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Abstract
Background  Wild emmer wheat (Triticum turgidum subsp. dicoccoides, WEW) was one of the first crops domesticated 
in the Neolithic revolution that shifted humanity to agrarian societies. Understanding its population genomics has 
both evolutionary significance and direct relevance to wheat improvement. Leveraging whole-genome sequencing 
(WGS) data from 291 accessions (~ 9.5x coverage), we identified 3.4 million high-quality SNPs for population 
genomics, evolutionary analysis, and genome-wide association studies (GWAS) of seedling-stage resistance to five 
races each of the stem, leaf, and stripe rust pathogens.

Results  Phylogenetic, principal component, and population structure analyses revealed three distinct WEW 
subgroups: the Northern Population (NP), Southern Levant (SL), and a highly differentiated judaicum subgroup 
consisting of accessions near the Sea of Galilee. Diversity and pairwise FST analyses highlighted varying divergence 
among these subpopulations. The SL accessions exhibited higher resistance to all races of the three rust pathogens 
compared to the judaicum and NP. The SL accessions also exhibited the highest frequency of resistance to all rust 
pathogens, whereas NP lacked stem rust resistance but retained resistance to some leaf and stripe rust races. GWAS 
identified 27, 26, and 41 significant loci associated with stem, leaf, and stripe rust resistance, respectively, most of 
which were novel. A major resistance hotspot was identified on chromosome 1BS (~ 50–100 Mb), associated with 
multiple races of different rust pathogens, suggesting the presence of shared or tightly linked resistance factors in the 
region. The most significant loci explained up to 73% of the phenotypic variation, with some conferring race-specific 
and others multi-race resistance. Notably, several accessions exhibited broad-spectrum resistance, including lines 
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Background
Adverse climate, limited arable land, water scarcity, soil 
degradation, and biotic and abiotic stresses pose major 
challenges to sustainable crop production. Stem rust 
(Puccinia graminis Pers.:Pers. f. sp. tritici Eriks. & E. 
Henn.), leaf rust (P. triticina Eriks.), and stripe rust (P. 
striiformis Westend. f. sp. tritici Eriks.) cause significant 
global losses in bread wheat (Triticum aestivum L.) and 
durum wheat (T. turgidum subsp. durum). For instance, 
more than 90% of varieties were found susceptible to the 
stem rust isolate Ug99 following its discovery in Africa 
[1]. Similarly, a recent probabilistic bio-economic assess-
ment suggests that over 90% of global wheat production 
is vulnerable to leaf rust [2], and stripe rust threatens 88% 
of worldwide wheat varieties due to increased spread of 
virulent races over the past six decades [3]. Despite the 
efforts to breed wheat cultivars resistant to these devas-
tating diseases, the genetic diversity for disease resistance 
in wheat remains insufficient for the long-term control 
of these variable rust pathogens. This limitation primar-
ily stems from constraints imposed by the domestication 
bottleneck and intense selection practices used in breed-
ing. In contrast, wild wheat progenitors and relatives har-
bor rich genetic variation, offering valuable resources to 
overcome the constraints in cultivated wheat [4–6].

Wild emmer wheat (T. turgidum subsp. dicoccoides), 
henceforth referred to as WEW, is among the earliest 
domesticated crops [7]. Its natural distribution spans the 
western Fertile Crescent, including Lebanon, Syria, the 
Southern Levant, southeastern Anatolia, and mountain-
ous regions of eastern Iraq and western Iran [8]. Tetra-
ploid WEW (2n = 4x = 28) is the progenitor of cultivated 
tetraploid wheat and contributed the A and B genomes to 
hexaploid bread wheat (AABBDD), while Aegilops taus-
chii contributed the D genome [9, 10]. WEW exhibits 
extensive phenotypic variation for key agronomic traits, 
particularly disease resistance. For example, two genes 
(Pm41 and Pm36) have been identified for powdery 
mildew resistance [9, 11], two (Yr15 and Yr84) for seed-
ling-stage stripe rust resistance [12, 13], and two (Yr36, 
Yr-SM139) for adult-stage stripe rust resistance [14, 15]. 
A population derived from a cross between WEW and 
susceptible durum wheat also showed resistance to leaf 

and stem rust [16]. Thus, evaluating WEW germplasm 
offers great potential for harnessing novel variation for 
disease resistance.

Understanding the population structure of wild emmer 
wheat (WEW) using a robust whole-genome sequenc-
ing (WGS) dataset is essential for effectively exploiting 
genetic resources in bread and durum wheat breeding. 
Clarifying the relationship between wild and domesti-
cated emmer in larger populations also aids the selec-
tion of target germplasm. Previous studies, relying on 
morphology or limited genetic markers, have been insuf-
ficient to reach definitive conclusions; for example, the 
domestication site of emmer remains debated as south-
eastern Anatolia, the southern Levant (SL), or other 
regions have been posited as sites of domestication [7]. 
Disease-related associations and quantitative trait loci 
(QTL) analyses in WEW have also been limited by small 
sample sizes and low-coverage methods such as genotyp-
ing-by-sequencing (GBS) [17]. Conducting a Genome-
wide association study (GWAS) on a larger, diverse panel 
with single nucleotide polymorphisms (SNPs) is there-
fore invaluable for identifying novel loci.

