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Abstract
Wheat stem rust, caused by Puccinia graminis f. sp. tritici (Pgt), is a major wheat

disease worldwide. A collection of 283 wild emmer wheat [Triticum turgidum L.

subsp. dicoccoides (Körn. ex Asch. & Graebn.) Thell] accessions, representative of

the entire Fertile Crescent region where wild emmer naturally occurs, was assem-

bled, genotyped, and characterized for population structure, genetic diversity, and rate

of linkage disequilibrium (LD) decay. Then, the collection was employed for map-

ping Pgt resistance genes, as a proof of concept of the effectiveness of genome-wide

association studies in wild emmer. The collection was evaluated in controlled condi-

tions for reaction to six common Pgt pathotypes (TPMKC, TTTTF, JRCQC, TRTTF,

TTKSK/Ug99, and TKTTF). Most resistant accessions originated from the Southern

Levant wild emmer lineage, with some showing a resistance reaction toward three to

six tested races. Association analysis was conducted considering a 12K polymorphic

single-nucleotide polymorphisms dataset, kinship relatedness between accessions,

Abbreviations: AMOVA, analysis of molecular variance; BIC, Bayesian information criterion; DAPC, discriminant analysis of principal components; GBS,
genotyping by sequencing; GWAS, genome-wide association studies; IT, infection type; LD, linkage disequilibrium; MLM, mixed linear model; MTA,
marker–trait association; PA, private alleles; PCA, principal component analysis; Pgt, Puccinia graminis f. sp. tritici; SNP, single-nucleotide polymorphism;
SSD, single seed descendance; WEW, wild emmer wheat.
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and population structure. Eleven significant marker–trait associations (MTA) were

identified across the genome, which explained from 17% to up to 49% of phenotypic

variance with an average 1.5 additive effect (based on the 1–9 scoring scale). The

identified loci were either effective against single or multiple races. Some MTAs

colocalized with known Pgt resistance genes, while others represent novel resistance

loci useful for durum and bread wheat prebreeding. Candidate genes with an anno-

tated function related to plant response to pathogens were identified at the regions

linked to the resistance and defined according to the estimated small LD (about

126 kb), as typical of wild species.

1 INTRODUCTION

Wheat is the world’s most widely grown cereal and accounts
for ∼20% of proteins and calories consumed globally. Wild
emmer wheat (WEW)Triticum turgidum L. subsp. dicoc-
coides (Körn. ex Asch. & Graebn.) Thell, is a progenitor of all
forms of cultivated wheat. The loss of the brittle rachis trait
was the major domestication event leading to domesticated
emmer, T. turgidum subsp. dicoccum (Schrank ex Schübl.)
Thell. Then, the loss of tough glumes and the acquisition of
the free-threshing trait ultimately resulted in the durum wheat
crop, T. turgidum subsp. durum (Desf.) Husn. The hybridiza-
tion of T. durum with the diploid goatgrass (Aegilops tauschii)
gives rise to hexaploid wheat, T. aestivum L.

Wild emmer is currently present as native stands across
the Fertile Crescent. Two major lineages, geographically
and genetically distinct, have been recognized (Luo et al.,
2007; Ozkan et al., 2005): (1) the northern lineage, with
main populations found in north- and east-central Turkey,
western Iran, and northern Iraq and corresponding to the
slender horanum race, and (2) the southern lineage found in
the Southern Levant, including Syria, Lebanon, Jordan, and
Israel, which includes both slender and robust plant types, the
latter being typical of the judaicum race. Apart from dense
and frequent natural populations found in the Upper Jordan
Valley catchment area in Israel, and massive stands on the
basalt slopes of the Karacadağ mountain range (between Şan-
lıurfa and Diyarbakır provinces) and of the Kartal-Karadağ
hills (between Gaziantep and Kahramanmaraş provinces) in
Turkey, wild emmer currently exists in a patchy distribution in
the region, with populations being semi-isolated or isolated.
Its habitats range in altitude from 100 m below to 1800 m
above sea level, with very different climatic conditions, from
cool and humid on the Karacadağ mountains to hot and dry in
the valleys of Israel (Nevo et al., 2002; Ozkan et al., 2011).

Crop wild relatives have recently gained importance as
source of new genes for resistance to emerging new virulence
types of crop pathogens. Indeed, domestication and intensive
breeding have reduced gene diversity in modern crops (Fu,

2015; Swarup et al., 2021), leading to a potential vulnerabil-
ity of current breeding pools and varieties to disease outbreaks
and environmental stresses in general. In contrast, natural
populations of crop relatives are highly diverse and continu-
ously evolving with pathogens endemic of their habitats. This
is the case also for wild emmer that possesses broad variation
for resistance to wheat pathogens, and thus has enabled the
identification and mapping of many qualitative and quantita-
tive resistance loci (Huang et al., 2016). Wild emmer has the
same genome formula as durum wheat (AABB), allowing for
the easy transfer of valuable genes into cultivated tetraploid
wheat and eventually into the hexaploid wheat (Klymiuk et al.,
2019). For instance, in wild emmer, the well-known stripe rust
(Puccinia striiformis f. sp. tritici) resistance genes Yr15 and
Yr36 were cloned (Fu et al., 2009; Klymiuk et al., 2018) and
introgressed to durum and common wheat (Hale et al., 2012;
Yaniv et al., 2015), similarly to the couple of linked resis-
tance genes for leaf rust (P. triticina) and yellow rust, Lr53 and
Yr35, respectively, which were mapped and also introgressed
to common wheat (Dadkhodaie et al. et al., 2011; Marais et al.,
2005). Previously, evaluation of wild emmer populations for
resistance to the stem rust pathogen (P. graminis f. sp. Tritici,
Pgt) revealed a wide range of variation, with reactions rang-
ing from highly resistance to complete susceptibility (Knott
et al., 2005; McVey, 1991; Nevo et al., 1991). Nevertheless,
in spite of this variation for reaction to stem rust, no major
resistance genes have been mapped in wild emmer so far. The
frequency of resistance to single Pgt isolates was very low in
wild emmer populations from Israel. Indeed, depending on the
publications, from 2% (Anikster et al., 2005) to 8% (The et al.,
1993) of the accessions were reported to have some level of
resistance among about 500 genotypes tested. It has been sug-
gested that the low frequency of stem rust resistance found in
wild emmer originated from Israel is due to the low selection
pressure imposed by Pgt in natural habitats of this country.
Stem rust is a warm-weather-adapted fungus, while Israel cli-
mate is mainly characterized by frequent hot-dry days that
should not be conducive for the development of Pgt and high
stem rust infection, except some colder/less warm regions.
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Indeed, a correlative study, which investigated the relationship
between the occurring of stem rust resistance and ecogeo-
graphic factors (temperature above all) prevalent in the origin
area of the wild emmer populations examined, pointed out that
resistant accessions were present only in colder regions where
climatic variables enhanced the development of the fungus
(Nevo et al., 1991).

To date, the identification of resistance genes from wild
emmer has been achieved through linkage mapping of
biparental populations (i.e., Yr15 by Yaniv et al. [2015]
and YrTZ2 by Wang et al. [2018]; recently reviewed in
Peng et al. [2021]). Differently from biparental mapping, the
genome-wide association study (GWAS) identifies and maps
resistance genes based on linkage disequilibrium (LD). In
GWAS, the mapping resolution power is a consequence of the
number of recombination events historically accumulated in
the target population. This condition is obviously enhanced in
diverse collections of wild germplasm that have a long history
of recombination resulting in rapid LD decay as a function
of genetic distance. Provided that genotyping density is suffi-
ciently high to fully cover the genome according to the extent
of LD, high mapping precision can be achieved.

A few wild emmer collections have been established to
study the genetic evolution of emmer/durum wheat (Luo
et al., 2007; Ozkan et al., 2005) and, more recently, to
explore the genetic diversity of tetraploid wheats (Yadav et al.,
2023) and identify genomic regions that have been histori-
cally influenced by domestication and human-driven selection
(Maccaferri et al., 2019). Other collections have been used
to analyze the genetic differentiation among populations as
driven by ecological factors (Ren et al., 2013) or to trace
historic gene flow from wild relatives that had substantially
contributed to the adaptive diversity of modern bread wheat
(He et al., 2019). To date, only a couple of studies exploited a
wild emmer collection to discover and map disease-resistant
genes, in both cases against wheat stripe rust (Sela et al., 2014;
Tene et al., 2022).

This study aims to characterize the population structure and
the genetic diversity of a wide ex situ collection of WEW
accessions, representative of all countries where wild emmer
naturally grows, as well as to assess the panel for resistance
to several races of the stem rust pathogen with the aim to map
resistance loci via a GWAS approach.

