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ABSTRACT

Introduction: The domestication bottleneck has reduced genetic diversity in wheat, necessitating the use
of wild relatives in breeding programs. Wild tetraploid wheat are widely used in the breeding programs
but with morphological characters, it is difficult to distinguish these, resulting in misclassification/misla-
beling or duplication of accessions in the Gene bank.

Objectives: The study aims to explore Genotyping by sequencing (GBS) to characterize wild and domes-
ticated tetraploid wheat accessions to generate a core set of accessions to be used in the breeding pro-
gram.

Methods: TASSEL-GBS pipeline was used for SNP discovery, fastStructure was used to determine the pop-
ulation structure and PowerCore was used to generate a core sets. Nucleotide diversity matrices of Nie's
and F-statistics (Fst) index were used to determine the center of genetic diversity.

Results: We found 65 % and 47 % duplicated accessions in Triticum timopheevii and T. turgidum respec-
tively. Genome-wide nucleotide diversity and Fst scan uncovered a lower intra and higher inter-
species differentiation. Distinct Fsr regions were identified in genomic regions belonging to domestica-
tion genes: non-brittle rachis (Btr1) and vernalization (VRN-1). Our results suggest that Israel, Jordan,
Syria, and Lebanon as the hub of genetic diversity of wild emmer; Turkey, and Georgia for T. durum;
and Iraq, Azerbaijan, and Armenia for the T. timopheevii. Identified core set accessions preserved more
than 93 % of the available genetic diversity. Genome wide association study (GWAS) indicated the poten-
tial chromosomal segment for resistance to leaf rust in T. timopheevii.

2090-1232/© 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Conclusion: The present study explored the potential of GBS technology in data reduction while main-

taining the significant genetic diversity of the species. Wild germplasm showed more differentiation than

domesticated accessions, indicating the availability of sufficient diversity for crop improvement. With

reduced complexity, the core set preserves the genetic diversity of the gene bank collections and will

aid in a more robust characterization of wild germplasm.

© 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Wheat is one of the most important crop plants for the human
population. Two major wheat species grown throughout the world
are Triticum aestivum, a hexaploid species usually called “common”
or “bread” wheat, and T. turgidum ssp. durum, a tetraploid species
adapted to hot and dry conditions surrounding the Mediterranean
Sea and similar climates in other regions. Tetraploid wheat (T. tur-
gidum L.) is an important species within the genus Triticum, and its
numerous subspecies including wild forms harbor many desirable
agronomic traits for durum as well bread wheat improvement.
Hexaploid bread wheat has evolved through two distinct past
hybridization events, which included three diploid progenitor spe-
cies. The wheat genome comprises three sub-genomes namely A, B
and D (2n = 6x = 42). A genome of wheat was contributed by T.
urartu (AA), while Aegilops speltoides (SS) is thought to be closest
match for B- genome donor. The D-genome was contributed by
Aegilops tauschii (DD). T. urartu contributed A genomes to the tetra-
ploid wheat species T. turgidum (BBAA; 2n = 4x = 28) and T.
timopheevii (GGAA; 2n = 4x = 28) [1,2], and Ae. speltoides (SS) as
maternal parent contributed to B and G genomes [3]. These two
tetraploid wheat species (T. turgidum and T. timopheevii) are repro-
ductively isolated (crosses between these are sterile and show
reduced chromosome pairing) and belong to distinct evolutionary
lineages [4].

Evidence for the first cultivation of wild emmer dates back
to ~10,300 to 9,500 years ago in the southern Levant region, while
the cultivation of domesticated emmer began ~9500-9000 years
ago and was grown as a mixture along with the wild emmer for
a longer period [5]. Over the years the durum wheat i.e. T. turgidum
ssp. durum had remained an important economic crop majorly
used for making pasta, leading to the whole-genome sequencing
of a modern-day cultivar [6].

Wild T. turgidum represented by T. dicoccoides is the only true
wild polyploid wheat of the lineage, found in dry and saline regions
of the middle east [7]. The genetic diversity present in T. dicoccoides
is a rich source for agronomic traits related to grain quality and
abiotic/biotic stress [8]. Domesticated lineages of T. dicoccoides
consist of subspecies T. turgidum spp. dicoccum, T. turgidum spp.
dicoccon, T. turgidum spp. durum, T. turgidum spp. turgidium, T. tur-
gidum spp. polonicum, T. turgidum spp. carthlicum, T. turgidum spp.
turanicum and T. turgidum spp. palaeocolchicum [9]. T. timopheevii
belongs to the secondary gene pool of wheat and its domesticated
form is grown as a minor crop in Georgia. T. timopheevii is an
important resource for the improvement of durum and bread
wheat [10]. T. timopheevii consists of two sub-species, wild i.e. T.
timopheevii spp. armeniacum and cultivated T. timopheevii spp. ti-
mopheevii [9]. The two lineages show a spread in the Transcau-
casian region at the border of Europe and Asia [11].

Maestra and coworkers (1999) studied chromosomal structure
in wild and cultivated populations of T. timopheevii, durum, and
hexaploid wheat, and reported similar homologous pairing
between A-genome and lesser association between chromosomes
of the B-G genome. Structural similarities were observed for the
A'-genome chromosomes (1, 2, 5, and 7) and G-genome chromo-
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somes (2,3,5, and 6) with their respective A and B genome counter-
parts in durum and hexaploid wheat [12]. The higher similarity
between the A-genome of the two species was attributed to their
common ancestor T. urartu [1]. The B-genome of T. turgidum
showed higher divergence from the S-genome of Ae. speltoides
compared to the G-genome of T. timopheevii [9]. T. turgidum and
T. timopheevii share similar morphological characters and are gen-
erally mislabeled or misclassified. Molecular markers are routinely
applied for whole-genome characterization. Through the use of
barcoded multiplexing, low-cost high throughput techniques like
GBS can produce a significant number of SNP markers for large
populations. The method involves a set of restriction enzymes to
digest the genome into fragments, which are then sequenced using
[llumina single or paired-end sequencing [13]. SNP calls can be
made from the sequencing data using bioinformatics pipelines
i.e., UNEAK, TASSEL-GBS, and Fast-GBS [14-16]. Czajkowska and
coworkers have reclassified 10 T. turgidum accessions into T.
timopheevii using the gene-based PCR and GBS markers [17].