Hence, the primary objectives of this study were to: (i) 
assemble and whole-genome sequence a representative 
WEW panel capturing broad geographical distribution 
and diversity; (ii) analyze population structure and diver-
sity within the WGS panel; (iii) perform a comprehensive 
GWAS to identify genomic regions conferring resistance 
to five races of each of the three rust pathogens; and (iv) 
provide extensive sequencing and phenotypic data to the 
research community.

Methods
Plant materials and pathogen isolates
We developed a genetically diverse panel of WEW com-
prising 291 accessions from four gene banks: 137 from 
the Wheat Genetics Resource Center (WGRC) at Kan-
sas State University (KSU) in Manhattan KS, USA; 76 
from the USDA-ARS National Small Grains Collection 
(NSGC) in Aberdeen, ID, USA; 58 from the Council 
for Agricultural Research and Agricultural Economics 
Analysis (CREA) in Fiorenzuola d’Arda, Italy, originally 
obtained from the National BioResource Project (NBRP) 

resistant to all stripe rust races, others resistant to multiple leaf and stem rust races, and a subset combining resistance 
to multiple rust species, representing valuable germplasm for breeding durable resistance.

Conclusions  This study provides a comprehensive genomic and phenotypic characterization of WEW, uncovering 
its population structure and identifying valuable genetic resources for rust resistance. The identified loci and resistant 
accessions offer key opportunities for the targeted introgression of novel resistance genes into cultivated wheat, 
contributing to durable and sustainable global wheat production.
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in Komugi, Kyoto, Japan; and 20 additional accessions 
directly from NBRP. Accessions were selected to cover 
the species’ geographic range including southeastern 
Anatolia, Iraq, Iran, and the southern Levant (Fig. 1a-b), 
and were advanced through single-seed descent in the 
greenhouse to ensure high homozygosity. A represen-
tative spike of WEW is shown in Fig.  1c. Passport data 
and disease scores are given in Supplementary Table S1. 

The NSGC accessions were chosen based on prior stem 
rust resistance evaluations and were also selected from 
diverse regions. The panel was evaluated at the seedling 
stage against five races each of P. g. f. sp. tritici, P. tritic-
ina, and P. s. f. sp. tritici (Fig. 1d-f; Supplementary Note 
S1 and Supplementary Table S2).

In a separate analysis, we used genotyping-by-
sequencing (GBS) data from 483 WGRC accessions 

Fig. 1  Geographic distribution, disease scoring, and population structure of Wild Emmer Wheat (WEW). a Geographic distribution of WEW accessions 
included in the panel. b Enlarged view of the region around the Sea of Galilee (Lake Tiberias), highlighting the southern Levant and judaicum subgroups. 
c Spike morphology of a representative WEW accession in the panel. d Examples of stem rust infection types in WEW. e Examples of stripe rust infection 
types in WEW. f Examples of leaf rust infection types in WEW. g Phylogenetic tree with branches colored by geographic origin, showing three major 
clades: Northern Population (NP), Southern Levant (SL), and judaicum. The Zavitan accession (TA11075), used as the reference genome, is indicated by a 
black dot (●). h Population structure of the WEW panel based on whole-genome sequencing markers (K = 2–5). Each vertical bar represents an accession, 
and colors indicate ancestry proportions. Accessions from Israel (excluding judaicum), Lebanon (LB), Syria, Palestine, and adjacent regions are grouped as 
SL, while NP includes accessions from southeastern Anatolia, Iran, and Iraq. The leftmost accession originates from Azerbaijan
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(Supplementary Table S3) to investigate the genetic 
relationship between WEW subgroups (particularly 
judaicum) and cultivated emmer (T. turgidum subsp. 
dicoccum). The 31,277-SNP matrix, available via the 
Dryad link in the Data Availability section, was used to 
construct a phylogenetic tree highlighting the relation-
ship between judaicum, cultivated, and other wild WEW 
groups.

Genotyping WGS panel
For WGS, PCR-free libraries using the TruSeq DNA 
PCR-FREE LT Sample Prep Kit (Illumina, Inc.) were 
generated followed by Illumina paired-end sequenc-
ing at Novogene (Novogene Co., Ltd., Beijing, China). 
Raw sequencing files were trimmed using fastp [18] and 
aligned to the WEW ‘Zavitan’ genome (WEW_v2.1) [19] 
using HISAT2 [20]. Variants were called with bcftools 
[21] and filtered by quality (≥ 30), read depth (≥ 20), allele 
frequency (0.01 < AF < 0.99), and missing data (≤ 0.2) 
[21]. Additional filtering was conducted for minor allele 
frequency (MAF < 0.05) and heterozygosity (removed 
> 10%). To reduce computational load while retaining 
representative genomic information, 5% of filtered vari-
ants were sampled per chromosome using GATK [22] 
and merged into a single VCF. Biallelic sites specific to 
the SL population were extracted from the filtered VCF 
using VCFtools [23] and used for GWAS, excluding the 
predominantly susceptible Northern population (NP) to 
focus on resistant accessions and minimize population 
structure effects.

