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GENERAL INTRODUCTION

1 General introduction

1.1 Durum wheat production and importance

Durum wheat (Triticum turgidum ssp. durum (Desf.) is the 10th most important crop worldwide with an
annual production of 37 million tons (Ranieri, 2015; Taylor and Koo, 2015; FAO, 2018). It was
domesticated between 12,000 and 10,000 years ago in the West Levantine from wild emmer (Triticum
turgidum ssp. dicoccoides). These regions include countries like Israel, Jordan, Syria, Lebanon, eastern
Turkey, western Iran, and northern Irag (Ozkan et al., 2010). Then, secondary domestication, i.e. from
emmer to naked forms and durum wheat (Triticum turgidum ssp.durum) followed (Gioia et al., 2015).
The allotetraploidization event took place after a cross between the two diploid species: T. urartu
(genome AA) and an unknown close relative of Aegilops speltoides (genome BB) (Marcussen et al.,
2014). Consequently, durum wheat has an allotetraploid genome (AABB, 2n = 4x = 28, seven
homoeologous groups with 12 gigabases genome size) (Borrill et al., 2015). It is predominantly a self-
pollinated species and during flowering, the flower generally remains closed (cleistogamous flower), and
the three anthers burst and release pollen (anthesis) (deVries, 1971). Durum wheat is the primary wheat
for pasta and semolina production and the second most cultivated wheat after bread wheat (Triticum
aestivum L.) for human consumption and commercial production (Oliveira et al., 2012). Durum wheat
accounts from 5% (Haugrud et al., 2023) to 8% of the total annual wheat production (FAO, 2018). In
Ethiopia, wheat (both bread and durum) is produced by around 4.62 million households with an estimated
land area of 1.7 million hectares and a mean national yield of 2.7 t/ha (CSA, 2018). From this, durum
accounts for 0.6 million hectares (Kabbaj et al., 2017; Alemu et al., 2019). In Ethiopia, durum wheat is
not only a staple crop for food security but also is becoming a major cash crop having 10 to 20% extra
prices compared to bread wheat (Sall et al., 2019). Even though there is over 10 million ha of land
suitable for wheat production, wheat acreage in Ethiopia is only 1.7 million ha (CSA, 2018) and the
country still imports wheat to meet the national wheat demand (for food and industry). Despite the
availability of fertile soil in the lowland areas of the country, these places are prone to drought stress.
Drought stress is one of the major limiting factors for the expansion of the production of wheat from the
traditionally highland areas to the lowland areas. On the other hand, in Ethiopia, only less than 1% of
cereal acreage is irrigated (Taffesse et al., 2011; Mann and Warner, 2017) leaving the country’s
agriculture very much dependent on rain. Hence, research on drought-resistant wheat varieties is vital to
expand wheat production to drought stress areas and is also important to combat the recurrence of drought

in the major wheat-growing highland areas in Ethiopia.
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1.2 Impact of drought stress on wheat production

Drought in agriculture refers to a water deficit in the root zone of plants and results in productivity
reduction during the crop life cycle (Ji et al., 2010). Drought is considered the most destructive abiotic
factor influencing the growth of crop plants leading to the maximum reduction in wheat productivity
(Kang et al., 2009; Farooq et al., 2012). Drought affects more than 42% of the worldwide wheat
production area (Kosina et al., 2007). Due to the existing climate change, it is assumed that by the year
2025, around 1.8 billion people will face absolute water shortage and 65% of the world’s population will
live under drought stress environments (Nezhadahmadi et al., 2013). A study based on a published meta-
analysis indicated that drought stress reduces wheat yield by more than 30% (Zhang et al., 2018). Durum
yield was reduced by 60% under serious drought stress compared to the yield potential (Sukumaran et al.,
2018).

