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41 Exploring genetic diversity of wild and related tetraploid wheat species 
42 Triticum turgidum and Triticum timopheevii
43
44
45 ABSTRACT
46
47 Introduction
48 The domestication bottleneck has reduced genetic diversity in wheat, necessitating the use of wild 
49 relatives in breeding programs. Wild tetraploid wheat are widely used in the breeding programs 
50 but with morphological characters, it is difficult to distinguish these, resulting in 
51 misclassification/mislabeling or duplication of accessions in the Gene bank.
52 Objectives
53 The study aims to explore Genotyping by sequencing to characterize wild and domesticated 
54 tetraploid wheat accessions to generate a core set of accessions to be used in the breeding program. 
55 Methods
56 TASSEL-GBS pipeline was used for SNP discovery, fastStructure was used to determine the 
57 population structure and PowerCore was used to generate a core sets. Nucleotide diversity matrices 
58 of Nie’s and F-statistics (FST) index were used to determine the center of genetic diversity.
59 Results
60 We found 65% and 47% duplicated accessions in T. timopheevii and T. turgidum respectively. 
61 Genome-wide nucleotide diversity and FST scan uncovered a lower intra and higher inter-species 
62 differentiation. Distinct FST regions were identified in genomic regions belonging to domestication 
63 genes: non-brittle rachis (Btr1) and vernalization (VRN-1). Our results suggest that Israel, Jordan, 
64 Syria, and Lebanon as the hub of genetic diversity of wild emmer; Turkey, and Georgia for T. 
65 durum; and Iraq, Azerbaijan, and Armenia for the T. timopheevii. Identified core set accessions 
66 preserved more than 93% of the available genetic diversity. Genome wide association study 
67 (GWAS) indicated the potential chromosomal segment for resistance to leaf rust in T. timopheevii.
68 Conclusion
69 The present study explored the potential of GBS technology in data reduction while maintaining 
70 the significant genetic diversity of the species. Wild germplasm showed more differentiation than 
71 domesticated accessions, indicating the availability of sufficient diversity for crop improvement. 
72 With reduced complexity, the core set preserves the genetic diversity of the gene bank collections 
73 and will aid in a more robust characterization of wild germplasm. 
74
75 Keywords: Tetraploid wheat; Nei’s index; F-statistics: (FST); Core collection; Triticum; 
76 Population structure; Genetic diversity; Genotyping by sequencing (GBS); Sequencing; 
77 Phenotype, Genome wide association study (GWAS).
78
79
80
81
82
83
84
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86 Introduction
87
88 Wheat is one of the most important crop plants for the human population. Two major wheat 
89 species grown throughout the world are T. aestivum, a hexaploid species usually called “common” 
90 or “bread” wheat, and T. turgidum ssp. durum, a tetraploid species adapted to hot and dry 
91 conditions surrounding the Mediterranean Sea and similar climates in other regions. Tetraploid 
92 wheat (T. turgidum L.) is an important species within the genus Triticum, and its numerous 
93 subspecies including wild forms harbor many desirable agronomic traits for durum as well bread 
94 wheat improvement. Hexaploid bread wheat has evolved through two distinct past hybridization 
95 events, which included three diploid progenitor species. The wheat genome comprises three sub-
96 genomes namely A, B and D (2n=6x=42). A genome of wheat was contributed by T. urartu (AA) 
97 , while Aegilops speltoides (SS) is thought to be closest match for B- genome donor. The D-
98 genome was contributed by Aegilops tauschii (DD). T. urartu contributed A genomes to the 
99 tetraploid wheat species T. turgidum (BBAA; 2n=4x=28) and T. timopheevii (GGAA; 2n=4x=28) 