2 MATERIALS AND METHODS

2.1 Plant material

A panel of 283 accessions of WEW collected across countries
of the Fertile Crescent was organized and is currently main-
tained at the CREA Research Centre for Genomics and Bioin-
formatics (WEW-GB: Wild Emmer Wheat at CREA Research

Core Ideas
∙ A representative collection of wild emmer wheat

was characterized for genetic diversity and resis-
tance to stem rust.

∙ GWAS for stem rust resistance identified novel
marker–trait associations in wild emmer wheat.

∙ Fast LD decay in wild emmer wheat allowed high-
resolution mapping of loci for stem rust resistance.

Centre for Genomics and Bioinformatics). Accessions were
kindly provided either from gene banks (the United States
Department of Agriculture—Agricultural Research Service
National Small Grains Collection [USDA-ARS NSGC], the
Leibniz Institute of Plant Genetics and Crop Plant Research
[IPK, Germany], the National BioResource Project [NBRP]
through KOMUGI, Japan) or from partners (more details
in File S1). The plant materials represent the entire Fertile
Crescent region where wild emmer naturally occurs, from
the Northern East area, encompassing Turkey, Iraq, and Iran,
to the Southern region (Southern Levant), which includes
Israel, Lebanon, and Syria. File S1 summarizes passport data
of accessions used in the present study. Figure 1 shows the
geographical origins of all investigated accessions, accompa-
nied by GPS coordinates. Before genotyping, all accessions
have been undergone to one cycle of single seed descendance
(SSD).

2.2 Genotyping, filtering, and mapping of
the polymorphic single-nucleotide
polymorphisms on the reference wild emmer
genome

Young leaves of a single plant from each SSD were collected,
and genomic DNA was extracted using the CTAB method
(Doyle & Doyle, 1987). The 283 accessions were genotyped
with the Affymetrix 35K Axiom array at the Genomics Facil-
ity of University of Bristol. Allele calling was carried out
using the Affymetrix proprietary software package Axiom
Analysis Suite, according to the Axiom Best Practices Geno-
typing workflow. It includes a Bayesian-based clustering that
was performed by selecting generic priors, as this setting
produced less misclustering than when bread wheat-specific
priors had been applied. Only single-nucleotide polymor-
phisms (SNPs) classified as polymorphic at high resolution
and as off-target variants by the Affymetrix software were
selected. They were then filtered for missing data (max 10%)
and for heterozygosity (max 10%).
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4 of 23 MASTRANGELO ET AL.The Plant Genome

F I G U R E 1 Geographic origin of wild emmer wheat accessions included in the WEW-GB collection. Accessions were plotted on the
geographic map of the Fertile Crescent region, according to GPS coordinates of their sampling area included in passport data. Color code of
accession labels is the same of discriminant analysis of principal components (DAPC) clustering.

The probe sequences of the polymorphic SNPs were used
as queries in BLASTn similarity searches against the pseudo-
molecules of the wild emmer v2 reference genome (accession
Zavitan [Zhu et al., 2019]) to obtain marker physical posi-
tion. Parameters for BLASTn were as follows: word size,
11; gap open, 5; gap extend, 2; penalty, −2; reward, 1. Both
allele variants were individually considered for BLAST. Anal-
ogous parameters were used to BLASTn sequences of SNP
markers against the T. aestivum reference genome (IWGSC
RefSeqv2.1 [Zhu et al., 2021]) and the T. durum genome
(Svevo v1 [Maccaferri et al., 2019]).

2.3 Assessment of LD

Intrachromosomal pairwise correlation (r2 values) between
loci was computed on the SNP dataset using TASSEL 5.0
(Bradbury et al., 2007), considering SNP markers that exhibit
unique positions in Zavitan genome and have minimum allele
frequency (MAF ) >0.05. The significant r2 (p < 0.01) values
were plotted against the inter-SNP physical distance and fit-
ted to a LOWESS curve (Cleveland, 1979) using MINITAB
software both at the single-chromosome and whole-genome
level. The critical distance was extrapolated at r2 = 0.2, one
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of the most commonly used thresholds to define unlinked loci.
The smoothing curve was fitted using raw significant r2 val-
ues, but also using average r2 values calculated on increasing
pairwise SNP distances by 5000 pb ranges from zero and till
a maximum distance of 10 Mb. Software PLINK version 1.9
(Chang et al., 2015) was used to prune hap-maps at different
r2 threshold for different analyses.

2.4 Analysis of population stratification

Ward’s hierarchical clustering of Nei’s genetic distances
was conducted in DARWIN v6.0 software (Perrier et al.,
2003). Population structure analysis was conducted by the
Bayesian clustering algorithm implemented in the software
STRUCTURE 2.3.4 (Pritchard et al., 2000) using 2444
genome-specific polymorphic loci across the 14 chromo-
somes. These loci were selected based on low LD, with
threshold r2 = 0.3 and based on MAF >0.10. The number
of populations (K) ranging from 2 to 20 was evaluated, with
20 independent runs for each k. Each run included a burn-in
length of 50,000 and a run length of 100,000. The admix-
ture model, which assumes that individuals might have mixed
ancestries and correlated allele frequency, was applied. The
most likely number of populations (K) was determined by
using the web-based STRUCTURE HARVESTER software
(Earl & Von Holdt, 2012), considering a ΔK statistic that
depends on the rate of change in log probability [LnP(D)]
between consecutive K values and standard deviations on
independent runs for each K. Individuals were assigned to a
population if their maximum ancestry membership coefficient
estimated by STRUCTURE (Q(1˚)) was >0.6, or if it was in
the range 0.6–0.5 and with Q(1˚) – Q(2˚) >0.2, otherwise they
were considered admixed. The 2444 set of genome-specific
polymorphic loci was used also in the discriminant analy-
sis of principal components (DAPC). DAPC was performed
through the R package “adegenet” v2.0.1 (Jombart et al.,
2010) in R studio V 1.3.1056 (R Development Core Team,
2011). The cross-validation method was used to select the
number of principal components (PCs) retained (xvalDapc
function). The most probable K was declared based on the
first increase in Bayesian information criterion (BIC) value
according to the steppingstone genetic model described by
Jombart et al. (2010). Finally, the most probable K based on
analysis of the full filtered SNP dataset was selected by usage
of ADMIXTURE’s cross-validation procedure (Alexander
et al., 2009). Analysis of admixture by kinship was performed
using ADMIXTURE (version 1.3.0; Alexander et al., 2009)
with K value set to 18.

Genetic diversity among and within populations was
assessed by analysis of molecular variance (AMOVA) and by
calculating indices as the number of polymorphic loci, Nei’s
gene diversity (Nei, 1973), and mean number of pairwise dif-

ferences. Population differentiation was assessed based on
population pairwise FST. All values were derived using the
Arlequin 3.5 software (Excoffier & Lischer, 2010), and sig-
nificance levels for variance components and FST statistics
were estimated based on 1000 permutations. Alleles found in
single populations (as defined by DAPC) of the broader col-
lection, called as private alleles (PAs), were quantified using
the GenAlex v6.5 software (Peakall & Smouse, 2012).

2.5 Phenotyping of the WEW-GB collection
for stem rust resistance

Within the wild emmer panel, 278 accessions were evaluated
for seedling resistance to six races of Puccinia graminis f.
sp. tritici (TPMKC, TTTTF, JRCQC, TRTTF, TTKSK, and
TKTTF), in a greenhouse. Race TPMKC (isolate 74MN1409)
is virulent on Sr36 (McVey et al., 2002). Race TTTTF
(02MN84A-1-2) is the most widely virulent race reported
in the United States but also in Sicily (south of Italy), pro-
ducing high infection types (ITs) on all lines in the wheat
stem rust differential set with the exception of Sr24 and Sr31
(Jin et al., 2008; Roelfs & Martens, 1988). Races JRCQC
(09ETH80-3) and TRTTF (06YEM34-1), from Ethiopia, are
virulent on both resistance genes Sr9e and Sr13, two genes
constituting major components of stem rust resistance in
durum cultivars and germplasm (Olivera et al., 2012). Race
TTKSK (04KEN156/04, also called Ug99) emerged in 1998
in Uganda and immediately posed concerns for wheat culti-
vation worldwide because it was virulent for many resistance
genes, including the widely used gene Sr31 (Pretorius et al.,
2000). Race TKTTF (13ETH18-1), also from Ethiopia, is vir-
ulent on SrTmp (Olivera et al., 2015), a gene that confers
resistance to Ug99 race. Susceptible controls (cultivar McNair
701 and Morocco) were included in each experiment to mon-
itor the infection level (density of uredinia on leaves) and
virulence (maximum uredinial size) of the pathogen races.
Additionally, the wheat stem rust differential set also was
included in the experiments to confirm the identity and purity
of Pgt races (Jin et al., 2008; Roelfs & Martens, 1988). Resis-
tant lines within the respective differential wheat sets served
as resistant controls, besides two additional lines carrying the
resistance genes Sr24 and Sr47. Spores stored at −80˚C were
used for this study (Huang & Steffenson, 2018).

