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Abstract The diploid cotton species Gossypium arboreum

possesses many favorable agronomic traits such as drought

tolerance and disease resistance, which can be utilized in

the development of improved upland cotton cultivars. The

USDA National Plant Germplasm System maintains more

than 1600 G. arboreum accessions. Little information is

available on the genetic diversity of the collection thereby

limiting the utilization of this cotton species. The genetic

diversity and population structure of the G. arboreum

germplasm collection were assessed by genotyping-by-se-

quencing of 375 accessions. Using genome-wide single

nucleotide polymorphism sequence data, two major clus-

ters were inferred with 302 accessions in Cluster 1, 64

accessions in Cluster 2, and nine accessions unassigned due

to their nearly equal membership to each cluster. These two

clusters were further evaluated independently resulting in

the identification of two sub-clusters for the 302 Cluster 1

accessions and three sub-clusters for the 64 Cluster 2

accessions. Low to moderate genetic diversity between

clusters and sub-clusters were observed indicating a narrow

genetic base. Cluster 2 accessions were more genetically

diverse and the majority of the accessions in this cluster

were landraces. In contrast, Cluster 1 is composed of

varieties or breeding lines more recently added to the

collection. The majority of the accessions had kinship

values ranging from 0.6 to 0.8. Eight pairs of accessions

were identified as potential redundancies due to their high

kinship relatedness. The genetic diversity and genotype

data from this study are essential to enhance germplasm

utilization to identify genetically diverse accessions for the

detection of quantitative trait loci associated with important

traits that would benefit upland cotton improvement.
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Introduction

Genetic diversity is significant for agricultural sustain-

ability and serves as the basis for plant improvement. The

goal of successful adaptation to changing environmental

conditions and success in plant breeding cannot be

achieved without diverse crop genetic resources (Govin-

daraj et al. 2015; Ulukan 2011). Determining the genetic

diversity maintained in germplasm collections will assist in

the utilization of germplasm in breeding programs.

Various methods have been utilized to evaluate genetic

diversity of crop plants, including morphological, bio-

chemical, and molecular marker analyses. Morphological

and biochemical markers are easy to detect, robust, and

highly reproducible; however, their application is limited

by the small number of available markers. In contrast,

molecular markers such as RFLPs (restriction fragment

length polymorphism), SSRs (single sequence repeat), and

SNPs (single nucleotide polymorphism) are abundantly

distributed across plant genomes. Among the different

molecular markers, SNPs are the most abundant type,

which have become widely used especially with the rapid
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advancements in sequencing technology (Govindaraj et al.

2015; He et al. 2014).

Genotyping-by-sequencing (GBS) was developed as a

rapid and robust approach for genotyping and SNP dis-

covery (Poland and Rife 2012). The protocol employs a

reduced representation sequencing strategy using one or

more restriction enzymes to digest genomic DNA with a

subset of restriction fragments sequenced to produce partial

but genome-wide sequencing reads. The SNPs identified

from the GBS generated sequencing data can be subse-

quently implemented in genomic diversity and genome-

wide association (GWAS) studies. With the advantages of

increased efficiency and cost effectiveness, GBS shows

great promise in accelerating the progress of plant breeding

and the rate of developing new crop cultivars (He et al.

2014; Poland and Rife 2012). As such, GBS has been

widely applied in genetic studies of various species,

including chickpea (Kujur et al. 2015), wheat (Lin et al.

2015), cotton (Logan-Young et al. 2015), lentil (Wong

et al. 2015), maize (Elshire et al. 2011; Pace et al. 2015;

Romay et al. 2013), barnyard millet (Wallace et al. 2015),

guinea yams (Girma et al. 2014), and blue catfish (Li et al.

2014a). However, one factor to consider in conducting a

GBS assay is missing data, which can lead to biased results

(Glaubitz et al. 2014). Genotype imputation, a process to

predict the genotypes that were not assayed in a sample of

individuals, is frequently used to boost the number of SNPs

for GWAS analysis (Marchini and Howie 2010).