Passport data curation
Allele matching was performed among WGS accessions 
using a ≥ 99% threshold to identify genetically identi-
cal (redundant) accessions [4, 24]. Passport data from 
gene banks were cross-checked against the USDA-ARS 
Germplasm Resources Information Network (GRIN) 
and Genesys (https://www.genesys-pgr.org/) to detect 
discrepancies. Any ambiguous passport information, 
particularly concerning the geographical coordinates of 
collection sites, was verified with the assistance of gene 
bank curators.

Population structure analysis
We explored the WEW population composition through 
phylogenetic clustering by generating a neighbor-joining 
(NJ) tree, principal component analysis (PCA), and pop-
ulation structure analysis as described [4, 24]. PCA was 
performed with eigenvalues/eigenvectors from the rrB-
lup A.mat in R [24, 25], plotting the first two eigenvectors 
with subgroup colors matching the NJ tree. Population 
structure analysis was done in R [26] using the Landscape 
and Ecological Association Studies (LEA) package as 
explained [27]. The numbers of population subgroups (K) 

were determined on the basis of the cross-entropy value. 
Ancestry proportions (Q matrix) were visualized using 
Pophelper [28].

Diversity and pairwise FST
We computed Nei’s diversity index [29] and the total 
segregating alleles per subpopulation as previously 
described [4]. The diversity indices were computed for 
all accessions together and the subpopulations separately. 
The Weir and Cockerham FST [30], betas [31], FST, and 
the Nei’s pairwise FST [32] were computed between the 
subgroups using the R package ‘hierfstat’ [​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​
c​​o​m​/​​j​g​x​6​​5​/​​h​i​e​r​f​s​t​a​t] [26].

Linkage disequilibrium, GWAS and comparative genomics
To examine linkage disequilibrium (LD) and its decay in 
the WEW panel, we selected a random, independent sub-
set of 20,000 SNPs for each subpopulation (NP, judaicum, 
and Southern Levant). Pairwise LD (r²) between all SNPs 
in each subset was calculated using VCFtools [23], and 
the physical distance (bp) between each SNP pair was 
recorded. SNP pairs were then binned by inter-marker 
distance into 100 kb intervals. Within each bin, mean r² 
values were computed to summarize LD decay as a func-
tion of physical distance. LD decay plots were generated 
by plotting mean r² against the midpoint of each distance 
bin using ggplot2 [33]. GWAS was performed using 
CMLM, BLINK, and FarmCPU models in GAPIT [34, 
35] to cross-validate results and reduce model-specific 
bias.

We compared GWAS-identified loci with previously 
reported seedling rust resistance loci and candidate 
genes by mapping their genomic positions. Candidate 
genes with known orthologs were aligned to the Zavitan 
genome (v2.1) using BLASTn [36].

Results
WEW whole-genome sequencing panel, disease response 
and population analysis
The majority of WEW accessions originated from the 
regions of the Southern Levant (SL) and southeastern 
(SE) Anatolia, with only four accessions from Iran and 18 
from Iraq (Fig. 1a, b Supplementary Table S1). Addition-
ally, six accessions had no passport information. WEW 
accessions exhibited wide phenotypic variation in resis-
tance to stem rust, leaf rust, and stripe rust at the seed-
ling stage (Fig.  1d–f; Table  1 and Supplementary Table 
S1).

Genotyping and marker identification
The average sequencing depth across accessions was 
9.5x (Supplementary Figure S1). After filtering, 68  mil-
lion SNPs were retained, with a 5% subset containing 
3,410,677 SNPs (Supplementary Table S4). SNP density 

https://www.genesys-pgr.org/
https://github.com/jgx65/hierfstat
https://github.com/jgx65/hierfstat
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varied across the 14 chromosomes, with higher vari-
ant density in centromeric and peri-centromeric regions 
(Supplementary Figure S2), which can be related to more 
extensive diversity of older transposable elements in peri-
centric regions as well as lack of read mapping due to 
divergence from the reference (Zavitan) in highly diverse 
telomeric regions. All chromosomes had > 200,000 SNPs 
(Supplementary Table S4), ensuring sufficient marker 
coverage for downstream analyses. SNP matrices are 
available in the Dryad repository (see Data Availability).

Passport data curation
Allele matching revealed five groups of redundant WEW 
accessions (Supplementary Table S5). Most of these 
redundant accessions (TA117 and TA1459; TA11202, 
TA11203 and TA119; TA131, TA132 and TA133; TA134 
and TA135) were collected in nearby locations (Supple-
mentary Table S1), particularly from the Golan Heights 
and surrounding regions. We also standardized “collec-
tion site” information between the gene bank and the 
USDA GRIN database to account for historical shifts in 
geographic terminology. The corrected WEW passport 
data are provided in Supplementary Table S6.

