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the genetic diversity of a subset of 272 diploid and 1,984 
tetraploid accessions in the collection (designated the Gos-
sypium Diversity Reference Set) using a core set of 105 
microsatellite markers. Utility of the core set of markers 
in differentiating intra-genome variation was much greater 
in commercial tetraploid genomes (99.7  % polymorphic 
bands) than in wild diploid genomes (72.7 % polymorphic 
bands), and may have been influenced by pre-selection of 
markers for effectiveness in the commercial species. Prin-
cipal coordinate analyses revealed that the marker set dif-
ferentiated interspecific variation among tetraploid species, 
but was only capable of partially differentiating among 
species and genomes of the wild diploids. Putative spe-
cies-specific marker bands in G. hirsutum (73) and G. bar-
badense (81) were identified that could be used for qualita-
tive identification of misclassifications, redundancies, and 
introgression within commercial tetraploid species. The 
results of this broad-scale molecular characterization are 
essential to the management and conservation of the col-
lection and provide insight and guidance in the use of the 
collection by the cotton research community in their cotton 
improvement efforts.

Introduction

The Gossypium genus is composed of more than 50 species 
of differing ploidy levels and contains a wealth of genetic 
variability ranging from wild diploid species to highly 
improved allotetraploid species (Fryxell 1992; Wendel and 
Cronn 2003). The US National Cotton Germplasm Collec-
tion (NCGC) contains much of the diversity of the genus—
with 10,276 accessions originating from five continents and 
even some endemic to several tropical islands (Campbell 
et al. 2010). This diversity has been documented first with 
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passport and pedigree information (germplasm information 
is available online at Germplasm Resources Information 
Network, http://www.ars-grin.gov/) and further through 
routine characterization of accessions using a descriptor list 
of morphological traits (IBPGR 1980; Percival 1987; Toll 
1995). Although replicated agronomic evaluations in differ-
ent US environments are possible for improved, non-photo-
periodic accessions, the genotyping of accessions provides 
enhanced power to detect and document diversity among 
highly similar accessions without environmental influence 
(Tanksley and McCouch 1997). Using a set of standardized 
molecular markers, groups of accessions can be character-
ized at different times depending on funding and relevancy, 
and at a later date molecular data from these groups can 
be combined, analyzed, and compared as a whole. Charac-
terization of the NCGC at the DNA level would also help 
its management by identifying redundancy (i.e. duplica-
tion), as well as monitoring the integrity of accessions in 
the collection.

Molecular characterization of cotton germplasm has 
lagged behind other major crops because of the slow pro-
gress in developing cost-efficient and highly polymorphic 
DNA markers (Kohel et al. 2001; Lacape et al. 2007; Run-
gis et  al. 2005). Other obstacles have been the varying 
ploidy levels, genome sizes, and demography of Gossypium 
species that required developing a large set of widely appli-
cable easy-to-use markers to enable evaluations across all 
species (Han et al. 2006; Lacape et al. 2003; Zhang et al. 
2013). In recent years, significant strides have been made 
in the development and validation of numerous highly 
polymorphic simple sequence repeat (SSR) markers in G. 
barbadense and G. hirsutum (Blenda et al. 2012; Yu et al. 
2012b). Cotton SSR markers have been developed from 
microsatellite-enriched genomic libraries (Hoffman et  al. 
2007; Nguyen et  al. 2004; Reddy et  al. 2001; Xiao et  al. 
2009), expressed sequence tag (EST) libraries (Guo et  al. 
2007; Jena et al. 2012; Park et al. 2005; Xiao et al. 2009; 
Yu et al. 2011), and bacterial artificial chromosome (BAC) 
libraries (Frelichowski Jr. et al. 2006; Guo et al. 2008) and 
directly mining the genome sequences (Wang et al. 2012). 
At present, CottonGen (http://www.cottongen.org), the 
cotton community genomics, genetics and breeding data-
base—a consolidation and expansion of data from the Cot-
ton Genome Database (http://www.cottondb.org) and the 
Cotton Marker Database (http://www.cottonmarker.org)—
contains about 20,000 SSR markers.

With the development and validation of more SSR 
markers, genetic diversity studies have been pursued with 
varying objectives, including understanding the evolution-
ary process of interspecific gene flow within G. aridum 
(Alvarez and Wendel 2006), the genetic relationships of 
geographically diverse G. arboreum cultivars (Kantartzi 
et al. 2009; Liu et al. 2006), and the utility of microsatellite 

primers developed in a tetraploid species (i.e. G. hirsutum) 
and applied to a diploid species (i.e. G. davidsonii) (Han 
et al. 2004; Kuester and Nason 2012). Since cultivars pos-
sess the most readily accessible genetic variation for use in 
breeding programs, a number of genetic diversity investiga-
tions have occurred using this type of Upland cotton germ-
plasm (Fang et  al. 2013; Hinze et  al. 2012; Rungis et  al. 
2005; Zhang et  al. 2013). Many of these diversity studies 
have characteristically been limited in the scope of acces-
sions investigated or the number of markers used. There 
has been minimal standardization in these studies, as dif-
ferent sets of less characterized or randomly selected SSR 
markers were used for each set of accessions.