Cotton (Gossypium spp.), widely grown in more than 70

countries worldwide, is the leading fiber crop and serves as

important source of oil and seed meal. China, India, United

States, and Pakistan are the leading cotton producing nations

accounting for more than 70 % of world production (http://

apps.fas.usda.gov/psdonline/psdDataPublications.aspx).

Among the 50 species of cotton, two tetraploid species

(G. hirsutum and G. barbadense) and two diploid species

(G. arboreum and G. herbaceum) are cultivated with G.

hirsutum (upland cotton) accounting for more than 90 % of

cotton production worldwide. As a tetraploid species, G.

hirsutum arose from the interspecific hybridization between

putative G. arboreum and G. raimondii ancestors followed

by chromosome doubling. Although G. hirsutum cultivars

produce superior quality fiber and have greater lint yield,

they are more susceptible to abiotic and biotic stresses

(Maqbool et al. 2010; Robinson 2007). Therefore, plant

breeders have been evaluating diploid cotton species to

enhance genetic diversity for specific traits.

Gossypium arboreum was widely cultivated in Asia, the

Middle East, and north-eastern Africa prior to the intro-

duction of G. hirsutum cultivars (Guo et al. 2006). Because

of its ability to adapt to extreme environmental conditions

such as drought and saline soils (Guo et al. 2006; Maqbool

et al. 2010), G. arboreum cultivars are more frequently

grown in regions not suitable for G. hirsutum cultivation or

under low input management practices (Iqbal et al. 2015).

In addition, G. arboreum cultivars have a number of other

traits that could benefit the breeding of new G. hirsutum

cultivars including enhanced resistance to leaf curl virus

(Ahmad et al. 2011), tobacco budworm (Hedin et al. 1992),

thrips (Stanton et al. 1992), and reniform nematode (Er-

pelding and Stetina 2013; Sacks and Robinson 2009; Yik

and Birchfield 1984). Some cultivars of G. arboreum also

produce greater fiber strength, higher oil content, and

increased seed indexes (Mehetre et al. 2003). While

transferring genes from G. arboreum to G. hirsutum is

achievable, specialized breeding approaches (Gill and

Bajaj 1987; Sacks and Robinson 2009) are required to

overcome hybridization barriers. Therefore, information on

the genetic diversity of the G. arboreum collection is

essential to aid in the selection of accessions for intro-

gression and the utilization of this germplasm in breeding

programs.

Several diversity assessments have been reported for G.

arboreum, (Guo et al. 2006; Kantartzi et al. 2009; Kebede

et al. 2007; Liu et al. 2006; Rahman et al. 2008), but these

studies employed a small number of markers on a limited

number of accessions or cultivars. In this study, GBS was

performed using 375 G. arboreum accessions from the

United States Department of Agriculture (USDA), National

Plant Germplasm System (NPGS) cotton collection for

large-scale SNP discovery to evaluate genetic diversity and

population structure for the collection. Marker data pro-

duced from the GBS platform and information from this

study can be further applied in GWAS and genomic

selection evaluations for cotton improvement.

Materials and methods

Plant materials

More than 1600 G. arboreum accessions are maintained in

NPGS cotton collection (Wallace et al. 2009) and the

majority of these accessions were planted at the USDA in

Stoneville, Mississippi during the 2011 and 2012 cropping

seasons for seed production. Each accession was planted in

a single row plot and plants in each row were self-polli-

nated to ensure seed purity. For this study, 380 accessions

were selected for genotyping, which included landraces

added to the collection prior to 1970 and cultivars or

breeding lines added to the collection prior to 2001.