Phylogenetic tree and PCA
The unrooted NJ phylogenetic tree revealed three major 
WEW clades (Fig. 1g). Notably, a group of accessions 
near the Sea of Galilee formed a distinct clade, show-
ing strong genetic differentiation even within the same 
region. These accessions belong to the wide-spiked 
subgroup judaicum (n = 35 accessions) based on com-
parisons with previous spike morphology data [37, 38]. 
Accessions from southeastern Turkey, Iran, and Iraq 
formed the Northern Population (NP, n = 85), while 

southern Levant accessions clustered into a major SL 
subgroup (n = 167), including a subclade from Lebanon 
and Syria (Fig. 1g). These genetically distinct subgroups 
correspond to the NP, SL, and judaicum, consistent with 
previous reports [17, 39, 40]. Four accessions (TA120, 
TA1468, TA11175, TA11193) clustered at the base of the 
SL clade, near the NP–judaicum split, while two Syrian 
accessions (TA11208, TA11218) grouped with northern 
Lebanon and southern Syria accessions. Interestingly, 
two accessions (TA11212 and TA1213) from Lebanon 
originating from the An Nabatiyah and Anti-Lebanon 
regions, respectively, and another accession, TA11233, 
from the SL group, formed a subclade near the base of 
the NP clade along with some other accessions lacking 
passport information. Together, these accessions appear 
to bridge the NP and SL subgroups (Fig. 1g). PCA results 
mirrored the phylogeny, with judaicum forming a dis-
tinct subgroup within SL, clearly separated from neigh-
boring accessions (Fig. 1g, Supplementary Figure S3).

Population structure
Population structure analysis confirmed differentiation of 
the WEW collection into subgroups NP, SL, and judai-
cum, as well as admixtures, consistent with the phylogeny 
and PCA. At K = 2, only judaicum was separated, while 
NP and SL were distinguished at K ≥ 3 (Fig.  1h). Cross-
entropy analysis supported K = 4 as an optimal statistical 
model (Supplementary Figure S4), at which we observed 
some population differentiation within the Southern 
Levant consisting of accessions originating from Leba-
non. However, the differentiation observed at K = 3 cor-
responded directly to the three major clades identified by 
phylogenetic and PCA analyses. Four accessions that did 

Table 1  Percentage of resistant or moderately resistant accessions per population group. Total accessions that were genetically 
grouped under Southern Levant (SL), Northern Population (NP) and judaicum
Disease Pathogen races Number and % Resistant (R) Number and % Moderately Resistant (MR)

SL NP judaicum SL NP judaicum
Stem rust TTKSK 9 (5.4%) 0 0 15 (9%) 0 2 (5.7%)

JRCQC 2 (1.2%) 0 0 8 (4.8%) 0 0

TKTTF 5 (3%) 0 1 (2.8%) 8 (4.8%) 0 2 (5.7%)

TTRTF 2 (1.2%) 0 0 5 (3%) 0 1 (2.9%)

TTTTF 1 (0.6%) 0 0 11 (6.5%) 0 2 (5.7%)

Leaf rust TBBGS 29 (17.4%) 3 (3.5%) 1 (2.8%) 3 (1.8%) 1 (1.2%) 2 (5.7%)

BBBQD 8 (4.8%) 1 (1.2%) 3 (8.6%) 4 (2.4%) 1 (1.2%) 1 (2.9%)

TFBGQ 3 (1.8%) 2 (2.4%) 0 3 (1.8%) 2 (2.4%) 0

MFPSB 1 (0.6%) 1 (1.2%) 0 5 (3%) 3 (3.5%) 0

TNBGJ 4 (2.4%) 2 (2.4%) 1 (2.8%) 9 (5.4%) 1 (1.2%) 1 (2.8%)

Stripe rust PSTv-221 47 (28.1%) 0 4 (11.4%) 37 (22.2%) 1 (1.2%) 6 (17.4%)

PSTv14 34 (20.4%) 2 (2.4%) 0 51 (30.5%) 10 (11.8%) 6 (17.1%)

PSTv-143 38 (22.8%) 0 5 (14.3%) 40 (24%) 11 (13%) 9 (25.7%)

PSTv-5006 53 (31.7%) 0 9 (25.7%) 31 (18.6%) 14 (16.5%) 8 (22.8%)

PSTv-37 55 (33%) 5 (5.9%) 6 (17.4%) 55 (33%) 14 (16.5%) 13 (37.1%)
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not cluster within NP, SL, or judaicum were classified as 
admixed (Fig. 1g, h).

To assess the relationship with domesticated emmer, 
31,277 GBS-derived SNPs were analyzed. Phylogenetic 
clustering revealed domesticated emmer is more closely 
related to accessions in the NP (Supplementary Figure 
S5), indicating that accessions from the SL and judaicum 
are not immediate ancestors.

Diversity and FST
The SL population showed the highest Nei’s diversity 
index (0.17) and number of segregating alleles, followed 
by NP (0.15) and judaicum (0.06) (Supplementary Table 
S7). Pairwise FST analyses (Weir and Cockerham, beta, 
and Nei’s) consistently indicated judaicum as the most 
differentiated subgroup. The lowest divergence was 
between NP and SL (Nei’s FST = 0.05), while the highest 
was between judaicum and NP (Nei’s FST = 0.204) (Sup-
plementary Table S8). Thus, judaicum represents the 
most genetically distinct WEW subgroup compared to 
the NP and SL populations.