Ethiopia is one of the world's eight major Vavilovian centers of origin and diversity for crop plants and a
major durum wheat producer in sub-Sharan Africa (SSA) (Vavilov, 1951; Kabbaj et al., 2017; Sall et al.,
2019). However, its production is fully dependent on rain, which is erratic and unpredictable, particularly
in the low-altitude areas of Ethiopia (Simane et al., 1994). For instance, Ethiopia currently harvests crops
from 14 million out of 51.3 million hectares of potentially arable lands (Tsegaye, 2017; CSA, 2018). This
is mainly due to drought stress and lack of irrigation facilities among other production constraints.
Therefore, the identification of genes or genomic regions associated with drought tolerance in durum
wheat landraces has paramount importance in expanding its production to the untapped drought-prone
production areas. Further, this could allow using the drought-resistant genotypes in wheat improvement

programs.

Genetic diversity is a base to identify drought-resistant genotypes and helps to overcome the effects of
drought (Van Oosten et al., 2016). The genetic variability of wheat germplasm can be explored for
drought tolerance from its centers of origin and diversity, within wild relatives, and from landraces (Nevo
and Chen, 2010; Dvorak et al., 2011; Dodig et al., 2012). Drought tolerance is a complex trait, which is
controlled by numerous genes mostly with minor effects (Bernardo, 2008; Gupta et al., 2017). However,
the current high throughput technologies to carry out precise phenotyping and dissection of the wheat
genome through transcriptomics, proteomics, metabolomics, genotyping, SNP chip assays, and
bioinformatics software put optimism to identifying drought-resistant wheat genotypes (Mwadzingeni et

al., 2016). Hence, the huge genetic diversity in Ethiopia durum wheat landraces identified in the current
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study (Negisho et al., 2021) and previous research reports (Mengistu et al., 2015; Mengistu et al., 2016;
Alemu et al., 2020) could be a potential gene pool for national and international wheat improvements.

1.3 Drought tolerance mechanisms

Drought tolerance is defined as a crop mechanism causing minimum loss of yield in a drought stress
environment relative to the maximum yield in optimum moisture management (Khanna-Chopra and
Singh 2015). Subsequently, drought-resistant crops have developed strategies to survive and reproduce
under drought stress conditions (Fleury et al., 2010; Santana-Vieira et al., 2016). Drought avoidance and
drought tolerance are the two major components, which are different but mutually unexclusive
mechanisms by which crop plants achieve adaptation to drought stress (Lawlor, 2013; Blum and
Tuberosa, 2018). Dehydration avoidance is focused on the maintenance of plant growth and productivity,
whereas dehydration tolerance is focused on plant survival, especially during prolonged drought periods
(Verslues et al., 2006). Dehydration avoidance strategies in plants are a deep rooting system to access
water, solute accumulation, cell wall hardening, efficient use of available water, and matching rainfall by
life cycle modification (Santana-Vieira et al., 2016). Survival due to dehydration tolerance is expressed
by delayed mortality (mortality at a relatively low plant water status) and is affected by the resilience of
plant metabolism (Blum and Tuberosa, 2018). Dehydration tolerance involves mechanisms to avoid cell
damage caused by water loss, such as the synthesis of osmoprotectant proteins and solutes, metabolic
changes, and detoxification of reactive oxygen species (ROS) (Verslues et al., 2006). Under drought
stress, plants adapt to survive through the induction of various morphological, physiological, biochemical,

and molecular mechanisms (Abobatta, 2019).

Morphological responses of wheat to drought stress are via above ground: grain yield, plant height,
biomass, leaf (area, extension, size, number, and longevity), and below ground; root (extension, dry
weight, density, and length), and root to shoot ratio displays that drought can affect vegetative and
reproductive stages (Nezhadahmadi et al., 2013). Agronomic traits for improving drought tolerance
include early heading, anthesis and maturity, and root system architecture. Similarly, some of the
physiological parameters for drought tolerance are relative water content (RWC), canopy temperature
(CT), and normalized difference vegetative index (NDVI) (Bapela et al., 2022). Hence, ideotype selection