Additionally, accessions PI529740 and PI630019 were

included in the evaluation to determine whether these were

duplicate accessions. Except for these two accessions,

phenotypic data was not used as a criteria in selecting

accessions. One plant from each accession was used and
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self-pollinated seed was planted in the greenhouse during

the summer of 2014. Leaf samples were collected from a

single seedling for each accession at approximately the six

leaf stage. For DNA extraction, approximately 0.1 g of

fresh leaf tissue was placed into 2 mL microfuge tubes and

lyophilized. The dried leaf tissue was ground to a fine

power, DNA extracted using the DNeasy Plant Mini kit

(Qiagen, Valencia, CA) following the manufacturer’s

protocol, and DNA quantification was conducted using

Quant-iT PicoGreen dsDNA Assay kit (Molecular Probes,

Inc., Eugene, OR). The quality of DNA samples was

assayed by electrophoresis of a 1 lL sample on a 1 %

agarose gel using 19 TBE running buffer.

Genotyping-by-sequencing library construction

and sequencing

Library construction and sequencing were conducted at the

Institute for Genomic Diversity, Cornell University, Ithaca,

New York using the protocol described by Elshire et al.

(2011). DNA libraries for the accessions were prepared

using the restriction enzyme ApeKI. This enzyme has been

optimized for cotton and was selected to generate a greater

number of SNPs. Each plate of 95 samples included a

randomly placed blank well. A 96-plex library per flowcell

channel was used for sequencing with four channels used

to sequence the libraries for the 380 accessions.

Single-nucleotide polymorphism (SNP) calling

Single-nucleotide polymorphisms were identified using the

TASSEL-GBS pipeline (Glaubitz et al. 2014) in TASSEL:

3.0.166. Briefly, raw fastQ sequences were trimmed of

barcodes and reads from each of the four fastQ files were

collapsed into one master TagCounts file containing unique

tags along with their associated read count information.

The resulting unique tags were then mapped to the G.

arboreum (cultivar Shixiyal, SXY1) reference genome (Li

et al. 2014b) by Burrows-Wheeler Aligner (Li and Durbin

2009) using default parameters on eight threads.

Tags aligned to unique positions on the genome were

retained for SNP calling. The cultivar used for the reference

genome was not included as one of the accessions in the

present study. SNP discovery was performed for each set of

tags that aligned to the exact same starting genomic position

and strand. The genotype of the SNP was then determined

by the default binomial likelihood ratio method of quanti-

tative SNP calling in TASSEL: 3.0.166 (Glaubitz et al.

2014). Specifically, SeqToTBTHDF5Plugin, TagsTo

SNPByAlignmentPlugin, and MergeDuplicateSNPsPlugin

inside TASSEL were used sequentially with all default

parameters except that callHets option was set to true.

After genotypes were obtained for a potential SNP,

initial filtering of SNPs was performed with minimum

minor allele frequency of 0.01, minimum locus coverage of

0.1, and minimum taxa coverage of 0.8. Additional filtering

steps were conducted in TASSEL to generate discrimi-

nating SNPs for subsequent population structure analysis

using minimum minor allele frequency of 0.05 and maxi-

mum heterozygosity ratio of 0.2.

Population structure analysis

To infer the population structure for the sequenced acces-

sions, STRUCTURE version 2.3.4 (Pritchard et al. 2000)

was used to identify the number of populations (K).

Briefly, a 105 length of burn-in period, followed by 105

Markov Chain Monte Carlo (MCMC) replications was set

as the parameter using the admixture model with correlated

allele frequency. K-values from 2 to 6 were tested for 5

independent runs. The STRUCTURE generated results

were imported into Structure Harvester (Earl and vonHoldt

2012) to determine the best K-value using the Delta K

method (Evanno et al. 2005). After determining the number

of populations (K), individual accessions were assigned to

each cluster if they had at least 60 % membership in that

cluster. Then, the Q-matrix under the best K-value from

Structure Harvester was exported to CLUMPP version

1.1.2 (Jakobsson and Rosenberg 2007) and subsequently

the bar plot representing clusters with the best K-value was

generated using DISTRUCT version 1.1 (Rosenberg 2004).