The stem rust evaluations with foreign races were con-
ducted in a Biosafety Level-3 Containment Facility on the
St. Paul campus of the University of Minnesota. Three seeds
per replicate of each genotype and controls were sown.
Sowing methods and substrate, plant growth conditions in
greenhouse, and fertilization times and chemicals were as
Mamo et al. (2015). Seed dormancy was broken by moving
pots at 4˚C for 3 days. Twelve-day-old seedlings (first leaf
stage) were inoculated with urediniospores of stem rust races
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suspended in a lightweight mineral oil carrier (Soltrol 170;
Phillips Petroleum). The spores were heat shocked in the water
bath at 45˚C for 15 min and placed for 2 h in the humidifier
jar with 98%–99% humidity (solution of KOH). The con-
centration of inoculum used was 15 mg/0.7 mL oil applied
at a rate of approximately 0.150 mg per plant (Steffenson
et al., 2009). The oil carrier could evaporate before plants
were moved into the mist chambers. Plants were then con-
tinuously misted for 15 min with ultrasonic humidifiers to
establish an initial layer of moisture on the surfaces, then
periodically for 2 min on every 15 min for 16 h in dark at
20–22˚C, and finally continuously for 2 h with the lights on.
Then, doors of the mist chamber were opened to allow plants
to dry slightly before being returned to the greenhouse under
the same environmental conditions.

Rust ITs were scored on plants 12–14 days postinocula-
tion using the 0–4 scale described by Stakman et al. (1962)
and Jin et al., 2007, where IT = 0 represents a highly resis-
tant (incompatible) reaction, 1 = resistant, 2 = moderately
resistant, 3 = moderately susceptible, and 4 highly susceptible
(compatible) reaction. Plus (+) and minus (−) notations were
used with the IT scores to denote uredinia that were larger
or smaller than those classically described in Stakman et al.
(1962). To convert the raw IT data to a linear scale for associ-
ation mapping analysis, ITs 0, 1−, 1, 1+, 2−, 2, 2+, 3−, 3, and
3+ were coded as 0, 1, 2, 3, 4, 5, 6, 7, 8, and 9, respectively.
IT = 4 was converted to 9. The semicolon symbol for hyper-
sensitive fleck “;”—which means hypersensitive necrotic or
chlorotic fleck reactions, typically denoted—was converted to
0. For complex scores that include dual IT, such as 22+, the
scale conversion reported by Zhang et al. (2014) and based on
weighted average was used.

All the experiments were conducted in a complete random
design, with two replicates. Any accessions exhibiting vari-
able reactions across the replicates were repeated in a second
test.

2.6 Statistics analysis

Phenotypic data were analyzed using the software Jmp7. Data
transformation was attempted to overcome the strong skewed
distributions of phenotype data, but none allowed to achieve
normal distribution. Therefore, the nonparametric Kruskal–
Wallis test (Kruskal & Wallis, 1952) was applied to evaluate
genotype differences.

2.7 Genome-wide association scan

TASSEL software, version 5.2.80, was used to carry out
mixed linear model (MLM) analyses for association mapping.
Different models were tested to select one that best fits the
data. These models integrated the kinship matrix (calculated

with the TASSEL software) to account for genotype related-
ness with or without components of a principal component
analysis (PCA, calculated with the TASSEL software) as a
covariate to correct for the effects of population substructure.
The model selected for the GWAS was an MLM integrating
kinship and the first two PCA components. To reduce the
risk of type I error when making multiple comparisons, the
Bonferroni threshold for p value (calculated at 6.15 × 10−6)
was chosen to select for significant marker–trait associations
(MTAs).

3 RESULTS

3.1 Genotyping of the WEW-GB collection

After one SSD cycle, the WEW-GB panel was genotyped with
the 35K Axiom Array technology, and 263 genotypes passed
the sample call rate quality check. Among the 23,432 SNPs
that met the clustering requirements, 12,100 SNPs were poly-
morphic across the collection. Among them, stepwise data
curation discarded 704 SNPs with call rate <90% or resid-
ual heterozygosity >10%, and additional 54 SNPs with MAF
<0.05. The retained 11,342 polymorphic SNPs were phys-
ically assigned to the pseudomolecules of the wild emmer
reference genome by BLASTn similarity searches (Zhu et al.,
2019). A total of 6931 SNPs had an unambiguous, single
BLAST top hit coincident for both allele variant sequences,
in addition to chromosome assignment confirmed by at least
one genetic map in bread wheat or a BLAST top hit on the
durum or bread wheat reference genomes. For those mark-
ers showing multiple hits along the genome, the LD with
the hypothetical nearby mapped markers was assessed, and
eventually a unique position assigned based on the highest r2

(above a 0.8 threshold). This approach allowed to map other
935 SNPs on the wild emmer genome. For all other SNPs, it
was not possible to determine which homoeologous chromo-
some was the source of the SNP variant since probes aligned
with equal/similar scores to two or more pseudomolecule
sequences or to unassembled scaffolds of the wild emmer
genome. A total of 7866 SNPs resulted physically anchored
on the wild emmer reference genome, with an average density
of one SNP per 1.26 Mb (Table 1).

3.2 LD decay in the WEW-GB collection

Genome-wide and chromosome-specific LD decay over phys-
ical distance was evaluated. Intrachromosomal raw r2 values,
significant at p < 0.01, allowed fitting LOWESS for the whole
genome, which indicated 126 kb as critical distance for a r2

threshold value of 0.2 (Table 1; Figure S1). In single chro-
mosome analysis, critical values were reached at distances
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MASTRANGELO ET AL. 7 of 23The Plant Genome

T A B L E 1 Number of SNP markers, mean values of gene diversity, and LD indices on each chromosome and genome.

Chr N Marker coverage (Mb/SNP) MAF He % SNP in LD LD (r2) % SNP with r2
< 0.1 LD decay (kb)

1A 591 0.99 0.270 0.358 49.3 0.122 60.4 99.8

1B 783 0.87 0.250 0.342 40.1 0.095 70.3 278

2A 558 1.39 0.264 0.352 35.2 0.095 67.1 58a

2B 668 1.18 0.257 0.347 40.6 0.095 70.2 222

3A 488 1.53 0.254 0.343 45.7 0.108 63.7 310a

3B 713 1.17 0.256 0.343 46.2 0.112 63.4 178

4A 384 1.92 0.262 0.351 46.3 0.107 64.1 255

4B 285 2.37 0.277 0.364 52.4 0.138 56.7 95

5A 614 1.09 0.259 0.345 43.1 0.106 65.0 165

5B 656 1.07 0.276 0.358 42.3 0.105 67.4 220

6A 425 1.45 0.284 0.369 45.4 0.133 58.5 190

6B 584 1.20 0.286 0.367 45.6 0.124 61.4 1020

7A 648 1.12 0.261 0.349 44.1 0.114 63.8 390

7B 469 1.54 0.271 0.359 42.8 0.103 66.4 205

A genome 3476 1.40 0.265 0.352 44.2 0.112 63.2 –

B genome 3708 1.38 0.268 0.354 44.3 0.110 65.1 –

Unmapped 4158 – 0.270 0.356 – – – –

Whole
genome

11342 1.26 0.266 0.353 44.2 0.111 64.2 126

Note: % SNP in LD, percentage of pairwise SNP in significant LD (p < 0.01); LD (r2), mean intrachromosomal LD of significant pairwise SNP (p < 0.01); % SNP with
r2

< 0.1, percentage of unlinked significant pairwise SNP (r2
< 0.1, with p < 0.01); LD decay (kb), genome-wide and chromosome-specific LD decay critical distance in

kilobase pairs extrapolated from the intercept of fitting LOWESS and the r2 = 0.2 threshold.
Abbreviations: He, expected heterozygosity (Nei’s gene diversity); MAF, minor allele frequency; N, number of SNPs; LD, linkage disequilibrium.
aFor chromosome 2A and 3A, critical distances were obtained using a LOWESS curve based on averaging significant r2 value on classes of inter-SNP distances with
amplitudes increasing by 5000 bp steps.

in the range of 95 kbp to 1 Mb (Figure 2; Table 1). Excep-
tions were chromosomes 2A and 3A where low LD even at
short distances impaired fitting to a nonparametric curve, and
thus the option of averaging r2 values on classes of inter-SNP
distances was adopted. Unlinked markers (r2

< 0.1) were an
average of around 64% on the whole genome, with a mini-
mum of 56.7% for chromosome 4B and similar values in the
two subgenomes (Table 1).