and breeding with desirable agro-morphological traits can potentially improve drought tolerance in wheat.
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Drought causes physiological and biochemical responses, and drought tolerant wheat cultivars maintain
physiological functions at low plant water status and quickly recover once the stress is removed ensuring
sustainable crop production under drought stress (lIzanloo et al., 2008; Abid et al., 2018). Therefore,
physiological and biochemical responses to drought are useful for evaluating drought-tolerant wheat
genotypes (Kadam et al., 2018; Dong et al., 2018). These genotypes accumulate a higher concentration of
biochemicals such as free proline, glycine, betaine, total sugars, and potassium. A higher concentration of
these solutes gives an advantage to wheat plants to tolerate drought stress (Liu et al., 2015; Muhammad et
al., 2016; Abid et al., 2018). Under drought stress, the photosynthesis rate shows a direct relationship with
wheat grain production due to a reduction in the stomatal opening, which results in a low amount of CO,
fixation, which leads to a reduction in photosynthetic amount (Mafakheri et al., 2010). The lowered
photosynthetic rate is an outcome of inhibition in RuBisCO (ribulose-1, 5-bisphosphate
carboxylase/oxygenase) enzyme activity under drought stress conditions (Dulai et al., 2006). The
osmoregulation mechanism plays a remarkable role in preserving turgor pressure for soil water absorption
and continuing to plant metabolic activities for its survival (Bilal et al., 2015). In drought-tolerant, higher
cell-membrane stability protects the plant from ROS that causes a decrease in membrane stability due to
the production of lipid peroxidation (Sofy et al., 2021). Therefore, physiological responses to water stress,
including chlorophyll content, closure of stomata and decrease in the photosynthesis rate, development of
oxidative stress, alteration in the integrity of cell wall, and production of metabolites play a crucial role in

wheat drought stress adaptation.

In crop plants, significantly accumulated metabolites under drought stress are considered key metabolites
and are correlated with potential biochemical pathways, enzymes, or gene locations for a better
understanding of the tolerance mechanisms (Ullah et al., 2017). Plants accumulate biochemicals when
exposed to various kinds of stresses, including drought stress (Khamssi, 2014). It has been associated
with several osmoprotectant roles, including osmotic adjustment (Zadehbagheri et al., 2014), membrane
stabilization (Hayat et al., 2012), and gene signaling to activate anti-oxidizing enzymes (Kadam et al.,
2018). In the course of adaptation to stress environments, plant hormones regulate diverse processes in
plants, which enable adjustment to stresses. Drought signaling gene expression is categorized into
abscisic acid (ABA) dependent and ABA-independent pathways as ABA accumulation is the first step of
defense against drought stress (Budak, et al., 2013). ABA is translocated from roots to leaves and is
involved in the alteration of guard cell ion transport, regulates stomatal closure, reduces water loss, and
inhibits plant growth (Wilkinson and Davies, 2010). Auxin is another important phytohormone, which is
known as a negative regulator of drought tolerance in crop plants. In wheat leaves, drought stress

tolerance is accompanied by a decrease in indole-3-acetic acid (IAA) content (Xie et al., 2003). In
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summary, wheat responds to drought stress with a wide range of modifications leading to changes at the
morphological, cellular, physiological, biochemical, and molecular levels (Lopes and Reynolds, 2011;
Kadam, 2015).

