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Abstract

In this study, 129 wheat genotypes from globally diverse origins were genotyped using DArTseq (SilicoDArT and SNP)
markers. After filtering markers for quality-filtering, 14,270 SilicoDArTs and 6484 SNPs were retained and used for genetic
diversity, population structure and linkage disequilibrium analyses. The highest number of SilicoDArT and SNP markers
mapped on genome A and B compared to genome D. In both marker types, polymorphism information content (PIC) values
ranged from 0.1 to 0.5, while > 0.80% of SilicoDArTs and > 0.44% SNPs showed PIC value more than median (0.25%). Un-
weighted Neighbor Joining cluster analysis and Bayesian-based model population structure grouped wheat genotypes into
three and four clusters, respectively. Principal component analysis and discriminant analysis of principal component results
showed highly match with cluster and population structure analysis. Linkage disequilibrium (LD) was more extensive in
both marker types, while graphical display of LD decay for both marker types showed that LD declined in the region close
to 15 kbp, where r*-values corresponded to 72 =0.16. Overall, our genetic diversity analysis showed high level of variation in
studied wheat genotypes, even though there was no relationship between wheat grouping and origins. This might be attrib-
uted to admixture level that occurred during long-term natural selection of wheat genotypes in different parts of the world.
Highly diverse wheat genotypes used in this study may possess unique genes and are useful sources in breeding programs
to improve grain yield and quality.
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Introduction

Bread wheat (Triticum aestivum L.) is one of the most
important staple food cereal crops that cultivated in most
of climatic zones worldwide (Schuster et al. 2009). The
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rapidly growing world population resulted in the increasing
consumption of wheat. Therefore, it is necessary to deploy
advanced breeding technologies to increase crop produc-
tion, especially for strategic crops for human feed like as
wheat, rice and corn (Ray et al. 2013; Marcussen et al. 2014;
Alipour et al. 2017). Bread wheat is an allohexaploid and
evolved through hybridization and comprised three differ-
ent genomes; A (Triticum uratu), B (Aegilops speltoides)
and D (Aegilops tauschii) (Zohary et al. 1969; Dvorak and
Zhang 1992). Archaeological studies revealed the wheat
domestication in a part of the Fertile Crescent area at least
12,000 years ago. Then bread wheat spread by the first farm-
ers to Asia, Europe and Eastward from 8500 to 2300 BP
(Greger 2015). During the domestication, farmers have pre-
served the superior genotypes and keep diversity of wheat
genotypes that slowly adapted to local environments, becom-
ing so-called landraces (Zeven 1998; Balfourier et al. 2019).
Mostly, landraces are genotypes with high potential to adapt
in different environments, and could tolerate biotic and
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abiotic stresses (Sohail et al. 2015). The evolution of wheat
is a complex history of hybridization and gene flow events,
which is associated with human migration from Mediterra-
nean region to Southern Europe and North Africa (Baloch
et al. 2017; Balfourier et al. 2019). Wheat is the most impor-
tant cultivated crops in Middle East, North Africa and Medi-
terranean regions, providing 15% of calories for human diet
(Balfourier et al. 2019). The reduction of genetic diversity
in wheat, like many crops affected by domestication and
also by the post-Mendlian adoption of breeding activities
(Morgante and Salamini 2003; Novoselovic et al. 2016).
Traditional crop breeding continuously imposed high pres-
sure on wheat germplasm by selection for superior cultivars
(Rubenstein et al. 2005) that lead to uniformity in germplsm
for certain zone and climate.