Genetic resources for disease resistance in WEW panel
Across all 15 rust races, WEW accessions exhibited a 
wide range of seedling-stage responses (Fig.  2a), from 
resistant (R) to susceptible (S) (Supplementary Table 
S9–S10). Stem rust resistance was relatively rare, with 
only 3–6% of accessions showing resistant or moderately 
resistant reactions. Accessions with resistance to TTKSK 
(R = 3%, MR = 6%) and TKTTF (R = 2%, MR = 3%) may 
be particularly valuable in breeding programs. Leaf rust 
resistance was more common, with up to 12% of acces-
sions resistant to race TBBGS and 4–6% to other races. 
Notably, accession TA11156 was fully resistant (infec-
tion type = 0) to all five leaf rust races, representing an 
exceptional genetic resource, although it was not geno-
typed. Stripe rust resistance was the most frequent, with 
up to 23% of accessions resistant to PSTv-37 and 22% to 
PSTv-5006, and 15–29% showing moderate resistance 
across races. Seventeen accessions were fully resistant to 
all five stripe rust races (Supplementary Table S11). Four 
accessions showed resistance to three or more leaf rust 
races, and five were fully resistant to two or more stem 
rust races (Supplementary Table S11). At least four acces-
sions, including TA1041 and TA1047, were fully resistant 
to all five stripe rust races and at least one race of another 
pathogen. Overall, these results highlight WEW acces-
sions as exceptional genetic resources for rust resistance.

Distribution of resistance across geography
Across all three rust diseases, the SL subpopulation con-
sistently contributed a higher proportion of resistant or 
moderately resistant accessions compared to the NP and 
judaicum subpopulations (Table  1; Figs.  2, 3, 4 and 5, 

Supplementary Table S9). The responses to the diseases 
also varied among subpopulations for each pathogen race 
(Fig. 2a). 

Geographical distributions of stem rust resistance
Most stem rust-resistant accessions originated from the 
SL subpopulation, with only limited resistance observed 
in judaicum and none in the NP subpopulation (Table 1; 
Figs.  2a-c and 3). Within SL, the highest proportion 
of resistant accessions (5.4%) was detected against 
race TTKSK, while the lowest (0.6%) occurred against 
TTTTF. Moderately resistant accessions were also most 
frequent in SL (9% to 6.5%) and judaicum (up to 5.7% 
against TTKSK and TTTTF), whereas NP showed no 
resistance or moderate resistance to any races of the stem 
rust pathogen race (Table  1). In judaicum, the highest 
number of resistant (R = 2.8%) and moderately resistant 
(MR = 5.7%) accessions was observed against TKTTF 
(Fig. 3).

Geographical distributions of leaf rust resistance
Similar to stem rust, most leaf rust-resistant acces-
sions originated from the SL subpopulation (Table  1; 
Fig. 4). The highest proportion of resistant accessions in 
SL (17.4%) occurred against TBBGS, while the lowest 
(0.6%) was found against MFPSB. Moderate resistance in 
SL ranged from 1.8% to 5.4%, with the highest observed 
against TNBGJ. In NP, resistant accessions ranged from 
1.2% to 3.5%, and moderately resistant ones from 1.2% 
to 3.5%. In the judaicum group, resistance reached up to 
8.6% (race BBBQD), while moderate resistance peaked at 
5.7% for TBBGS.

Geographical distributions of stripe rust resistance
Stripe rust resistance was most prevalent in the SL sub-
population (Table 1, supplementary Table S9, Fig. 5). The 
highest percentage of resistant accessions in SL (33%) 
was observed against race PSTv-37, while the lowest 
(20.4%) occurred against PSTv-14. Moderate resistance 
in SL ranged from 18.6% to 33%, also peaking against 
PSTv-37. The NP subgroup showed limited resistance 
(0–5.9%) and moderate resistance (1.2–16.5%), with 
the highest levels for PSTv-37. In judaicum, resistance 
ranged from 0% to 25.7% and moderate resistance from 
17.1% to 37.1%, both peaking against PSTv-37 (Fig. 5).

Genome-Wide Association Study (GWAS)
Linkage disequilibrium
In each subpopulation (SL: 167, NP: 85, and judaicum 
35), the linkage decay was rapid over the first 250  kb 
(Supplementary Figure S6) with the pattern varying 
slightly among the subpopulations. Specifically, in the 
judaicum subpopulation, the mean r2 dropped from 0.8 
to 0.4 (half ) over this interval, whereas in the SL and NP, 
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Fig. 2  Distribution of rust-resistant accessions across population subgroups. a Accessions from the Southern Levant (SL), Northern Population (NP), judai-
cum, and admixed subgroups are shown with their resistance levels, ranging from highly resistant (dark blue; score 0) to susceptible (white; score 9). Each 
vertical bar represents an individual accession. Resistance responses are displayed in three panels corresponding to stem rust, leaf rust, and stripe rust. b 
Phenotypic responses of all accessions evaluated against Puccinia graminis f. sp. tritici race TTKSK at the seedling stage. c Enlarged view of the distribution 
of TTKSK resistance within the SL and judaicum subgroups
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the mean r2 dropped from 0.5 to 0.25 and from 0.7 to 
0.35, respectively (Supplementary Figure S6). However, 
we still observed extended LD with r2 > 0.2 at 40  Mb in 
the judaicum and at 100 Mb in the Northern Population.