1.4 Genetic markers

A genetic marker is a polymorphism in the DNA sequence which is linked to a gene of interest. The two
categories of genetic markers used in genetics and plant breeding are classical genetic markers and DNA
or molecular markers (Xu, 2010). Classical markers include morphological markers, cytological markers,
and biochemical markers. However, the availability of classical markers is limited, and many of these
markers are not associated with important economic traits, such as grain yield and quality (Jiang, 2013).
DNA markers are a small region of the DNA sequence showing polymorphisms due to deletion, insertion,
and substitution between different individuals or populations (Teama, 2018). DNA markers are closely
linked to the target gene and act as a sign or a flag for the respective gene (Collard et al., 2005). Owing to
the invention of polymerase chain reaction (PCR), DNA markers have got a wide application (Mullis,
1990). Some of the known molecular markers are simple sequence repeats (SSRs), diversity arrays
technology (DArT), and single nucleotide polymorphisms (SNP) (Jiang, 2013). Simple sequence repeats
(SSRs) are co-dominant markers that have been widely used for QTL mapping (Landjeva et al., 2007).
Despite their low statistical power compared to the co-dominant markers, dominant markers such as
amplified fragment length polymorphisms (AFLPs) and randomly amplified polymorphic DNAs
(RAPDSs) have been used successfully in QTL mapping (Abdurakhmonov and Abdukarimov, 2008). In
many crop species, the development of different sequencing technologies has allowed the discovery of
several-fold greater numbers of SNPs than DArT markers (Poland and Rife, 2012). In wheat, despite the
large genome size (17 gigabases) and hexaploid nature (AABBDD) of bread wheat and 12 gigabases and
tetraploid nature (AABB) of durum wheat (Birrill et al., 2015; IWGSC, 2018) accurate and reliable
methods have been developed to perform high-throughput genotyping to identify SNPs (Cavanagh et al.,
2013). Several high-density wheat SNP arrays were developed from various mapping populations. For
instance, a hexaploid wheat consensus genetic map with 7,504 SNP markers was generated from Wheat
9k SNP arrays (Cavanagh et al., 2013). Wang et al. (2014) mapped 46,977 SNPs from the Wheat 90K
array to the hexaploid wheat genetic map using a combination of eight mapping populations. A high-
density tetraploid wheat consensus genetic map with 26,626 SNPs was generated using the wheat 90K
array (Maccaferri et al., 2015) by integrating 13 independent bi-parental data sets of mapping populations.
A hexaploid wheat consensus map with 56,505 SNPs markers was generated using the Wheat 820K array

from three independent biparental populations (Winfield et al., 2016). Most recently, a high-density wheat
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genetic map, which was based on an individual mapping population using the Affymetrix Wheat 660K
SNP array has been developed for hexaploid wheat (Cui et al., 2017). This has increased the chances to
identify genomic regions to explain quantitative traits in complex genomes (Poland and Rife, 2012; Sabiel
et al.,, 2017). SNPs are generally more abundant, stable, amenable to automation, efficient, and cost-
effective than other forms of genetic markers, and SNPs can be individually responsible for phenotypic
expression of a trait or linked to causative SNPs (Langridge and Fleury, 2011). In general, molecular
markers are segments of DNA associated with important traits and can be used by plant breeders as
selection tools for genetic diversity analysis, genetic mapping, and marker-assisted breeding (Hossain et
al., 2018).

Linkage disequilibrium (LD) is a non-random association of alleles at two or more loci (Slatkin, 2008).
The magnitude of LD and its decay with genetic or physical distance determine the resolution of
association mapping and are useful to assess the desired numbers of SNPs (Vos et al., 2017). It is
assumed that, in the absence of selection, mutation, or migration, polymorphic loci stay in linkage
equilibrium (Falconer and Mackay, 1996). In contrast, linkage, selection, and admixture will increase LD
(Flint-Garcia, 2003). Therefore, LD has been exploited to see what has happened to a population since
LD is affected by the breeding history, selection, genetic drift, and mutation (Hartl and Clark, 1997;
Slaktin et al., 2008. The magnitude of LD and its decay with genetic or physical distance determines the
resolution of association mapping and is useful for assessing the desired numbers of SNPs on arrays (Vos
etal., 2017).

Association mapping is a powerful tool for the detection of QTL through the exploitation of the
differential decay of LD between marker loci and genes of interest in natural and domesticated
populations (Laido et al., 2014). Strong LD is expected between loci in tight linkage, while recombination
eliminates LD between unlinked loci (Breseghello and Sorrells, 2006). There is a difference in LD decay
between self-pollinating and outcrossing plants due to differences in recombination events. In self-
pollinated crop species such as durum wheat (Maccaferri et al., 2005) and barley (Kraakman et al., 2004)
LD decay is at a large distance (up to 20cM). Whereas, in cross-pollinated species like maize the LD
decay is at a short distance (100-1500 bp) (Remington et al., 2001). The lower number of effective
recombination events in self-pollinated crops bestow to the longer distance LD decay compared to cross-
pollinated crops. LD decay is determined as the intersection point of the locally weighted polynomial
regression (LOESS) curve with the critical r2 value. The critical r* for LD decay was determined by
values of 0.2, which is considered the minimum threshold for a significant association between pairs of
loci and to describe the maximum genetic or physical distance at which LD is significant (\Voss-Fels et
al., 2015).
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1.5 Genome wide association studies (GWAS) and QTL detection

Genome-wide association study identifies the association between hundreds of thousands of genetic
variants (SNPs) and a given phenotypic trait (Challa and Neelapu, 2018; Tam et al., 2019; Uffelmann et
al., 2021; Yu et al., 2006). Genetic diversity, high statistical power, low probability of Type | error, use of
covariates, and high resolution are the keys to success in GWAS (Xu et al., 2017; Wang and Xu, 2019).

