to range from 0.17 to
0.79 with an average of 0.47. Kantartzi et al. (2009) used
115 SSR primers to characterize 96 G. arboreum acces-
sions and found 2.40 alleles per locus. The average PIC
value in Kantartzi et al. (2009) was 0.42, which is in
agreement with the present study. Guo et al. (2006) ob-
served higher number of alleles per locus and a higher
value of polymorphism information content with 60 SSR
markers and 108 accessions. Liu et al. (2006) reported
genetic similarity coefficients ranged from 0.58 to 0.87
with 39 G. arboreum accessions. The diversity of each
population and alleles observed per marker deeply

depends on markers, germplasm and the platform used
for the resolution of amplified products (Lacape et al.
2007). Lower diversity was found in tetraploid type of G.
hirsutum though it owned more alleles per locus with
the average alleles 3.9–4 and average PIC 0.13–0.17
in different G. hirsutum populations (Abdurakhmonov
et al. 2008; Tyagi et al. 2014; Cai et al. 2014).
Three differentiated subgroups in G. arboreum acces-

sions that were identified with the analysis of population
structure were congruent with the major G. arboreum
growing regions in China: the Yangtze River Valley,
North China and Southwest China. Mixed group em-
braced 69 accessions that were spread across the three
regions. A few accessions that were classified in one sub-
group by structure analysis were found to be from out-
side the geographical region of accession origin. For
example, Group 1 was considered to represent the Yang-
tze River Valley area, although it included seven acces-
sions from Southwest China and one accession from
North China. Group 2 composed of nine accessions
from the Yangtze River Valley and one from Southwest

Table 2 Genetic distance estimates calculated using Nei et al.
distance matrix within and between Gossypium arboreum
groups identified by STRUCTURE analysis

Group 1 Group 2 Group 3

Group 1 0.253

Group 2 0.203 0.274

Group 3 0.196 0.205 0.308

Fig. 3 Neighbor-joining tree of 197 Gossypium arboreum accessions. Colors in the tree correspond to subgroups identified in Structure analysis
(Red for Group 1, Blue for Group 2, Green for Group 3, Purple for mixed group)
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China. Group 3 had three accessions from the Yangtze
River Valley and one accession from North China region.
It might be a result of germplasm migrating or gene flow
by local people among different regions.
The phylogenetic tree based on the estimates of genetic

distance revealed the relationships among the Gossypium
arboreum accessions. Three subgroups identified by the
Structure software were observed in clusters which were
presented in three colored lines. Accessions in the mixed
group were found within the main clusters in the phylo-
genetic tree. This result was mostly in accordance with
their pedigree, although a few discrepancies were observed
between pedigree information and genetic relationships
for some accessions. The highest genetic distance between
the Group 2 and Group 3 supported the fact of the far-
thest geographic distance between North China and
Southwest China. The lowest genetic distance between
Group 1 and Group 3 corroborated the historical fact that
G. arboreum was imported to the Yangtze River Valley
from South China, which then spread over the cotton
growing regions of the country. Group 3 was far from
Group 1 and Group 2 in both genetics and geography sug-
gesting that G. arboreum grew in Southwest China for a

long time before it was introduced to the Yangtze River
Valley across the Yunnan-Guizhou Plateau and the Five
Ridges Mountains. This result corroborates the studies of
previous researchers who reported that G. arboreum
spread from Southern to Northern China (Guo et al.
2006). However, Silow (1939) found that the lack lintless
modifiers type of G. arboreum were common in both the
Yellow River Valley (belong to North China) and the
Yangtze River Valley, and pointed to two primary routes
of importation that were overland from Bengal-Assam to
the Yellow River basin, and by sea from Indo-China to the
Yangtze River Valley. Watt (1907) also thought that cotton
was introduced into China several times from various
sources and was domesticated into diverse types, includ-
ing the early-fruiting type each time. In the present study,
accessions in the mixed group were scattered in the three
regions. Accessions from Group 3 overlapped with acces-
sions from Group 1 and Group 2 in the phylogenetic tree
and by principal component analysis (PCA), but there was
little overlap between Group 1 and Group 2, which prob-
ably means that accessions from Group 3 (from Southwest
China) are the common ancestors of accessions from
Group 1 (from the Yangtze River Valley) and Group 2

Fig. 4 Three-dimensional principal coordinate analysis of G. arboreum accessions

Table 3 Analysis of molecular variance for Gossypium arboreum accessions among and within three groups corresponding to three
major regions of Gossypium arboreum growing in China as identified by STRUCTURE

Source of variation df Sum of squares Variance components Percentage of variation

Among groups 2 1 059.815 3.185 43 *Va 13.61

Within groups 194 8 745.708 22.657 27*Vb 86.39

Total 196 9 805.523 25.842 70

* Significant at P < 0.000 1
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(from North China). Moreover, the highest genetic differ-
entiation was observed between Group 1 and Group 2,
which corroborated the genetic relationships and con-
firmed the various routes of introduction. The lowest gen-
etic differentiation observed between Group 2 and Group
3, further validating the introducing route of G. arboreum
from Bengal-Assam to the Yellow River Valley. The differ-
ence between these two kinds of analyses maybe caused
by recombination and selection of G. arboreum under the
environment or by the choice of Gossypium arboreum
samples.
The differentiation among groups obtained from Struc-

ture analysis was also validated by analysis of molecular
variance. The marker variation among groups was observed
to be 13.61%, whereas variation within groups was 86.39%.
This was in agreement with 0.137 of FST caused by differ-
ences among accessions in genetic structure analyses. FST
values observed in this study ranged from 0.18 to 0.23
which are different with the results in upland cotton
(ranged from 0.29 to 0.42) (Tyagi et al. 2014). Deep popula-
tion differentiation could reduce the efficiency of the suc-
cessful Genome-wide association studies (GWAS) (Tyagi et
al. 2014). Moreover, large variations would decrease the
power of structure-based association studies to detect the
effects of single genes (Flint-Garcia et al. 2005). Because of
low differentiation, Gossypium arboreum population may
be more suitable for GWAS analysis than Gossypium hirsu-
tum for screening important genes associated with traits.
Moreover, G. arboreum has a relatively smaller genome
than G. hirsutum, which is beneficial for characterization at
the molecular level and facilitates the use of this resource
in developing superior cotton cultivars with favorable
agronomic traits. Therefore, evaluation of genetic diversity
and population differentiation is desirable for the efficient
utilization of valuable genes of G. arboreum.

Conclusions
Genetic structure was studied within the Gossypium
arboreum accessions collected in China. Three sub-
groups identified from the analysis of Structure agreed
with the main regions of G. arboreum growing regions
in China. Genetic diversity of the panel corroborated the
result of genetic structure analysis, however a few dis-
crepancies were observed between pedigree information
and genetic relationships. From the results of AMOVA
and genetic structure, the genetic differentiation among

and within the groups was a reality. Recombination and
selection caused by the environment and farmers may
have led to the occurrence of valuable traits that can be
useful for breeding programs in cotton. These valuable
traits will be beneficial to the breeding programs of
cotton through the generation of inter-specific hybrids.
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