GWAS for stem rust resistance
GWAS was performed on the SL population compris-
ing 167 accessions. Across five P. g. f. sp. tritici races, 
27 significant loci were detected (Supplementary Table 
S12). The strongest signal was on 1BS (~ 50–97 Mb), 
which explained up to 73.5% of the phenotypic variance 
(PVE) for TTKSK and was consistently detected across 
GWAS models (Supplementary Table S12, Fig. 6) This 
likely reflects a major-effect resistance allele segregating 
in this population. Additional loci for TTKSK were found 

on 3B at 194 Mb and 380 Mb. Many associations appear 
novel, though a few have been previously reported [41]. 
For JRCQC, the same 1BS region was most significant at 
72 Mb, with additional loci on 3AS and 7AL (Supplemen-
tary Table S12).

For TKTTF, the 1BS peak remained highly significant, 
along with loci on 2BL, 3BS, 5AL, 6BL, and 7AL. TTRTF 
resistance was associated with loci on 3AL and 5AL, 
whereas TTTTF resistance involved loci on 1AL, 1BS, 
2AS, 2AL, 4BL, 5AS, 5BL, and 6AL. Overall, 1BS was 
repeatedly detected across multiple races, while most 
other loci showed race-specific effects, highlighting the 
complex genetic architecture of stem rust resistance in 
WEW.

Fig. 3  Neighbor-joining (NJ) tree of clustering of wild emmer wheat accessions with geographic origins and levels of resistance to five P. g. f. sp. tritici 
races at the seedling stage. The TA designations of accessions are shown at the outer ends of the tree branches, representing resistance levels to race 
TTKSK. The four outer bands of segments surrounding the branch tips indicate general rust reactions: resistant (navy), moderately resistant (blue), moder-
ately susceptible (deep sky blue), and susceptible (medium gray), with the corresponding colors matching the legend in the top left. The outer solid band 
indicates the subgroups—southern Levant (gold), northern population (dark red), and judaicum (blue)
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GWAS for the leaf rust
Across five P. triticina races, GWAS identified 26 signifi-
cant loci associated with seedling-stage resistance (Sup-
plementary Table S13). The most prominent association 
was observed for BBBQD, with a locus on 3B explaining 
55.7% of the PVE. Major loci for TFBGQ were detected 
on 3B and 6B, with PVE values up to 30.8%, while MFPSB 
resistance involved multiple moderate-effect loci, par-
ticularly on 2A and 2B (up to ~ 15% PVE). TNBGJ resis-
tance was largely associated with loci on 2B (28.4% PVE) 
and 1B (12.4% PVE), along with smaller-effect loci on 4A, 
4B, and 6A. TBBGS exhibited associations across several 
chromosomes (1B, 2A, 3A, 4A, 4B, 5B, 7A), though most 
loci had modest effects (< 5% PVE).

GWAS for stripe rust resistance
Genome-wide association analysis for five stripe rust 
races identified a total of 41 significant loci, ranging from 
5 to 12 loci per race (Supplementary Table S14). The loci 
were distributed across most chromosomes, with sev-
eral explaining substantial phenotypic variation (up to 
22.2% PVE). Only 1B_137686692 was repeatedly detected 
across two races (PSTv-14 and PSTv-5006), indicating 
that most stripe rust resistance loci in WEW are race-
specific. Major loci had moderate to high effect sizes, and 
MAF varied widely, reflecting both common and rare 
resistance alleles in the population (Supplementary Table 
S14).

Fig. 4  Neighbor-joining (NJ) tree of wild emmer wheat accessions with geographic origins and levels of resistance to five P. triticina races at the seedling 
stage. The resistance levels were differentiated based on disease scores, with corresponding colors on the tree matching the legend color at the top left. 
The innermost tree features labels of accessions as TA#, while the outer tree branches are represented by colors only. The outer colored circle’s segments 
within the NJ tree delineate subgroups: SL, NP, and judaicum
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Discussion
Population structure and the judaicum subgroup
The distinct genetic separation of the judaicum subgroup 
from the rest of the SL population is a notable finding in 
this study (Fig. 1g, h and Supplementary Figure S3). The 
clustering of northern Syrian accessions with those from 
Lebanon and southern Syria likely reflects dispersal of 
WEW along the Mediterranean coast, consistent with 
southeastern Anatolia and northern Syria being centers 
of emmer domestication [42, 43]. Observed admixture in 
four accessions indicates gene flow across broader geo-
graphic regions (Fig. 1g, h).