100 [1,2], and Ae. speltoides (SS) as maternal parent contributed to B and G genomes [3]. These two 
101 tetraploid wheat species (T. turgidum and T. timopheevii) are reproductively isolated (crosses 
102 between these are sterile and show reduced chromosome pairing) and belong to distinct 
103 evolutionary lineages [4]. 
104 Evidence for the first cultivation of wild emmer dates back to ~10,300 to 9,500 years ago 
105 in the southern Levant region, while the cultivation of domesticated emmer began ~9500-9000 
106 years ago and was grown as a mixture along with the wild emmer for a longer period [5]. Over the 
107 years the durum wheat i.e. T. turgidum ssp. durum had remained an important economic crop 
108 majorly used for making pasta, leading to the whole-genome sequencing of a modern-day cultivar 
109 [6]. 
110 Wild T. turgidum represented by T. dicoccoides is the only true wild polyploid wheat of 
111 the lineage, found in dry and saline regions of the middle east [7]. The genetic diversity present in 
112 T. dicoccoides is a rich source for agronomic traits related to grain quality and abiotic/biotic stress 
113 [8]. Domesticated lineages of T. dicoccoides consist of subspecies T. turgidum spp. dicoccum, T. 
114 turgidum spp. dicoccon, T. turgidum spp. durum, T. turgidum spp. turgidium, T. turgidum spp. 
115 polonicum, T. turgidum spp. carthlicum, T. turgidum spp. turanicum and T. turgidum spp. 
116 palaeocolchicum [9]. T. timopheevii belongs to the secondary gene pool of wheat and its 
117 domesticated form is grown as a minor crop in Georgia. Timopheevii is an important resource for 
118 the improvement of durum and bread wheat [10]. T. timopheevii consists of two sub-species, wild 
119 i.e. T. timopheevii spp. armeniacum and cultivated T. timopheevii spp. timopheevii [9]. The two 
120 lineages show a spread in the Transcaucasian region at the border of Europe and Asia [11].
121 Maestra and coworkers (1999) studied chromosomal structure in wild and cultivated 
122 populations of T. timopheevii, durum, and hexaploid wheat, and reported similar homologous 
123 pairing between A-genome and lesser association between chromosomes of the B-G genome. 
124 Structural similarities were observed for the At-genome chromosomes (1, 2, 5, and 7) and G-
125 genome chromosomes (2,3,5, and 6) with their respective A and B genome counterparts in durum 
126 and hexaploid wheat [12]. The higher similarity between the A-genome of the two species was 
127 attributed to their common ancestor T. urartu [1]. The B-genome of T. turgidum showed higher 
128 divergence from the S-genome of Ae. speltoides compared to the G-genome of T. timopheevii [9]. 
129 T. turgidum and T. timopheevii share similar morphological characters and are generally 
130 mislabeled or misclassified. Molecular markers are routinely applied for whole-genome 
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131 characterization. Through the use of barcoded multiplexing, low-cost high throughput techniques 
132 like GBS can produce a significant number of SNP markers for large populations. The method 
133 involves a set of restriction enzymes to digest the genome into fragments, which are then 
134 sequenced using Illumina single or paired-end sequencing [13]. SNP calls can be made from the 
135 sequencing data using bioinformatics pipelines i.e., UNEAK, TASSEL-GBS, and Fast-GBS [14–
136 16]. Czajkowska and coworkers have reclassified 10 T. turgidum accessions into T. timopheevii 
137 using the gene-based PCR and GBS markers [17]. 
138 Change of seed dispersal mode (reduced shattering) is considered as major mutation 
139 leading to the domestication of wheat and a key trait for domestication syndrome [18,19]. The 
140 non-brittle rachis was considered a major domestication marker for cereals, where the spike 
141 shattering is an observable trait in wild relatives compared to the intact non-shattered rachis of 
142 domesticated cereals [20,21]. In barley, two tightly linked genes Brittle rachis 1 (Btr1) and Brittle 
143 rachis 2 (Btr2) were associated with the brittle rachis trait, where genetic mutation leading to non-
144 functional genes results in non-brittle spikes [22,23]. In wild emmer, Btr1 and Btr2 gene homologs 
145 on chromosomes 3A and 3B were identified, where mutation in the Btr1 gene was found to be 
146 associated with the non-shattering trait [24]. Single point mutation of Btr1 in domesticated einkorn 
147 was associated with the non-shattering trait [25]. The adaptability of wheat to diverse 
148 environments was attributed to the genetic changes in vernalization-related genes VRN-1 mapping 
149 to the long arm of chromosome 5 [26,27]. VRN-1 gene encodes MADS-box transcription factor 
150 controlling the flowering time and regulates plant's transition from vegetative to reproductive 
151 phase [28,29]. 
152 There is an urgent need for the preservation of the wild germplasm from the danger of 
153 genetic erosion. Wild germplasm holds immense potential for the enhancement of genetic traits 
154 like mineral content, grain protein, and resistance to biotic/abiotic stress [30]. For efficient 
155 utilization of the germplasm in the breeding program, it is necessary to characterize and classify 
156 the available genetic diversity to a small set of accessions representing the maximal diversity. With 
157 the advent of parallel sequencing technologies and methods like genotyping-by-sequencing, cost-
158 effective strategies can be developed for the curation of diverse germplasm present in gene banks 
159 [31,32]. The present study was undertaken to utilize the low-cost GBS technology to create a 
160 reference core set for T. turgidum and T. timopheevii accessions present in Wheat genetics resource 
161 center (WGRC) gene bank for the effective utilization of wild and related tetraploid Triticum 
162 species in the breeding programs. 
163
164 Material and methods
165
166 Plant material
167
168 The present study included 908 accessions of tetraploid wheat from two different species 
169 T. turgidum and T. timopheevii present in the Wheat genetics resource center (WGRC) at Kansas 
170 State University (K-State), Manhattan, KS, USA. Table S1 presents passport data and collection 
171 site; Fig. 1B shows the geographic location and distribution of the accessions. 
172
173 Plant tissue collection and genotyping-by-sequencing
174
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175 For the DNA extraction, plant tissue collection was done from a single plant from each 
176 accession after growing them in greenhouse for 2-3 weeks. A small piece of young leaf from a 
177 single plant of each accession was cut and collected in 96-well tissue collection box. Plant samples 
178 were then lyophilized, followed by genomic DNA extraction using Qiagen BioSprint 96 DNA 
179 Plant Kit (QIAGEN, Hilden, Germany). Extracted DNA was quantified with Quant-
180 iTTM PicoGreen® dsDNA Assay Kit (Thermo Fisher Scientific, Waltham, MA, United States). 
181 After DNA quantification and normalization, the DNA samples were transferred to 96-well DNA 
182 collection plates with one random well per plate left blank for quality control and library integrity. 
183 Genotyping of the DNA samples was performed using genotyping-by-sequencing (GBS) as 
184 described [13]. GBS libraries were prepared in 96 plexing using two restriction enzymes—a rare 
185 cutter PstI (5′-CTGCAG-3′), and a frequent cutter MspI (5′-CCGG-3′) with a common reverse 
186 adapter ligated. GBS libraries were sequenced using Illumina HiSeq2000 (Illumina, San Diego, 
187 CA, United States) platform at the University of Missouri (UMC; Columbia, Missouri) generating 
188 100bp long reads. 
189
190 SNP genotyping and data filtering
191
192 TASSEL-GBS V5.0 pipeline was used for SNP discovery [15]. The pipeline was modified 
193 for SNP discovery without reference genome. More than 199k SNPs were discovered that were 
194 used for further analysis. Population level SNP filtering was performed and SNPs with minor allele 
195 frequency (MAF) less than 0.01 and missing data of more than 20% were removed. Further, SNPs 
196 with heterozygosity greater than 5% were removed because all the used tetraploid wheat 