This genetic diversity uniformity led to genetic vulner-
ability of crop species to various biotic and abiotic stresses
(van de Wouw et al. 2010; Talebi and Fayyaz 2012; Nielsen
et al. 2014). Therefore, narrow genetic base is still major
concern for plant breeder to meet this genetic uniformity
and reduce the genetic vulnerability by introducing the
diverse genotypes into breeding materials from national
and international germplasms (Cox 1998; van de Wouw
et al. 2010; Novoselovic et al. 2016). Recently studies on
worldwide phylogeography and history of wheat diversity
revealed that most of Asian modern cultivars relied on Euro-
pean germplasm, while a huge diversity of landraces in Asia
denied for their potential use in breeding programs (Alipour
et al. 2017; Balfourier et al. 2019). This can be proved by
high level of genetic diversity between improved cultivars
with landraces originated from Fertile Crescent (Balfourier
et al. 2019). Depending on geographical regions, genotypes
domesticated in diverse climates and especially landraces
have specific background with rich allelic diversity, can
be used in different breeding programs (Smale et al. 2002;
Talebi and Fayyaz 2012; Zhang et al. 2011a). Therefore,
information on diversity level in crop genetic resources
can help breeders to develop new cultivars with high yield
potential and desirable alleles (Govindaraj et al. 2015).
Characterization of genetic diversity in crops can be made
by different methods like morphological, biochemical and
DNA-based molecular markers (de Vicente et al. 2005).
Unlike morphological and biochemical markers are easily
influenced by environmental factors, DNA-based molecular
markers are precise and environment-independent. There-
fore, these markers providing versatile tools with broad
applicability and thereby increasingly becoming valuable
tools in breeding programs (Laido et al. 2014; Ghaffari et al.
2014; Novoselovic et al. 2016). Different types of molecular
markers such as amplified fragment-length polymorphism
(AFLP) (Soleimani et al. 2002; Talebi and Fayyaz 2012),
simple sequence repeat (SSR) (Marzario et al. 2018) and
restriction fragment-length polymorphism (RFLP) have
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been utilized for genetic diversity and population structure
analysis in different wheat gene pools. However, low num-
ber of markers, primarily gel based, poor genome coverage,
costly and time consuming are the major limitation factors
with utilization of these markers (Mwadzingeni et al. 2017,
Alam et al. 2018). Over the last decade, microarray based
Diversity Array Technology (DArT) markers have been
developed and used as a high-throughput genetic tool for
genome diversity and population structure analyses, asso-
ciation mapping or linkage map construction in different
crops as well as in wheat (Nielsen et al. 2014; Kabbaj et al.
2017; Mwadzingeni et al. 2017; Alam et al. 2018). Recently,
a new genotyping platform called DArTseq has been devel-
oped including: ‘SilicoDArT and SNP markers’ based on
genotyping-by-sequencing to sequence the most informa-
tive representations of genomic DNA samples (Kilian et al.
2012). DArTseq technology develops much higher markers
with broad genome coverage in compare to the array version
of DArT. Therefore, it serves as a cheap alternative tool for
genome analysis by whole genome sequencing (Edet et al.
2018). These markers have been developed and utilized for
genome diversity and genome-wide association mapping in
different plant species (Ndjiondjop et al. 2017; Pailles et al.
2017; Zaitoun et al. 2018) and also in wheat (Monostori
et al. 2017; Alam et al. 2018).

Because of the above-mentioned, it is important to study
diverse germplasm from both improved cultivars and lan-
draces for monitoring and measuring genetic diversity and
population structure. Therefore, the main objectives of this
study were to evaluate the genetic diversity in a globally
diverse wheat germplasm to providing new information
about the level of genetic diversity within wheat genotypes
from globally geographical regions using DArTseq and SNP
markers generated by DArTseq technology platform.

Materials and methods
Plant materials and DNA extraction

The 129 wheat genotypes, including 40 Iranian wheat geno-
types (26 Iranian commercial cultivars and 14 landraces),
10 international cultivars (mostly used in worldwide breed-
ing programs) and 79 accessions from diverse geographical
wheat origins (Supplementary Table S1) were employed
for genetic diversity, linkage disequilibrium and population
structure analysis using both SilicoDArT and SNP mark-
ers. Wheat genotypes were grown in Iranian cereal research
institute and selected for 6-7 generation by single seed selec-
tion to ensure the homozygosity, as we assumed that wheat
is a self-pollinated and homozygous plant. The seeds are
available upon request from the corresponding author.
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For DNA extraction, ten seeds of each genotypes were
sown in controlled greenhouse and after 10 days a pooled
leaves for each genotypes harvested and kept in liquid nitro-
gen. DNA was extracted using CTAB protocol (Lassner
et al. 1989) with minor modification (Talebi 2008). A DNA
concentration was adjusted to 100-150 ng/ul by spectropho-
tometer using 260 nm wave length.