Attempts to characterize larger genomic groups using 
a standardized marker set have been made in the cotton 
germplasm collections of Uzbekistan (Abdurakhmonov 
et  al. 2008) and France (Lacape et  al. 2007). Recogniz-
ing the need to describe the molecular diversity within the 
NCGC (one of the largest cotton collections in the world) 
and to determine the utility of markers in managing its 
diversity, this project was initiated to characterize a major 
portion of the NCGC utilizing SSR markers. In initiating 
this effort, it was recognized that the development and use 
of a standardized core marker set would allow for compar-
ative studies to be performed in different germplasm col-
lections and, using this information, to build more diverse, 
safer, backed up collections through exchange. A core set 
of 105 highly polymorphic SSR markers that uniformly 
cover the tetraploid genome was developed to accomplish 
this task (Yu et  al. 2012a). These markers were charac-
terized by being amenable to high-throughput assay via 
multiplex polymerase chain reaction (PCR) bins on high-
resolution automated genetic analyzers, making them an 
excellent genetic marker system for large-scale germplasm 
characterization. A potential limitation of any core marker 
set developed for cotton is its possible limited informa-
tive capabilities across a wide range of diploid and tetra-
ploid species, due to the majority of markers being ini-
tially developed to be polymorphic and informative among 
individuals of a single commercial tetraploid species, G. 
hirsutum. A complementary goal of the present investiga-
tion has been to establish the capabilities of a core marker 
set in elucidating genetic structure across the Gossypium 
genus.

The ultimate objective of this research is to increase the 
utilization efficiency of the NCGC by providing a molecu-
lar description of its accessions. Molecular marker data 
would provide additional bases for managing and conserv-
ing the diversity of the NCGC. Also of particular interest 
is the understanding of the genetic structure of the NCGC 
and its potential exploitation for cotton cultivar improve-
ment. To that end, the core marker set was used to genotype 
and analyze a set of 2,256 cotton accessions known as the 
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Gossypium Diversity Reference Set (GDRS). Comparisons 
were made by genome groups to determine the discriminat-
ing power of the core marker set and to analyze the struc-
ture of genetic diversity in the NCGC. Ancillary objectives 
included determining the efficacy of the SSR markers in 
identifying possible introgression and redundancies in the 
commercial tetraploid species of the NCGC. Our intention 
is that this broad-scale molecular analysis will demonstrate 
the importance of characterization for the management and 
conservation of the NCGC and for the cotton research com-
munity in their cotton improvement efforts.

Materials and methods

Gossypium accessions

Two thousand two hundred fifty-six (2,256) Gossypium 
accessions were selected from the NCGC to make up 
the GDRS for standardized molecular description. These 
accessions represent approximately 22  % of the collec-
tion and encompass all nine cytogenetic genome groups 
and 33 species (Table 1). The tetraploid cytogenetic group 
(AD) is composed of five species and is represented in the 
GDRS by 1,984 accessions. The eight cytogenetic groups 
(A, B, C, D, E, F, G, and K) of the diploid genomes are 
collectively represented by 272 accessions from 28 spe-
cies. The data set was heavily biased towards tetraploid 
accessions, specifically G. hirsutum and G. barbadense; 
however, this reflects the distribution of accessions avail-
able within the NCGC (Table 1) and the economic impor-
tance of Upland cotton (G. hirsutum) and Pima cotton (G. 
barbadense). Accessions within taxons were selected to 
capture maximum diversity of phenotype and geographic 
distribution within the taxon, as known from passport 
data. Information about these accessions (plant introduc-
tion number, accession name, genome group, species 
group, and geographic origin) is given in Online Resource 
1.

Genomic DNA extraction

For each accession, a sample of seed was germinated on 
sterile water agar (9  g agar in 1  L distilled water) media 
in an incubator at 36  °C until root tips emerged approxi-
mately 1 cm. Root tips from ten seeds were bulked to cap-
ture the diversity of each accession. DNA was extracted 
and column-purified following a modified protocol using 
the E-Z 96® Plant DNA Kit from Omega (Omega Bio-tek, 
Norcross, Georgia USA) (Fang et  al. 2010, 2013). After 
purification, DNA was quantified using a NanoDrop2000 
(Thermo Scientific, Wilmington, DE, USA) and normal-
ized at 50 ng/μL.

SSR genotyping

A core set of 105 well characterized and genetically 
mapped SSR markers was identified to analyze the cotton 

Table 1   Distribution of accessions in the US National Cotton Germ-
plasm Collection (NCGC) and in the subset of accessions known as 
the Gossypium Diversity Reference Set (GDRS)

a  Number of accessions in the NCGC based on Campbell et  al. 
(2010)
b  Percent of accessions sampled from the NCGC is indicated in 
parentheses

Genome Species No. accessions

NCGCa GDRSb (%)

Diploid

 A G. arboreum 1,729 145 (8.4)

G. herbaceum 194 49 (25.3)

 B G. anomalum 7 5 (71.4)

 C G. nandewarense 6 1 (16.7)

G. sturtianum 7 3 (42.9)

 D G. aridum 14 4 (28.6)

G. armourianum 10 2 (20.0)

G. davidsonii 31 9 (29.0)

G. gossypioides 7 7 (100.0)

G. klotzschianum 59 1 (1.7)

G. laxum 2 1 (50.0)

G. lobatum 4 1 (25.0)

G. raimondii 56 4 (7.1)

G. thurberi 37 9 (24.3)

G. trilobum 11 6 (54.5)

 E G. areysianum 2 1 (50.0)

G. somalense 3 2 (66.7)

G. stocksii 4 2 (50.0)

 F G. longicalyx 4 4 (100.0)

 G G. australe 11 3 (27.3)

G. bickii 5 4 (80.0)

G. nelsonii 4 3 (75.0)

 K G. costulatum 2 1 (50.0)

G. exiguum 1 1 (100.0)

G. marchantii 1 1 (100.0)

G. nobile 1 1 (100.0)

G. populifolium 4 1 (25.0)

G. pulchellum 1 1 (100.0)

Tetraploid

 AD G. barbadense 1,584 430 (27.1)