197 accessions were highly inbred. Fisher’s exact test at alpha 0.001 with Bonferroni correction was 
198 performed to determine if the putative SNPs were from allelic tags as described [13]. Individual 
199 samples with more than 80% missing SNP calls and more than 5% heterozygosity were also 
200 removed. Retained markers and samples were used for further analyses. After all the filtering steps, 
201 65,535 tags were eventually used for the diversity study. 
202
203 Genetic diversity analysis and population structure
204
205 GBS tags were blast searched against the T. turgidum spp. durum genome considering a 
206 maximum of three mismatches and no-gap for locating the genomic position. As a measure of 
207 average heterozygosity over multiple SNPs in a given population, Nei’s diversity index [33] was 
208 computed for the whole population using VCFtools [34]. Pairwise FST between subpopulations 
209 and subspecies were computed and plotted using custom R scripts. An R-package rrBLUP was 
210 used for missing data imputation using the ‘mean’ method for PCA. Principal component analysis 
211 was performed in R. Eigenvalues and eigenvectors were computed with ‘e’ function using ‘A’ 
212 matrix output of the rrBLUP package [35]. Package ape was used to draw neighbor-joining tree 
213 for all accessions [36]. Species wise Patterson's D (ABBA-BABA) statistic was calculated using 
214 Dsuite [37]. Population structure was analyzed at different values of sub-population runs ranging 
215 from K=2 to K=15 using fastStructure for T. turgidum and T. timopheevii at both inter and intra-
216 species levels [38]. The best population substructure was selected using chooseK.py script of 
217 fastStructure. FastStructure output was graphically visualized using R package pophelper [39]. 
218 PAUP4.0a163 was used to conduct coalescent SVDquartets analysis [40]. Genome wide 
219 association study (GWAS) for leaf rust in T. timopheevii using GAPIT [41]. We used the models 
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220 FarmCPU, GLM, MLM, MLMM and SUPER of gapit.  For significant SNP associations FDR < 
221 0.05 was used.
222
223
224 Diversity of domestication genes
225
226 We used the Triticum aestivum VRN-A1 and VRN-1B (AY747600 and AY747606) gene 
227 sequence in blast search to detect the corresponding homologs in the T. turgidum spp. durum 
228 genome, T. dicoccoides and T. aestivum. Similarly, H. vulgare homologs of domestication gene 
229 non-brittle rachis 1 (btr1) and non-brittle rachis 2 (btr2) were used for locating the homologous 
230 segment for brittle rachis in tetraploid genome. For photoperiod response locus (Ppd-1) gene T. 
231 aestivum (XP_037475580.1) and for Q-locus gene T. turgidum (AY702955) sequences were used 
232 in the blast search.
233  
234 Genetically diverse representative core set selection
235
236 The selected set of SNPs was used to select a representative core-set from the T. turgidum 
237 and T. timopheevii collections. The core sets of tetraploid wheat accessions were identified in two 
238 steps using the integration of genotypic and phenotypic datasets. In the first step, identified SNPs 
239 were first used with the software package PowerCore to identify core set using default settings 
240 [42] [43], selecting the lines to retain the most diverse alleles by implementing advanced M 
241 (maximization) strategy. One of the limitations of this software was its inability to use more than 
242 15000 SNPs so we included only SNPs with less than 10-15% missing data. In the second step the 
243 number of selected accessions was further reduced by phenotypically guided selection using the 
244 available phenotypic data for growth patterns, leaf rust composite, stem rust (race TTKSK) [44] 
245 and hessian fly biotype D resistance. The entire genetic diversity captured by the MiniCore was 
246 assessed by the percent segregating SNPs present in the selected accessions relative to the whole 
247 collection.
248  
249 Results
250
251 In the present study, we explored the genetic diversity confined in a diverse collection of 
252 tetraploid wheat accessions available at the Wheat genetics resource center (WGRC) at Kansas 
253 State University, Manhattan, USA (Table 1). Table S1 shows species passport information, where 
254 17 duplicated accessions were removed based on the passport and phenotypic data. A total of 908 
255 accessions from T. turgidum (primary gene pool) and T. timopheevii (secondary gene pool) were 
256 used in the study. Fig. 1 shows the flowchart of the methodology used and geographical locations 
257 of germplasm collection. T. turgidum was represented by eight subspecies: including the wild form 
258 T. turgidum ssp. dicoccoides and 8 other domesticated subspecies (Fig. 2A). The domesticated T. 
259 turgidum subspecies included in the study were T. turgidum ssp. durum, T. turgidum ssp. 
260 paleocolchicum, T. turgidum ssp. turanicum, T. turgidum ssp. polonicum, T. turgidum ssp. 
261 dicoccum, T. turgidum ssp. dicoccon, T. turgidum ssp. carthilicum, and T. turgidum ssp. turgidum. 
262 Wild T. timopheevii was represented by T. timopheevii ssp. armeniacum, whereas T. timopheevii 
263 ssp. timopheevii was the domesticated timopheevii subspecies. A set of 10 wheat lines were 
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264 included in the study to demonstrate the relationship between tetraploid and hexaploid wheat. Fig. 
265 2B and 2C displays the country-wise distribution of the accessions used in the study. 
266
267 Principal component and cluster analysis
268
269 After filtering the SNPs with a minor allele frequency (MAF) of less than 0.01 and missing 
270 data >20, a set of 65,535 SNPs were used for the PCA. The first two components represented 27 
271 % and 7% of the total variability, respectively (Fig. 3A). Accessions were grouped into two major 
272 clusters: the first cluster comprised of T. turgidum and T. aestivum accessions while the second 
273 cluster consisted of T. timopheevii with an intermix of a few T. turgidum accessions. PC1 separated 
274 the complexes primarily based on the species type (cluster1 and cluster2), while the PC2 exhibited 
275 differentiation of the T. turgidum subspecies into 5 sub-clusters along the Y-axis. Further, PCA of 
276 tetraploid collection of T. turgidum and T. timopheevii separated the accessions based on their 
277 origin, where PC1 and PC2 contributed 28 % and 7% of sample variance, respectively (Fig. 3B). 
278 Loose clustering was observed for the accessions not belonging to middle eastern origin. T. 
279 timopheevii ssp. armeniacum and domesticated T. timopheevii ssp. timopheevii grouped into one 
280 cluster attributed to their Middle Eastern origin (Armenia, Azerbaijan, Iran, Turkey). 
281 For T. turgidum, a huge variance was observed among the accessions belonging to T. turgidum 
282 ssp. dicoccoides (dark green) from the Middle East (Israel, Lebanon, Turkey, Syria, Jordan, and 
283 Iraq), Europe (England and Sweden), and the USA. T. turgidum ssp. carthilicum clustered out with 
284 the largest variance on PC2. While the accessions of T. turgidum ssp. durum, T. turgidum ssp. 
285 paleocolchicum, T. turgidum ssp. turanicum, T. turgidum ssp. polonicum, T. turgidum ssp. 
286 dicoccum, T. turgidum ssp. turgidum displayed loose clustering. The genotype-based phylogenetic 
287 tree formed two distinct clusters; the largest cluster consisted of T. turgidum separated from T. 
288 timopheevii accessions (Fig. S1), wheat accessions formed a subgroup within the largest T. 
289 turgidum cluster. Five accessions were reclassified based on the clustering pattern in the PCA plot 
290 and their proximity to different clusters in the population substructure. These include three T. 
291 timopheevii accessions (TA9, TA875, and TA105) identified as belonging to T. turgidum and two 
292 T. turgidum (TA58 and TA987) accessions were reclassified to T. timopheevii. Chromosome-wise 
293 distribution of SNPs belonging to T. turgidum and T. timopheevii are shown in Fig. 3C and 3D, 
294 respectively.
295
296 Population structure of tetraploid wheat accessions
297
298 The fastStructure based population assignment of T. turgidum and T. timopheevii 