Genotyping using SilicoDArT and SNP markers

Sample DNA used for DArTseq platform genotyping by
Diversity Arrays Technology Pty Ltd (https://www.diver
sityarrays.com/) for development high density SilicoDArT
and SNP markers as described in previous studies (Ren et al.
2015; Ndjiondjop et al. 2017; Monostori et al. 2017). Over-
all, genotyping using DArTseq platform generated 54,309
SilicoDArT and 40,225 SNP markers. Since it was assumed
that improved wheat genotypes used in this study are com-
pletely homozygous and landraces were selected from single
plant, SNPs showing heterozygous alleles due to the detec-
tion of multiple loci were noted as missing and then mark-
ers with >20% missing data were removed (Bellucci et al.
2015; Monostori et al. 2017, Baloch et al. 2017). All markers
filtered using a minimum minor allele frequency (MAF) of
0.1 across the 129 wheat genotypes in TASSEL v.5.2.37
software (Bradbury et al. 2007). Additionally, markers with
unknown chromosome position were also removed from
the analysis. Overall, 25,066 polymorphic DArTseq mark-
ers (14,339 SilicoDArTs and 6484 SNPs) (Supplementary
Table S2) remained for further analysis of genetic diversity,
population structure and linkage disequilibrium in studied
wheat genotyes.

Data analysis

The markers (DArTseq and SNP) were scored using DArT-
soft v.7.4.7 as binary data (1 present, 0 absent, for a marker
in the genomic DNA of each accession) (Akbari et al. 2006).
Several quality parameters for DArTseq and SNP markers
including call rate, polymorphic information content (PIC),
and reproducibility, were computed by the DArTsoft v.7.4.7
(Cruz et al. 2013; Ndjiondjop et al. 2017). This information
was provided by DArT Pty Ltd to produce “SilicoDArT”
table and “SNP” table (Supplementary Table S2).

A genetic distance matrix for both marker types were
calculated using the identity-by-state (IBS) method imple-
mented in TASSEL v.5.2.37. Cluster analysis was performed
on the genetic distance matrix using the Un-weighted Neigh-
bor Joining algorithm (Perrier et al. 2003) implemented in
the Dissimilarity Analysis and Representation for windows
(DARwin) ver.5.0 software (Perrier and Jacquemoud-
Collet 2006). Mantel coefficient correlation test between
both marker systems, as well as between markers and

geographical origins were implemented in the ape package
of statistical software program ‘R’.

Principal coordinate analysis (PCoA) was also used for
wheat genotypes grouping, by means of the software pack-
age PAST v.3.12 (Hammer et al. 2001). Linkage disequi-
librium (LD) for SilicoDArT and SNP markers was imple-
mented in TASSEL v.5.2.37 and graphical LD decay for
each marker types were imputed by GAPIT R package (Van
Raden 2008; Lipka et al. 2012). For both SilicoDArT and
SNP markers, population structure and discriminant analy-
sis of principal component (DAPC) also were calculated.
Population structure imputed in STRUCTURE 2.1 based on
an admixture model (Evanno et al. 2005), as in model the
K-values ranging from 1 to 10 with 3 independent runs and
50,000 Markov chain Monte Carlo iterations.

The results of structure analysis for estimate the optimal
value of K using the Delta (K) method (Evanno et al. 2005)
were extracted using STRUCTURE HARVESTER web
version 0.6.94 (Earl and Vonholdt 2012). Genetic diversity
among and between populations, proportion of safflower
genotypes membership in each cluster and Wright’s F-statis-
tics (FST) among subpopulations were extracted from STRU
CTURE 2.1. DAPC analysis for finding the fitting pupation
structure of studied wheat genotypes was computed using
the adegenet package (Jombart 2008) for R software version
3.2.3 (R Core Team 2014).