G. darwinii 138 4 (2.9)

G. hirsutum 6,302 1,541 (24.5)

G. mustelinum 19 7 (36.8)

G. tomentosum 16 2 (12.5)

Overall

 9 33 10,276 2,256 (22.0)
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genome at a frequency of two markers per chromosome 
arm (Yu et al. 2012a). These markers were primarily iden-
tified on the basis of a uniform distribution across the 26 
tetraploid cotton chromosomes (Wang et al. 2013; Blenda 
et  al. 2012; Yu et  al. 2012b; Zhao et  al. 2012) with addi-
tional criteria including purported lack of locus duplication, 
PCR reproducibility, polymorphism information content 
(PIC), and source representation. These markers, many of 
which are single copy, were multiplexed prior to PCR to 
form 35 sets of reaction bins (Yu et al. 2012a). Multiplex 
PCR was performed according to Fang et al. (2010). DNA 
fragments were separated using an ABI 3730XL Genetic 
Analyzer (Life Technologies, Carlsbad, CA, USA), and 
SSR data acquisition was accomplished using the software 
GeneMapper 4.0 (Life Technologies, Carlsbad, CA, USA) 
with further verification by manual checking of all SSR 
products. Due to the tendency of some of these SSRs to 
amplify duplicate loci from both A and D subgenomes of 
the tetraploid species, and the presence of multiple alleles 
(heterogeneous and heterozygous nature of ten individuals 
in a bulked sample), these primer pairs often yielded multi-
ple PCR products in an individual accession sample. Such 
circumstances generated a complexity that a marker frag-
ment could not be unambiguously assigned to a locus. Con-
sideration of these factors led us to score and analyze our 
SSR data like a dominant marker system where the frag-
ment data were recorded as ‘1’ (present, AA or Aa geno-
type), ‘0’ (absent, aa genotype), or ‘−1’ (missing).

Descriptive diversity statistics

To estimate genetic diversity and differentiation of genomes 
and species, the summary statistics were computed using 
GenAlEx, version 6.5b3 (Peakall and Smouse 2012) soft-
ware and manual calculations in an Excel 2010 spread-
sheet. The ‘Frequency…’ option and ‘binary (diploid)’ 
data format in GenAlEx were used to calculate descriptive 
statistics based on phenotypic (i.e. band presence/absence) 
data for individual accessions, genome groups, and species 
groups.

Genome- and species-specific bands were identified 
using a methodology developed in an unpublished pilot 
study that included five tetraploid species and the diploid 
species G. arboreum, G. herbaceum, and G. raimondii. 
Markers with genome- or species-specific bands in the 
pilot study were also found to have specific bands in the 
current study. To avoid the false identification of genomic 
and species-specific bands due to sampling error result-
ing from small sample sizes, band specificity calcula-
tions were only implemented for A, D, and AD genomes 
and the G. barbadense and G. hirsutum species. Markers 
that did not generate PCR product in 50  % of the acces-
sions within a genome or species group were eliminated 

from consideration. Bands were identified that occurred 
at a frequency of 50 % or greater in one genome or spe-
cies, but whose occurrence was lower than 10 % in another 
genome or species in pairwise comparisons. These bands 
were considered to be species- or genome- specific for the 
particular pairwise comparison. Shared bands among these 
genomes were also assessed. Shared bands were defined as 
those bands present at a frequency of at least 10 % within 
all groups being compared.

In a dominant marker system, the PIC value is equiva-
lent to calculations of genetic diversity (Weir 1996). This 
value was calculated as:

where p is the frequency of the band presence and q the 
frequency of band absence of the bth band, and PICb is 
the polymorphism information content (equivalent to Db, 
genetic diversity) of band b. PIC for dominant marker 
bands is a maximum of 0.5 when p = q = 0.5. Estimates 
of genetic diversity (or PIC) are calculated for each band, 
and the mean over all bands in a given group is the overall 
estimate of diversity for the genome of interest.

Comparative diversity statistics

When calculating the following diversity statistics, we did 
not eliminate markers with a rare band frequency of ≤5 % 
as is frequently practiced in diversity studies, because a pri-
mary objective of this study was to characterize the extent 
of allelic diversity in the GDRS. To have filtered data based 
on an allele frequency threshold would have eliminated 
taxonomically informative bands that were unique (or pri-
vate) to a Gossypium genome or species represented in the 
collection by 112 or fewer accessions (5 % of 2,254 total 
accessions).

Principal coordinate analysis (PCoA) was applied to 
discover and plot patterns of data structure using distance-
type measures. A pairwise matrix of genetic similarity (GS) 
values was calculated in NTSYS (Rohlf 2000) using Jacca-
rd’s coefficient (Jaccard 1908) which is commonly applied 
with dominant-type data where allele frequencies cannot 
be calculated (Reif et al. 2005). The Jaccard coefficient (J) 
between two genotypes was calculated by:

where ‘a’ is the number of bands common to both acces-
sions, ‘b’ is the number of bands only present in accession 
1, and ‘c’ is the number of bands only present in accession 
2. This matrix was double-centered (DCENTER module) 
by subtracting the row and column means of the matrix 
from its elements and adding the grand mean. This stand-
ardized matrix was used in the EIGEN module to calcu-
late eigenvectors which were plotted for PCoA. PCoA was 

PICb = Db = 1 − (p2
+ q2)

J = a/(a + b + c),
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conducted separately on four sets of data: the nine Gos-
sypium genome groups, the five tetraploid species groups, 
the eight diploid genome groups, and the diploid genomes 
minus the A genome accessions. For the tetraploids, the 
data set was reduced to 1,982 accessions with all bands 
remaining for analysis. For the eight diploid genomes, the 
data set was reduced to 272 accessions, and 21 bands were 
removed that were monomorphic within this set. When the 
A genome was removed from the diploid data set, 78 acces-
sions and 950 bands remained for the PCoA.