To compare the results from the STRUCTURE analysis,

multidimensional scaling (MDS) analysis was conducted in

TASSEL (Glaubitz et al. 2014), where the discriminating

SNP dataset was converted into a distance matrix. The

TASSEL built-in MDS analysis produced covariant data

were used to construct the different MDS plots. PHYLIP

3.695 (Felsenstein 1989) was used for the phylogenetic

analysis using 100 bootstrap iterations and maximum par-

simony algorithm. The resulting trees from PHYLIP 3.695

were imported into SplitsTree4 (Huson and Bryant 2006)

for the construction of phylogenetic networks. To deter-

mine the differentiation between clusters, pairwise Fst

values were assessed using GENEPOP version 4.3 (Rous-

set 2008). Locus level Fst values and Nei’s genetic dis-

tance calculations were determined using the R package

adegenet (Jombart 2008). Kinship analysis and figure con-

struction used the EMMA algorithm in the R package

GAPIT (Lipka et al. 2012).

PGDSpider 2.0.8.2 (Lischer and Excoffier 2012) was

used for the conversion of data format used in STRUC-

TURE version 2.3.4 (Pritchard et al. 2000), PHYLIP 3.965

(Felsenstein 1989), and GENEPOP 4.3 (Rousset 2008).

Missing data rate, minor allele frequency (MAF), and
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heterozygosity ratio were generated in TASSEL and their

distributions were calculated in R.

Results

Genotyping of G. arboreum germplasm accessions

and genome-wide SNP discovery

The GBS assay was performed for 380 G. arboreum

accessions (Online Resource Table 1) that generated

777,680,809 raw sequence reads, which produced

730,123,644 (93.9 % of raw reads) good barcoded reads.

Good barcoded reads were reads with an exact match to

one of the barcodes provided and with no unknown reads

(Ns) in the sequence following the matched barcodes up to

64 bp. Five accessions had less than 50,000 reads and were

eliminated from genetic diversity analysis. The number of

reads for the 375 accessions included in the diversity

analysis ranged from 115,901 to 3,323,123 with an average

of 1,946,864 reads. The 730,123,644 good barcoded reads

were collapsed into 39,801,247 unique sequences, which

are denoted as tags. Tags that were present in three out of

the four sequencing flowcell channels were retained

resulting in 4,832,643 filtered tags (12.1 % of all tags).

Alignment of filtered tags to the G. arboreum reference

genome (Li et al. 2014b) resulted in 3,815,473 tags

(79.0 % of filtered tags) that aligned to unique positions on

the reference genome, 446,566 tags (9.2 % of filtered tags)

that aligned to multiple positions, and 570,604 tags

(11.8 % of filtered tags) that were not aligned to the ref-

erence genome. SNP calling was performed on uniquely

mapped tags resulting in the identification of 61,822 SNPs.

Filtering of these SNPs with minor allele frequency of

0.01, minimum locus coverage of 0.1, and minimum taxa

coverage of 0.8 generated 18,571 SNPs. Most of the SNPs

removed by this step had a high level of missing data

(Online Resource Fig. 1).

In order to infer the population structure of the

sequenced G. arboreum accessions using genome-wide

SNP data, the 18,571 SNPs were further filtered to generate

a set of discriminating SNPs. Using a MAF less than 0.05

over 10,000 rare alleles were removed. Given the fact that

the G. arboreum accessions are inbred cultivars and that G.

arboreum is predominantly self-fertilized, highly

heterozygous sites with a heterozygosity ratio greater than

0.2 were also eliminated. This step removed over 1000

SNPs which can be associated with sequencing errors or

sequence polymorphisms generated from paralogous sites.