Results

Marker polymorphism analysis and genetic
relationship between wheat genotypes

The initial data set consist of 54,309 SilicoDArT and 40,225
SNP markers. These markers are filtered for minor allele
frequency lower than 0.1, missing data >20% and unknown
chromosomal position. Finally, a total of 25,066 polymor-
phic DArTseqlmarkers (14,339 SilicoDArTs and 6484
SNPs) were assigned to 21 wheat chromosomes and con-
sidered for genetic diversity and population structure in 129
wheat genotypes. The highest number of SilicoDArT and
SNP markers mapped on genome A and B compared to those
mapped on genome D (Fig. 1). The highest and lowest num-
bers of both marker types were observed for chromosome
2B and 4D, respectively. All SilicoDArT and SNP markers
showed >90% reproducibility. Call rate were >0.84 and
> 0.90 for all SilicoDArT and SNP markers, respectively
(Table S2). For both marker types, PIC values ranged from
0.1 to 0.5, while >0.80% of SilicoDArTs and > 0.44% SNPs
showed PIC value more than median (0.25%) (Fig. 2). Kin-
ship coefficients between pairs of genotypes based on Sili-
coDATrTs and SNPs varied from —0.41 to 2.18 and —0.42 to
1.98, respectively (Supplementary Table S3).
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Wheat genotypes grouped into 3 and 4 clusters according
to kinship matrix obtained by SilicoDArT and SNP mark-
ers, respectively (Fig. 3). Genetic distance between pairs
of genotypes based on SilicoDArTs and SNPs ranged from
0.005 to 0.47 and 0.07 to 0.47, respectively (Supplementary
Table S4).

The Un-weighted Neighbor Joining cluster analysis
based on SilicoDArT and SNP markers differentiate the
129 wheat genotypes into 3 and 4 clusters, respectively
(Fig. 4). Iranian Landrace and improved cultivars distrib-
uted into different clusters. There were no relationships
between cluster grouping and origins of wheat genotypes.
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Most of the genotypes used in this study used as parental
lines or have same pedigree background. Therefore, mix-
ture of origins observed in all clusters. Clusters shows
relatively same number of genotypes, although cluster
III for SilicoDArT and cluster IV in SNPmarkers are
larger groups of wheat genotypes. Mantel coefficient test
showed positive but non-significant correlation between
SilicoDArT and SNPclusters (r=0.27; P <0.05). Com-
parisons among the clusters derived from SilicoDArT
and SNPmarkers showed positive significant associa-
tion between both markers system (r=0.797; P <0.0001;
Fig. 5) through Mantel test showing a good fit between
SilicoDArT and SNPmarker data sets. The results showed
non-significant correlation between both marker types and
geographical origins of wheat genotypes.

Population structure and discriminate analysis
of principal coordinate (DAPC)

A population structure of 129 wheat genotypes based on
Bayesian model in STRUCTURE, showed population
structure at K=3 and K =4 for SilicoDArT and SNP mark-
ers, respectively (Fig. 6). Sub-populations based on Sili-
coDArT markers contained 33% (POP1), 34.9% (POP2)
and 32% (POP3) of wheat genotypes and the genetic diver-
gence within each population (expected heterozygosity)
varied from 0.27 (POP1) to 0.35 (POP3) (Table 1). Genetic
diversity among the populations based on net nucleotide
distance revealed a higher distance between POP2 and
POP3 compared to the genetic distance between POP1
and POP2 (Table 1). Four sub-populations based on SNP
markers showed relatively low genetic divergence among
sub-populations (from 0.28 for POP4 to 0.33 for POP3),
while higher divergence between sub-populations was
observed (Table 1). Mean fixation index of sub-popula-
tions based on SilicoDArT and SNP markers ranged from
0.018 to 0.404 and 0.205 to 0.399, respectively (Table 1).

Principal component analysis (PCoA) based on Sili-
coDArT and SNP markers revealed three and four distinct
groups of genotypes, respectively, and two principal com-
ponents displayed 72.18% (SilicoDArT) and 81.11% (SNP)
of total variation (Fig. 7).