Results

Descriptive diversity statistics

Due to multiple failures of amplification of one SSR 
marker and missing data for two accessions, data were col-
lected on 2,254 accessions using 104 SSR markers (Online 
Resource 1 and 2). All 104 SSR markers were polymor-
phic, and 1,702 unique bands were observed across the data 
set, with 1,362 bands in the AD genome, the most, and 86 
in the F genome, the least (Table 2). For each SSR marker, 
the overall number of bands ranged from four (CIR169) to 
34 bands (TMB2295; Online Resource 2).

The percentage of polymorphic bands in the nine 
genomic groups varied from a high of 98.2 % (D genome) 
to a low of 17.4  % (F genome) among the diploids, and 
equaled 99.7  % for the tetraploid AD genome (Table  2). 
This statistic compared the number of polymorphic bands 
to the total number of bands that amplified in accessions 
of a given genome, and indicated that the SSR markers 
worked well in identifying polymorphism among the tetra-
ploid accessions and among their A and D genome pro-
genitors. However, there was a dramatic reduction in their 
ability to detect polymorphisms among other diploid acces-
sions, particularly in the African B and F genomes.

The overall average PIC value or genetic diversity was 
0.08 and, when averaged within genomic groups, ranged 
from a high of 0.07 in the AD genome to a low of 0.003 
in the F genome (Table  2). PIC values were very low in 
this study relative to values reported in other studies of cot-
ton germplasm collection diversity (Abdurakhmonov et al. 
2008; Lacape et al. 2007). However, the values of the pre-
sent investigation cannot be directly compared to previous 
investigations due to different marker analysis methods. In 
other collections, SSRs were analyzed as co-dominant mark-
ers (Lacape et  al. 2007) or as dominant markers (Abdura-
khmonov et  al. 2008; Campbell et  al. 2009). The PeeDee 
collection (Florence, SC, USA) of G. hirsutum genotypes 
was genotyped with SSR markers which were evaluated in a 
dominant manner similar to the current study; however, PIC 
values were not reported (Campbell et al. 2009).

Revealed intra‑accession genetic variation

As many as eight bands per SSR marker were identified in 
the bulk DNA of an individual accession, indicating prob-
able presence of intra-accession heterozygosity and/or het-
erogeneity (Table 3). Among the diploid genomes, the D, 
K, and A genomes had band range maximums of four, five, 
and six bands per SSR marker, respectively. On average 
in the diploids, amplification of up to two bands per SSR 
was most common while four or fewer bands were most 
frequently amplified per SSR marker in tetraploid acces-
sions. All but one SSR marker detected three or more bands 
across the five tetraploid species, which was 1.3 times 
more common than their putative diploid progenitors (with 
an average of 81 SSR markers with three or more bands) 
and 4.3 times more common than the remaining diploid 
genomes (with an average of 24 SSR markers with three or 
more bands) (Online Resource 3).

Genetic structure of germplasm collection

A multivariate approach of PCoA was used to visualize the 
capacity of the core marker set to resolve genetic relation-
ships among the accessions of the collection (Abdalla et al. 
2001; Rohlf 2000). The first two coordinates explain 27 % 
of the variance in the data set (Fig. 1). In this analysis, the 
clusters exposed by PCoA fail to discretely differentiate 
all the known taxonomic and genomic organization within 
the genus, but the visualized clusters do generally conform 
to known genome groups. Two distinct tetraploid clusters 
can be discerned, as well as a distinct cluster comprised 
A genome accessions. Upon separate analysis of the five 
tetraploid species, the PCoA readily differentiated G. hir-
sutum and G. barbadense (Fig.  2a) as well as accessions 
with putative introgression or misclassification (Fig.  2b, 
c). When viewing the diploids only, the A genome acces-
sions generally formed two clusters largely explained by 
G. arboreum and G. herbaceum species dissimilarities 
(Fig.  3). The D genome and all other diploid accessions 
combined to form a very tight cluster in which individual 
genomes were indistinguishable from one another. Upon 
further analysis of the non-A diploid genomes only, minor 
separation and subsequent clustering of D genome species 
became more apparent (Fig. 4). Accessions from three spe-
cies (G. trilobum, G. thurberi, and G. gossypioides) can be 
assigned to discrete clusters while the remaining seven D 
genome species group into three clusters (G. davidsoni-
iand G. klotzschianum in one distinct cluster; G. aridum, 
G. laxum, and G. lobatum in a second cluster; and G. rai-
mondii and G. armourianum in a cluster immediately adja-
cent to the second cluster). The failure to fully differenti-
ate genome and species clusters among the non-A diploid 
accessions indicates the limitations of using the current 
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core marker set pre-selected to exhibit polymorphism in the 
AD genome of cultivated cotton.