3.3 Genetic stratification of the WEW-GB
collection

To assess the pattern of population stratification within
the WEW-GB collection, kinship/clustering analyses were
applied on a selected set of 2444 SNP markers in low LD
across the wild emmer genome (r2

< 0.3) and having MAF
>0.10.

The phylogenetic relationship among accessions obtained
using Ward’s hierarchical clustering clearly distinguished two
main wild emmer lineages that mostly correspond to two dif-
ferent geographic areas. The northern lineage comprehends
accessions from Turkey, Iran, and Iraq, while the southern

lineage includes accessions from Israel, Syria, and Lebanon
(Figure 3A). The only exception is represented by the Kar-
tal’s population in Turkey that phylogenetically located in the
southern lineage.

The Bayesian clustering approach implemented by
STRUCTURE was run from K = 1 to 20. The estimated log
probability Ln(Pr) increased continuously with increasing
K (Figure S2A); however, after K = 7, it showed reduced
variation with an increase in K, and ΔK peaked at K = 4/6
(Figure S2B). As for number of admixed genotypes, the
maximum (36) was at K = 4, while 23 to 26 admixed
genotypes were found at K5–K9. File S1 associates Q
membership to each accession at K values from 4 to 9,
also represented in Figure 3B, and subpopulation names,
as defined by clustering analyses and geographic origin. At
K = 4, two clusters involving two populations each were
defined within the northern and southern lineages defined
by Ward’s clustering, and no accession of one lineage was
found within the clusters defined for the other lineage. With
respect to the southern lineage, the major group included 99
accessions mostly originating from Israel (74), in addition to
some accessions from Lebanon (13) and Syria (12), while
the minor group encompassed 15 genotypes all coming from
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8 of 23 MASTRANGELO ET AL.The Plant Genome

F I G U R E 2 Chromosome-specific linkage disequilibrium (LD) decay as a function of single-nucleotide polymorphism (SNP) physical distance
in the WEW-GB collection. Pairwise r2 values were calculated up to a maximum inter-SNP distance of 10 Mb, and then significant values (p < 0.01)
were plotted against physical distance. The threshold of critical r2 value is shown. The box shows a zoom in at max 0.5 Mb SNP distance.

Lebanon, and four accessions were admixed between the
two. For the northern lineage, at K = 4, the few separated
accessions (22) were a subset among those originating from
Karacadağ mountains (TUR-Diyarbakir population), which
contrasted a major cluster including accessions from different
regions in Turkey (80), but also from Iraq (7) and Iran (4).
No admixed genotypes were found among the two northern
clusters. Instead, many admixed genotypes (28) were found
among the major groups of the two main lineages, and
they were mostly originating from a specific region of Iraq
(IQ-Sinjar) and Turkey (TUR-Kartal), the latter already
evidenced by Ward’s clustering. The two southern clusters
defined at K = 4 were stable across increasing K, until K = 7,
when an additional group was defined by two subsets of
accessions originating from North Israel (SYR/ISR-Golan
and ISR-Afula). Within the northern lineage, one additional
cluster was defined starting from K = 5 and comprised
lines from the E-Siverek region in Turkey. The TUR-Kartal
population shows a peculiar behavior: admixed at K = 4, it
was included in the major cluster of the northern lineage at
K = 5, and then defined as an individual group from K = 6.
Lastly, K = 8 can separate genotypes originating from Iraq in
two groups, the first one made of lines constituting the IQ-
Sinjar population, previously considered as admixed, and the
second one including five genotypes from the IN/IQ-Zagros
region.

To complement the model-based clustering method, a mul-
tivariate DAPC analysis was performed. The BIC analysis

upon DAPC supported an optimum number of subpopulations
equal to 6 (Figure S2C; File S1). A scatterplot of the first
two principal components of the DAPC, which accounted for
82.2% of the total variance, describes the relationships among
the six clusters (Figure 3C).

The first component (IPC1) separated accessions mostly
based on the two known wild emmer lineages, with the north-
ern lineage on the left side of the DAPC graph, and the
southern lineage on the right side. The second component
(IPC2) identified clusters related to more specific geographic
origins. The DAPC patterning almost corresponded to the
one highlighted by STRUCTURE at K = 6 (Table 2); how-
ever, DAPC clusters were more coherent with the geographic
separation. With respect to the southern lineage, DAPC
divided accessions in two populations (C2 and C5). The
largest one (C2) was composed of 75 lines mostly origi-
nating from Israel, while C5 included 54 genotypes mostly
originating from Lebanon and Syria. C5 also included 10
accessions of the northern lineage, mostly from the IQ-Sinjar
mountain range, and thus it is the only cluster gathering
accessions from both lineages, mostly identified as admixed
by STRUCTURE. In addition, it includes accessions from
Lebanon that STRUCTURE grouped with the Israel main
cluster till K = 8. Within the northern lineage, four popula-
tions were identified by DAPC. Clusters C1 (22 accessions)
and C3 (21 accessions) corresponded to TUR-Diyarbakir and
TUR-Kartal populations defined by STRUCTURE at K = 4
and K = 6, respectively. Cluster C4 included most of the
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MASTRANGELO ET AL. 9 of 23The Plant Genome

F I G U R E 3 Population structure in the wild emmer collection according to Ward’s clustering (A), the STRUCTURE model-based clustering
with a box plot representation of accession membership at K = 4, K = 6, and K = 9 (B), and the multivariate discriminant analysis of principal
components (DAPC) with a dot plots representation of principal component 1 (IPC1) and 2 (IPC2) distances for six subpopulations (C).
Correspondence between STRUCTURE populations and DPCA clusters is evidenced by using the same colors for bar plot and dot plot graphs,
respectively. The only exceptions are the group 5 from STRUCTURE K6 (TUR_E-Siverek), which is included in DAPC cluster 4, and the DAPC
cluster 6 (TUR-Pirinclick), which is included in group 3 for STRUCTURE K6,
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10 of 23 MASTRANGELO ET AL.The Plant Genome

T A B L E 2 Correspondences between clustering of the WEW-GB collection based on two Bayesian admixture models as calculated by
STRUCTURE (group from 1 to 6, plus admixed accessions, based on the LD and MAF-filtered 2444 polymorphic SNP set) and by ADMIXTURE
(population ID from Pop 1 to Pop 18, based on the MAF-filtered 11,342 polymorphic SNP set), or on the multivariate analysis DAPC (cluster from
C1 to C6, based on the LD and MAF-filtered 2444 polymorphic SNP set).

DAPC STRUCTURE K6 ADMIXTURE K18 Subpopulation origin
C1 4 Pop 15 TUR_36Km W Diyarbakir

C1 Admixed Pop 1 TUR_36Km W Diyarbakir

C2 2 Pop 2 ISR_Afula

C2 2 Pop 3 ISR_Rosh Pinna

C2 2 Pop 6 SYR-ISR_Golan

C2 2 Pop 10 ISR_North/Central

C2 2 Pop 16 ISR_Bat Shelomo

C2 2 Admixed ISR_admixed

C3 6 Pop 14 TUR_Kartal

C4 3 Pop 1 TUR_Karacadag

C4 5 Pop 4 TUR_S-Siverek

C4 3 Pop 7 TUR_52Km Diyarbakir

C4 3 Pop 8 TUR_Karabahce

C4 3 Pop 9 TUR_24Km SW Diyarbakir

C4 3 Pop 12 IN/IQ_Zagros

C4 3 Pop 13 TUR_E-Siverek

C4 3 Admixed TUR_admixed

C5 2 Admixed SYR_admixed

C5 Admixed Pop 11 IQ_Sinjar

C5 2 Pop 17 LBN_SYR

C5 1 Pop 5 LBN_Aiha-Kfarkouk

C6 3 Pop 18 TUR_Pirinclik

Abbreviations: DAPC, discriminant analysis of principal components; LD, linkage disequilibrium; MAF, minimum allele frequency; SNPs, single-nucleotide
polymorphisms.

Turkish accessions and some genotypes from Iraq and Iran
and corresponded to the major group identified at K = 4
within the northern lineage. However, it also included the E-
Siverek population, which was instead individually clustered
by STRUCTURE since K = 5, while it excluded accessions
from Pirinclik area. Indeed, this area hosts cluster C6, a pop-
ulation that separated from the largest group of the northern
lineage only from K = 9 model-based clustering.

To test if the population structure could be affected by
the number of assessed SNPs, the Bayesian admixture model
was recalculated through the ADMIXTURE procedure con-
sidering the full SNP dataset (11,342 SNPs). The pattern
of the cross-validation error indicated K = 18 as the most
likely number of populations (Figure S2D), which largely
reflected the specific geographic area of origin at high res-
olution (Figure 4). Populations 1, 4, 7, 8, 9, 13, 14, 15, and
18 comprise samples from Turkey. Populations 2, 3, 10, and
16 include accessions from Israel. Populations 5 and 17 are
composed of accessions from Lebanon. Populations 11 and
12 contain samples from Iraq and Iran, and Population 6

from Syria. The number of accessions in each of the 18 pop-
ulations ranged from 5 to 24. ADMIXTURE was able to
identify additional subgroups within those already recognized
by STRUCTURE and DPCA, and one population only was
split between two DAPC clusters (only two accessions).