Change of seed dispersal mode (reduced shattering) is consid-
ered as a major mutation leading to the domestication of wheat
and a key trait for domestication syndrome [18,19]. The non-
brittle rachis was considered a major domestication marker for
cereals, where the spike shattering is an observable trait in wild
relatives compared to the intact non-shattered rachis of domesti-
cated cereals [20,21]. In barley, two tightly linked genes Brittle
rachis 1 (Btr1) and Brittle rachis 2 (Btr2) were associated with the
brittle rachis trait, where genetic mutation leading to non-
functional genes results in non-brittle spikes [22,23]. In wild
emmer, Btr1 and Btr2 gene homologs on chromosomes 3A and 3B
were identified, where mutation in the Btr1 gene was found to
be associated with the non-shattering trait [24]. Single point muta-
tion of Btr1 in domesticated einkorn was associated with the non-
shattering trait [25]. The adaptability of wheat to diverse environ-
ments was attributed to the genetic changes in vernalization-
related genes VRN-1 mapping to the long arm of chromosome 5
[26,27]. VRN-1 gene encodes MADS-box transcription factor con-
trolling the flowering time and regulates plant’s transition from
vegetative to reproductive phase [28,29].

There is an urgent need for the preservation of the wild germ-
plasm from the danger of genetic erosion. Wild germplasm holds
immense potential for the enhancement of genetic traits like min-
eral content, grain protein, and resistance to biotic/abiotic stress
[30]. For efficient utilization of the germplasm in the breeding pro-
gram, it is necessary to characterize and classify the available
genetic diversity to a small set of accessions representing the max-
imal diversity. With the advent of parallel sequencing technologies
and methods like genotyping-by-sequencing, cost-effective strate-
gies can be developed for the curation of diverse germplasm pre-
sent in gene banks [31,32]. The present study was undertaken to
utilize the low-cost GBS technology to create a reference core set
for T. turgidum and T. timopheevii accessions present in Wheat
genetics resource center (WGRC) gene bank for the effective uti-
lization of wild and related tetraploid Triticum species in the
breeding programs.
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Material and methods
Plant material

The present study included 908 accessions of tetraploid wheat
from two different species T. turgidum and T. timopheevii present
in the Wheat genetics resource center (WGRC) at Kansas State
University (K-State), Manhattan, KS, USA. Table S1 presents pass-
port data and collection site; Fig. 1B shows the geographic location
and distribution of the accessions.

Plant tissue collection and genotyping-by-sequencing

For the DNA extraction, plant tissue collection was done from a
single plant from each accession after growing them in greenhouse
for 2-3 weeks. A small piece of young leaf from a single plant of
each accession was cut and collected in 96-well tissue collection
box. Plant samples were then lyophilized, followed by genomic
DNA extraction using Qiagen BioSprint 96 DNA Plant Kit (QIAGEN,
Hilden, Germany). Extracted DNA was quantified with Quant-
iT™ PicoGreen® dsDNA Assay Kit (Thermo Fisher Scientific, Wal-
tham, MA, United States). After DNA quantification and normaliza-
tion, the DNA samples were transferred to 96-well DNA collection
plates with one random well per plate left blank for quality control
and library integrity. Genotyping of the DNA samples was per-
formed using genotyping-by-sequencing (GBS) as described [13].
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GBS libraries were prepared in 96 plexing using two restriction
enzymes—a rare cutter Pstl (5'-CTGCAG-3’), and a frequent cut-
ter Mspl (5'-CCGG-3’) with a common reverse adapter ligated.
GBS libraries were sequenced using Illumina HiSeq2000 (Illumina,
San Diego, CA, United States) platform at the University of Missouri
(UMC; Columbia, Missouri) generating 100 bp long reads.

SNP genotyping and data filtering

TASSEL-GBS V5.0 pipeline was used for SNP discovery [15]. The
pipeline was modified for SNP discovery without reference gen-
ome. More than 199 k SNPs were discovered that were used for
further analysis. Population level SNP filtering was performed
and SNPs with minor allele frequency (MAF) less than 0.01 and
missing data of more than 20 % were removed. Further, SNPs with
heterozygosity greater than 5 % were removed because all the used
tetraploid wheat accessions were highly inbred. Fisher’s exact test
at alpha 0.001 with Bonferroni correction was performed to deter-
mine if the putative SNPs were from allelic tags as described [13].
Individual samples with more than 80 % missing SNP calls and
more than 5 % heterozygosity were also removed. Retained mark-
ers and samples were used for further analyses. After all the filter-
ing steps, 65,535 tags were eventually used for the diversity study.
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Fig. 1. A) Flowchart of the method used. B) Geographical distribution of tetraploid wheats collection of WGRC. Red stars represent T. turgidum and blue stars represent the
distribution of T. timopheevii. accessions from the same region are clustered together. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)
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Genetic diversity analysis and population structure

GBS tags were blast searched against the T. turgidum spp. durum
genome considering a maximum of three mismatches and no-gap
for locating the genomic position. As a measure of average
heterozygosity over multiple SNPs in a given population, Nei’s
diversity index [33] was computed for the whole population using
VCFtools [34]. Pairwise Fst between subpopulations and subspecies
were computed and plotted using custom R scripts. An R-package
rBLUP was used for missing data imputation using the ‘mean’
method for PCA. Principal component analysis was performed in
R. Eigenvalues and eigenvectors were computed with ‘e’ function
using ‘A’ matrix output of the rrBLUP package [35]. Package ape
was used to draw neighbor-joining tree for all accessions [36]. Spe-
cies wise Patterson’s D (ABBA-BABA) statistic was calculated using
Dsuite [37]. Population structure was analyzed at different values
of sub-population runs ranging from K = 2 to K = 15 using
fastStructure for T. turgidum and T. timopheevii at both inter and
intra-species levels [38]. The best population substructure was
selected using chooseK.py script of fastStructure. FastStructure
output was graphically visualized using R package pophelper
[39]. PAUP4.0a163 was used to conduct coalescent SVDquartets
analysis [40]. Genome wide association study (GWAS) for leaf rust
in T. timopheevii using GAPIT [41]. We used the models FarmCPU,
GLM, MLM, MLMM and SUPER of gapit. For significant SNP associ-
ations FDR less than 0.05 was used.

Diversity of domestication genes

We used the T. aestivum VRN-A1 and VRN-1B (AY747600 and
AY747606) gene sequence in blast search to detect the correspond-
ing homologs in the T. turgidum spp. durum genome, T. dicoccoides
and T. aestivum. Similarly, H. vulgare homologs of domestication
gene non-brittle rachis 1 (btr1) and non-brittle rachis 2 (btr2) were
used for locating the homologous segment for brittle rachis in tet-
raploid genome. For photoperiod response locus (Ppd-1) gene T. aes-
tivum (XP_037475580.1) and for Q-locus gene T. turgidum
(AY702955) sequences were used in the blast search.

Genetically diverse representative core set selection

The selected set of SNPs was used to select a representative
core-set from the T. turgidum and T. timopheevii collections. The
core sets of tetraploid wheat accessions were identified in two
steps using the integration of genotypic and phenotypic datasets.
In the first step, identified SNPs were first used with the software
package PowerCore to identify core set using default settings [42
43], selecting the lines to retain the most diverse alleles by imple-
menting advanced M (maximization) strategy. One of the limita-
tions of this software was its inability to use more than 15,000
SNPs so we included only SNPs with less than 10-15 % missing
data. In the second step the number of selected accessions was fur-
ther reduced by phenotypically guided selection using the avail-
able phenotypic data for growth patterns, leaf rust composite,
stem rust (race TTKSK) [44] and hessian fly biotype D resistance.
The entire genetic diversity captured by the Mini-Core was
assessed by the percent segregating SNPs present in the selected
accessions relative to the whole collection.