Some authors have treated judaicum as a separate sub-
species of T. turgidum [37], while others considered it a 
race, contrasting it morphologically with the horanum 
race of the SL population [38]. Blumler (1998) suggested 
that the origin of judaicum stems from the hybridization 
of wild emmer and durum wheat. Our analyses indicate 
that judaicum is neither a direct ancestor of domesticated 

emmer nor a feral subgroup (Supplementary Figure S5), 
though further investigation is needed to fully character-
ize its evolutionary history [40, 44].

Geographic variation in rust resistance
Rust resistance patterns differed among WEW sub-
populations. The SL subgroup exhibited the broadest 
spectrum of resistance, making it a particularly valuable 
source of resistance alleles for breeding. The subgroup 
judaicum showed intermediate resistance, while NP 
lacked stem rust resistance, although it retained resis-
tance to some leaf rust races and all stripe rust races, 
indicating the presence of some R genes (Table 1, Sup-
plementary Table S1, Figs. 4 and 5) [41]. Overall, SL was 
the only subgroup with accessions resistant to all 15 rust 
races, although its resistance to stem and leaf rust was 
proportionally lower than to stripe rust. This pattern 
aligns with previous observations; for example, Yr15 and 

Fig. 5  Neighbor-joining (NJ) tree of wild emmer wheat accessions with geographic origins and levels of resistance to five P. s. f. sp. tritici races at the 
seedling stage. The resistance levels were differentiated based on disease scores, with corresponding colors on the tree matching the legend color at the 
top left. The innermost tree features labels of accessions as TA#, while the outer tree branches are represented by colors only. The outer colored circle’s 
segments within the NJ tree delineate subgroups: NP, SL and judaicum
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Yr36, cloned from southern populations, are absent in 
NP accessions [12, 45].

Seedling stage disease resistance is mostly quantitative
Seedling-stage responses in WEW ranged from highly 
resistant to highly susceptible (Supplementary Table 
S9). The number of loci associated with resistance var-
ied by race, from one (leaf rust race BBBQD) to twelve 
(stripe rust race PSTv-14). Multiple QTL were detected 
across races, consistent with prior reports in cultivated 
and wild wheat. For example, fifteen QTL for BBBQD 
were reported in cultivated emmer [46], while Tene et al. 
(2022) and Megerssa et al. (2021) reported minor QTL 
for stripe rust and multiple loci for stem rust resistance 
in WEW and durum wheat. This study also confirms the 
polygenic nature of rust resistance in WEW, with both 
major- and minor-effect loci contributing to race-specific 
resistance.

Disease-resistant accessions as genetic resources
Several WEW accessions exhibited broad-spectrum 
resistance, highlighting their value as genetic resources 
(Supplementary Table S11). Some stripe rust races, such 
as Pst-221 and Pst-143, had not been previously tested 

on WEW, and reports on leaf rust resistance remain lim-
ited. Notable examples include TA66, which was highly 
resistant to all leaf rust races (Supplementary Table S9); 
TA11204, resistant or moderately resistant to 10 of 15 
races; and TA1041, TA1047, and TA11196, which col-
lectively provide promising germplasms for novel genes 
for breeding broad-spectrum resistance. These acces-
sions represent ideal candidates for introgression into 
elite wheat lines to develop cultivars with durable rust 
resistance.

High prevalence of stripe rust resistance in SL
Approximately 50% of SL accessions were resistant or 
moderately resistant to all five stripe rust races (Table 1; 
Figs. 2a and 5), confirming previous observations of high 
resistance in this subgroup compared to NP [17]. While 
resistance to leaf and stem rust was lower across all sub-
groups, the abundance of stripe rust-resistant lines in SL 
underscores its value as a source of alleles for breeding. 
Leveraging this diversity through gene pyramiding could 
accelerate the development of cultivars with durable rust 
resistance.

Fig. 6  GWAS of stem rust resistance to race TTKSK of P. g. f. sp. tritici. a Manhattan plot for race TTKSK resistance with FarmCPU model; b QQ-plot (right) 
showing the deviation of the observed p-values from the null hypothesis for the FarmCPU method; c TTKSK Manhattan plot with Blink method; d the 
phenotype distribution for the alleles of the most significant loci at 54,289,580 on chromosome 1BS; e the p-values QQ plot for the Blink method. The 
horizontal line in both Manhattan plots represents the Bonferroni-adjusted p-value set at 0.05 [padj = 0.05]. Candidate loci were annotated with their 
marker names. GWAS was performed using 3,085,492 biallelic SNPs from the SL subgroup
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Known and novel resistance loci with a 1BS as a resistance 
hotspot
GWAS identified 27 loci for stem rust resistance, of 
which 26 appear to be novel (Supplementary Table S12). 
A highly significant locus on 1BS (1B_54289580) associ-
ated with resistance to race TTKSK was also reported 
previously in WEW [41] and in durum wheat [47]. The 
trichome birefringence-like (TBL) ortholog aligned to 
this same region in the Zavitan reference genome (Sup-
plementary Table S15). The 1BS interval (~ 50–97 Mb) 
contained multiple resistance loci to different races, 
including at 72 Mb (JRCQC, TTKSK), 56 Mb and 96 
Mb (TKTTF), and 99 and 102 Mb (TTTTF). This region 
was examined for LD structure with low LD observed 
between some of the associated loci, suggesting multiple 
R-genes in this region (Supplementary Figure S7). Some 
loci were located near known Sr genes on Zavitan. The 
Sr22 ortholog from T. monococcum aligned at 7A (700 
Mb), while a locus for race JRCQC was mapped at 722 
Mb. A locus for TTTTF on 5BL corresponded to the 
Sr49 region identified previously [48]. Likewise, Sr13 
and Sr8155B1 orthologs from durum wheat aligned at 
628 Mb and 467 Mb, respectively, on 6AL, and a nearby 
TTTTF locus at 574 Mb may represent related alleles. 
The Sr9B coding sequence aligned with 99% identity at 
2BL (699 Mb), close to the TKTTF locus detected at 714 
Mb (Supplementary Table S15).