Discriminant analysis of principal component (DAPC)
also was employed to fine the fitting population structure
based on SilicoDArT and SNP markers. The lowest BIC
value was obtained at K=3 and K=4 for SilicoDArT
and SNP markers, respectively. Therefore, two and three
discrimination function were detected which these com-
ponents explained 37.74 and 25.12 for SilicoDArTs and
26.39, 21.47 and 19.13 for SNP markers (Fig. 8). Results
from the DAPC analysis was match with population struc-
ture analysis.
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Fig.3 Heatmap plot of kinship matrix displaying relationships of 129 wheat genotypes based on SilicoDArT and SNP markers. The details of

members of these groups are presented in Table S3

Linkage disequilibrium analysis

Distribution of LD within chromosomes based on Sili-
coDArT and SNP markers for each of three wheat genomes
are summarized in Table 2. LD was extensive for both
marker types, as in the entire population 120,226 (16.9%)
and 16,483 (8%) intra-chromosomal pairs showed significant
level (P <0.001) of LD for SilicoDArT and SNP markers,
respectively (Table 2). LD analysis for different genomes
showed high numbers of significant pairs for genome-B in
compare to genome-A and genome-D. Lower marker density
and lower number of significant pairs of LD was observed
in genome-D compared to genome-A and B, while higher
rate of linked marker pairs and higher number of pairs in
complete LD (+*= 1) were found in genome-D compared to
genome-A and B. Mean r*-value in both marker types was
similar, while genome-D showed higher mean r*-value for
both marker types with respect to genome-A and B. The
mean critical 72-value for both marker types was similar,
although the relatively higher value observed for genome-D

(Table 2). Graphical display of LD decay for both marker
types, showed that the LD declined in the region close to
15 kb, where r*-values corresponded to >=0.16 (Fig. 9).

Discussion

Characterization of genetic diversity in crop species is pre-
requisite and important for efficient germplasm conserva-
tion for utilization in different breeding programs (Laido
et al. 2014). During the second half of twentieth century,
due to extensive use of high-yielding semi-dwarf wheat
cultivars in most of national and international breeding
programs, the genetic diversity was narrowed down (Rufo
et al. 2019). Previous studies demonstrated that the durum
and bread wheat domesticated in Fertile Crescent and last
decades breeding activities of wheat germplasms lead to
narrowing their genetic diversity and consequently vulner-
ability to abiotic and biotic stresses (Zeven 2000; Baloch
et al. 2017). Landraces have been considered as a valuable
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Fig.4 The nieghbor-joining cluster analysis using SilicoDArT (a) and SNP markers (b) for grouping 129 wheat genotypes

source of favorable genes that can be used introduce into
improved cultivars (Lopes et al. 2015; Rufo et al. 2019).
But, more studies estimated high genetic distances between
landraces and modern cultivars; it clearly shows low usage
of landraces in wheat breeding programs (Soriano et al.
2016). Therefore, the monitoring the genetic diversity of
landraces with modern cultivars assist breeders to select
appropriate parental lines with desirable alleles for crossing
and monitoring best progenies with high rate of allelic fre-
quencies and transgressive segregation (Christiansen et al.
2002; Nielsen et al. 2014) for integration into target cross-
ing schemes (Kabbaj et al. 2017). We tried here to explore
the genetic diversity of selected modern cultivars and lan-
draces from diverse global geographical origins; however,
a large proportion of the landraces were from Iran. These
landraces are mainly grown under rain-fed conditions in Iran
and selected based on their adoption to various abiotic and
biotic stresses (Fayaz et al. 2019). Despite extensive wheat
breeding programs worldwide as well as in Iran, it appears
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most of the modern high-yielding wheat cultivars are vul-
nerable to environmental stresses. Therefore, continuous
screening and characterization of wheat genotypes possess-
ing favorable genes is required to integrate these new sources
into breeding gene pool (Mehrabi et al. 2015; Alipour et al.
2017; Fayaz et al. 2019). Recently, Diversity Arrays Tech-
nology provided a DArTseq platform as robust molecular
markers (SilicoDArT and SNP) for genetic diversity and
genome mapping in many crops (Pailles et al. 2017; Mogga
et al. 2018; Ndjiodjop et al. 2017; Alam et al. 2018) as well
as in wheat (Monostori et al. 2017; Ovenden et al. 2017,
Baloch et al. 2017). In this study we highlight the efficiency
of SilicoDArT and SNPmarkers for genome diversity analy-
sis in an originally diverse wheat collection.