299 accessions was performed at different sub-population levels ranging from K=2 to K=15. Using the 
300 choose.py script associated with fastStructure, the optimal sub-populational level was observed at 
301 K=14, indicating the best available population sub-structure for the accessions. (Table 2, Fig. 4). 
302 At optimal K-value (14), we observed 11 and 3 species-specific subclusters for T. turgidum and T. 
303 timopheevii, respectively. The highest level of admixture was found in four T. turgidum accessions 
304 from England and Turkey (TA1002, TA1003, TA1009, and TA1148). T. timopheevii accessions 
305 were grouped into three distinct clusters (cluster5, cluster8, and cluster14, highlighted with thick 
306 line in Fig. 4B), of which T. timopheevii spp. armeniacum group consisted of cluster8 and 
307 cluster14, while cluster5 majorly consisted of T. timopheevii spp. timopheevii accessions. Cluster8 
308 constituted the largest group with the majority of accessions hailing from Iraq and a few from 
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309 Azerbaijan and Turkey. Accessions from Azerbaijan were grouped into cluster14, whereas cluster5 
310 was found to be composed of a mixture of accessions from the Middle East, European countries 
311 (Yugoslavia, Hungary, and Russian Federation), and Australia (Table 2, Fig. 4). T. turgidum was 
312 grouped into three species-specific classes, T. turgidum spp. dicoccoides formed clusters 1, 
313 2,3,4,6,7,9,12, and 13, Triticum turgidum spp. carthlicum (cluster10), while cluster11 was found 
314 to be composed of a mixture with other domesticated sub-species (Table 2). Cluster2 consisted of 
315 T. turgidum spp. dicoccoides accessions from the middle east (Israel, Syria, Iraq, Lebanon, and 
316 Jordan), while the majority of T. turgidum spp. carthlicum accessions in cluster10 were from 
317 Turkey, Georgia, and Russian Federation, with fewer accessions from other European countries 
318 (Armenia, Hungary, Poland, Spain, Sweden, and the United Kingdom)
319
320 A slightly different clustering pattern was observed during species-specific population 
321 clustering (Table 3, Fig. 4). T. timopheevii accessions clustered into two sub-populations at the 
322 optimal K-value of 2 compared to the previous 3 clusters. Majority of T. timopheevii spp. 
323 armeniacum accessions (288) formed the largest group, while the T. timopheevii spp. timopheevii 
324 (13) grouped into the second cluster. Cluster1 consisted of timopheevii accession from Azerbaijan, 
325 Iran, Armenia, Israel, Turkey, Iraq, and Russian Federation, while cluster2 consisted of accessions 
326 from Turkey, Georgia, Hungary, Iraq, Azerbaijan, Russian Federation, and Australia. For T. 
327 turgidum, cluster3 and cluster4 composed the largest group with 89 accessions each. Cluster1 was 
328 found to be the most diverse and consisted of accessions belonging to T. turgidum spp. 
329 dicoccoides, T. turgidum spp. dicoccum, T. turgidum spp. carthlicum, T. turgidum spp. polonicum, 
330 T. turgidum spp. 'blue' dicoccum, T. turgidum spp. 'blue' durum, T. turgidum spp. 'white' dicoccum, 
331 T. turgidum spp. turanicum, T. turgidum spp. 'short' turanicum, T. turgidum spp. turgidum, T. 
332 turgidum spp. durum, T. turgidum spp. turgidum. Cluster6 consisted of T. aestivum accession 
333 grouped with T. turgidum spp. carthlicum.
334
335 Genome-wide nucleotide diversity, FST scan, and introgression signal 
336
337 Nucleotide diversity (Nei’s Π) demonstrates the average pairwise distance between all 
338 possible pairs of individuals, calculated based on 76 % (152,769) of 199,349 tags mapping to T. 
339 turgidum spp. durum genome with criteria of 3 mismatches and zero-gap per tag. Higher genetic 
340 differentiation of 0.27 was observed between the two tetraploid species T. turgidum and T. 
341 timopheevii (Table 4). Nei’s index values for the individual genome (A and B genome) were found 
342 in concordance with the global diversity of 0.273 (A genome) and 0.279 (B genome). Within-
343 species comparison resulted in lower nucleotide diversity of 0.18 and 0.04 for T. turgidum and T. 
344 timopheevii, respectively. Species-specific diversity was found to be consistent with the regional 
345 distribution of the two species. The pairwise fixation index (FST) revealed a high level of 
346 divergence between the two species. T. turgidum and T. timopheevii populations demonstrated a 
347 high FST value (0.72). Between the two species, B-genome showed lower FST (0.70) compared to 
348 A-genome (0.74), owing to fewer tags mapping to B-genome from timopheevii. Despite regional 
349 proximity, two of the T. timopheevii sub-populations, T. timopheevii spp. armeniacum and T. 
350 timopheevii spp. timopheevii displayed a higher FST (0.60), indicating more sub-species 
351 differentiation due to selection and domestication. (Fig. S2). A comparative lower FST index of 
352 0.44 was observed between T. turgidum spp. dicoccoides and T. turgidum spp. carthlicum. A 
353 statistically significant introgression signal with positive D-statistics and Z-score of more than 3 
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354 was observed between T. turgidum spp. dicoccoides and its domesticated accessions with the four-
355 taxon fd statistic. No significant introgression was observed between the T. timopheevii accessions. 
356 Relative introgression was detected between the wild and domesticated T. turgidum and T. 
357 timopheevii (Table S2). From the available data, we were unable to detect the introgression signal 
358 of tetraploid accession into the wheat.
359
360 Identification of duplicated accessions and mini-core set of T. turgidum and T. timopheevii 
361 accessions
362
363 Monoallelic SNPs were filtered using stringent criteria of keeping sites with MAF >0.01 
364 and <20% of missing data. Keeping the diversity, accessions sharing 99% or more of similar bases 
365 in pairwise comparison, were treated as duplicated. Among T. timopheevii, 105 (T. timopheevii 
366 spp. armeniacum:94, T. timopheevii spp. timopheevii:11) unique accessions were identified. 
367 Among the T. turgidum, 319 (T. turgidum spp. dicoccoides: 181 and domesticated emmer: 138) 
368 unique accessions were identified (Table S3). Based on the Powercore analysis and phenotypic 
369 data, 37 core accessions were identified for T. timopheevii, 27 accessions for T. turgidum spp. 
370 dicoccoides and 38 accessions for domesticated T. turgidum from the WGRC collection (Fig. S3, 
371 S4, Table S4). Core set preserved ~95%, 93%, and 98% of allelic diversity present in wild emmer, 
372 domesticated emmer, and T. timopheevii, respectively. Lower Nei’s diversity values for the core 
373 set indicated retention of a rich level of nucleotide diversity for T. timopheevii (Π:0.04), wild 
374 emmer (Π:0.169) and domesticated emmer (Π:0.12), these were comparable to the species-specific 
375 Nei's values. (Table 4). 
376
377 Center of diversity 
378
379 Nei’s nucleotide diversity for different admixture clusters was found to be lower except for 
380 clusters2 and cluster3, which showed a relatively higher value for T. turgidum (Table 2). Cluster2 
381 consisted of dicoccoides accessions from Israel, Syria, Iraq, Lebanon, and Jordan and may be 
382 considered as the epicenter of T. turgidum diversity. While cluster 3 also consisted of dicoccoides 
383 accessions from the European region. Cluster 10 contained the maximum diversity of domesticated 
384 accessions. For, T. timopheevii spp. armeniacum cluster 8 displayed most of the diversity in 
385 comparison to the other two clusters, predominantly accessions from Iraq and Azerbaijan (Table 
386 2). Comparison of FST values indicates species differentiation. We calculated the pairwise FST for 
387 each sub-population cluster/group. Significantly, high FST values ranging from 0.242 to 0.965 were 
388 observed between the different sub-population clusters (Fig. S9). FST based clustering grouped 
389 cluster 2 and cluster 3 into independent groups of similar diversity profiles. Group I consisted of 
390 clusters 1, 2, 9, and 13 from the Medditerian region (Israel, Syria, Iraq, Lebanon, Jordan), while 