Results

In the present study, we explored the genetic diversity confined
in a diverse collection of tetraploid wheat accessions available at
the Wheat genetics resource center (WGRC) at Kansas State
University, Manhattan, USA (Table 1). Table S1 shows species pass-
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Table 1
Tetraploid germplasm collection of T.turgidum and T. timopheevii at WGRC gene bank.
Species Genome Chromosome Number of
(2n) Accessions

Triticum turgidum BBAVAY 28 124

Triticum turgidum spp. BBAUAY 28 384
dicoccoides

Triticum turgidum spp. BBAYAY 28 2
turgidum

Triticum turgidum spp. BBAYAY 28 81
carthlicum

Triticum turgidum spp. BBAYAY 28 10
dicoccon

Triticum turgidum spp. BBAYAY 28 1
turanicum

Triticum turgidum spp. BBAYAY 28 1
polonicum

Triticum turgidum spp. BBAYAY 28 1
durum

Triticum turgidum spp. BBAYAY 28 2
paleocolchicum

Triticum timopheevii GGAMAM 28 11

Triticum timopheevii spp. GGAMAM 28 7
timopheevii

Triticum timopheevii spp. GGAMAM 28 284
armeniacum

Total 908

port information, where 17 duplicated accessions were removed
based on the passport and phenotypic data. A total of 908 acces-
sions from T. turgidum (primary gene pool) and T. timopheevii (sec-
ondary gene pool) were used in the study. Fig. 1 shows the
flowchart of the methodology used and geographical locations of
germplasm collection. T. turgidum was represented by eight sub-
species: including the wild form T. turgidum ssp. dicoccoides and
8 other domesticated subspecies (Fig. 2A). The domesticated T. tur-
gidum subspecies included in the study were T. turgidum ssp. du-
rum, T. turgidum ssp. paleocolchicum, T. turgidum ssp. turanicum,
T. turgidum ssp. polonicum, T. turgidum ssp. dicoccum, T. turgidum
ssp. dicoccon, T. turgidum ssp. carthilicum, and T. turgidum ssp. tur-
gidum. Wild T. timopheevii was represented by T. timopheevii ssp.
armeniacum, whereas T. timopheevii ssp. timopheevii was the
domesticated timopheevii subspecies. A set of 10 wheat lines were
included in the study to demonstrate the relationship between tet-
raploid and hexaploid wheat. Fig. 2B and 2C displays the country-
wise distribution of the accessions used in the study.

Principal component and cluster analysis

After filtering the SNPs with a minor allele frequency (MAF) of
less than 0.01 and missing data greater than 20, a set of 65,535
SNPs were used for the PCA. The first two components represented
27 % and 7 % of the total variability, respectively (Fig. 3A). Acces-
sions were grouped into two major clusters: the first cluster com-
prised of T. turgidum and T. aestivum accessions while the second
cluster consisted of T. timopheevii with an intermix of a few T. tur-
gidum accessions. PC1 separated the complexes primarily based on
the species type (cluster1 and cluster2), while the PC2 exhibited
differentiation of the T. turgidum subspecies into 5 sub-clusters
along the Y-axis. Further, PCA of tetraploid collection of T. turgidum
and T. timopheevii separated the accessions based on their origin,
where PC1 and PC2 contributed 28 % and 7 % of sample variance,
respectively (Fig. 3B). Loose clustering was observed for the acces-
sions not belonging to middle eastern origin. T. timopheevii ssp. ar-
meniacum and domesticated T. timopheevii ssp. timopheevii
grouped into one cluster attributed to their Middle Eastern origin
(Armenia, Azerbaijan, Iran, Turkey).
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Fig. 2. A) Tetraploid wheat accessions used in the study. Country wise distribution of B) T. turgidum and C) T. timopheevii accessions.

For T. turgidum, a huge variance was observed among the acces-
sions belonging to T. turgidum ssp. dicoccoides (dark green) from
the Middle East (Israel, Lebanon, Turkey, Syria, Jordan, and Iraq),
Europe (England and Sweden), and the USA. T. turgidum ssp. carthi-
licum clustered out with the largest variance on PC2. While the
accessions of T. turgidum ssp. durum, T. turgidum ssp. paleo-
colchicum, T. turgidum ssp. turanicum, T. turgidum ssp. polonicum,
T. turgidum ssp. dicoccum, T. turgidum ssp. turgidum displayed loose
clustering. The genotype-based phylogenetic tree formed two dis-
tinct clusters; the largest cluster consisted of T. turgidum separated
from T. timopheevii accessions (Fig. S1), wheat accessions formed a
subgroup within the largest T. turgidum cluster. Five accessions
were reclassified based on the clustering pattern in the PCA plot
and their proximity to different clusters in the population sub-
structure. These include three T. timopheevii accessions (TA9,
TA875, and TA105) identified as belonging to T. turgidum and
two T. turgidum (TA58 and TA987) accessions were reclassified to
T. timopheevii. Chromosome-wise distribution of SNPs belonging
to T. turgidum and T. timopheevii are shown in Fig. 3C and 3D,
respectively.
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Population structure of tetraploid wheat accessions

The fastStructure based population assignment of T. turgidum
and T. timopheevii accessions was performed at different sub-
population levels ranging from K = 2 to K = 15. Using the choose.
py script associated with fastStructure, the optimal sub-
populational level was observed at K = 14, indicating the best avail-
able population sub-structure for the accessions. (Table 2, Fig. 4).
At optimal K-value (14), we observed 11 and 3 species-specific
subclusters for T. turgidum and T. timopheevii, respectively. The
highest level of admixture was found in four T. turgidum accessions
from England and Turkey (TA1002, TA1003, TA1009, and TA1148).
T. timopheevii accessions were grouped into three distinct clusters
(cluster5, cluster8, and cluster14, highlighted with thick line in
Fig. 4B), of which T. timopheevii spp. armeniacum group consisted
of cluster8 and cluster14, while cluster5 majorly consisted of T.
timopheevii spp. timopheevii accessions. Cluster8 constituted the
largest group with the majority of accessions hailing from Iraq
and a few from Azerbaijan and Turkey. Accessions from Azerbaijan
were grouped into cluster14, whereas cluster5 was found to be
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Table 2

Population sub-clustering of Triticum turgidum and Triticum timopheevii accessions at optimal sub-population (K = 14).