After filtering, 6224 discriminating SNPs were retained for

the 375 accessions (Online Resource Table 2). The locus

level distributions of missing data rate, MAF, and

heterozygosity for the 61,822 SNPs, 18,571 SNPs, and

6224 SNPs are shown in Online Resource Fig. 1. For the

6224 discriminating SNPs, missing data rate ranged from 0

to 0.152 with most markers having *0 missing rate. At the

taxa level, missing data rate ranged from 0 to 0.675 with

most accessions missing between 2 and 60 SNPs. This low

level of missing data resulted from the two-step filtration of

the original data based on several parameters including

MAF, sequencing coverage, and site heterozygosity ratio,

which removed many SNPs with high levels of missing

data from the initial dataset of 61,822 SNPs. MAF for the

6224 SNPs ranged from 0.05 to 0.5 with a peak at *0.05

and heterozygosity ratio ranged from 0 to 0.2 with a peak at

*0.

The genome-wide distribution of discriminating SNPs

on the 13 G. arboreum chromosomes is presented in Fig. 1.

Chromosomes 1, 6, and 12 had a greater number of SNPs;

whereas, chromosomes 2, 5, and 8 had fewer SNPs. There

were 160 SNPs identified from scaffolds, of which the

sequences were not anchored to the 13 G. arboreum ref-

erence chromosomes. The average marker density per Mb

for the 13 reference chromosomes was 3.88. The density of

SNPs was maximum on chromosome 5 (*5.36/Mb) and

minimum on chromosome 2 (*2.41/Mb). The number of

SNPs also showed variation within each chromosome.

Chromosomes 9 and 12 had the highest peaks where SNPs

aggregate within particular regions.

Population structure for the G. arboreum accessions

Population structure analysis using the 6224 discriminating

SNPs inferred two major sub-populations for the 375

accessions (Fig. 2a). While K values of 2–6 were tested,

the delta K method (Online Resource Fig. 2) and visual

inspection of the results (Online Resource Fig. 3) showed

that K = 2 best explained the population structure.

The majority of the accessions were grouped into a

single cluster referred to as Cluster 1, which included 302

accessions, and the second cluster referred to as Cluster 2

consisted of 64 accessions (Online Resource Table 1). The

remaining 9 accessions were unassigned because they had

almost even membership in each cluster. Different distri-

bution patterns of missing data rate, MAF, and heterozy-

gosity were observed for Cluster 1 and Cluster 2

accessions; however, Cluster 1 showed a similar distribu-

tion pattern as observed for the 375 accessions due to the

large representation of accessions (302 accessions) in this

cluster (Online Resource Fig. 4).

Phylogenetic analysis (Fig. 2b) and multidimensional

scaling (Fig. 2c) showed a similar pattern of population

structure for the sequenced G. arboreum accessions. Kin-

ship analysis also showed a similar clustering pattern of

accessions for population structure, where accessions

within each cluster exhibited a higher relative kinship
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compared to a lower kinship observed between the two

clusters (Fig. 3). Most of the accessions had a relative

kinship value between 0.6 and 0.8. Eight pairs of acces-

sions showed a very high relative pairwise kinship with

values above 0.95 and included accessions PI417892 with

PI615758, PI529643 with PI529738, PI529762 with

PI615902, PI529762 with PI616282, PI529780 with

PI615743, PI615786 with PI616226, PI615902 with

PI616282, and PI616160 with PI616005. Five pairs of

these accessions were added to the collection at different

times and may represent redundancies. The other pairs

were added to the collection at the same time and may

represent accessions with a common pedigree. Two

accessions (PI529740 and PI630019) included in the study

as redundant accessions based on phenotypic data showed a

pairwise kinship value 0.92.

To gain more knowledge on the structure stratification

of the accessions, each of the clusters was further evaluated

by STRUCTURE analysis to dissect the substructure

within the clusters. For the 302 Cluster 1 accessions, two

sub-clusters were identified with 203 accessions as one

sub-cluster, 77 accessions as another sub-cluster, and 22

Fig. 1 The chromosomal distribution of 6224 discriminating SNPs

used to evaluate genetic diversity for the 375 Gossypium arboreum

accessions. a Discriminating SNPs per Mb; b discriminating SNPs per

chromosome. The 13 reference G. arboreum chromosomes are

presented in each panel along the x-axis

Fig. 2 Population structure classification for 375 sequenced Gossyp-

ium arboreum germplasm accessions based on STRUCTURE results.