In the unified linear mixed model Yu et al. (2006), both population structure (Q) and family relatedness
(K) are simultaneously considered as covariates. Hence, this model accommaodates both fixed and random
effectsas: Y = X+ Sa + Qv + Zu + e Where: Y is a vector of phenotypic observations; f is a vector
of fixed effects other than marker or population structure; o is a vector of marker effects; u is a vector of
random polygenic background effects; e is a vector of residuals; Q is a matrix from structure relating v to
Y; and X, S, and Z are incidence matrices of 1s and Os relating y to B, o and u, respectively (Yu et al.,
2006). Quantitative trait loci analyses have been carried out in cereals to unravel the genetic basis of grain
yield and the morphophysiological traits known to determine yield under non-stress and stress conditions.
For instance, grain yield is a major goal for the improvement of durum wheat, particularly in drought-
prone areas. Studies identified QTLs using SSR markers, for example, Maccaferri et al. (2008) reported
that two major QTL on chromosomes 2BL and 3BS that showed significant effects on grain yield tested
across a wide range of water availability. Kadam et al. (2012) identified consistent QTL with a positive
effect on grain yield under drought stress in hexaploid wheat on chromosome 4B. Similarly, Tahmasebi et
al. (2016) used a recombinant inbred line population to map QTLS using SRRs under well-irrigated, heat,
drought, and a combination of drought and heat stress conditions.

Several GWAS studies revealed QTLs associated with different traits in wheat. For instance, in durum
wheat, quantitative trait loci (QTLs) were detected under drought stress for grain yield on chromosomes
1A, 4A, 5B and 7B, and days to heading (DH), days to maturity (DM) as well as thousand-kernel weight
(TKW) and for seeds per spike (SPS) on chromosome 2B (Sukumaran et al., 2018; Mengistu et al., 2016).
QTLs for different biotic stresses in Ethiopian durum wheat using GWAS were revealed for yellow rust
resistance (Alemu et al., 2021), septoria resistance (Kidane et al., 2017), grain shape and color (Alemu et
al., 2020), strip rust resistance (Liu et al., 2017), as well as stem rust resistance (Letta et al., 2013),
suggesting the potential that exists in this gene pool. Similarly, GWAS was applied to identify QTLs for
drought indices that were derived from GY and agro-physiological traits as an alternative selection

approach to improve drought tolerance in wheat. Sukumaran et al. (2018) detected QTLs associated with
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drought indices (SSI, TOL, STI) calculated from grain yield (GY), thousand kernel weight (TKW), and

grain number in durum wheat. Likewise, Ballesta et al. (2020) identified QTLs associated with drought
indices (SSI, TOL, STI, and YSI) derived from grain yield (GY), TKW, and kernels per spike in bread
wheat.

Bapela et al. (2022) reported that the expression of genes such as GmDREB, HVAL, PEPC, and
TaSnRK?2.8 via backcrossing in wheat showed genetic improvement conferring drought tolerance as well
as improved biomass and water use efficiency. Introgression of the genomic regions linked with drought
tolerance traits, phenotypically showed superior performance for morpho-physiological and agronomic
traits over the recurrent parent (Todkar et al., 2020). Similarly, Placido et al. (2013) reported that gene
introgression from a wild wheat relatively improves drought adaptation in wheat. QTLs for drought
tolerance from wild emmer wheat were introgressed through marker-assisted selection, to improve
drought tolerance in elite durum (T. turgidum ssp.durum) and bread (T. aestivum) wheat cultivars
(Merchuk-Ovnat et al., 2016). Three of the introgressed QTLs were successfully validated, two in the
background of durum wheat cultivar Uzan (on chromosomes 1BL and 2BS), and one in the background
of bread wheat cultivars Bar Nir and Zahir (chromosome 7AS), imposing the potential of the detected

QTLs in marker-assisted breeding and selection for wheat breeding improvement.