391 Group II consisted of clusters 3, 6, 11, and 12 from the European region. Group III consisted of T. 
392 turgidum ssp. dicoccoides (clusters 4,7) and T. turgidum ssp. carthlicum (cluster10) with many 
393 accessions from Turkey and Georgia. Cluster10 was found to be the most diverse group, with a 
394 collection of accessions from Central Europe, England, and the USA. 
395
396 A species tree was developed using the SVDquartets coalescent model implemented in 
397 PAUP. The species tree demonstrated distinct evolution of T. timopheevii from T. turgidum and a 
398 clear distinction was observed between wild and domesticated emmer wheat. T. aestivum was 
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399 clustered with T. turgidum ssp. carthlicum owing to its recent evolution (Fig. S10A). A consensus 
400 tree based on population structure groups from Table 2, categorized the species clusters according 
401 to their geographic location. (Fig. S10B). Clusters 2, 9, and 13 from Group I of FST clustering were 
402 grouped into a single cluster; clusters4 and 7 from Group III of FST formed a separate group; and 
403 clusters6, 10, and 11 with domesticated accessions were congregated with hexaploid wheat. 
404 Accessions from cluster10 shared 71–81% of alleles with accessions from cluster4 and 7, with 
405 most of the accessions belonging to Turkey. We grouped all the T. turgidum accessions from 
406 Turkey from clusters 3, 4, 7, and 10 into one group to calculate the nucleotide diversity, which 
407 was found to be significantly higher (0.104) compared to individual groups. 
408
409 Similarly, a higher genetic distance (FST: 0.64) was observed between the wild and 
410 domesticated accessions in this region. The T. turgidum ssp. carthlicum accessions from England, 
411 the United States, Sweden, and Poland were classified as belonging to cluster 10, except for two 
412 accessions from the United States (TA2843 and TA2884) and one accession from Spain (TA2868), 
413 which showed admixture between clusters 10 and 11. Cluster10 consisted of accessions majorly 
414 from Turkey and with an admixture coefficient of 0.99 indicates Turkey as the center of diversity. 
415 T. turgidum ssp. dicoccoides accessions from England exhibited admixture with samples from 
416 clusters 2, 3, and 11, while accessions from the United States were assigned to cluster 2 and 3, 
417 accessions from Sweden showed admixture between clusters 3 and 2 (Fig. S11). This distinct 
418 pattern of dicoccoides accessions may be due to the regional isolation and was also observed in 
419 the cluster-specific tree (Fig. S10B). Cluster2, with the maximum diversity of wild emmer, may 
420 be considered as the center of species diversity for T. turgidum spp. dicoccoides and comprised of 
421 the region of Israel, Jordan (West Bank), Syria (Golan Heights) and Lebanon (Al Biqa). 
422 Domesticated emmer wheat was found in highest diversity in the regions of Turkey (Kars) and 
423 Georgia (Tiflis). With the highest genetic diversity of accession from Turkey, we think that 
424 domesticated accessions have found their way into central Europe through Turkey. For T. 
425 timopheevii spp. armeniacum, the region of higher genetic diversity comprised of Iraq (Arbil, 
426 Dahuk, and As Sulaymaniyah), Azerbaijan (Nakhichevanskaya), and Armenia. A comparison of 
427 the nucleotide diversity of accessions from these three areas revealed that accessions from Iraq 
428 (0.29) had the highest diversity, followed by Azerbaijan (0.19) and Armenia (0.07). FST 
429 comparison revealed lesser divergence (FST:0.30) between the populations of Iraq and Azerbaijan 
430 compared to the Iraq-Armenian population (FST: 0.41). Based on the higher genetic diversity and 
431 resistant accessions region comprising Arbil, Dahuk, and As Sulaymaniyah in Iraq may be the 
432 potential site of origin for the wild type T. timopheevii.
433
434 Signatures of domestication and adaptation-related genes in tetraploid wheat
435
436 VRN-A1 and VRN-1B gene sequences of Triticum aestivum (NCBI accessions AY747600 
437 and AY747606) were used for the detection of corresponding candidate regions in the T. turgidum 
438 genome [45]. Blast search identified the gene positions mapping to chromosome 5A (549156384-
439 549152141) and 5B (570844281-570831393). Differential but similar FST distribution was 
440 observed in the candidate region for VRN-1 on chromosomes 5A and 5B in both T. turgidum and 
441 T. timopheevii accessions. For the domestication gene brittle rachis (Btr), two physically linked 
442 genes non-brittle rachis 1 (btr1) and non-brittle rachis 2 (btr2) of H. vulgare (NCBI accession: 
443 KR813335.1) were used in the blast search. [22]. Two chromosomal segments corresponding to 
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444 3A and 3B were identified (Table S5). An elevated FST was observed for both T. turgidum and T. 
445 timopheevii (Fig. S6, S7). VRN and Btr genes of T. dicoccoides and T. turgidum showed higher 
446 similarity to T. aestivum genes. Fig. S8 displays FST distribution of Ppd-1 and Q-locus. For Ppd-
447 1A, single blast hit was observed on chromosome 2A, while no similarity was detected on 
448 chromosome 2B of T. turgidum. Q-locus showed hits on chromosomes 5A and 5B.
449  
450 Distribution of disease resistant T. timopheevii accessions
451
452 Out of 105 unique T. timopheevii accessions, phenotypic data was made available for 95 
453 accessions related to leaf rust, Septoria, tan spot, and powdery mildew (data not shown). Fig. S5 
454 shows the distribution of phenotypic data for T. timopheevii. Most of the accessions showing 
455 resistance to all four diseases were found belonging to Iraq (region of Arbil, Dahuk, and As 
456 Sulaymaniyah). Detailed examination revealed accessions showing resistance to Septoria and tan 
457 spot belonging to Armenia, Azerbaijan, Iran, and Iraq. Accessions from Armenia and Azerbaijan 
458 showed moderate resistance to Powdery mildew and susceptibility to leaf rust, while accessions 
459 from Iran were susceptible to both Powdery mildew and leaf rust. Single accessions from Australia 
460 and Hungary were resistant to leaf rust only or they were selected by the collectors for being 
461 resistant to leaf rust. Genome-wide association study (GWAS) for leaf rust identifies four 
462 significant marker-trait associations (MTAs) using MLMM and three significant MTAs using 
463 FarmCPU on chromosome 2B. One MTA (SNP_ 29001) on distal region of chromosome 2BS was 
464 found to be common with both the methods (Table S6; Fig. S12). Therefore, this MTA was 
465 considered more important and hence was further examined for putative candidate genes (CGs). 
466 For identification of putative CGs, the MTA region was extended to 100 kb in both directions and 
467 CGs were identified in this 200 kb region. In this region, four genes were identified which encoded 
468 for two NBS-LRR-like resistance proteins (TRITD2Bv1G010030 and TRITD2Bv1G010060), and 
469 two Exocyst complex component 2C putative proteins (TRITD2Bv1G010050 and 
470 TRITD2Bv1G010090).  NBS-LRR-like resistance proteins play a critical role in providing 
471 resistance against leaf and stripe rust of wheat. Interestingly, two of the reported leaf rust (Lr) 
472 resistance genes, Lr16[46] and LrZH2 [47] were also reported earlier in distal region of the 
473 chromosome 2BS. Therefore, we believe that the above two NBS-LRR genes may be the potential 
474 candidates for either of the two Lr genes; however, this certainly needs further validation.  The 
475 results need to be further examined with the inclusion of more phenotypic data in the future.
476
477
478 Discussion
479
480 The WGRC tetraploid wheat collection included germplasm from all over the world, 
481 especially from the Fertile Crescent region of the Middle East (Fig. 1). Archaeological evidence 
482 suggests that wild emmer and free-threshing tetraploid domesticated emmer were first cultivated 
483 in the southern Levant region as early as 10000 years ago [5]. Presently, wild emmer is found 
484 growing in the western region of the fertile crescent (Israel, Jordan, and Syria), south-eastern 
485 region of Turkey, mountain ranges of east Iraq and west of Iran [48]. Jordan Valley, with the 