a Bar plot representation of STRUCTURE results indicates two

clusters (K = 2) for the sequenced G. arboreum accessions;

b phylogenetic analysis and c multidimensional scaling analysis

showed similar pattern as the STRUCTURE analysis results. Acces-

sions in Cluster 1 are represented in green, Cluster 2 accessions in

red, and unassigned accessions are in black
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accessions unassigned (Fig. 4; Online Resource Fig. 2b;

Online Resource Table 1). The 64 Cluster 2 accessions

were divided into three sub-clusters containing 10, 40, and

6 accessions with 8 accessions unassigned (Fig. 5; Online

Resource Fig. 2c; Online Resource Table 1). Results gen-

erated from STRUCTURE, phylogenetic analysis, and

multidimensional scaling showed a similar pattern for the

sub-clustering (Figs. 4, 5).

To evaluate the degree of differentiation and genetic

divergence, pairwise Fst and Nei’s diversity index were

calculated for each cluster and sub-cluster (Table 1). A

moderate degree of differentiation and divergence were

observed between the two major clusters. For the two sub-

clusters of Cluster 1 accessions, low levels of genetic dif-

ferentiation and divergence were found. Low to moderate

levels of genetic differentiation and divergence were also

Fig. 3 Kinship matrix among the 375 Gossypium arboreum accessions. The majority of the accessions showed high levels of kinship (yellow to

red colored portion of matrix)

540 Genetica (2016) 144:535–545
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Fig. 4 Population substructure classification for 302 Cluster 1

Gossypium arboreum accessions based on STRUCTURE results.

a Bar plot representation of STRUCTURE results indicates two sub-

clusters (K = 2) for Cluster 1 accessions; b phylogenetic analysis and

c multidimensional scaling analysis showed similar pattern as the

STRUCTURE analysis results. Sub-cluster 1 accessions are repre-

sented in blue, sub-cluster 2 accessions in pink, and unassigned

accessions in black

Fig. 5 Population substructure classification for 64 Cluster 2

Gossypium arboreum accessions based on STRUCTURE results.

a Bar plot representation of STRUCTURE results indicates three sub-

clusters (K = 3) for Cluster 2 accessions; b phylogenetic analysis and

c multidimensional scaling analysis showed similar pattern as the

STRUCTURE analysis results. Sub-cluster 1 accessions are repre-

sented in brown, sub-cluster 2 accessions in yellow, sub-cluster 3

accessions in purple, and unassigned accessions in black

Table 1 Pairwise Fst values

(below diagonal) and Nei’s

genetic distance (above

diagonal) matrix among clusters

and sub-clusters for the 375

Gossypium arboreum

accessions

C1 C2 C1_sub1 C1_sub2 C2_sub1 C2_sub2 C2_sub3

C1 – 0.12 – – – – –

C2 0.16 – – – – – –

C1_sub1 – – – 0.05 – – –

C1_sub2 – – 0.05 – – – –

C2_sub1 – – – – – 0.07 0.37

C2_sub2 – – – – 0.07 – 0.09

C2_sub3 – – – – 0.19 0.13 –

C1 Cluster 1, C2 Cluster 2, C1_sub1 sub-cluster 1 and C1_sub2 sub-cluster 2 for Cluster 1 accessions,

C2_sub1 sub-cluster 1, C2_sub2 sub-cluster 2, and C2_sub3 sub-cluster 3 for Cluster 2 accessions
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observed for sub-clusters of Cluster 2 accessions; however,

relatively higher values of Fst and Nei’s genetic distance

suggested sub-cluster 3 as the most differentiated sub-

population. Locus level Fst distribution was illustrated in

Online Resource Fig. 5 and showed low levels of genetic

differentiation with 44.4 % of the Fst values less than 0.05

and 12.0 % greater than or equal to 0.5. Fourteen loci had

Fst values greater than 0.9 suggesting different fixation at

these loci between the two populations. A blast search of a

1 kb region at these loci identified seven mRNA sequences

involved in plant growth and signaling transduction, which

may play a role in the differentiation between the two

clusters.