Of some interest for the maintenance and management 
of the collection were the potential outlier accessions (mis-
classifications, hybrids, or admixtures) that did not appear 
to associate with any clusters or appeared to coalesce 
with a genome group that contradicted the passport data. 
In addition to the G. hirsutum and G. barbadense acces-
sions that appeared to cluster within the “wrong” species, 
there also were three accessions (SA-1415, SA-1416, and 
SA-1417) designated as tetraploid AD genotypes that clus-
tered with the A diploid genome (Fig. 1; Online Resource 
1). Similarly, there is one accession (A2-0253) labeled as 
A genome that appeared directly within in the AD genome 

cluster. These four accessions, along with the putative mis-
classified or hybrid tetraploid accessions, are candidates 
for examination of original records to determine intended 
classification, phenotypic re-evaluation of taxonomic 
traits, and cytogenetic screening to verify ploidy levels. 
To that end, the three AD accessions that lie within the 
A genome cluster (Fig. 1) were found to be misclassified 
in passport documents but have since been verified and 
reclassified as true G. arboreum accessions. PCoA also 
reveals a number of accessions that did not appear associ-
ated with any cluster (Figs.  1, 2, 3, 4). These accessions 
may be the product of varying levels of introgression or 
they may possess a unique genetic background worthy of 
further investigation.

Table 3   Intra-accession 
variability summarized by 
genome for the number of 
accessions that have an SSR 
locus with band numbers 
ranging from zero to eight

Number of bands/ 
SSR marker

Diploid Tetraploid Overall

A B C D E F G K AD

0 194 5 4 44 5 4 10 6 1,103 1,375

1 194 5 4 44 5 4 10 6 1,982 2,254

2 193 2 4 43 5 4 10 6 1,982 2,249

3 34 0 1 28 0 1 3 6 1,981 2,054

4 173 0 0 8 0 0 0 3 1,645 1,829

5 8 1 0 0 0 0 0 1 297 307

6 2 0 0 0 0 0 0 0 42 44

7 0 0 0 0 0 0 0 0 7 7

8 0 0 0 0 0 0 0 0 2 2

Fig. 1   Principal coordinate plot 
of the first two coordinate axes 
showing patterns of separation 
that reflect 27.3 % of the vari-
ation among nine Gossypium 
genome groups. Jaccard’s 
coefficient was used to measure 
genetic distance among the 
accessions. The four accessions 
within black circles are putative 
genome misclassifications
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Genetic diversity within genome groups

Prior to this investigation, it was assumed that the genetic 
diversity observed within genome groups would be sig-
nificantly affected by the varying levels of representation 
of the genomes within the collection. As expected, the 
tetraploid (AD genome) group, with two subgenomes and 
the largest accession representation, was the most diverse 
with 13.1 bands per SSR and a genetic diversity of 0.07 
(Table 2). Among the diploids, the D genome was the most 
diverse with 5.9 bands per SSR marker and a genetic diver-
sity of 0.05. In contrast, the F genome was the least diverse 
with 0.8 bands per SSR marker and a genetic diversity of 
near zero (0.003). The F genome was represented in this 
study by one species, G. longicalyx, with only four acces-
sions, and thus the small number of alleles and low diver-
sity were expected.

Genetic similarities revealed comparable patterns of 
diversity across genomes as discussed above (Table  4). 

Among diploids, the highest similarity was observed in 
the F genome (four accessions, 0.911) and the B genome 
(seven accessions, 0.805) likely because each genome was 
represented by a single species and only a few accessions. 
The two genomes representing the most species, D genome 
(ten species, 0.197) and K genome (six species, 0.268), 
showed the greatest differentiation among their representa-
tive accessions. The D genome likely originated in west-
ern Mexico with species dispersal primarily in Mexico plus 
long-range dispersal events that established G. raimondii in 
Peru and G. klotzschianum in the Galapagos Islands (Wen-
del and Cronn 2003). The K genome is the most disjunct 
genomic group of species from Australia in terms of geo-
graphical distribution and morphology (Wendel and Cronn 
2003). In comparison, the GS value within the AD genome 
was 0.364.

The average GS value for pairwise comparisons of Gos-
sypium genomes was 0.082, with values ranging from 0.043 
(G/D) to 0.142 (K/C; Table 4). The pairwise comparison of 

Fig. 2   Principal coordinate 
plots showing the relationship 
between the first two coordinate 
axes which reflect 31.5 % of 
variation among AD genome 
accessions. a Five Gossypium 
tetraploid species. b G. bar-
badense accessions removed 
(dashed line encircles 14 puta-
tive G. hirsutum clustering as 
G. barbadense). c G. hirsutum 
accessions removed (dashed 
line encircles 19 putative G. 
barbadense accessions cluster-
ing as G. hirsutum introgres-
sions). Jaccard’s coefficient 
was used to measure genetic 
distance among the accessions
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D (originating in the Americas) and G (originating in Aus-
tralia) genomes showed the highest level of differentiation 
(0.043). On average, the relationships among the Australian 
genomes (C, G, and K) showed the highest degree of similar-
ity (0.132) with C and K genomes most similar (0.142). This 
is in contrast to earlier studies of these diploids showing C 
and G to be the most similar and most recently diverged of 
the Australian genomes (Liu et al. 2001; Wendel et al. 1991).

Duplication of accessions

A feature of the NCGC that is shared with other collec-
tions is that over time it has accumulated putative dupli-
cates of various genotypes. This is often the result of germ-
plasm exchanges between collections, but can result from 
slight variations in genotype names or designations. In 
this investigation, 15 sets of G. barbadense and 37 sets of 

Fig. 3   Principal coordinate plot 
of the first two coordinate axes 
showing patterns of separa-
tion that reflect 32.8 % of the 
dissimilarity among eight Gos-
sypium diploid genome groups. 
The dashed lines encircle two 
A genome clusters representing 
the majority of G. arboreum and 
G. herbaceum accessions. Jac-
card’s coefficient was used to 
measure genetic distance among 
the accessions