GENERAL INTRODUCTION

1.6. Obijectives

Genome-wide association studies to investigate durum wheat study panel under drought stress and non-
stress conditions for marker trait associations (MTAS), Three years of data from four field sites in
Ethiopia were combined to represent moisture variants for the statistical analysis. The two moisture
variants were locations Dera and Melkassa as field drought stress (FDS) and Holeta and Debre Zeit as
field non-stress (FNS) variants. Similarly, a climate chamber experiment was conducted on selected
accessions from the study panel under two moisture variants at the Julius Kuehn-Institute, Federal

Research Centre for Cultivated Plants, in Quedlinburg, Germany.

The objectives of this study were.

1. To assess genetic diversity and population structure of 215 Ethiopia durum wheat landraces, 10
released durum wheat varieties, 10 advanced durum wheat lines from Ethiopia, and 50 CIMMYT
durum wheat lines using highly informative SNP markers (Publication 2.1).

2. To assess the correlation among traits and between the same trait tested under the field and
climate chamber (Publication 2.2).

3. To identify MTAs and quatitative trait loci (QTLs) for grain biomass and related traits under field
and climate chamber drought stress and non-stress conditions (Publication 2.2).

4. To identify drought tolerant as well as stable accessions from the durum wheat study panel
(Publication 2.3).

5. To detect MTAs and QTLs associated with drought indices derived from grain yield and traits

that were positively and strongly associated with grain yield under drought stress and non-stress

conditions (Publication 2.3).
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2 Original papers

This dissertation comprises three original papers in which the durum wheat study panel was investigated
using genome-wide association studies. Publication 2.1 (Negisho et al., 2021) reports on the genetic
diversity and population structure of the study panel. The study panel clustered into two subpopulations,
with high genetic variation within a population than between populations. Publication 2.2 (Negisho et al.,
2022a) and publication 2.3 (Negisho et al., 2022b) report on the investigation of marker-trait associations
and QTLs for grain biomass and highly correlated traits under drought stress and non-stress conditions,
and association mapping of drought tolerance indices, respectively. The correlation analysis for
contrasting drought stresses, between the same trait and among traits was assessed. The authors, titles,
publisher, volume, doi, and abstract are indicated the begning of each original paper. The suuplimentry

files are also attached as an index.
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Publication 2.1) Negisho, K., Shibru, S., Pillen, K., Ordon, F., & Wehner, G. (2021). Genetic
diversity of Ethiopian durum wheat landraces. PLoS ONE,16(2).
https://doi.org/10.1371/journal.pone.0247016.

Abstract

Genetic diversity and population structure assessment in crops are essential for a marker-trait association,
marker-assisted breeding, and crop germplasm conservation. We analyzed a set of 285 durum wheat
accessions comprising 215 Ethiopian durum wheat landraces, 10 released durum wheat varieties, 10
advanced durum wheat lines from Ethiopia, and 50 durum wheat lines from CIMMYT. We investigated
the genetic diversity and population structure for the complete panel as well as for the 215 landraces,
separately based on 11,919 SNP markers with known physical positions. The whole panel was clustered
into two populations representing on the one hand mainly the landraces, and on the other hand, mainly
released, advanced, and CIMMYT lines. Further population structure analysis of the landraces uncovered
4 subgroups emphasizing the high degree of genetic diversity within Ethiopian durum landraces.
Population structure-based AMOVA for both sets unveiled significant (p < 0.001) variation between
populations and within populations. Total variation within population accessions (81%, 76%) was higher
than the total variation between populations (19%, 24%) for both sets. Population structure analysis based
on genetic differentiation (Fst) and gene flow (Nm) for the whole set and the Ethiopian landraces were
0.19 and 0.24, 1.04, and 0.81, respectively indicating high genetic differentiation and limited gene flow.
Diversity indices verify that the landrace panel was more diverse with (I = 0.7, He = 0.46, uHe = 0.46)
than the advanced lines (I = 0.6, He = 0.42, uHe = 0.42). Similarly, differences within the landrace
clusters were observed. In summary, a high genetic diversity within Ethiopian durum wheat landraces was
detected, which may be a target for national and international wheat improvement programs to exploit

valuable traits for biotic and abiotic stresses.