Discussion

There is increasing interest in usingG. arboreum germplasm

in breeding programs to transfer desirable traits to G. hir-

sutum, due to the lack of tolerance and/or resistance of G.

hirsutum cultivars to abiotic and biotic stresses (Maqbool

et al. 2010; Robinson 2007). In the United States, reniform

nematode (Rotylenchulus reniformis) has emerged as a

major disease challenge (Robinson 2007) and G. arboreum

accessions have been identified as a source of resistance

(Erpelding and Stetina 2013; Sacks and Robinson 2009).

Resistance to leaf curl virus is absent in G. hirsutum and

transferring genes from G. arboreum demonstrated higher

resistance levels (Ahmad et al. 2011). Introgression of traits

between the two species is difficult; therefore, more infor-

mation is needed on the genetic diversity of theG. arboreum

germplasm collection to aid in the selection of accessions for

breeding. In this study, a subset 380G. arboreum accessions

were sampled from the collection to evaluate genetic

diversity and population structure. These accessions inclu-

ded landraces added to the collection prior to 1970 and

breeding lines or varieties more recently added to the col-

lection. In order to generate a large number of molecular

markers, GBS was conducted on the accessions. More than

777 million sequencing reads were generated for the acces-

sions. Five accessions with low read counts were eliminated

from the diversity analysis; whereas, the remaining 375

accessions averaged nearly 2 million reads. To identify

discriminating SNPs, all highly heterozygous sites were

excluded to eliminate error-prone SNPs and spurious SNPs

detected from paralogues sites (Glaubitz et al. 2014) result-

ing in 6224 SNPs selected for genetic diversity and popula-

tion structure analyses. The 6224 discriminating SNPs were

distributed across the 13 chromosomes of the G. arboreum

reference genome with inter- and intra-chromosomal varia-

tion observed, which has also been reported for GBS assays

in G. hirsutum (Thyssen et al. 2015).

Population structure analysis for the 375 accessions

inferred two major clusters. The differentiation between the

two major clusters was demonstrated by a pairwise Fst

value of 0.12 and Nei’s genetic distance of 0.16. The 302

accessions in Cluster 1 were further divided into two sub-

clusters with 203 accessions in a single sub-cluster. These

results would suggest a narrow genetic base for Cluster 1

accessions, which was supported by small Fst and Nei’s

genetic distance values. The majority of the accessions in

this cluster were more recently added to the collection

representing varieties or breeding lines with a narrow

genetic base resulting in lower genetic diversity. Similarly,

Kebede et al. (2007) reported low to moderate genetic

diversity with a mean value of 0.89 for G. arboreum

germplasm accessions.

Greater genetic diversity was observed for the 64

Cluster 2 accessions and this cluster was further divided

into three sub-clusters with low to moderate differentiation

between sub-clusters. In accordance, many of the acces-

sions in Cluster 2 were some of the first accessions added

to the collection and higher levels of genetic diversity are

expected. Nine accessions had nearly equal membership in

the two major clusters suggesting that they may be hybrids

between the two major genetic groups.

Data generated from this study can aid in the manage-

ment of the germplasm collection, such as the identification

of redundancies or misclassified accessions and the selec-

tion of accessions for the development of a core collection.

In the present study, PI630019 and PI529740 were inclu-

ded as potential redundant accessions, because the acces-

sions were phenotypically similar and exhibited the ovule

fiberless phenotype. Accession PI630019 is listed as

G. herbaceum; however, PI630019 and G. arboreum

accession PI529740 clustered together suggesting genetic

similarity. These two accessions have a pairwise kinship

value of 0.92, indicating their high genetic similarity. Any

genetic variation between the two accessions could have

resulted from genetic drift. The data suggested that

PI630019 should be classified as G. arboreum and con-

sidered a duplicate of PI529740. High pairwise kinship

values were also observed for an additional eight pairs of

accessions and further evaluation of these accessions will

be required to determine if they are redundancies. Only one

accession in the present study may be misclassified.