Population Sub-species Number of  Country of Collection Nei’s genetic

group accessions diversity
index

Triticum

turgidum

Cluster1 dicoccoides 30 Israel, Syria, Iraq 0.059

Cluster2 dicoccoides 156 Israel, Syria, Iraq, Lebanon, Jordan 0.126

Cluster3 dicoccoides (minor: dicoccon, 42 England, Sweden, Bosnia-Herzegovina, Serbia, Georgia, Turkey 0.106

paleocolchicum)

Cluster4 dicoccoides 50 Turkey 0.028

Cluster6 dicoccon 15 Serbia 0.043

Cluster7 dicoccoides 64 Turkey, Iraq (1 accession) 0.085

Cluster9 dicoccoides 42 Lebanon 0.082

Cluster10 carthlicum 89 Major (Iraq, Turkey, Armenia), Georgia, Russian Federation, Hungary, Iran, Poland, 0.024

Spain, Sweden, United Kingdom(UK), United State of America(USA)
Cluster11 turgidum, dicoccon, turanicum, 65 England, USA, Spain 0.084
polonicum, durum, carthlicum

Cluster12 dicoccoides, dicoccon 14 Not available 0.033

Cluster13 dicoccoides 37 Israel 0.063

Triticum timopheevii

Cluster5 timopheevii 13 Turkey, Iraq, Georgia, Hungary, Russian Federation, Australia 0.016

Cluster8 armeniacum 256 Iraq, Iran, Azerbaijan, Turkey 0.028

Cluster14 armeniacum 32 Israel, Azerbaijan, Armenia, Russian Federation 0.010

composed of a mixture of accessions from the Middle East, Euro-
pean countries (Yugoslavia, Hungary, and Russian Federation),
and Australia (Table 2, Fig. 4). T. turgidum was grouped into three
species-specific classes, T. turgidum spp. dicoccoides formed clus-
ters 1, 2,3,4,6,7,9,12, and 13, Triticum turgidum spp. carthlicum
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(cluster10), while cluster11 was found to be composed of a mix-
ture with other domesticated sub-species (Table 2). Cluster2 con-
sisted of T. turgidum spp. dicoccoides accessions from the middle
east (Israel, Syria, Iraq, Lebanon, and Jordan), while the majority
of T. turgidum spp. carthlicum accessions in cluster10 were from
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T. timopheevi
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Fig. 4. fastStucture based population sub-clustering of T. turgidum and T. timopheevii accessions. Using complete set of accessions, A) sub-clustering at K = 2, B) optimal
population sub-clustering at K = 14. Species-specific population sub-clustering C) T. timopheevii at optimal K = 2 and D) T. turgidum at optimal K = 11.

Turkey, Georgia, and Russian Federation, with fewer accessions
from other European countries (Armenia, Hungary, Poland, Spain,
Sweden, and the United Kingdom).

A slightly different clustering pattern was observed during
species-specific population clustering (Table 3, Fig. 4). T. timophee-
vii accessions clustered into two sub-populations at the optimal K-
value of 2 compared to the previous 3 clusters. Majority of T.
timopheevii spp. armeniacum accessions (288) formed the largest
group, while the T. timopheevii spp. timopheevii (13) grouped into
the second cluster. Clusterl consisted of timopheevii accession
from Azerbaijan, Iran, Armenia, Israel, Turkey, Iraq, and Russian
Federation, while cluster2 consisted of accessions from Turkey,
Georgia, Hungary, Iraq, Azerbaijan, Russian Federation, and Aus-
tralia. For T. turgidum, cluster3 and cluster4 composed the largest
group with 89 accessions each. Cluster1 was found to be the most
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diverse and consisted of accessions belonging to T. turgidum spp.
dicoccoides, T. turgidum spp. dicoccum, T. turgidum spp. carthlicum,
T. turgidum spp. polonicum, T. turgidum spp. 'blue’ dicoccum, T. tur-
gidum spp. 'blue’ durum, T. turgidum spp. 'white’ dicoccum, T. turgi-
dum spp. turanicum, T. turgidum spp. 'short’ turanicum, T. turgidum
spp. turgidum, T. turgidum spp. durum, T. turgidum spp. turgidum.
Cluster6 consisted of T. aestivum accession grouped with T. turgi-
dum spp. carthlicum.

Genome-wide nucleotide diversity, Fsy scan, and introgression signal

Nucleotide diversity (Nei's IT) demonstrates the average pair-
wise distance between all possible pairs of individuals, calculated
based on 76 % (152,769) of 199,349 tags mapping to T. turgidum
spp. durum genome with criteria of 3 mismatches and zero-gap
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Table 3
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Species-specific population sub-clustering of Triticum timopheevii (K = 2) and Triticum turgidum (K = 11).

Population Sub-species Number of Country of collection Nei’s genetic

group accessions diversity index

Triticum timopheevii

Cluster1 armeniacum 288 Azerbaijan, Iran, Armenia, Israel, Turkey, Iraq, Russian Federation 0.028764

Cluster2 timopheevii 13 Azerbaijan, Turkey, Georgia, Hungary, Iraq, Russian Federation, 0.0157207
Australia

Triticum

turgidum
Cluster1 carthlicum, dicoccoides, dicoccon, durum, 68 USA, Spain, England 0.0855099
polonicum, turanicum, turgidum

Cluster2 dicoccoides 30 Iraq, Syria, Jordan, Israel, USA 0.0592321

Cluster3 dicoccoides 89 [srael, Jordan 0.118767

Cluster4 carthlicum 89 USA, Sweden, Russian Federation, Georgia, Spain, United Kingdom, 0.0239709
Poland, Turkey, Armenia, Hungary, Iran, Poland

Cluster5 dicoccoides, dicoccon, paleocolchicum 50 England, Sweden, Turkey, Bosnia-Herzegovina, Serbia, Sweden, 0.111123
Georgia

Cluster6 dicoccon 15 Serbia 0.0438263

Cluster7 dicoccoides 31 Israel 0.0513653

Cluster8 dicoccoides 49 Iraq, Syria, Lebanon 0.0925869

Cluster9 dicoccoides 64 Turkey 0.0839453

Cluster10 dicoccoides 61 Armenia, Israel, Syria, Jordan, USA, Lebanon, Israel 0.0952499

Cluster11 dicoccoides 50 Turkey 0.0294869

per tag. Higher genetic differentiation of 0.27 was observed
between the two tetraploid species T. turgidum and T. timopheevii
(Table 4). Nei’s index values for the individual genome (A and B
genome) were found in concordance with the global diversity of
0.273 (A genome) and 0.279 (B genome). Within-species compar-
ison resulted in lower nucleotide diversity of 0.18 and 0.04 for T.
turgidum and T. timopheevii, respectively. Species-specific diversity
was found to be consistent with the regional distribution of the
two species. The pairwise fixation index (Fsr) revealed a high level
of divergence between the two species. T. turgidum and T.
timopheevii populations demonstrated a high Fsr value (0.72).
Between the two species, B-genome showed lower Fst (0.70) com-
pared to A-genome (0.74), owing to fewer tags mapping to B-
genome from timopheevii. Despite regional proximity, two of the
T. timopheevii sub-populations, T. timopheevii spp. armeniacum
and T. timopheevii spp. timopheevii displayed a higher Fsr (0.60),
indicating more sub-species differentiation due to selection and
domestication. (Fig. S2). A comparative lower Fsr index of 0.44
was observed between T. turgidum spp. dicoccoides and T. turgidum
spp. carthlicum. A statistically significant introgression signal with
positive D-statistics and Z-score of more than 3 was observed

Table 4
Genome and species specific Nei’s diversity indices and pairwise Fsr coefficients of
tetraploid species and core collection.