Keywords: AMOVA, Gene flow, Genetic differentiation, Genetic diversity, Ethiopian durum wheat

landraces, population stucture.
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Veroffentlichung 2.1) Negisho, K., Shibru, S., Pillen, K., Ordon, F., & Wehner, G. (2021). Genetic
diversity of Ethiopian durum wheat landraces. PLoS ONE,16(2).
https://doi.org/10.1371/journal.pone.0247016.

Abstrakt

Die Bewertung der genetischen Vielfalt und der Populationsstruktur von Nutzpflanzen ist flr die
Assoziation von Markern und Merkmalen, die markergestitzte Selektion und die Erhaltung des
pflanzlichen genetischen Ressourcen unerlasslich. Wir analysierten ein Sortiment von 285 Hartweizen-
Akzessionen, darunter 215 &dthiopische Hartweizen-Landrassen, 10 freigegebene Hartweizen-Sorten, 10
fortgeschrittene Hartweizen-Linien aus Athiopien und 50 Hartweizen-Linien von CIMMYT. Untersucht
wurden die genetische Vielfalt und die Populationsstruktur fir das gesamte Sortiment sowie getrennt fur
die 215 Landrassen, auf der Grundlage von 11.919 SNP-Markern mit bekannten physischen Positionen.
Das gesamte Sortiment wurde in zwei Populationen gruppiert, die einerseits hauptséchlich die Landrassen
und andererseits hauptsachlich die freigegebenen, fortgeschrittenen und CIMMY T-Linien représentieren.
Eine weitere Analyse der Populationsstruktur der Landrassen ergab vier Untergruppen, die das hohe Mal3
an genetischer Vielfalt innerhalb der athiopischen Hartweizen-Landrassen unterstreichen. Die auf der
Populationsstruktur basierende AMOVA fir beide Gruppen ergab eine signifikante (p < 0,001) Variation
zwischen den Populationen und innerhalb der Populationen. Die Gesamtvariation innerhalb der
Populationen (81%, 76%) war bei beiden Sets hoher als die Gesamtvariation zwischen den Populationen
(19%, 24%). Die Analyse der Populationsstruktur auf der Grundlage der genetischen Differenzierung
(FST) und des Genflusses (Nm) fur das gesamten Sortiment und die athiopischen Landrassen betrug 0,19
und 0,24, 1,04 bzw. 0,81, was auf eine hohe genetische Differenzierung und einen begrenzten Genfluss
hinweist. Die Diversitatsindizes belegen, dass das Landrassen-Panel mit (1 = 0,7; He = 0,46; uHe = 0,46)
vielfaltiger war als die fortgeschrittenen Linien (I = 0,6; He = 0,42; uHe = 0,42). Auch innerhalb der
Landrassen-Cluster wurden Unterschiede festgestellt. Zusammenfassend wurde eine hohe genetische
Vielfalt innerhalb der athiopischen Hartweizen-Landrassen festgestellt, die eine Grundlage flir nationale
und internationale Weizenzuchtprogramme sein kdnnte, um wertvolle Eigenschaften zur verbesserten

Resistenz und Toleranz gegeniiber biotischen und abiotischen Stressfaktoren zu nutzen.

Stichworte: AMOVA, Genfluss, genetische Differenzierung, Genetische Vielfalt, athiopische

Hartweizen-Landrassen, Populationsstruktur.
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Introduction