Nearly all QTL detected for leaf rust were novel. A 
locus on 7BS (7B_68229888) for race MFPSB may corre-
spond to a previously reported 7BS QTL in durum wheat 
for race BBG/BN [49]. Some loci colocalized with known 
Lr gene regions on the Zavitan genome, including Lr10 
(4A_751 Mb; QTL at 748 Mb for TBBGS), Lr67 (4BL_515 
Mb; QTL at 558 Mb), and Lr72 (7BS_68 Mb, MFPSB) 
[50]. The 1BS region also contributed to leaf rust resis-
tance, with loci at 99 Mb for TBBGS and 7 and 55 Mb for 
TNBGJ, suggesting that this region may serve as a shared 
resistance hotspot across rust pathogens.

Of 41 loci associated with stripe rust resistance, only 
four overlapped with previously reported regions:1BS 
(PSTv-14), 4B (PSTv-5006), 1A and 1B (PSTv-37), while 
the remainder were novel. Several loci colocalized 
with known Yr gene regions, including Yr15 (1BS_97.9 
Mb; 93% identity) and Yr36 (6B_149 Mb; 98% identity) 
[51]. Although Yr36 is typically associated with adult 
plant resistance, it may also act at the seedling stage 
when combined with Yr18 or Yr28. Additional interest-
ing pairs of GWAS loci and known genes included an 
ethylene-responsive transcription factor 3-like gene on 
7A_638642386 (PSTv-14) and a WRKY transcription fac-
tor near 137 Mb (PSTv-14, PSTv-5006), both previously 
associated in rust resistance [52, 53].

Cloned genes from SL subgroup
Many cloned R genes originate from the SL subgroup, 
reflecting its high abundance of resistant accessions. 
Notable examples include H52 (Mount Hermon), which 
carries YrH52 [54]; G25 (TA1474, Rosh Pinna), harboring 
Yr15 [55] and PmG25 [56]; G-305-M, carrying PmG3M, 
effective against 41 isolates from multiple wheat species 
[57–59]; and Pm36, present in only a few SL lines [11]. 
Our phenotyping confirmed that TA1474 was resistant 
or moderately resistant to four leaf rust races and all 
stripe rust races (Supplementary Table S9), supporting 
the reliability of our screening. These findings emphasize 
the importance of assessing R gene diversity in SL relative 
to NP and judaicum.

Promising target loci and candidate genes
GWAS identified both previously characterized and 
novel loci associated with rust resistance (Supplemen-
tary Tables S12–S15). A notable candidate is Trichome 
birefringence-like 10 (TBL10) on 1BS, which aligns with 
a multi-rust resistance hotspot (~ 50–97 Mb). In Arabi-
dopsis, TBL genes contribute to secondary cell wall for-
mation through cellulose synthesis and pectic polymer 
esterification [60]. Similarly, in the barley (Hordeum 
vulgare)–P. graminis f. sp. tritici pathosystem, Sharma 
et al. (2018) reported that three of seven Rrr1 candidate 
genes belong to the TBL family, which can function as 
positive or negative regulators depending on the interac-
tion [61]. This 1BS region also contains loci near known 
Sr genes, including Sr22, Sr13, Lr10-like, and Yr15, mak-
ing it a prime target for functional validation and intro-
gression into breeding programs. The presence of both 
novel and known resistance loci underscores the poten-
tial of WEW as a source of alleles for durable, broad-
spectrum rust resistance.

Conclusions
We analyzed a large whole-genome-sequenced panel 
of WEW to investigate population structure, genetic 
diversity, and rust resistance loci. Three distinct sub-
groups (SL, NP, and judaicum) highlight evolutionary 
differentiation, with SL harboring the greatest diversity 
of resistance alleles. Several accessions exhibited broad-
spectrum resistance to multiple rust races, representing a 
valuable genetic resource. GWAS identified both known 
and novel loci, including a major hotspot on chromo-
some 1BS associated with multiple rust pathogens. These 
findings provide a foundation for functional studies and 
the targeted use of WEW germplasm in breeding wheat 
varieties with durable, broad-spectrum rust resistance.
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