Thus, ADMIXURE allowed reaching a higher clustering
resolution while keeping consistency between the recognized
subpopulations and larger clusters (Table 2).

3.4 Gene diversity within populations and
population differentiation

Considering the whole SNP dataset of 11,342 SNPs, we
described the pattern of genetic diversity between the two
lineages, as defined according to the most frequent population
structure and passport data (northern lineage for accessions
originated from Turkey, Iran, and Iraq; southern lineage for
accessions from Israel, Syria, and Lebanon). Therefore, the
Kartal’s population from Turkey was included in the northern
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MASTRANGELO ET AL. 11 of 23The Plant Genome

F I G U R E 4 Bar plot of ADMIXTURE results showing
admixture proportions for each genotype, and clustering of genotypes
in 18 subpopulations,

lineage according to DAPC and Bayesian clustering outputs,
despite Ward’s clustering had defined it as a branch of the
southern lineage. AMOVA highlighted a moderate level
(32%) of genetic variance distinguishing the two lineages and
the largest portion of variance within lineages (68%). The
northern lineage was the most diverse with an average of 3666
pairwise differences within population compared to 3112 in
the southern lineage. The same evidence was obtained by cal-
culating Nei’s gene diversity index, which was 0.274 for the
southern lineage and 0.32 for the northern lineage, while the

two lineages have a similar number of polymorphic markers
(10,765 against 10,987, respectively). Populations as defined
by ADMIXTURE were also assessed for intrapopulation
gene diversity to identify the most interesting population,
upon excluding admixed accessions (n = 33) (Table 3). Five
subpopulations (Pop 1, 10, 12, 14, and 17) showed higher
gene diversity based on Nei’s index, number of pairwise dif-
ferences, and number of polymorphic markers. Among them,
Pop 1, 10, and 17 include accessions with various ecogeo-
graphic origins, from Karacadag region in Turkey to locations
ranging from southern Lebanon and Syria to central Israel.
The two remaining populations (Pop 12 and 14) correspond
to a small and well-defined area next to Sulaymaniyah in Iraq
(Zagros region) and on the Kartal-Karadag hills in Turkey,
respectively. Other subpopulations showed a remarkable low
level of gene diversity, although constituted by a considerable
number of accessions, for instance, the Aiha-Kfarkouk’s
population in Lebanon and the 36Km W. Diyarbakir’s
population in Turkey, including 15 and 20 genotypes,
respectively.

With respect to among-population comparisons, high dif-
ferentiation FST values were found, with only a few exceptions
(Figure 5), which suggested that population structure as
identified by ADMIXTURE explained most of the genetic
variation. Indeed, FST values higher than 0.9 were notably fre-
quent for populations originating from well-defined specific
geographic areas, as in the cases of Afula’s and Bat Shelomo
subpopulations in Israel (Pop 2 and 16) and S-Siverek sub-
population in Turkey (Pop 4). Notably, some subpopulations
showed higher FST values when evaluated in pair-wise com-
parison with other subpopulations both from the same lineage
and the other one (i.e., Pop 4 and 15). Relatively lower val-
ues were generally exhibited by those subpopulations that
included accessions originating from less delimited areas (i.e.,
Pop 1, 10, and 17). Interestingly, the Kartal’s population (Pop
14) exhibited moderate FST values against all other subpopu-
lations, with a minimum against the Turkish Pop 1. The latter
was also the closest subpopulation to the Zagros population in
Iraqi/Iran (Pop 12), while the Iraqi population from the Sinjar
mountains (Pop 11) had its FST lowest value when assessed
against the Israeli Pop 10.

Finally, considering the whole SNP dataset of 11,342
SNPs, DAPC clusters were analyzed for private/unique alle-
les (SNPs occurring in a specific group only). A total of
225 PAs were identified that occurred in four out of the six
DAPC clusters (File S1). The frequency of these alleles in
their respective groups is generally high; indeed, 141 PAs
have a frequency higher than 25% and five alleles have a
frequency higher than 90%, while only four alleles have a fre-
quency lower than 10%. Out of the 225 unique alleles, 125
were mapped on the wild emmer genome, with a prevalence
on chromosomes 3B and 5B. Notably, three SNPs with higher
frequency were located close to each other at 527–528 Mb
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12 of 23 MASTRANGELO ET AL.The Plant Genome

F I G U R E 5 Population differentiation calculated as pairwise FST. Subpopulation IDs are the same as in Figure 4.

on chromosome 5A, thus co-locating with the CBF locus, the
gene cluster of C-repeat Binding Factors that have a key role
in plant cold acclimation (Guo et al., 2018). Cluster 2 had
the highest mean number of unique alleles (33), followed by
clusters 4 and 5 with 16 and 20, respectively, up to an aver-
age of five PAs within cluster 3. Three specific geographic
regions appear to harbor accessions that were significantly
enriched in PAs. The first are Golan Heights where 10 acces-
sions with more than 60 PAs originated; other eight Israeli
accessions with around 40 unique alleles were all originated
from the Bat Shelomo moshav. Lastly, in cluster 5, acces-
sions originating from Rashaya district have an average of
30 PAs.

3.5 Stem rust resistance in the wild emmer
collection

Out of 283 genotyped wild emmer accessions, 278 lines were
evaluated for reaction to stem rust infection in controlled con-
ditions at seedling stage. A high susceptibility scoring on
susceptible checks in all experiments demonstrated that opti-
mal infection levels were achieved, allowing for the clear
scoring of IT. The IT score = 6 in the linear scale was cho-
sen as threshold for resistance, since it corresponds to small to
medium uredinia, often surrounded by chlorosis or necrosis,
which are symptoms of a resistance reaction. The frequency
distribution of IT scoring values highlighted a prevalence of
susceptible genotypes (Figures 6A and S3). Focusing only
on resistant lines (IT < 6), the distribution plot of IT values
(Figure 6B) showed a higher frequency of moderate resistance
(IT > 5) against races JRCQC and TRTTF, as opposed to
a slightly higher frequency of strong resistance (IT < 1) for
TTKSK. A further different distribution profile was shown
by resistant IT values against TKTTF and TTTTF with a
homogeneous distribution in the range 0–6.

The highest number of resistant accessions was found in
response to infection with the race JRCQC (28 accessions out
of 278 scored, 10%), followed by TRTTF (16 accessions, 6%),
while for race TPMKC, only six accessions were resistant.

These resistant genotypes belonged to both lineages, although
with a majority from the southern lineage. Resistant acces-
sions against the other three races were all from the southern
lineage: 15 accessions over 275 scored (6%) showed resis-
tance to TKTTF, 13 on 270 (5%) against TTKSK, and 11 on
278 (4%) against TTTTF.

One accession (DIC199) was resistant to all tested races,
two accessions (DIC061 and DIC101) were resistant to five
races, but both susceptible to TPKMC, three accessions to
four races (DIC193, DIC256, DIC288), four accessions to
three races (DIC130, DIC255, DIC289, DIC353), and six
accessions to two races (DIC058, DIC088, DIC107, DIC111,
DIC202, DIC326). All these accessions belong to the south-
ern lineage, except genotypes DIC288, DIC289, and DIC353.
With respect to these last three accessions, morphological
observations of plants together with failed crossing attempts
and failed genotyping suggested that they were misclassified
as T. dicoccoides, while they most likely belong to Triticum
timopheevii. It is noteworthy that the six accessions showing
resistance to TPMKC also showed resistance to TTTTF, with
only one exception.

All subpopulations of the southern lineage defined by
ADMIXTURE showed stem rust disease resistance; how-
ever, the distribution of reaction specificity to Pgt race
was not homogeneous. Indeed, the subpopulations Pop 3
and 10 (ISR-RoshPinna and ISR-North/Central, respectively)
carry resistance genes to all Pgt races, as opposite to
the Pop 2 (ISR-Afula), Pop 5 (LBN_SYR), and Pop 17
(LBN_Aiha-Kfarkouk) that contain resistance sources to one
Pgt race only (TTKSK, TKTTF, and JRCQC, respectively).
Besides the mentioned subpopulations and corresponding
geographic areas, other resistant lines originated mainly from
Bat Shelomo in Israel (Pop 10 and 16) and Kazrin in Syria
(Pop 6).