Species Nei’s genetic Fsr
diversity index
T. turgidum and T. 0.270 0.72
timopheevii
A-genome 0.273 0.74
B-genome 0.279 0.70
T. timopheevii 0.040 0.60
wild 0.028
Domesticated 0.016
T. turgidum 0.180 0.44 (dicoccoides & carthilicum)
wild 0.180
Domesticated (all 0.130
accessions)
carthilicum 0.030
Core collection
T. timopheevii 0.048
T. turgidum (wild) 0.169
T. turgidum 0.120

(domesticated)
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between T. turgidum spp. dicoccoides and its domesticated acces-
sions with the four-taxon fy statistic. No significant introgression
was observed between the T. timopheevii accessions. Relative intro-
gression was detected between the wild and domesticated T. turgi-
dum and T. timopheevii (Table S2). From the available data, we were
unable to detect the introgression signal of tetraploid accession
into the wheat.

Identification of duplicated accessions and mini-core set of T.
Turgidum and T. timopheevii accessions

Monoallelic SNPs were filtered using stringent criteria of keep-
ing sites with MAF greater than 0.01 and less than 20 % of missing
data. Keeping the diversity, accessions sharing 99 % or more of sim-
ilar bases in pairwise comparison, were treated as duplicated.
Among T. timopheevii, 105 (T. timopheevii spp. armeniacum:94, T.
timopheevii spp. timopheevii:11) unique accessions were identified.
Among the T. turgidum, 319 (T. turgidum spp. dicoccoides: 181 and
domesticated emmer: 138) unique accessions were identified
(Table S3). Based on the Powercore analysis and phenotypic data,
37 core accessions were identified for T. timopheevii, 27 accessions
for T. turgidum spp. dicoccoides and 38 accessions for domesticated
T. turgidum from the WGRC collection (Fig. S3, S4, Table S4). Core
set preserved ~ 95 %, 93 %, and 98 % of allelic diversity present
in wild emmer, domesticated emmer, and T. timopheevii, respec-
tively. Lower Nei's diversity values for the core set indicated reten-
tion of a rich level of nucleotide diversity for T. timopheevii
(I1:0.04), wild emmer (I1:0.169) and domesticated emmer
(IT:0.12), these were comparable to the species-specific Nei’'s val-
ues. (Table 4).

Center of diversity

Nei’s nucleotide diversity for different admixture clusters was
found to be lower except for clusters2 and cluster3, which showed
a relatively higher value for T. turgidum (Table 2). Cluster2 con-
sisted of dicoccoides accessions from Israel, Syria, Iraq, Lebanon,
and Jordan and may be considered as the epicenter of T. turgidum
diversity. While cluster 3 also consisted of dicoccoides accessions
from the European region. Cluster 10 contained the maximum
diversity of domesticated accessions. For, T. timopheevii spp.
armeniacum cluster 8 displayed most of the diversity in compar-
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ison to the other two clusters, predominantly accessions from Iraq
and Azerbaijan (Table 2). Comparison of Fsr values indicates spe-
cies differentiation. We calculated the pairwise Fst for each sub-
population cluster/group. Significantly, high Fsr values ranging
from 0.242 to 0.965 were observed between the different sub-
population clusters (Fig. S9). Fst based clustering grouped cluster
2 and cluster 3 into independent groups of similar diversity pro-
files. Group I consisted of clusters 1, 2, 9, and 13 from the Meddi-
terian region (Israel, Syria, Iraq, Lebanon, Jordan), while Group II
consisted of clusters 3, 6, 11, and 12 from the European region.
Group III consisted of T. turgidum ssp. dicoccoides (clusters 4,7)
and T. turgidum ssp. carthlicum (cluster10) with many accessions
from Turkey and Georgia. Cluster10 was found to be the most
diverse group, with a collection of accessions from Central Europe,
England, and the USA.

A species tree was developed using the SVDquartets coalescent
model implemented in PAUP. The species tree demonstrated dis-
tinct evolution of T. timopheevii from T. turgidum and a clear dis-
tinction was observed between wild and domesticated emmer
wheat. T. aestivum was clustered with T. turgidum ssp. carthlicum
owing to its recent evolution (Fig. ST0A). A consensus tree based
on population structure groups from Table 2, categorized the spe-
cies clusters according to their geographic location. (Fig. S10B).
Clusters 2, 9, and 13 from Group I of Fsyt clustering were grouped
into a single cluster; clusters4 and 7 from Group III of Fst formed
a separate group; and clusters6, 10, and 11 with domesticated
accessions were congregated with hexaploid wheat. Accessions
from cluster10 shared 71-81 % of alleles with accessions from clus-
ter4 and 7, with most of the accessions belonging to Turkey. We
grouped all the T. turgidum accessions from Turkey from clusters
3,4, 7, and 10 into one group to calculate the nucleotide diversity,
which was found to be significantly higher (0.104) compared to
individual groups.

Similarly, a higher genetic distance (Fsr: 0.64) was observed
between the wild and domesticated accessions in this region. The
T. turgidum ssp. carthlicum accessions from England, the United
States, Sweden, and Poland were classified as belonging to cluster
10, except for two accessions from the United States (TA2843 and
TA2884) and one accession from Spain (TA2868), which showed
admixture between clusters 10 and 11. Cluster10 consisted of
accessions majorly from Turkey and with an admixture coefficient
of 0.99 indicates Turkey as the center of diversity. T. turgidum ssp.
dicoccoides accessions from England exhibited admixture with
samples from clusters 2, 3, and 11, while accessions from the Uni-
ted States were assigned to cluster 2 and 3, accessions from Swe-
den showed admixture between clusters 3 and 2 (Fig. S11). This
distinct pattern of dicoccoides accessions may be due to the regio-
nal isolation and was also observed in the cluster-specific tree
(Fig. S10B). Cluster2, with the maximum diversity of wild emmer,
may be considered as the center of species diversity for T. turgidum
spp. dicoccoides and comprised of the region of Israel, Jordan
(West Bank), Syria (Golan Heights) and Lebanon (Al Biga). Domes-
ticated emmer wheat was found in highest diversity in the regions
of Turkey (Kars) and Georgia (Tiflis). With the highest genetic
diversity of accession from Turkey, we think that domesticated
accessions have found their way into central Europe through Tur-
key. For T. timopheevii spp. armeniacum, the region of higher
genetic diversity comprised of Iraq (Arbil, Dahuk, and As Sulay-
maniyah), Azerbaijan (Nakhichevanskaya), and Armenia. A com-
parison of the nucleotide diversity of accessions from these three
areas revealed that accessions from Iraq (0.29) had the highest
diversity, followed by Azerbaijan (0.19) and Armenia (0.07). Fst
comparison revealed lesser divergence (Fsr:0.30) between the pop-
ulations of Iraq and Azerbaijan compared to the Irag-Armenian
population (Fst: 0.41). Based on the higher genetic diversity and
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resistant accessions region comprising Arbil, Dahuk, and As Sulay-
maniyah in Iraq may be the potential site of origin for the wild type
T. timopheevii.