486 highest genetic diversity, was considered to be the epicenter of wild emmer. [21]. T. timopheevii 
487 spp. armeniacum (T. araraticum ) displayed a spread in Iran, Iraq, Georgia, Armenia, Azerbaijan, 
488 and Turkey [49], whereas T. timopheevii spp. timopheevii found to be endemic to Georgia [50]. 
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489 Both the tetraploid species are self-pollinated. Crosses between T. turgidum and T. timopheevii 
490 result in a non-fertile progeny due to failed pairing of chromosomes [51]. These two tetraploid 
491 species share highly similar morphological characteristics [17] and to some extent chromosomal 
492 similarities [12] that can result in misclassification, mislabeling, and duplication of accessions 
493 from different countries. In the absence of passport information, sometimes accession 
494 identification becomes difficult. The WGRC gene bank provides germplasm collections to the 
495 breeders for its efficient utilization in the breeding program for wheat improvement. Considering 
496 the accession duplication, efficient strategies were needed to narrow down these to a core set of 
497 accessions representing most of the diversity for their easy utilization in breeding programs. The 
498 availability of a core set will reduce the effort needed for the phenotyping of a large number of 
499 accessions. An efficient but time-consuming strategy involves using the combination of 
500 phenotypic and passport information to limit the number of accessions. Clustering-based methods 
501 like PCA can efficiently be used with next-generation sequencing data for their characterization 
502 using the genome-wide tags generated through GBS [52]. In the present study, 908 accessions of 
503 tetraploid wheat from the WGRC gene bank were used to define a core collection of genotypes 
504 covering most of the available genetic diversity. 
505
506 Tetraploid wheat races and their distribution 
507
508 Wild emmer germplasm has been explored in many studies using whole-genome 
509 sequencing [6,24,53,54] and exome sequencing [55]. Walkowiak and coworkers explored the 
510 secondary gene pool species i.e. T. timopheevii for the identification of introgression segment on 
511 chromosome 2B of wheat variety LongReach Lancer [56]. Cytological methods were widely used 
512 for the detection of timopheevii introgression signals in the wheat [57,58]. Wild emmer accessions 
513 were previously classified into wild race I (T. turgidum ssp. dicoccoides (Körn. ex Asch. & 
514 Graebner) Schweinf.) race II (T. turgidum ssp. dicoccum Schrank ex Schübler), race IV (T. 
515 turgidum ssp. durum Desf.), race V (T. turgidum ssp. polonicum L.) and race VI (T. turgidum L.) 
516 [59]. Races were reclassified as T. turgidum and T. timopheevii (Zhuk) Zhuk subspecies [60]. 
517 Hulled wild tetraploids include T. timopheevii spp. armeniacum and T. turgidum spp. dicoccoides, 
518 while T. timopheevii spp. timopheevii and T. turgidum spp. paleocolchicum constitutes members 
519 of domesticated hulled subspecies. Domesticated free-threshing emmer species consists of T. 
520 turgidum spp. carthlicum, T. turgidum spp. durum, T. turgidum spp. polonicum, T. turgidum spp. 
521 turanicum, T. turgidum spp. turgidum and T. turgidum spp. turgidum var uniaristatum.
522
523 Diversity analysis and population structure 
524
525 Our results showed higher but almost similar nucleotide diversity between the A-genome 
526 (0.273) and B-genome (0.279) of T. turgidum and T. timopheevii. Although literature reports a 
527 higher dissimilarity in the B-genome compared to A-genome between the two species. A potential 
528 reason for inconsistency may be the lesser (40%) mapping of G-genome tags on B-genome used 
529 in blast search. Lesser diversity was observed in the species-specific accessions (Table 4). A higher 
530 Nei’s diversity index was observed for wild accessions (T. turgidum spp. dicoccoide: 0.180, T. 
531 timopheevii spp. armeniacum: 0.028) compared to domesticated accessions (T. turgidum: 0.13, T. 
532 timopheevii: 0.016). Sub-population cluster3 and cluster4 among the T. turgidum spp. dicoccoide 
533 showed the highest and lowest Nei’s index diversity, respectively (Table 3). Diversity analysis 
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534 based on fastStructure and FST estimates grouped two tetraploid species into distinct clusters 
535 supporting the species-specific differentiation between the T. turgidum and T. timopheevii. 
536 Rodriguez and coworkers reported higher homologous pairing of B genome of Ae. speltoides and 
537 G genome of T. timopheevii compared to B-genome of T. aestivum, suggesting the most recent 
538 emergence T. timopheevii [61]. In the absence of migration, population divergence increases 
539 significantly and results in higher differentiation (FST values). Different threshold values were 
540 reported for significant FST estimates among the populations, such as >0.25 [62] or >0.15 [63]. We 
541 observed intra-species differentiation between wild and domesticated T. timopheevii accessions 
542 belonging to T. timopheevii spp. armeniacum and T. timopheevii spp. timopheevii and also, 
543 between wild and domesticated T. turgidum accessions i.e., T. turgidum spp. dicoccoides and T. 
544 turgidum spp. carthlicum resulting from domestication (Table 4). T. timopheevii spp. armeniacum, 
545 grows widely from Armenia to Azerbaijan region of the former Russian Federation, while 
546 domesticated timopheevii remained endemic to a small region in the west of Georgia with 
547 cultivation limited to a few villages [64]. The higher genetic differentiation observed within the 
548 timopheevii accessions may be due to their region-specific cultivation or may be attributed to the 
549 lesser diversity captured by fewer accessions of domesticated timopheevii under study. 
550
551 Out of the 11 clusters of emmer wheat, T. turgidum spp. dicoccoides majorly or solely 
552 contributed to the seven clusters (Table 3). Lower nucleotide diversity was observed within the 
553 domesticated accession clusters (cluter4 and cluster6) compared to the wild dicoccoides. 
554 Clustering distinction observed for T. turgidum ssp. carthlicum and T. turgidum ssp. dicoccon was 
555 an indication of speciation, compared to T. turgidum ssp. durum, T. turgidum ssp. polonicum, T. 
556 turgidum ssp. turanicum and T. turgidum ssp. turgidum (Fig. S10B). Previous studies on durum 
557 using molecular markers i.e., SSR, DarT and SNPs suggested a lesser genetic differentiation within 
558 the domesticated turgidum accessions [65–67]. Separate sub-population clustering and low 
559 nucleotide diversity of T. turgidum ssp. carthlicum supports its genetic differentiation from other 
560 tetraploid wheat sub-species. Riefolo and coworkers (2011) reported separate phylogenetic 
561 positions for T. turgidum ssp. durum and T. turgidum ssp. carthlicum [68]. T. turgidum ssp. 
562 carthlicum (also known as Persian wheat) was supposed to be originated from the cross of 
563 domesticated emmer wheat and hexaploid wheat [11,69] . Genetic markers also reported separate 
564 phylogenetic clades for T. turgidum ssp. carthlicum and T. turgidum ssp. dicoccon [66,70] and 
565 provide support for the separate T. turgidum ssp. dicoccon cluster in population structure analysis 
566 and species tree. A recent study reported three distinct lineages for T. araraticum based on the 
567 genomic and cytogenetic diversity of 862 tetraploid accessions [64]. Two lineages for T. 
568 araraticum were designated as ARA-0 and ARA-1 and one domesticated T. timopheevii. Lineage 
569 ARA-0 had wider geographic distribution compared to ARA-1. In our results, population 
570 clustering using the whole set of T. timopheevii and T. turgidum accessions resulted in 3 sub-
571 population clusters (cluster5, cluster8 and cluster14) attributed to the regional specificity of 
572 cluster8 to Iraq and cluster 14 to Azerbaijan and Armenia., but the pattern diminishes during 
573 comparison of T. timopheevii only accessions, where lower Nei’s diversity (0.028) was observed 
574 for T. timopheevii spp. armeniacum and 0.015 for T. timopheevii spp. timopheevii. 