Accession PI408751 is phenotypically similar to G. her-

baceum accessions; however, this accession clustered with

other G. arboreum accessions in Cluster 1. Because of the

genetic similarity between G. arboreum and G. herbaceum

(Kebede et al. 2007) and no barriers to hybridization

between the species, accessions for these two species may

cluster together. Genetic characterization of the G. herba-

ceum collection would be desirable.

542 Genetica (2016) 144:535–545

123



Extensive phenotypic characterization of the 375

accessions in the present study has not been conducted to

determine if a similar clustering pattern is observed.

However, Stanton et al. (1994) reported few recognizable

groupings for 169 accession evaluated using 53 phenotypic

characteristics. In the present study, there are several

groups of accessions that are phenotypically similar, but

GBS data indicated they are genetically different. Seven

phenotypically similar accessions (PI529708, PI529712,

PI452096, PI529774, PI529776, PI615742, and PI615747)

clustered in the more genetically diverse sub-cluster 3 of

Cluster 2 with one accession unassigned in Cluster 2 sug-

gesting phenotypically similar accessions may not be

genetically similar.

Compared to genetic diversity studies conducted with

SSR or RFLP markers, the highly abundant distribution of

SNPs enables the capture of sequence polymorphism

across the whole genome. While SNP chips are an alter-

native technology, their application is limited to a few

species for which SNP chips are available. Additionally,

the development of SNP chips for a specific organism is

time consuming and expensive. In contrast, GBS does not

reply on previous knowledge of SNPs and has the ability to

detect more uncommon or rare alleles when increasing the

number of investigated samples at high confidence level

(Romay et al. 2013). Also, there is a strong argument that

rare alleles play a major role in quantitative traits, which

explains a fraction of the missing heritability. For GBS

assays, missing data and sequencing errors commonly

occur and can lead to biased results for association studies

(Glaubitz et al. 2014); genotype imputation is frequently

used to boost the number of SNPs for GWAS analysis

(Marchini and Howie 2010). Nevertheless, for the kinds of

analyses conducted in this study, imputation of missing

data is usually not necessary (Glaubitz et al. 2014), espe-

cially considering that no significant differences in popu-

lation structure were reported for imputed and unimputed

data (Samad et al. 2015) and no reference samples are

available for G. arboreum. Thus, special attention should

be paid to the few accessions with high levels of missing

data, as their cluster assignment can be biased due to their

low level of call rate.

The present study provides a more comprehensive

evaluation of the NPGS G. arboreum germplasm collec-

tion, which included more genotypes and a greater number

of molecular markers as compared to previous genetic

diversity analyses (Kantartzi et al. 2009; Kebede et al.

2007). SSR markers have been frequently used for genetic

diversity studies and genetic diversity assessments can be

conducted with a small number (30–50) of SSR markers;

however, similar results have been reported from com-

parisons between SSR and SNP markers (Filippi et al.

2015) and the cost of genotyping would be similar to GBS.

GBS has the advantage in that large data sets of sequencing

data are generated with genome-wide coverage that can be

used for other applications. The SNP data will be useful for

the development of molecular markers for QTL mapping of

important traits and marker-assisted selection for the

introgression of traits into G. hirsutum cultivars. Specifi-

cally, the G. arboreum collection is being evaluated for

reniform nematode resistance (Erpelding and Stetina 2013)

with the introgression of resistance into G. hirsutum. The

genetic diversity and population structure data will serve as

an important foundation for the selection of accessions for

phenotypic evaluation to enhance the utilization of the

collection for cotton improvement. Further, data generated

from this study can be used in GWAS and genomic

selection studies when various phenotypic data are

incorporated.
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