Fig. 4   Principal coordinate plot 
showing 17.1 % of the variation 
among the seven non-A diploid 
genome groups. Jaccard’s 
coefficient was used to measure 
genetic distance among the 
accessions. The six black circles 
distinguish clusters of the ten 
D genome species. The G. 
thurberi cluster contained all 
nine G. thurberi accessions plus 
one G. davidsonii accession. 
The other eight G. davidsonii 
accessions clustered with G. 
klotzschianum. Remaining clus-
ters contain all accessions of the 
indicated species

G. gossypioides

G. raimondii
G. armourianum

G. aridum
G. laxum
G. lobatum

G. davidsonii
G. klotzschianum

G. trilobum

G. thurberi



322	 Theor Appl Genet (2015) 128:313–327

1 3

G. hirsutum accessions with synonymous names or desig-
nations were evaluated to determine their true relatedness. 
Comparisons were made using Jaccard’s GS values and 
the absolute number of differences (non-matching bands) 
across SSR loci (van Treuren et  al. 2010). The GS value 
of reputed duplicates ranged from a high of 0.988 (Row-
den 41B) to a low of 0.186 (Pima S-2; Online Resource 4). 
High GS values call for a re-evaluation of the necessity of 
maintaining both individuals of a duplicate set, while low 
GS values call for phenotypic and genotypic re-evaluation 
of the duplicates and their original source germplasm, if 
still existing, to determine “true” type. Putative duplicates 
with GS values of less than 0.80 (Ashmouni, B233, B-237, 
Pima S-2, Acala SJ-4, etc.) would be prime candidates for 
the latter type of re-evaluation. When viewing relatedness as 
the absolute number of non-matching bands, we can see the 
actual allelic differences between any subset of accessions. 
The two Rowden 41B accessions with a high GS value had 
only one band unique to each accession (DPL0196_135 in 
SA-0493 and DPL0196_137 in SA-0522) while the pair of 
Pima S-2 accessions with the lowest GS value had 111 and 
121 bands that only amplified in one of the accessions.

While the potential duplicates in the above discussion 
were identified on the basis of accession names, six sets of 
accessions with Jaccard GS values of unity (GS =  1.000) 
were actually identified in the GDRS (Table 5). Four of the 
sets are from diploid genomes and likely are identical due 
to the core marker set being less effective in discriminating 
accessions within the diploid genomes. The currently avail-
able data provide no notable rationale for these accessions 
to have very comparable fingerprints. However, these results 
serve to apprise users of the germplasm collection of the 
fact that samples with similar names may not be genetically 
identical while the opposite may also be true (i.e. samples 
with different names may, on rare occasion, be very similar).

Potential to identify genome‑ and species‑specific bands 
and measure introgression between species

Prior to defining genome-specific bands, 616 bands (41 
SSR markers) with <50 % amplification in the A, D, or AD Ta
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) Table 5   Six sets of accessions that are identical based on Jaccard’s 
genetic similarity value

Genome Species Accession designation

A G. herbaceum A1-135, A1-139

D G. raimondii D5-3, D5-1

G. gossypioides D6-1, D6-3, D6-4

F G. longicalyx F1-3, F1-4

AD G. hirsutum TX-0367, TX-2231

G. hirsutum TX-1810, SA-1334
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genome were removed. From this reduced data set, a total 
of 55 genome-specific bands were detected in the A, D, 
and AD genomes. The tetraploids had 29 genome-specific 
bands, while the A and D genome diploid progenitors of 
the tetraploids had 22 and 4 genome-specific bands, respec-
tively. The tetraploids and A genome diploids had a similar 
number of shared bands in common (17 bands) when com-
pared to the tetraploids and D genome diploids (16 bands; 
Fig. 5). These results are in contrast to the pairwise GS val-
ues obtained for these genomes (Table 4). When consider-
ing all bands in the GS analysis, the AD and A genomes 
(GS  =  0.123) were more similar than the AD and D 

genomes (GS = 0.090). This overall similarity agrees with 
current results from cotton genome sequencing efforts (Page 
et  al. 2013; Paterson et  al. 2012). This also suggests that 
there are more bands of low frequency (rather than genome-
specific or shared as defined here) in common between the 
AD and A genomes than are mutual between the AD and 
D genomes. All bands amplified well in both commercial 
tetraploid species, and we were able to identify 81 bands 
specific to G. barbadense and 73 specific to G. hirsutum.

With the identification of species-specific bands, we 
are able to get an indication of the amount of introgres-
sion between species, specifically G. hirsutum and G. bar-
badense, in the NCGC. TM-1 and 3-79, which are highly 
inbred examples of their respective species, show 2.06 
and 0.00  % introgression, respectively. This would indi-
cate that the rate of falsely identifying introgressed bands 
is about 2  % in our study. When averaged across acces-
sions, G. barbadense shows about 4.8  % introgression 
from G. hirsutum. In contrast, G. hirsutum has about half as 
much (2.8 %) introgression from G. barbadense. The great 
majority of G. barbadense and G. hirsutum accessions have 
from 0 to 10  % introgression (Table  6). However, ten G. 
barbadense accessions and 16 G. hirsutum accessions have 
upwards of 60  % introgression. Nineteen G. barbadense 
accessions with >40  % G. hirsutum introgression were 
observed clustering tightly with G. hirsutum accessions 
(Fig. 2c). Similarly, 14 G. hirsutum accessions (>65 % G. 
barbadense introgression) lie within the tight cluster of G. 
barbadense accessions (Fig. 2b).