In this study a total 54,309 SilicoDArT and 40,225
SNPmarkers initially were developed, of which 14,339
SilicoDArT and 6484 SNPmarkers showed highly poly-
morphism with known chromosomal position and further
used for genetic diversity and population structure analyses.
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Fig.5 Mantel correlation test between SilicoDArT and SNP markers

SilicoDArT and SNPmarkers used showed an average PIC
value of 0.40 and 0.38, respectively. More than 50% of
markers showed PIC value higher than average, which sug-
gests the sufficient efficiency of these markers that has been
reported previously (Zhang et al. 2011a; Monostori et al.
2017; Baloch et al. 2017). Physical distribution of mapped
markers with known positions among A, B and D genome
showed that most markers located on B genome followed by
A and D genome, providing higher marker density compared
to some previous DArTseq genotyping in wheat (Bellucci
et al. 2015; Monostori et al. 2017). This finding was similar
to previous reports on DArTseq and SNP markers distri-
bution through wheat genomes (Mwadzingeni et al. 2017;
Baloch et al. 2017; Alipour et al. 2017).

Average inter-chromosomal LD decay in both marker
types was relatively similar, which is in agreement with
previous reports using DArTseq platform in wheat (Bel-
lucci et al. 2015; Monostori et al. 2017). Wheat gemplasm
studies here, showed long distances for marker pairs in LD
plot (Fig. 7), which may be attributed to genetic admixture
apart from the genetics or physical distances that has been
reported previously (Monostori et al. 2017). LD decay of
genome-A, B and D were relatively similar to the LD decay
of the total population, although higher rate of linked marker
pairs and LD of markers for genome-D were observed. This
finding is in agreement with previous studies in wheat (Chen
et al. 2012; Nielsen et al. 2014), which was attributed to
higher selection pressure on genome D and different selec-
tion evolutionary pressures on these marker regions in dif-
ferent wheat genomes (Nielsen et al. 2014). Genetic dis-
tance between pairs of genotypes based on both marker types

showed relatively highly genetic variability (0.37) among
wheat genotypes. Cluster analysis, principal component
and model-based population structure analyses revealed
three and four distinct groups of wheat genotypes using
SilicoDArT and SNP markers, respectively. Wheat geno-
types grouping were the same for most of genotypes by both
marker systems, which was confirmed by the Mantel test to
check association between both markers systems. DArTseq
markers (SilicoDArTs and SNPs) are based on genotyping
by sequencing (GBS) and providing lots of markers with
high genome coverage. There was non-significant correla-
tion between distance matrixes of both marker types with
geographical origins of wheat genotypes, which is in agree-
ment with previous DArTseq markers studies on durum
wheat (Baloch et al. 2017) and snake melon (Omari et al.
2018). Both SilicoDArT and SNP markers have not sepa-
rated landraces according to their corresponding geographi-
cal origin, and is not surprising as Iranian modern cultivars
and landraces grouped into separate clusters. This suggests
that Iranian breeders mostly used exotic genetic materi-
als in wheat breeding programs. But there were somewhat
congruent between cluster groups with ecological/climate
adaptation of wheat genotypes used in this study. Cluster
III generated by SNP markers and Cluster II by SilicoDArT
markers mainly included wheat genotypes originated from
Middle-East (Iran, Afghanistan, Turkey), Kazakhstan, Rus-
sia, Romania and Finland. This close relationship may be
anticipated, as we know that western Iran, eastern Turkey,
northern Syria and Africa and part of Siberian continent are
the main centers of diversity and domestication of wheat
(Kilian et al. 2007). So, it is possible that these genotypes
have been utilized in regional breeding programs and it does
admixture of these genotypes with local varieties. In other
hand, the evolutionary processes of wheat domestication
during thousands years in widespread area may influenced
by mutation, migration, selection by farmer and genetic drift
(Vikram et al. 2016; Baloch et al. 2017; Kabbaj et al. 2017).
Therefore, breeding activities with different strategies in
different regions led to significant impact on global wheat
genetic structure (Zhang et al. 2011b).