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

589 FST signal surrounding the domestication genes
590
591 A variable and low FST signal was observed in the potential candidate region for the genes: 
592 the non-brittle rachis (Btr1), vernalization (VRN-1), developmental signaling gene Ppd-1A and Q 
593 locus. However, no clear haplotype was identified in the genic region in the absence of tags 
594 mapping on the gene, but a variable and alike FST signal between the wild and domesticated 
595 tetraploids on A and B genome provides evidence for the emergence of domestication and 
596 environmental adaptation traits in domesticated accessions. Variability in VRN-1 (MADS-box 
597 transcription factor) controls the adaptability of the plant to different environments [26]. VRN-1 
598 alleles in T. dicoccodes and T. timopheevii displayed differential origin with insertion in the main 
599 gene in T. timopheevii and a region of variability in the promotor region of T. dicoccoides [71]. In 
600 another study of gene-based haplotypes using our core accessions, domesticated T. turgidum was 
601 found to share haplotypes for the Btr1-A and Btr1-B. In T. timopheevii, novel mutations were 
602 identified in the Brt1-A allele, displaying partial brittleness of spikes, while no amplification was 
603 observed for the allele on the G-genome, suggesting the differential domestication event for T. 
604 timopheevii [72]. The region surrounding the genes related to domestication traits showed modest 
605 differentiation between wild and domesticated accessions, demonstrating the preservation of 
606 diversity in the region (Fig. S8).
607
608
609 Core collection
610
611 To accelerate the breeding program, we reported a core set of accessions from wild and 
612 domesticated accession of T. timopheevii and T. turgidum. The selected core set of accessions 
613 represents more than 93% of the available allelic diversity, with nucleotide diversity comparable 
614 to individual population used in the study (Table 4). From the original number of accessions, a 
615 nearly 10x sample reduction was achieved in the core set. Wild emmer consisted of a majority of 
616 the accessions from Israel (11) followed by Turkey (6), Jordan (5), and one each from Sweden, 
617 Syria, England, and Lebanon, representing the sub-population clusters 1,2,3,4,7, and 13. 
618 Domesticated emmer consisted of accessions from Turkey (7), Portugal (3) and one each from 
619 Jordan, Sweden, Syria, Afghanistan, Armenia, Former USSR, Greece, Hungary, Kyrgyzstan, 
620 Omen, Spain, United States, and Yemen, representing sub-population clusters 2,3,6,10,11 and 12. 
621 T. timopheevii spp. araminicam core set consisted of accessions from Iraq (21), Armenia(5), 
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622 Azerbaijan (4), Turkey(2), Russian Federation (2) and Iran(1) from cluster8 and 14, while T. 
623 timopheevii spp. timopheevii consisted of two accessions from Russian federation. Our T. 
624 timopheevii core set capture a rich source of diversity against fungal diseases like Septoria, leaf 
625 rust, tan spot, and powdery mildew (Fig. 5). For fifty percent accessions, phenotypic data is 
626 available. The present core set will serve as a rich source of genetic variations to be utilized in the 
627 breeding program and should be coupled with careful phenotyping. In recent years, gene bank 
628 curation has been done to explore the novel genetic variations in T. monococcum [73], T. aestivum 
629 [74–77], Aegilops tauschii [43], T. turgidum L. [78], rye [79], sorghum [80] , melon [81] , pumpkin 
630 [82], capsicum [83] for trait improvement.
631
632 GBS is a relatively inexpensive method for genotyping large numbers of samples and 
633 provides more SNPs than SNP arrays. Domesticated varieties, although are high yielding but lacks 
634 resistance to biotic and abiotic stress. Wild germplasm with rich and unexplored genetic diversity 
635 holds the potential for traits improvement related to resistance, mineral content, and protein 
636 content[30]. Several resistance genes for powdery mildew resistance Pm6[84] , Pm27 [85], Pm37 
637 [86], MlAG12 [87] , leaf rust Lr50 [88], LrTt2 [89], stem rust Sr40 [90] and fusarium head blight 
638 resistance [91,92] has been introgressed into the bread wheat from T. timopheevii. In recent years, 
639 Pm36[93], Pm41[94], pm42[13], and leaf and stripe rust resistance [95] genes were contributed by 
640 the wild emmer. The present tetraploid core set will serve as a rich resource of genetic variations. 
641 The small set of accessions can effectively be phenotyped by researchers for several traits under 
642 field or greenhouse conditions. SNP identified from the collection will facilitate future breeding , 
643 association mapping, and introgression studies in wheat. Present core set accessions were already 
644 utilized to demonstrate independent domestication of T. timopheevii using Brittle rachis 1 gene 
645 [72]. These genetically distinct tetraploid accessions, coupled with quality phenotyping, have the 
646 potential to develop elite wheat varieties.
647  
648 CONCLUSION
649 In the present study, we explored the potential of GBS technology in data reduction while 
650 maintaining the significant genetic diversity of the species. NGS technology holds the potential 
651 for reclassification of species with similar morphological characters that are difficult to distinguish 
652 phenotypically. GBS based diversity analysis leads to identification of diversity rich pockets of 
653 tetraploid wheat in fertile crescent. Population structure supported the genetic differentiation of 
654 both wild and domesticated tetraploids. Wild germplasm showed more differentiation than 
655 domesticated accessions, indicating the availability of sufficient diversity for crop improvement. 
656 With reduced complexity, a core-set preserves the genetic diversity of the genebank collections 
657 and will aids in more robust characterization of wild germplasm. In the present study, we were 
658 able to preserve ~93 % of the allelic diversity of T. timopheevii and T. turgidum accessions. GBS 
659 proved to be an efficient technique of gene bank curation and can be effectively used to explore 
660 the rich diversity for species with huge genomes or higher ploidy not suitable for resequencing. 
661 With 10x reduction, and rich diversity of germplasm for disease resistance, the tetraploid core-set 
662 will cut expenses associated with storage and maintenance and will act as a resource to speed 
663 global breeding initiatives.
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989 Table 1: Tetraploid germplasm collection of T. turgidum and T. timopheevii in WGRC gene bank.
990 Table 2: Population sub-clustering of T. turgidum and T. timopheevii accessions at optimal sub-
991 population (K=14)
992 Table 3: Species-specific population sub-clustering of T. timopheevii (K=2) and T. turgidum 
993 (K=11)
994 Table 4: Genome and species specific Nei’s diversity indices and pairwise FST coefficients of 
995 tetraploid species and core collection.
996 Figures
997 Figure 1: A) Flowchart of the method used. B) Geographical distribution of tetraploid wheats 
998 collection of WGRC. Red stars represent T. turgidum and blue stars represent the distribution of 
999 T. timopheevii. accessions from the same region are clustered together. 

1000 Figure 2: A) Tetraploid wheat accessions used in the study. Country wise distribution of B) T. 
1001 turgidum and C) T. timopheevii accessions
1002 Figure 3: Principal Component Analysis A) tetraploid collection of three distinct Triticum 
1003 species T. aestivum (green dots), T. turgidum (red dots) and T. timopheevii (blue dots). B) 
1004 Tetraploid subspecies collection of wild and cultivated subspecies of T. turgidum and T. 
1005 timopheevii. Distribution of the SNPs C) SNPs belonging to T. turgidum accessions and D) SNPs 
1006 belonging to T. timopheevii accessions mapped to T. turgidum genome
1007 Figure 4: fastStucture based population sub-clustering of T. turgidum and T. timopheevii 
1008 accessions. Using complete set of accessions, A) sub-clustering at K=2, B) optimal population 
1009 sub-clustering at K=14. Species-specific population sub-clustering C) T. timopheevii at optimal 
1010 K=2 and D) T. turgidum at optimal K=11
1011 Figure 5: Heatmap of selected T. timopheevii accessions in response to Septoria, tan spot, 
1012 powdery mildew and leaf rust. VR : very resistant or immune; R: resistant; Powdery mildew 
1013 (0;immune,1:resistant,2-4: Moderately resistant,5-9:Susceptible) Leaf rust (0;immune,1-
1014 2:resistant,3-4: Moderately resistant,5-9:Susceptible)
1015 Figure 6: Centre of rich genetic diversity for tetraploid wheat. Highlighted regions are not on 
1016 scale, represents major cities. Blue circle: T. turgidum spp. carthlicum (Kars, Turkey; Tiflis, 
1017 Georgia ); Yellow circle : T. turgidum spp. dicoccoides (Israel, Jordan, Syria , Lebanon); Green 
1018 circle : T. timopheevii spp. armeniacum(Iraq (Arbil, Dahuk, As Sulaymaniyah)). Purple circle in 
1019 Turkey may be considered as region of domestication and cultivation of domesticated emmer. 
1020 Arrow represent the potential route of migration in the Europe
1021
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1023 Supplementary Tables
1024 Table S1: Passport Information of the accessions used in the study.
1025 Table S2: fd-statistics of wild and domesticated T. turgidum and T. timopheevii accessions.
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1029 Leaf rust (“Sporulation:lesion size:leaf appearance”, 0=immune,1-2=resistant,3-4=Moderately 
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1032
1033 Table S5: Chromosomal location of Non-Brittle rachis (Btr1) and vernalization (VRN-1), 
1034 genes in T. turgidum spp. durum, T. dicoccoides and T. aestivum. Photoperiod response locus 
1035 (Ppd-1) and Q-locus in T. turgidum 
1036 Table S6: Identified significant marker trait associations (MTAs) of leaf rust resistance in T. 
1037 timopheevii
1038
1039 Supplementary Figures
1040 Figure S1: Phylogenetic tree of WGRC Triticum turgidum and Triticum timopheevii collection. 
1041 Figure S2: Chromosome wise distribution of FST values A) between T. turgidum and T. 
1042 timopheevii B) T. turgidum and C) T. timopheevii 
1043 Figure S3: Phylogenetic tree of WGRC Triticum timopheevii collection and core accessions. 
1044 Core accessions are shown in green.
1045 Figure S4: Phylogenetic tree of WGRC Triticum turgidum collection and core accessions. Core 
1046 accessions are shown in green.
1047 Figure S5 : Disease data for T. timopheevii accessions. S: susceptible , R: resistant, Missing: 
1048 information not available 
1049 Figure S6: FST plot of non-brittle rachis gene A) Btr-1A (T. turgidum), B) Btr-1B (T. turgidum), 
1050 C) Btr-1A (T. timopheevii), and D) Btr-1B (T. timopheevii) on Chromosome 3A and 3B or 3G 
1051 Figure S7: FST plot of vernalization gene VRN-1 A) VRN-A1 (5A, T. turgidum), B) VRN-B1 (5B, 
1052 T. turgidum), C) VRN-A1 (5A, T. timopheevii), and D) VRN-B1 (5G, T. timopheevii)
1053 Figure S8: Differentiation (FST) between the domesticated and wild tetraploid wheat for 
1054 Photoperiod response locus ( Ppd-1) A) Ppd-1 (2A, T. turgidum), B) Ppd-1 (2A, T. timopheevii) 
1055 , C) Q-locus (5A, T. turgidum), D) Q-locus (5B, T. turgidum), E) Q-locus (5A, T. timopheevii), 
1056 and F) Q-locus (5A, T. timopheevii)
1057 Figure S9 : Heatmap of pairwise FST values of fast structure based sub-population groups of T. 
1058 turgidum (denoted as ttu) and T. timopheevii (denoted as ttm)
1059 Figure S10: SVDquartets coalescent-based tree A) Species tree based on the available species-
1060 specific annotation T. turgidum and T. timopheevii B) sub-population tree of fast structure 
1061 population clusters
1062 Figure S11: Heatmap displaying the clustering and admixture pattern of Triticum turgidum 
1063 accession from England, the United States, and Sweden. 
1064 Figure S12: Single nucleotide polymorphism (SNP) significantly associated with leaf rust 
1065 resistance in T. timopheevii identified by genome-wide association study (GWAS) with 
1066 FarmCPU model. (A) Manhattan plot, significantly linked SNP is marked inside the box on 
1067 chromosome 2B, (B) Quantile-quantile plot.
1068
1069
1070
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1074 Fig. 2.
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1083 Fig. 5.
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1085 Fig. 6.
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1088
1089
1090  
1091 Table 1. Tetraploid germplasm collection of T.turgidum and T. timopheevii at WGRC gene bank