The strong skewness for the distribution of phenotypic
data impaired the application of analysis of variance to
assess genotypic differences. Therefore, the nonparametric
Kruskal–Wallis test was performed that highlighted statisti-
cally significant differences among genotypes for resistance
to all Pgt races (Table 4).
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MASTRANGELO ET AL. 13 of 23The Plant Genome

F I G U R E 6 Frequency distribution of infection type (IT) scoring values in response to six stem rust races, calculated for the whole WEW-GB
collection (A) or limited to resistant accessions (IT ≤ 6) only (B).
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T A B L E 4 Kruskal–Wallis test of IT scoring values in response to
six stem rust races of the WEW-GB collection.

Pgt race H p value CV Mean
JRCQC 790.3 <0.0001 14.52 7.78

TRTTF 713.97 <0.0001 13.75 8.16

TTKSK 698.35 <0.0001 18.87 8.12

TKTTF 685.08 <0.0001 15.99 8.24

TTTTF 697 <0.0001 14.85 8.36

TPMKC 413.13 <0.0001 14.82 8.48

Note: H is the statistic test for the Kruskal–Wallis analysis.
Abbreviations: CV, coefficient of variation; IT, infection type; Pgt, Puccinia
graminis f. sp. tritici.

3.6 Association mapping of stem rust
reaction on the wild emmer panel

Considering the successfully genotyped panel of 263 acces-
sions, the frequency of resistant lines was 9% and 5% for
JRCQC and TRTTF, but with only 5 and 4 accessions on a
total of 144 genotypes for the northern lineage, respectively.
Such a low frequency of resistant lines might impair finding
of associated alleles with MAF >0.05. For the races TKTTF,
TTKSK, and TTTTF, resistant accessions were all belong-
ing to the southern wild emmer lineage. The frequency of
resistant accessions within the southern genotyped and phe-
notyped panel (118 accessions in total) was as follow: 16%
(n = 19 accessions) for JRCQC, 8.5% (n = 10) for TRTTF,
12% (n = 14) for TKTTF, 8.5% (n = 10) for TTKSK, and 6%
(n = 7) for TTTTF. GWAS was therefore conducted only on
the Southern subset for these five Pgt races. For this analysis,
only molecular markers polymorphic on the southern subset
were used for a total of 8125 SNPs, including 5013 physically
anchored SNPs and 3112 unmapped. With respect to data for
race TPMKC, only three among the six resistant accessions
were successfully genotyped; therefore, association analysis
was not conducted.

The GWAS analysis was carried out with an MLM, includ-
ing kinship and the first two PCA components to account for
population structure and genotype relatedness. On the basis
of the Bonferroni-corrected threshold, 19 SNPs were signif-
icantly associated to the resistance, out of which six were in
response to race JRCQC, seven to TRTTF, three to TTKSK,
and three to TTTTF, with some of these markers in common
among the races. No markers were significantly associated
to TKTTF (File S2); however, the SNP AX-94616911 was
considered because it was close to the threshold and found
associated with resistance to TTTTF. To identify MTAs with
a strong and significant effect on the resistance level, we ana-
lyzed the difference in resistance to Pgt between classes of
genotypes carrying the alternative alleles at each MTA, and
we focused on those MTAs for which the mean IT value of one
genotypic class was lower than 6. On the basis of this criteria,
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11 MTAs were identified for four races (Table 5; File S2): one
in response to race TTTTF, two to TTKSK and TRTTF, and
six to JRCQC, for a total of eight different SNPs. No MTAs
related to TKTTF passed this filter. For these MTAs, the
most probable position on WEW reference genome was pro-
vided (Table 5), although chromosome assignment remained
ambiguous for some markers. For each MTA, the chromo-
some region surrounding the peak marker within the limits
of LD decay was inspected for other supporting markers sig-
nificantly associated based on a relaxed p-value threshold. As
expected, for all MTAs, the minor alternative was the allele
conferring resistance phenotypes. To exclude an effect of the
population structure, the occurrence of the associated alleles
in the different subpopulations was counted for each MTA.

The first locus for resistance against race TRTTF (SNP
AX-94637067) mapped to the long arm of chromosome 2A
and explained 17% of the observed phenotypic variation. The
additive allelic effect was 1.7 with a positive role on resistance
for the T allele. The association of this chromosome region
might be corroborated by another SNP, AX-94749848, in high
LD (r2 = 0.74) and 2 kb distant with respect to AX-94637067,
although with a p-value above the threshold (2.69 × 10−4).
Interestingly, the second region for resistance to TRTTF cor-
responded to the SNP AX-94530330 located on the short arm
of chromosome 5B, which was also the unique marker signifi-
cantly associated with reaction to TTTTF. This SNP explained
17% and 21% of the observed variation for reaction to races
TRTTF and TTTTF, with IT additive effects of 1.4 and 1.5,
respectively.

Two MTAs were identified for Pgt race TTKSK, AX-
94444583 and AX-94661492, which explained 20% and 29%
of the phenotypic variation, respectively. The IT additive
allelic effect calculated on the two genotypic classes was
1.65 and 1.9, respectively. The same markers were signifi-
cantly associated also with the reaction to Pgt race JRCQC.
In this case, the two markers explained 36% and 49% of the
observed phenotypic variation, respectively, with an additive
effect of 2.05 for both markers. The two SNPs are located
on chromosome group 1, but BLAST results could not pro-
vide a conclusive assignment to a specific subgenome of the
Zavitan v2 genome, neither by attempting an LD-based posi-
tioning. Analogously, when CS RefSeqv2.1 and Svevo v1
genomes were searched with the sequence of the two markers
as queries, hits on chromosome 1B and 1A were retrieved for
both (Table 5; File S2), with a small difference between Blast
score and E values. On all three genome assemblies, the most
likely chromosome assignment is 1B for AX-94661492 and
1A for AX-94444583, although their moderate LD (r2 = 0.69)
would suggest a co-location.

Four other significant MTAs were identified for race
JRCQC. AX-94479993 explained 22% phenotypic variation.
For this SNPs, the best chromosome assignment by BLAST
similarity searches was 2A; however, the second hit on chro-

mosome 1B at 3 Mb from AX-94444583 cannot be excluded
(Table 5; File S2), also based on a moderate LD of about
r2 = 0.51 with this latter SNP, which listed chromosome
1B as one possible assignment based on all three genome
assemblies (Zavitan v2, IWGSC RefSeqv2.1, and Svevo v1)
considered. Notably, on chromosome 1B, the three markers
AX-94444583, AX-94661492, and AX-94479993 are located
in the same order and at the same relative roughly distance in
the three genomes.

The remaining three markers (AX-94766528, AX-
94430011, and AX-94879817) all have the same p-value and
explained 19% of the variance. The strong LD among them
(r2 = 0.95) would suggest a close physical linkage; however,
their chromosome position on the Zavitan v2 genome is
doubtful since different indications were obtained by BLAST
hits of SNP sequences (Table 5; File S2). Indeed, compelling
evidence for a position on chromosome 7A was obtained for
AX-94766528 only, while a very low Blast score was found
for chromosome 4A (at around 683 Mb). The strong LD
(r2 = 0.95) among the three markers would suggest a close
physical linkage; however, mapping the other two SNPs on
chromosome 7A based on LD with AX-94766528 seems not
reliable. Indeed, the position for AX-94879817 remained
uncertain among chromosomes 6B, 2B, and 7B, but with
no hit on 7A and 4A, while AX-94430011 was totally unas-
signed. When the sequence of the three markers was blasted
against the durum Svevo v1 genome, chromosome 4A was
indicated as the best hit for two of them and among the best
hits for AX-94879817. Analogous results were obtained on
the IWGSC RefSeqV2 genome assembly (File S2). Although
with a higher p-value, AX-94427726, a SNP in high LD with
the latter three SNPs, can provide further evidence for the
location of such genomic region on chromosome 4A.

3.7 Candidate genes at MTA chromosome
regions

Putative candidate genes for resistance to Pgt races were
searched within the most probable genomic regions of MTAs
considering as interval the extension of LD as calculated
for each chromosome (Table 1) on the right and left side
of the MTA. The number of high confidence genes anno-
tated in each region of the Zavitan v2 genome varied from
1, for markers AX-94661492 on chromosome 1B and for
marker AX-94766528 on chromosome 7A (intervals of ±278
and ±390 kb, respectively), to 16, for marker AX-94879817
on chromosome 6B (interval of ±1020 kb). Genes with an
annotated function related to plant response to pathogens
were found in some cases. A region of ±58 kb around
the marker AX-94479993 on chromosome 2A contained six
high confidence genes: five showed a disease-related annota-
tion, as LRR receptor-like serine threonine-kinase, probable
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long-chain-alcohol O-fatty-acyltransferase 4, fruit bromelain,
xylanase inhibitor 1, and shock SRC2. Notably, marker AX-
94479993 falls nearly 60 bp upstream of the gene coding for
a xylanase inhibitor. Two disease resistance-related genes are
present in the region around the marker AX-94530330, anno-
tated as pentatricopeptide repeat-containing At1g74750-like
and plasma membrane ATPase 1, the latter starting nearly
200 bp downstream of the MTA. Three genes corresponding
to indole-2-monooxygenase and an LRR receptor-like serine
threonine-kinase are nearby the marker AX-94879817 (chro-
mosome 6B). The SNP AX-94637067 (chromosome 2A) falls
within a putative serine threonine-kinase D6PK, while the
SNP AX-94444583 (chromosome 1A) is nearby a kinase-
interacting 1-like gene. Within the confidence interval of
AX-94661492 on chromosome 1B, only one high confidence
gene is annotated as trichome birefringence like, a family
of proteins mediating xylan acetylation, and the MTA falls
within its sequence.