Admixture level in different wheat germplasm observed
previously may be reflected to long term natural selection
and differentiations that occurred during initial of wheat
spread from Fertile Crescent into other parts of the world
(Balfourier et al. 2019). In the other hand, single individual
or a few genotypes is not sufficient to describe the whole
diversity (Golicz et al. 2016). Therefore, selected geno-
types in this study might not be representative of the accu-
rate worldwide wheat diversity. Most of genotypes used in
this study have not been studied before and showed highly
genetic diversity. Therefore, there is a highly chances to
find unique genotypes with useful genes for introducing
into breeding programs. These wheat genotypes will be
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Fig.6 Determination of the optimal value of K and population structure of 129 wheat genotypes using SilicoDArT and SNP markers

Table 1 Genetic divergence
among (net nucleotide
distance) and within (expected
heterozygosity) population,
proportion of membership and
mean value of Fst observed
from the study of population
structure of 129 wheat
genotypes using SNP and
SilicoDArT markers
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SNPs

Mean fixation

Net nucleotide distance

Expected het- % of membership

index (Fst)

Marker Population
erozygosity
POP2 POP3 POP4
SNP POP1 0.243  0.107 0.166 0277 0.209 0.398
POP2 0.164 0.216 0.229 0.237 0.544
POP3 0.117  0.337 0.319 0.205
POP4 0.281 0.235 0.399
SilicoDArT POP2 POP3
POP1 0.056  0.076 0.355 0.330 0.018
POP2 0.133 0.314 0.349 0.260
POP3 0.272 0.320 0.404
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Fig. 7 Principal coordinate analysis of 129 wheat genotypes based on SilicoDArT and SNP markers

highly valuable sources as a donor parent in crossing pro- Conclusion
grams. Although, high density genotyping data generated
in this germplasm can be used as an interesting panel for
genome-wide association mapping studies for desirable
traits in wheat.

Characterization the genetic diversity in crop germ-
plasm is a prerequisite and key strategy for germplasm
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Fig.8 The percentage of cumulative variance for the retained PCA eigen vectors and Scatter plot from the DAPC analysis for 129 wheat geno-
types used to determine the optimal £ number of clusters using SilicoDArT and SNP markers

Table2 Overview of inter-chromosomal LD in the genome A, B, D and whole genome of studied wheat population based on SilicoDArT and

SNP markers

Marker Genome

Marker pairs

No. and rate of significant
(P <0.001) marker pairs (%)

Mean 72 of
all marker

Critical  No. and rate of
linked marker pairs

No. of marker
in complete LD

pair (%) =1
SilicoDART Genome-A 253,825 40,991 (16.1) 0.070 0.33 14,573 (35.5) 829
Genome-B 313,000 56,330 (18) 0.071 0.29 18,577 (32.9) 911
Genome-D 145,400 22,608 (15.5) 0.089 0.48 10,861 (48) 902
Population 712,225 120,226 (16.9) 0.075 0.34 43,014 (35.7) 2642
SNP Genome-A 78,043 6180 (7.9) 0.051 0.34 1960 (31.7) 460
Genome-B 90,060 7306 (8.1) 0.052 0.28 2237 (30.6) 215
Genome-D 27,238 2997 (11) 0.122 0.56 1578 (52.6) 616
Population 195,341 16,483 (8) 0.072 0.36 5433 (32.9) 1291

conservation in plant breeding programs. In this study,
129 wheat genotypes from diverse origins were genotyped
with DArTseq platform (SilicoDArT and SNP markers).
Our results showed high polymorphism for both marker
types as well as high genetic diversity between wheat
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genotypes. Population structure and cluster analysis
grouped genotypes in distinct clusters, which this group-
ing was not match with geographical origins and high
mixture observed in studied germplasm. This finding
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Fig.9 Linkage disequilibrium (LD) measured 72 plotted vs. the physical map (bp) between pairs of SilicoDArT and SNP markers in a panel of
129 wheat genotypes located on genome A, B, D and whole chromosome region

will support breeding programs for better utilization and
expanding the wheat gene pools by germplasm exchange
between diverse origins. This study also demonstrated the
efficiency of DArTseq platform genotyping for large scale
genome analysis in wheat. Therefore, this studied panel is
useful for conduct association mapping studies focusing
on seed yield, abiotic and biotic stresses in wheat.
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