Discussion

Utility of marker core set

The analyses and interpretation of results from this investi-
gation have proven to be challenging due to purposeful cap-
ture of intra-accession variability through sampling, vary-
ing ploidy levels, and a large number of diverse species. 
Therefore, we have adopted methodologies seldom used in 
cotton studies (Campbell et al. 2009) but more frequently 
used in other polyploid taxa, primarily sugarcane (Saccha-
rum spp.) (Cordeiro et al. 2003; Oliveira et al. 2009; Silva 
et  al. 2012). In a polyploid, it is often a challenge to dis-
tinguish alleles from homoeologous chromosomes; thus, 
this method prevented incorrect assignments of allelic rela-
tionships (Oliveira et al. 2009). For these reasons we have 
treated these markers as dominant molecular markers when 
applying statistical methods.

Intentional capture of intra-accession variability was 
performed to reveal true variability within the collection 
and determine where it resides. When collected during 
plant explorations, Gossypium accessions may represent 

Fig. 5   Venn diagram displaying amplification patterns of the 106 
bands that were genome-specific within or shared among a combina-
tion of the tetraploid AD genome and its progenitor diploid genomes, 
A and D. The numbers in shared regions of each circle represent 
the number of bands that were present in at least 10 % of the acces-
sions of corresponding genomes. The graphical sizes of the displayed 
regions approximate the number of bands within each region

Table 6   Levels of introgression based on percentage of G. hirsutum 
species-specific bands within G. barbadense accessions and per-
centage of G. barbadense species-specific bands within G. hirsutum 
accessions

Eighty-one (81) bands were G. barbadense specific and 73 bands 
were specific to G. hirsutum

Introgression (%) Accessions (no.)

G. barbadense G. hirsutum

≤10 397 1,495

11–20 2 23

21–30 1 2

31–40 3 3

41–50 8 0

51–60 8 1

61–70 2 3

71–80 3 8

81–90 4 4

91–100 1 1
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a single plant or, more commonly, a localized cluster of 
plants, often assumed to be a sibling colony. During col-
lection seed increases, accessions are self-pollinated and 
seeds are obtained from a bulk of ~14 plants. Bulk har-
vests have been performed in the collection not only to 
recover adequate seed amounts, but also to preserve vari-
ation present in the accession. Until the present investiga-
tion, it was assumed that varying levels of allelic diversity 
existed within accessions, but this variation was ignored 
in diversity studies where homogeneity within accessions 
was assumed and single individuals were used to represent 
accessions. The DNA obtained from our bulk of ten seeds 
represents the true nature of an accession but resulted in 
the complexity that rendered co-dominant marker analy-
sis unfeasible or very difficult, especially in a relatively 
recently formed tetraploid (Cronn and Wendel 2003). The 
tendency of SSR markers to amplify multiple loci further 
complicates this analysis.

This core set of SSR markers detects a moderate rate 
of diversity among the G. hirsutum and G. barbadense 
species, but this was not observed in the diploid species. 
Views of the first two principal coordinates show that the 
A and D genome accessions can be differentiated to some 
extent while other diploid accessions remain closer to each 
other than to other clusters. Biological interpretation of the 
reduced diversity in diploids is two-fold. First, the lower 
number of accessions evaluated for the diploids would sug-
gest that more representatives of these genomes need to be 
analyzed. For that to happen, more plant exploration should 
occur to sample the naturally occurring diversity. Second, 
the markers selected were originally developed from three 
species: primarily G. hirsutum and its putative diploid pro-
genitor species, G. arboreum and G. raimondii (Blenda 
et al. 2012; Fang et al. 2013). In addition, the markers were 
selected based on the chromosomal locations in the G. hir-
sutum × G. barbadense interspecific map (Yu et al. 2012a). 
Markers residing on the A subgenome of the tetraploid 
might not exist in the D genome species, and likewise, 
those on the D subgenome likely failed to amplify products 
in the A genome species. For the more distant genomes 
(B, C, E, F, G, and K genomes), these markers appeared 
even less specific. This phenomenon is not unusual. Kue-
ster and Nason (2012) screened 50 SSR markers previously 
developed for G. hirsutum, and only ten were identified that 
could be dependably amplified and scored in G. davidsonii 
(a D genome species). In the present study, 57 of the 104 
core SSR markers amplified alleles in G. davidsonii giv-
ing us a higher success rate than that of Kuester and Nason 
(2012) yet providing only half of the genetic discrimina-
tion information as available in G. hirsutum. Many of the 
diploid accessions showed incomplete DNA profiles due 
to lack of PCR amplification or non-informative profiles 
due to the amplification of monomorphic DNA fragments. 

From these results, we determined that further characteriza-
tion of diploids would require additional markers that were 
genome- or species-specific and additional representation 
within the diploid species (i.e. more accessions to charac-
terize, if available).

Diversity trends

The cotton germplasm collection of Uzbekistan used a ran-
dom set of 95 SSR markers for molecular characterization 
of ~300 G. hirsutum accessions (Abdurakhmonov et  al. 
2008). A similar study of the cotton germplasm collection 
of CIRAD proposed an informative set of 201 SSR markers 
to characterize tetraploid Gossypium accessions (Lacape 
et  al. 2007). Both of these analyses have recognized use-
ful variation within the tetraploids of their respective col-
lections, specifically G. hirsutum, but are not comparable 
to the range of genomes and species surveyed here. Other 
independent studies have, to a lesser degree, reported on 
variability across diploid and tetraploid species. Abdalla 
et  al. (2001) used 16 dominant markers (AFLPs) to esti-
mate genetic and evolutionary relationships among 29 
accessions from five Gossypium species including the AD, 
A, and D genomes. The AFLP markers revealed 368 poly-
morphic bands, with 143 bands (38.9  %) shared between 
the tetraploids and A genome accessions, and 84 bands 
(22.8  %) shared between the tetraploids and D genome 
accessions. This is in contrast to our study which revealed 
1,086 polymorphic bands across these three genomes, with 
17 (1.6 %) and 16(1.5 %) shared bands, respectively. While 
AFLP technology usually generates many non-specific 
bands, another possible explanation for this discrepancy 
may be the different sample sizes between the two stud-
ies and possible imprecise estimates that could result from 
a very small sample size. In the investigation of Abdalla 
et al. (2001), only one G. raimondii accession represented 
the D genome, and two G. herbaceum accessions and one 
G. arboreum accession represented the A genome. The 
shared bands identified here are supported by the cryptic 
introgression observed in duplicated loci in the tetraploids 
originating from G. raimondii and the A genome species, 
G. arboreum and G. herbaceum (Cronn and Wendel 2003).