For markers with ambiguous mapping, regions surround-
ing their alternative genomic positions were also inspected for
candidate genes. For the latter two markers, AX-94444583
and AX-94661492, the region surrounding their position on
chromosomes 1B and 1A, respectively, was also inspected. In
the first case, one gene with a kinase and interacting domain
is present near the marker, while only one annotated gene
was present in the interval of marker AX-94661492 on chro-
mosome 1A, and it corresponds to an O-acetyltransferase
involved in cell wall organization or biogenesis, a kind of
gene for which a role in response to diseases has been
previously documented (Gao et al., 2017). The four SNPs
markers (AX-94766528, AX-94430011, AX-94879817, and
AX-94427726) associated with resistance to race JRCQC
were consistently located at 670 Mb on chromosome 4A in
both durum and bread wheat genomes; therefore, this region
was also inspected to identify possible T. durum homologous
genes of candidates linked to stem rust resistance in WEW.
Between 668 and 673 Mb, several genes related to plant
reaction to diseases were found. Among them, some genes
annotated as Disease resistance protein RPM1 (669.5 Mb),
Calcium-binding EF-hand family protein (669.9 Mb), and
Mitogen-activated protein kinase (670.1 Mb) are located very
near the position of the markers.

4 DISCUSSION

4.1 A wide and representative WEW
collection

Wild emmer grows at many different latitudes and altitudes in
a discontinuous arc, from Israel to Western Iran, thus coping
with a wide range of ecological conditions of temperature and
water availability. A large ex situ collection has been estab-

lished that both encompasses the two phylogenetic lineages
of wild emmer previously recognized and includes accessions
originating from all countries of the Fertile Crescent (WEW-
GB collection). This work reports about its characterization
for genetic diversity based on a high-density genotyping SNP
dataset and its effective use for mapping stem rust resistance
loci by GWAS.

In the literature, other complete wild emmer collections
have been reported in studies related to wheat origin and
domestication (i.e., Luo et al., 2007; Oliveira et al., 2020;
Ozkan et al., 2005), while Ren et al. (2013) assessed 25 Turk-
ish and Israeli wild emmer populations for genetic diversity
and its relationship with ecological factors. Recently, a col-
lection of wild and related tetraploid wheats of the Wheat
Genetics Resource Center (WGRC) gene bank including both
T. turgidum and T. timopheevii species was characterized
for genetic diversity based on high-density genotyping by
sequencing (GBS) technology to create a reference core set
(Yadav et al., 2023). Although being quite large (around
900 accessions), this collection included only one accession
from Iraq and none from Iran, two countries that showed to
host wild emmer populations with specific genetic charac-
teristics. Then, a small collection of Israeli accessions was
used to prove effectiveness of GWAS mapping for resis-
tance loci to yellow rust in WEW (Sela et al., 2014). Tene
et al. (2022) conducted a GWAS analysis for adult plant
resistance using GBS markers on 188 Israeli accessions of
WEW. These collections were therefore either complete but
characterized through a low number, although multi-allelic,
molecular markers or extensively genotyped but not complete.
Indeed, panels including only Israeli accessions or without an
effective number of accessions originating from Iran and Iraq
cannot be considered representative of all countries hosting
WEW. The WEW-GB collection did not include accessions
from Jordan; however, wild emmers from this country were
generally reported to cluster or to be very similar to Syrian
and Israeli accessions (Mazzucotelli et al., 2020; Ozkan et al.,
2005; Yadav et al., 2023), which are well represented in the
present collection. Therefore, the WEW-GB panel can be con-
sidered one of the most complete collections of wild emmer
characterized so far.

Both low- and high-resolution stratification analyses were
conducted on the WEW-GB collection. Insights confirmed
that wild emmer genetic patterning is related to a first subdi-
vision in the two known northern and southern lineages and
further to the specific geographic origin of the accessions,
as indeed previously shown by genetic structure analysis
based on AFLP and RFLP markers (Luo et al., 2007; Ozkan
et al., 2005), and more recently on SNP (Ren et al., 2013).
Despite similar size and composition, the number of popu-
lations identified by genetic analysis in the different studied
collections ranged from four or five (Ozkan et al., 2005;
Ren et al., 2013) to nine (Luo et al., 2007). This is in
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general agreement with the six to 11 populations recog-
nized by our low-resolution stratification analyses through
multivariate and Bayesian clustering methods (DPCA and
STRUCTURE, respectively). Indeed, despite different statis-
tics, these methods could not clearly identify a critical K
value to define the number of populations (Figure S2), as
also reported by Ren et al. (2013). Nevertheless, our high-
resolution analysis through ADMIXTURE clustering was
able to identify up to 18 populations, which in most cases have
well-defined and small geographic boundaries.

The clusters defined by Ozkan et al. (2005) and Luo et al.
(2007) mostly correspond to the populations and clusters we
defined based on STRUCTURE and DPCA. Thus, the two
Turkish mountain regions of Kartal-Karadağ and Karacadağ
host two populations genetically distinguished by both our
analysis (cluster 3 and cluster 4, respectively) and by Ozkan
et al., 2005 (group I and II, respectively). Similarly, our sep-
aration of the Iraqi Sinjar population (Population 7 at K = 8,
and ADMIXTURE pop 11) from the Iraqi and Iranian acces-
sions originating from Zagros mountain range (Population 4
at K = 7, and ADMIXTURE pop 12—IN/IQ-Zagros) con-
firmed the distinction found by Ozkan et al. (2005, and further
confirmed in Ozkan et al., 2011) between groups IIIʹ and
III, respectively, and also the higher genetic similarity of the
IN/IQ-Zagros population with the Turkish Karacadağ clus-
ters than with the Iraqi population from the Sinjar mountain
range, despite a higher geographic distance. These results
were instead in contrast with findings from Luo et al. (2007),
which showed more close relations between the two Iraqi
populations and a greater distance with Turkish accessions.
Noteworthy, our results also indicated an admixture of the Sin-
jar’s and Kartal’s populations between the two wild emmer
lineages, never reported in previous analysis of wild emmer
diversity. In other cases, differences between stratification of
the different collections can be related to the different occur-
rence of accessions from some specific subpopulations or
geographic areas. For instance, Luo et al. (2007) defined a
cluster of 13 accessions showing spike morphology traits cor-
responding to those of the judaicum wild emmer race. In our
case, only one accession in addition to Zavitan was included in
the present collection, thus impairing to define an individual
cluster.

Notably, high genetic differentiation between populations,
more evident in the northern lineage (i.e., Pop 4, 8, and 6),
combined with low (i.e., Pop 2 and 15) or very low (i.e.,
Pop 5 and 13) gene diversity within the populations is a spe-
cific feature of the WEW-GB collection. This could suggest
that adaptation to specific environmental conditions, com-
bined with limited contacts between populations, might have
shaped the structure of natural wild emmer populations. A
sharp local differentiation associated to ecological, climate
factors and irrespective of geographic separation was already
reported for wild emmer, with even microenvironmental vari-

ations between populations at the same site (Li et al., 2000;
Ren et al., 2013; Zhang et al., 2018). Consequently, stratifica-
tion in wild emmer collections strictly depends on microscale
level of accession sampling within its patchy distribution,
beside the resolution achievable by the specific clustering
method. This evidence has strong implications for ex situ con-
servation of wild emmer diversity. As for this evidence, the
WEW-GB panel being genetically characterized and widely
representative of wild emmer geographic distribution is an
interesting resource for its effective conservation as well as
for its utilization in prebreeding programs.