1092
1093
1094
1095
1096
1097
1098
1099

Species Genome Chromosome 
(2n)

Number of 
Accessions

Triticum turgidum BBAUAU 28 124
Triticum turgidum spp. dicoccoides BBAUAU 28 384

Triticum turgidum spp. turgidum BBAUAU 28 2
Triticum turgidum spp. carthlicum BBAUAU 28 81
Triticum turgidum spp. dicoccon BBAUAU 28 10

Triticum turgidum spp. turanicum BBAUAU 28 1
Triticum turgidum spp. polonicum BBAUAU 28 1

Triticum turgidum spp. durum BBAUAU 28 1
Triticum turgidum spp. paleocolchicum BBAUAU 28 2

Triticum timopheevii GGAMAM 28 11
Triticum timopheevii spp. timopheevii GGAMAM 28 7
Triticum timopheevii spp. armeniacum GGAMAM 28 284

Total   908
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1100
1101 Table 2: Population sub-clustering of Triticum turgidum and Triticum timopheevii accessions at 

1102 optimal sub-population (K=14)

1103
1104
1105
1106

Populatio
n

group

Sub-species Number 
of 

accessions

Country of Collection Nei’s 
genetic 
diversit
y 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, 
paleocolchicum

)

42 England, Sweden, Bosnia–
Herzegovina, Serbia, Georgia, Turkey

0.106
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, Spain, Sweden, United 
Kingdom(UK), United State of 
America(USA) 0.024

Cluster11

turgidum, 
dicoccon, 

turanicum, 
polonicum, 

durum, 
carthlicum

65 England, USA, Spain

0.084

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



34 | P a g e

1107 Table 3: Species-specific population sub-clustering of Triticum timopheevii (K=2) and Triticum 

1108 turgidum (K=11)

1109
1110
1111
1112
1113
1114
1115
1116

Population
group

Sub-species Number 
of 

accessions

Country of collection Nei’s 
genetic 

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, 
Australia

0.0157207

Triticum turgidum

Cluster1

carthlicum, 
dicoccoides, 

dicoccon, 
durum, 

polonicum, 
turanicum, 

turgidum

68 USA, Spain, England 0.0855099

Cluster2 dicoccoides 30 Iraq, Syria, Jordan, Israel, USA 0.0592321
Cluster3 dicoccoides 89 Israel, Jordan 0.118767

Cluster4

carthlicum

89

USA, Sweden, Russian Federation, 
Georgia, Spain, United Kingdom, 
Poland, Turkey, Armenia, Hungary, 
Iran, Poland

0.0239709

Cluster5
dicoccoides,  

dicoccon, 
paleocolchicum

50
England, Sweden, Turkey, Bosnia–
Herzegovina, Serbia, Sweden, 
Georgia

0.111123

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
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1117
1118
1119 Table 4. Genome and species specific Nei’s diversity indices and pairwise FST coefficients of 

1120 tetraploid species and core collection.

1121
1122

Species
Nei’s 

genetic diversity 
index

FST

T. turgidum and T. timopheevii 0.270 0.72
A-genome 0.273 0.74
B-genome 0.279 0.70

T. timopheevii 0.040
Wild 0.028

Domesticated 0.016

0.60
 
 

T. turgidum 0.180
Wild 0.180

Domesticated (all accessions) 0.130

carthilicum 0.030

0.44
 (dicoccoides &

 carthilicum)

Core collection
T. timopheevii 0.048
T. turgidum (wild) 0.169
T. turgidum (domesticated) 0.120

 

1123
1124

1125
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1126
1127
1128 Graphical abstract

1129
1130
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1131 Research Highlights
1132
1133  Systematic evaluation of genetic diversity exists in wild and related tetraploid wheat 
1134 accessions that included two different tetraploid wheat species Triticum turgidum and 
1135 Triticum timopheevii.
1136  Using genotypic datasets, we found duplicated accessions in T. timopheevii (~65%) and in 
1137 T. turgidum (47%)
1138  For targeted and systematic utilization of genetic variations existing in the wild and related 
1139 tetraploid wheat species for wheat improvement, we combined genotypic and phenotypic 
1140 datasets to identify small number of core set accessions. These provide unique opportunity 
1141 to introduce selected genetic diversity in wheat breeding programs. 
1142  The data on nucleotide diversity for T. dicoccoides, suggests Israel, Jordan, Syria, and 
1143 Lebanon as the hub of rich diversity. We found that for T. durum, Turkey, and Georgia; 
1144 and for the T. timopheevii, Iraq, Azerbaijan, and Armenia represent center of genetic 
1145 diversity. 

1146
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1147
1148
1149 To,
1150 The Editor
1151 Journal of Advanced Research
1152
1153
1154 Date: May 11, 2022
1155
1156
1157 Subject: Ethical compliance letter 
1158
1159
1160 Dear Editor,
1161
1162 We are submitting our manuscript: ‘Exploring genetic diversity of wild and related 
1163 tetraploid wheat species Triticum turgidum and Triticum timopheevii’ for publication in the Journal 
1164 of Advanced Research. 
1165
1166 We would like to confirm that manuscript follows all the ethics of pulication of high-
1167 quality research and manuscript did not use any human subjects. 
1168
1169 All the authors have read and approved the submission of the manuscript and we declare 
1170 that we 
1171 have no conflicts of interest to disclose. 
1172
1173 Thank you for your consideration of this manuscript. 
1174
1175
1176 Sincerely,
1177 Vijay Tiwari
1178 Assistant Professor 
1179 Plant Sciences and Landscape Architecture Department
1180 University of Maryland, College Park, Maryland 20742, USA
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