Signatures of domestication and adaptation-related genes in tetraploid
wheat

VRN-A1 and VRN-1B gene sequences of Triticum aestivum (NCBI
accessions AY747600 and AY747606) were used for the detection
of corresponding candidate regions in the T. turgidum genome
[45]. Blast search identified the gene positions mapping to chromo-
some 5A (549156384-549152141) and 5B (570844281-
570831393). Differential but similar Fst distribution was observed
in the candidate region for VRN-1 on chromosomes 5A and 5B in
both T. turgidum and T. timopheevii accessions. For the domestica-
tion gene Brittle rachis (Btr), two physically linked genes non-
brittle rachis 1 (btr1) and non-brittle rachis 2 (btr2) of H. vulgare
(NCBI accession: KR813335.1) were used in the blast search. [22].
Two chromosomal segments corresponding to 3A and 3B were
identified (Table S5). An elevated Fst was observed for both T. tur-
gidum and T. timopheevii (Fig. S6, S7). VRN and Btr genes of T. dicoc-
coides and T. turgidum showed higher similarity to T. aestivum
genes. Fig. S8 displays Fsr distribution of Ppd-1 and Q-locus. For
Ppd-1A, single blast hit was observed on chromosome 2A, while
no similarity was detected on chromosome 2B of T. turgidum. Q-
locus showed hits on chromosomes 5A and 5B.

Distribution of disease resistant T. Timopheevii accessions

Out of 105 unique T. timopheevii accessions, phenotypic data
was made available for 95 accessions related to leaf rust, Septoria,
tan spot, and powdery mildew (data not shown). Fig. S5 shows the
distribution of phenotypic data for T. timopheevii. Most of the
accessions showing resistance to all four diseases were found
belonging to Iraq (region of Arbil, Dahuk, and As Sulaymaniyah).
Detailed examination revealed accessions showing resistance to
Septoria and tan spot belonging to Armenia, Azerbaijan, Iran, and
Iraq. Accessions from Armenia and Azerbaijan showed moderate
resistance to Powdery mildew and susceptibility to leaf rust, while
accessions from Iran were susceptible to both Powdery mildew
and leaf rust. Single accessions from Australia and Hungary were
resistant to leaf rust only or they were selected by the collectors
for being resistant to leaf rust. Genome-wide association study
(GWAS) for leaf rust identifies four significant marker-trait associ-
ations (MTAs) using MLMM and three significant MTAs using
FarmCPU on chromosome 2B. One MTA (SNP_ 29001) on distal
region of chromosome 2BS was found to be common with both
the methods (Table S6; Fig. S12). Therefore, this MTA was consid-
ered more important and hence was further examined for putative
candidate genes (CGs). For identification of putative CGs, the MTA
region was extended to 100 kb in both directions and CGs were
identified in this 200 kb region. In this region, four genes were
identified which encoded for two NBS-LRR-like resistance proteins
(TRITD2Bv1G010030 and TRITD2Bv1G010060), and two Exocyst
complex component 2C putative proteins (TRITD2Bv1G010050
and TRITD2Bv1G010090). NBS-LRR-like resistance proteins play a
critical role in providing resistance against leaf and stripe rust of
wheat. Interestingly, two of the reported leaf rust (Lr) resistance
genes, Lr16[46] and LrZH2 [47] were also reported earlier in distal
region of the chromosome 2BS. Therefore, we believe that the
above two NBS-LRR genes may be the potential candidates for
either of the two Lr genes; however, this certainly needs further
validation. The results need to be further examined with the inclu-
sion of more phenotypic data in the future.
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Discussion

The WGRC tetraploid wheat collection included germplasm
from all over the world, especially from the Fertile Crescent region
of the Middle East (Fig. 1). Archaeological evidence suggests that
wild emmer and free-threshing tetraploid domesticated emmer
were first cultivated in the southern Levant region as early as
10000 years ago [5]. Presently, wild emmer is found growing in
the western region of the fertile crescent (Israel, Jordan, and Syria),
south-eastern region of Turkey, mountain ranges of east Iraq and
west of Iran [48]. Jordan Valley, with the highest genetic diversity,
was considered to be the epicenter of wild emmer. [21].
T. timopheevii spp. armeniacum (T. araraticum) displayed a spread
in Iran, Iraq, Georgia, Armenia, Azerbaijan, and Turkey [49],
whereas T. timopheevii spp. timopheevii found to be endemic to
Georgia [50]. Both the tetraploid species are self-pollinated.
Crosses between T. turgidum and T. timopheevii result in a non-
fertile progeny due to failed pairing of chromosomes [51]. These
two tetraploid species share highly similar morphological charac-
teristics [17] and to some extent chromosomal similarities [12]
that can result in misclassification, mislabeling, and duplication
of accessions from different countries. In the absence of passport
information, sometimes accession identification becomes difficult.
The WGRC gene bank provides germplasm collections to the breed-
ers for its efficient utilization in the breeding program for wheat
improvement. Considering the accession duplication, efficient
strategies were needed to narrow down these to a core set of
accessions representing most of the diversity for their easy utiliza-
tion in breeding programs. The availability of a core set will reduce
the effort needed for the phenotyping of a large number of acces-
sions. An efficient but time-consuming strategy involves using
the combination of phenotypic and passport information to limit
the number of accessions. Clustering-based methods like PCA can
efficiently be used with next-generation sequencing data for their
characterization using the genome-wide tags generated through
GBS [52]. In the present study, 908 accessions of tetraploid wheat
from the WGRC gene bank were used to define a core collection of
genotypes covering most of the available genetic diversity.