The genetic diversity (PIC values) reported here are very 
low relative to other cotton analyses using SSR markers. 
However, this is the first report of PIC estimates in a cot-
ton study scoring SSRs as dominant markers and compar-
ing intra- to inter-genetic diversity across species with a 
marker set optimized for mainly two (G. hirsutum and G. 
barbadense) of the 33 species. In the present investigation, 
the tetraploid species of the NCGC display greater diversity 
than their A and D progenitor genomes (Table 2). However, 
these results may not reflect the true relationship between 
the tetraploid and diploid species’ diversity. The diploids 
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are much underrepresented in the NCGC (Table 1). There-
fore, the tetraploids will show higher diversity by simply 
having a larger number of individuals that capture many 
more alleles. The extant diversity levels of the diploids can 
be better determined through unbiased genome sequencing 
of multiple individuals from each species that capture the 
geographic range of the species.

Germplasm collection management

An ancillary objective of this investigation has been to 
determine the utility of the core marker set in detecting 
errors in assigning accession designations and in maintain-
ing the integrity of accessions. One aspect of maintaining 
the integrity of accessions in the NCGC is the related prob-
lems of purported redundancy and undetected redundancy. 
If true duplications exist, all accessions would be kept in 
the NCGC but only one copy (accession) would be rou-
tinely increased for distribution. This approach reduces the 
regeneration costs to the NCGC. Through this investiga-
tion, probable false duplicates could be easily identified by 
extremely low GS values (less than 0.50). The cutoff GS 
value for accepting a true duplication would be somewhat 
arbitrary and set by a trained curator in combination with 
phenotypic evaluations. In the present study, a GS value of 
0.80 or above appeared to be an acceptable threshold for 
declaring duplication, but under these circumstances, users 
of the germplasm should be aware that reputed duplicate 
accessions may not be genetically identical and care should 
be taken to maintain accurate acquisition records. In addi-
tion to reputed duplicates, GS values of 1.0 were found 
between accessions having no morphological or passport 
evidence available to ascertain why these accessions would 
be similar. As mentioned previously, a set of markers opti-
mized for maximal polymorphism within diploid species is 
needed to confirm potential duplicates among the diploids. 
For the G. hirsutum and G. barbadense accessions that 
were identical (GS = 1.0), morphological data on the twin 
accessions will be compared and additional analyses with 
more markers will be subsequently conducted to confirm or 
refute the potential duplications. A minimum of two inde-
pendent data sources including visual assessment of acces-
sions should be available to identify and validate potential 
duplicate accessions (van Treuren et al. 2010).

From PCoA, we have identified several putative mis-
classifications of accessions to species (Online Resource 
1; Fig. 1). Within G. hirsutum and G. barbadense, acces-
sions showing significant numbers of putative introgressed 
bands were identified and found to cluster with the oppo-
site species (Fig.  2). Specifically, 14 G. hirsutum and 19 
G. barbadense accessions possessing significant introgres-
sion were found to cluster with accessions of the other 
species. Although we cannot demonstrate that our method 

of determining introgressant bands accurately presents a 
quantitative estimate of introgression, use of species-spe-
cific bands and PCoA to identify introgressed accessions 
are mutually supportive.

The misclassified, duplicated, or introgressant acces-
sions identified in this study have been documented for 
further investigation. Although marker analyses may be a 
powerful and relatively cheap tool for the initial identifica-
tion of classification errors or purity issues, confirmation 
and remediation of these situations will entail phenotypic 
characterization. Proper pedigree and species identification 
and the presence of introgression are of extreme impor-
tance to breeders when selecting parental materials for 
improvement efforts.

Intra-accession variability was also noted in the high 
number of bands per SSR marker. Some of these bands 
were likely due to the aforementioned detection of multi-
ple loci by SSR markers. The bulk of ten root tips could 
also have been comprised individuals heterozygous for a 
given locus, individuals homozygous for different alleles at 
a given locus, or a combination of both. The source of this 
variability would need to be confirmed by comparing the 
DNA profiles of individual root tips rather than a bulk of 
root tips.

In conclusion, molecular markers are a versatile tool in 
characterizing the diversity of the NCGC and in its main-
tenance. Marker information readily identified accession 
assignment in tetraploid species of the NCGC, and in the 
A and D diploid species. Marker information will be used 
to prioritize regeneration efforts, identify potential redun-
dancy and uniqueness in the NCGC, and monitor integrity 
of accessions through regeneration cycles. Identified weak-
nesses of the core marker set have led to efforts to expand 
it to improve its discriminatory precision in wild diploid 
species. Although limitations have been identified, the 
availability of this core set of SSR markers facilitates fur-
ther efforts to establish a common protocol for germplasm 
molecular analysis, particularly as coordination of efforts 
and exchange of information among all researchers in the 
field become more commonplace.
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