4.2 Resistance to stem rust in WEW

A low frequency of stem rust resistance in wild emmer was
previously reported, in contrast with the higher frequency
of yellow rust resistance, and mostly localized in the north-
ern part of Israel (Huang et al., 2016). Similarly, from 4%
to 10% of the accessions of the WEW-GB collection were
moderate to highly resistant depending on the Pgt race. This
indicates that rare but valuable resistance genes to stem
rust can be identified in wild emmer. Low ITs were mostly
found against TTKSK, while moderate resistance was com-
mon against races JRCQC and TRTTF, as already shown in
a previous characterization of a tetraploid wheat collection
against stem rust races (Saccomanno et al., 2018). Of great
interest are accessions that carried resistance to different Pgt
races. GWAS allowed to map most of their resistance loci.
For instance, in the accession DIC199, which showed resis-
tance phenotype against all six tested Pgt races, four resistance
loci were mapped (two for TRTTF and JRCQC, and one
each for the other two races tested in GWAS, TTTTF, and
TTKSK). Analogously, accession DIC101, which was resis-
tant to all Pgt races but TPMKC, carried the resistant alleles to
all MTAs associated to JRCQC and TTKSK, and at the locus
AX-94530330 for resistance against TKTTF and TTTTF.

Most of resistant lines belong to the southern lineage, sug-
gesting that environmental conditions of the geographic areas
where this wild emmer type naturally occurs are more favor-
able to stem rust pathogen and thus promoting the evolution
and maintenance of plant resistance. In a similar vein, the dis-
tribution of resistance genes in relationship with the Pgt race
specificity was not homogeneous among the different pop-
ulations defined by ADMIXTURE, with some populations
carrying resistance to different Pgt races. Most of the resis-
tant lines originated from Rosh Pinna and Kazrin in northern
Israel and from Bat Shelomo, which is closer to the Mediter-
ranean shore. The nonhomogenous geographic distribution of
plant resistance genes could be related to differential adap-
tation to specific local environmental factors of Israeli Pgt
races present in the different wild emmer sampling sites and
having similarities with Pgt race tested in the present study.
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For instance, no resistance to JRCQC race was found in lines
originated from Kazrin, while low ITs were scored against
JRCQC only in Pop 17. However, more research for charac-
terizing local Israeli Pgt races would be necessary to confirm
this hypothesis.

Having effective sources of resistance in adapted genetic
backgrounds represents a great advantage in breeding. Indeed,
a resistance locus from wild accessions could be linked to
deleterious alleles or might be ineffective upon introgres-
sion into a very different genomic background. Nevertheless,
many effective resistance genes are needed by breeders to
counter the continuing evolution of new virulence determi-
nants in the pathogen, and wild together with domesticated
gene pools represent a wider source of new and effective resis-
tant genes/alleles compared to elite cultivars. Further studies
are needed to elucidate the genetic basis of the resistance
found in WEW accessions. Crossing them to a completely
durum susceptible genotype represents a first step in the
strategy to dissect this trait.

4.3 Effective association mapping in WEW
and novel loci for resistance to Pgt

The fast LD decay of wild species might facilitate high map-
ping resolution of loci, but it can also affect the effectiveness
of genome-wide association mapping to retrieve useful vari-
ability from crop wild relatives. Indeed, a low-range LD
requires high genotyping density up to genome resequenc-
ing to fully mine genome variation in the wild species. Thus,
only three studies, two with yellow rust resistance (Sela et al.,
2014; Tene et al., 2022) and the other on heading date (Stre-
jckova et al., 2023), have demonstrated association genetics
to be an effective strategy for mapping traits in wild emmer.
Our collection was assessed for LD decay, as this is a criti-
cal parameter affecting the resolution achievable in GWAS.
Fast LD decay was expected as previously showed for rela-
tives of other self-pollinated crop species such as Hordeum
vulgare subsp. spontaneum (Morrell et al., 2005), Oryza rufi-
pogon (Li et al., 2009), and Glycine soja (Zhou et al., 2015).
In our collection, LD decayed within 126 kb, on a genome-
wide average, a value close to the 195 kb previously reported
for wild emmer based on a dataset of 17,340 nonredundant,
genetically, and physically mapped SNP (Maccaferri et al.,
2019). However, at the intralocus level, the analysis of the
wild emmer homologous to the bread wheat disease resis-
tance gene Lr10 in a small panel of wild emmer populations
from Israel showed even faster LD decay (1–2 kb) (Sela et al.,
2011). Genome resequencing of a large representative panel
might allow to fully assess the LD pattern of this wheat
relative.

The genotyping density of the WEW-GB collection is not
perfectly suitable with respect to the low range of LD decay;

thus, a mapping strategy based on GWAS could not be exhaus-
tive of the full genome variation. However, the significance
of MTAs of single-locus association models should not be
affected. Thus, in this work, we were able to identify eight
significant MTAs based on a high stringent threshold of sta-
tistical significance. Since resistant genotypes were rare in the
northern lineage, association analysis was conducted only on
the southern genotypes, which also removed possible effects
of population structure. The eight significant MTAs were on
chromosomes 1A, 1B, 2A, 4A, 5B, 6B, and 7A and three
of them are associated with resistance to two different races
(Table 3). The comparison between these loci and previ-
ously reported ones was done by using Svevo v1 genome
as common framework. Notably, markers AX-94444583 and
AX-94661492 were both associated with resistance to two
races, TTKSK and JRCQC, but with higher percentage of
explained phenotypic variation against the latter race. The
most probable locations of these markers were on chromo-
somes 1A (AX-94444583) and 1B (AX-94661492) based on
BLAST searches of marker sequences against the Zavitan v2
genome (File S2). On the basis of the position on the Svevo v1
genome, the region corresponding to AX-94444583 (43.1 Mb
on chromosome 1A) may be novel, since no resistant loci were
previously mapped in the proximity. Also considering the high
percentage of explained variation, this marker might represent
a useful tool to transfer the Pgt resistance gene to prebreeding
lines. The marker AX-94661492 (37.8 Mb on 1B of the Svevo
genome) maps very close to an MTA previously identified
at 36.9 Mb based on field phenotyping upon natural inocu-
lum of a collection of T. durum genotypes (Letta et al., 2013).
Marker AX-94479993 mapped to the short arm of chromo-
some 2A, at 23.4 Mb on Svevo genome, in a region where Pgt
resistant loci were previously identified at the seedling stage
for races TRTTF, TTTTF, and TTKSK (Letta et al., 2014—
21.3 Mb) and at the adult stage in field with a mix of five Pgt
races (TTKSK, TKTTF, JRCQC, TTTTF, and TRTTF) in a
durum wheat collection (Megerssa et al., 2020—21.0 Mb).
This region could therefore contain different race-specific
resistance genes/alleles, or loci conferring broad resistance.
This locus, if unique in this chromosome region, could have
originated very early during wheat evolution, as it has been
identified in both wild and durum wheat.

Other markers corresponding to putatively novel resis-
tant regions are AX-94637067, mapped to chromosome 2A
(646.4 Mb on Zavitan v2 and 637.8 Mb on Svevo v1
genomes), and AX-94430011, for which only the BLAST
against the Svevo genome gave results with the first hit at
670.1 Mb. For marker AX-94879817, associated with resis-
tance to race JRCQC on chromosome 6B (35.4 and 28.8 Mb
on Zavitan v2 and Svevo v1 genomes, respectively), some
correspondence was found with MTAs previously identi-
fied at 30.6 and 31.3 Mb and reported again by Megerssa
et al. (2020). More complicated is the analysis of marker
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AX-94766528. It was mapped to chromosome 7A of Zavi-
tan v2 genome, while two different hits were found on Svevo
v1 genome: one on chromosomes 4A (670.3 Mb, E-value
1 × 10−28 and percentage of identity 98.59; File S2), and the
other on 7A (43.7 Mb, E-value 4 × 10−25 and percentage of
identity 95.77), with the former chromosome being the best
hit. This BLAST result is due to the presence of a chromo-
somal translocation between these regions of long arm of 7A
and short arm of 4A, which is well documented also at the
genomic level in both durum wheat and WEW (Avni et al.,
2017; Maccaferri et al., 2019). The different result between
Svevo v1 and Zavitan v2 genome regions could be due to
small differences in the extension of the translocation in the
two species. Associations with Pgt reaction have been pre-
viously mapped to chromosome 7A at 40–54 Mb in durum
wheat following infection with races TRTTF and TTKSK in
controlled conditions (Letta et al., 2014) and artificial inoc-
ulation in the field with a mix of five races (Megerssa et al.,
2020). Given the consistency of the position of the four SNPs
markers (AX-94766528, AX-94430011, AX-94879817, and
AX-94427726) in durum and bread wheat, the region at
670 Mb on chromosome 4A was also considered, and no cor-
respondence was identified with resistance loci previously
published. If confirmed on chromosome 4A, such a locus
could be therefore novel.

5 CONCLUSIONS

This work characterized the genetic diversity of a comprehen-
sive ex situ collection of WEW (WEW-GB) that represents a
worth germplasm resource to mine the genetic diversity for
important genetic traits. As a proof of concept, the collection
was proven to be effective to identify genetic determinants of
major genes for stem rust resistance by association mapping.
Future resequencing initiatives of wild emmer germplasm will
maximize the potential of mapping of association genetics and
hasten the cloning of agriculturally valuable genes.
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