Tetraploid wheat races and their distribution

Wild emmer germplasm has been explored in many studies
using whole-genome sequencing [6,24,53,54| and exome sequenc-
ing [55]. Walkowiak and coworkers explored the secondary gene
pool species i.e. T. timopheevii for the identification of introgression
segment on chromosome 2B of wheat variety LongReach Lancer
[56]. Cytological methods were widely used for the detection of ti-
mopheevii introgression signals in the wheat [57,58]. Wild emmer
accessions were previously classified into wild race I (T. turgidum
ssp. dicoccoides (Korn. ex Asch. & Graebner) Schweinf.) race II (T.
turgidum ssp. dicoccum Schrank ex Schiibler), race IV (T. turgidum
ssp. durum Desf.), race V (T. turgidum ssp. polonicum L.) and race
VI (T. turgidum L.) [59]. Races were reclassified as T. turgidum and
T. timopheevii (Zhuk) Zhuk subspecies [60]. Hulled wild tetraploids
include T. timopheevii spp. armeniacum and T. turgidum spp. dicoc-
coides, while T. timopheevii spp. timopheevii and T. turgidum spp. pa-
leocolchicum constitutes members of domesticated hulled
subspecies. Domesticated free-threshing emmer species consists
of T. turgidum spp. carthlicum, T. turgidum spp. durum, T. turgidum
spp. polonicum, T. turgidum spp. turanicum, T. turgidum spp. turgi-
dum and T. turgidum spp. turgidum var uniaristatum.

Diversity analysis and population structure

Our results showed higher but almost similar nucleotide diver-
sity between the A-genome (0.273) and B-genome (0.279) of T. tur-
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gidum and T. timopheevii. Although literature reports a higher
dissimilarity in the B-genome compared to A-genome between
the two species. A potential reason for inconsistency may be the
lesser (40 %) mapping of G-genome tags on B-genome used in blast
search. Lesser diversity was observed in the species-specific acces-
sions (Table 4). A higher Nei’s diversity index was observed for
wild accessions (T. turgidum spp. dicoccoide: 0.180, T. timopheevii
spp. armeniacum: 0.028) compared to domesticated accessions (T.
turgidum: 0.13, T. timopheevii: 0.016). Sub-population cluster3
and cluster4 among the T. turgidum spp. dicoccoide showed the
highest and lowest Nei's index diversity, respectively (Table 3).
Diversity analysis based on fastStructure and Fsy estimates
grouped two tetraploid species into distinct clusters supporting
the species-specific differentiation between the T. turgidum and T.
timopheevii. Rodriguez and coworkers reported higher homologous
pairing of B genome of Ae. speltoides and G genome of T. timopheevii
compared to B-genome of T. aestivum, suggesting the most recent
emergence T. timopheevii [61]. In the absence of migration, popula-
tion divergence increases significantly and results in higher differ-
entiation (Fst values). Different threshold values were reported for
significant Fsy estimates among the populations, such as greater
than 0.25 [62] or greater than 0.15 [63]. We observed intra-
species differentiation between wild and domesticated T.
timopheevii accessions belonging to T. timopheevii spp. armeniacum
and T. timopheevii spp. timopheevii and also, between wild and
domesticated T. turgidum accessions i.e., T. turgidum spp. dicoccoides
and T. turgidum spp. carthlicum resulting from domestication
(Table 4). T. timopheevii spp. armeniacum, grows widely from
Armenia to Azerbaijan region of the former Russian Federation,
while domesticated timopheevii remained endemic to a small
region in the west of Georgia with cultivation limited to a few vil-
lages [64]. The higher genetic differentiation observed within the
timopheevii accessions may be due to their region-specific cultiva-
tion or may be attributed to the lesser diversity captured by fewer
accessions of domesticated timopheevii under study.

Out of the 11 clusters of emmer wheat, T. turgidum spp. dicoc-
coides majorly or solely contributed to the seven clusters (Table 3).
Lower nucleotide diversity was observed within the domesticated
accession clusters (cluter4 and cluster6) compared to the wild dic-
occoides. Clustering distinction observed for T. turgidum ssp. carth-
licum and T. turgidum ssp. dicoccon was an indication of speciation,
compared to T. turgidum ssp. durum, T. turgidum ssp. polonicum, T.
turgidum ssp. turanicum and T. turgidum ssp. turgidum (Fig. S10B).
Previous studies on durum using molecular markers i.e., SSR, DarT
and SNPs suggested a lesser genetic differentiation within the
domesticated turgidum accessions [65-67]. Separate sub-
population clustering and low nucleotide diversity of T. turgidum
ssp. carthlicum supports its genetic differentiation from other tetra-
ploid wheat sub-species. Riefolo and coworkers (2011) reported
separate phylogenetic positions for T. turgidum ssp. durum and T.
turgidum ssp. carthlicum [68]. T. turgidum ssp. carthlicum (also
known as Persian wheat) was supposed to be originated from the
cross of domesticated emmer wheat and hexaploid wheat
[11,69]. Genetic markers also reported separate phylogenetic
clades for T. turgidum ssp. carthlicum and T. turgidum ssp. dicoccon
[66,70] and provide support for the separate T. turgidum ssp. dicoc-
con cluster in population structure analysis and species tree. A
recent study reported three distinct lineages for T. araraticum
based on the genomic and cytogenetic diversity of 862 tetraploid
accessions [64]. Two lineages for T. araraticum were designated
as ARA-0 and ARA-1 and one domesticated T. timopheevii. Lineage
ARA-0 had wider geographic distribution compared to ARA-1. In
our results, population clustering using the whole set of T.
timopheevii and T. turgidum accessions resulted in 3 sub-
population clusters (cluster5, cluster8 and cluster14) attributed
to the regional specificity of cluster8 to Iraq and cluster 14 to Azer-
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baijan and Armenia., but the pattern diminishes during compar-
ison of T. timopheevii only accessions, where lower Nei’s diversity
(0.028) was observed for T. timopheevii spp. armeniacum and
0.015 for T. timopheevii spp. timopheevii.

Phylogenetic analysis of wheat chloroplast genomes also showed
species-specific distinctions of Poaceae members, specifically the
tetraploid wheat [3]. In another GBS based study, two major classes
of T. timopheevii spp. armeniacum and T. timopheevii spp. timopheevii
were reported [70]. These results were consistent with our finding of
two major lineages of T. timopheevii. More timopheevii accessions
may be required to support three clade classification. The potential
reason for the differential clustering may be the closeness of ARA-
1 class to the T. turgidum as discussed by Badaeva et al., [64]. Based
on nucleotide diversity and differentiation, the region comprising
Israel, Jordan (West Bank), Syria (Golan Heights) and Lebanon (Al
Biga) were rich in diversity for T. turgidum spp. dicoccoides. Carthili-
cum displayed rich diversity in the region of Turkey (Kars) and Geor-
gia (Tiflis). Regions of Iraq (Arbil, Dahuk, and As Sulaymaniyah),
Azerbaijan (Nakhichevanskaya), and Armenia can be considered as
diversity rich areas for T. timopheevii spp. armeniacum with the
maximum genetic diversity in Iraq. Fig. 6 summarize major identi-
fied center of genetic diversity, potential center of domestication
and route of cultivation for tetraploid wheat.

Fsr signal surrounding the domestication genes

A variable and low Fsy signal was observed in the potential can-
didate region for the genes: the non-brittle rachis (Btr1), vernaliza-
tion (VRN-1), developmental signaling gene Ppd-1A and Q locus.
However, no clear haplotype was identified in the genic region in
the absence of tags mapping on the gene, but a variable and alike
Fst signal between the wild and domesticated tetraploids on A
and B genome provides evidence for the emergence of domestica-
tion and environmental adaptation traits in domesticated acces-
sions. Variability in VRN-1 (MADS-box transcription factor)
controls the adaptability of the plant to different environments
[26]. VRN-1 alleles in T. dicoccodes and T. timopheevii displayed dif-
ferential origin with insertion in the main gene in T. timopheevii
and a region of variability in the promotor region of T. dicoccoides
[71]. In another study of gene-based haplotypes using our core
accessions, domesticated T. turgidum was found to share haplo-
types for the Btr1-A and Btr1-B. In T. timopheevii, novel mutations
were identified in the Brt1-A allele, displaying partial brittleness
of spikes, while no amplification was observed for the allele on
the G-genome, suggesting the differential domestication event
for T. timopheevii [72]. The region surrounding the genes related
to domestication traits showed modest differentiation between
wild and domesticated accessions, demonstrating the preservation
of diversity in the region (Fig. S8).

Core collection

To accelerate the breeding program, we reported a core set of
accessions from wild and domesticated accession of T. timopheevii
and T. turgidum. The selected core set of accessions represents
more than 93 % of the available allelic diversity, with nucleotide
diversity comparable to individual population used in the study
(Table 4). From the original number of accessions, a nearly 10x
sample reduction was achieved in the core set. Wild emmer con-
sisted of a majority of the accessions from Israel (11) followed by
Turkey (6), Jordan (5), and one each from Sweden, Syria, England,
and Lebanon, representing the sub-population clusters 1,2,3,4,7,
and 13. Domesticated emmer consisted of accessions from Turkey
(7), Portugal (3) and one each from Jordan, Sweden, Syria, Afghani-
stan, Armenia, Former USSR, Greece, Hungary, Kyrgyzstan, Omen,
Spain, United States, and Yemen, representing sub-population
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clusters 2,3,6,10,11 and 12. T. timopheevii spp. araminicam core
set consisted of accessions from Iraq (21), Armenia(5), Azerbaijan
(4), Turkey(2), Russian Federation (2) and Iran(1) from cluster8
and 14, while T. timopheevii spp. timopheevii consisted of two
accessions from Russian federation. Our T. timopheevii core set cap-
tures a rich source of diversity against fungal diseases like Septoria,
leaf rust, tan spot, and powdery mildew (Fig. 5). The present core
set will serve as a rich source of genetic variations to be utilized
in the breeding program and should be coupled with careful phe-
notyping. In recent years, gene bank curation has been done to
explore the novel genetic variations in T. monococcum [73], T. aes-
tivum [74-77], Aegilops tauschii [43], T. turgidum L. [78], rye [79],
sorghum [80], melon [81], pumpkin [82], capsicum [83] for trait
improvement.

GBS is a relatively inexpensive method for genotyping large
numbers of samples and provides more SNPs than SNP arrays.
Domesticated varieties, although are high yielding but lacks resis-
tance to biotic and abiotic stress. Wild germplasm with rich and
unexplored genetic diversity holds the potential for traits improve-
ment related to resistance, mineral content, and protein content
[30]. Several resistance genes for powdery mildew resistance
Pm6[84], Pm27 [85], Pm37 [86], MIAG12 [87], leaf rust Lr50 [88],
LrTt2 [89], stem rust Sr40 [90] and fusarium head blight resistance
[91,92] has been introgressed into the bread wheat from T.
timopheevii. In recent years, Pm36[93], Pm41[94], pm42[13], and
leaf and stripe rust resistance [95] genes were contributed by the
wild emmer. The present tetraploid core set will serve as a rich
resource of genetic variations. The small set of accessions can effec-
tively be phenotyped by researchers for several traits under field or
greenhouse conditions. SNP identified from the collection will
facilitate future breeding, association mapping, and introgression

Tan Spot Mildew

Leaf Rust

Accession |Septoria Powde!
TA105
TA1008
TA6
TA23
TA25
TA48
TA101
TA145
TA153
TA170
TA861
TA877
TA921
TA946
TA1486
TA 1488
TA 1489
TA1499
TA1510
TA1514
TA1520
TA1521
TA1526
TA1536
TA1571
TA892
TA905L1
TA44
TA49
TA1564
TA1565
TA1569
TA2892

Fig. 5. Heatmap of selected T. timopheevii accessions in response to Septoria, tan
spot, powdery mildew and leaf rust. VR: very resistant or immune; R: resistant;
Powdery mildew (0;immune,1:resistant,2-4: Moderately resistant,5-9:Suscepti-
ble) Leaf rust (0;immune,1-2:resistant,3-4: Moderately resistant,5-9:Susceptible).
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Iran

Lebanon

Israel

Jordan

Fig. 6. Centre of rich genetic diversity for tetraploid wheat. Highlighted regions are
not on scale, represents major cities. Blue circle: T. turgidum spp. carthlicum (Kars,
Turkey; Tiflis, Georgia); Yellow circle: T. turgidum spp. dicoccoides (Israel, Jordan,
Syria, Lebanon); Green circle: T. timopheevii spp. armeniacum (Iraq (Arbil, Dahuk, As
Sulaymaniyah)). Purple circle in Turkey may be considered as region of domesti-
cation and cultivation of domesticated emmer. Arrow represent the potential route
of migration in the Europe. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

studies in wheat. Present core set accessions were already utilized
to demonstrate independent domestication of T. timopheevii using
Brittle rachis 1 gene [72]. These genetically distinct tetraploid
accessions, coupled with quality phenotyping, have the potential
to develop elite wheat varieties.

Conclusion

In the present study, we explored the potential of GBS technol-
ogy in data reduction while maintaining the significant genetic
diversity of the species. NGS technology holds the potential for
reclassification of species with similar morphological characters
that are difficult to distinguish phenotypically. GBS based diversity
analysis leads to identification of diversity rich pockets of tetra-
ploid wheat in fertile crescent. Population structure supported
the genetic differentiation of both wild and domesticated tetra-
ploids. Wild germplasm showed more differentiation than domes-
ticated accessions, indicating the availability of sufficient diversity
for crop improvement. With reduced complexity, a core-set pre-
serves the genetic diversity of the genebank collections and will
aids in more robust characterization of wild germplasm. In the pre-
sent study, we were able to preserve ~ 93 % of the allelic diversity
of T. timopheevii and T. turgidum accessions. GBS proved to be an
efficient technique of gene bank curation and can be effectively
used to explore the rich diversity for species with huge genomes
or higher ploidy not suitable for resequencing. With 10x reduction,
and rich diversity of germplasm for disease resistance, the tetra-
ploid core-set will cut expenses associated with storage and main-
tenance and will act as a resource to speed global breeding
initiatives.
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The datasets generated during the present study is publicly
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