Durum wheat [Triticum turgidum ssp. durum (Desf.) Husn.] was domesticated from wild emmer
(Triticum turgidum ssp. dicoccoides) to emmer (Triticum turgidum ssp. dicoccum) followed by secondary
domestication, i.e. from emmer to naked forms and durum wheat (Triticum turgidum ssp. durum) (Gioia
et al., 2015). The allotetraploidization event was involved after a cross between the two diploid species: T.
urartu (genome AA) (Konarev et al., 1976; Dvorak et al., 1988) and an unknown close relative
of Aegilops speltoides (genome BB) (Gill and Chen 1987; Kerby and Kuspira, 1987). Thus, durum wheat
has an allotetraploid genome (AABB genome, 2n = 4x= 28, seven homoeologous groups—13,000 M bp)
(Salamini et al., 2002). A high-density gene-associated SNP array was developed for the characterization
of polyploid wheat (Wang et al., 2014) and complemented with fully annotated high-confident genes
(IWGSC and Borrill, 2018). Maccaferri et al. (2014) developed the high-density tetraploid wheat
consensus map from data sets of durum wheat cultivars (Triticum turgidum ssp. durum), cultivated
emmer (T. Turgidum ssp. dicoccum) and their ancestor (wild emmer, T. Turgidum ssp. dicoccoides).
Recently, the reference sequence of the genome of cv. Svevo led to the identification of 66,559 high
confidence (HC) genes enabling genome-wide genetic diversity analyses in tetraploid durum wheat
(Maccaferri et al., 2019).

Durum wheat is one of the ten most important crops worldwide with an annual production of 37 million
tons (Kabbaj et al., 2017;) and Ethiopia is the major durum wheat producer in sub-Saharan Africa (SSA),
with a durum acreage of 0.6 million ha (FAO, 2015; Kabbaj et al., 2017; Sall et al., 2019). Durum wheat
is primarily used for pasta production, but in addition, it is used to make flour for leavened biscuits,
cookies, bio-fuel, and for fermentation to make alcoholic beverages such as beer and liquors (Tsegaye and
Berg, 2007). In the country, durum wheat nearly accounts for 15-20% of wheat production and 30% of
the whole acreage (Negassa et al., 2013; Alemu et al., 2019). Hence, it contributes about 18 to 20% to the
national wheat production (Tessema and Bechere, 1998; Teklu and Hammer, 2008). In Ethiopia, wheat
(both bread and durum) is produced by around 4.62 million households with an estimated land area of 1.7
million ha and a mean national yield of 2.7 t/ha (CSA, 2018). Traditionally, in Ethiopia wheat straw is
used as animal feed and as roof thatching material. This makes wheat biomass highly valuable in rural
communities. Thus, on top of high grain yield and environmental tolerance, in wheat-growing areas,
farmers also take into account those traits when selecting landraces.

The Ethiopian Biodiversity Institute (EBI) hosts more than 7000 landraces collected from durum wheat
growers for genetic conservation and the exploitation of genetic diversity (IBC, 2013; Mengistu et al.,
2016). Based on the genetic diversity analysis, Mengistu et al. (2016) reported high genetic variability in

Ethiopian durum wheat landraces. Kabbaj et al. (2017) have demonstrated that Ethiopian durum wheat
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landraces cluster separately from the durum of the International Center for Agricultural Research in the
Dry Areas (ICARDA), Centro Internacional de Mejoramiento de Maiz y Trigo (CIMMYT), and durum
wheat derived from other countries. Genetic diversity can be described as the degree of differentiation
between or within species. Existing intra and inter-specific differences are the base of all crop
improvement programs (Mengistu et al., 2015). Hence, genetic variation is an essential source of novel
and useful alleles to be selected by breeders for abiotic and biotic tolerance / resistance (Acosta-Gallegos
et al., 2007; Bhandari et al., 2017). It is supposed that allelic variation of genes originally found in wild
species, is gradually lost through domestication and breeding (Fu, 2017). Therefore, the narrowed or lost
allelic variation can be recovered by exploring e.g. landraces (Fu, 2017). Landraces are genetically
dynamic and are in equilibrium with biotic and abiotic stresses in the environments where they evolved
(Lopes et al., 2015; Mohammadi et al., 2015). Therefore, landraces that have adapted to their natural
environment over time (Brown, 2000; Reynolds et al., 2007; Acquaah, 2012) and can contribute to
favorable genomic regions for tolerance against abiotic stresses like drought.

Analysis of genetic diversity in populations is an important topic for breeding as well as conservation and
evolutionary genetics studies (Caballero and Toro, 2002; Jost et al., 2018). Expected heterozygosity (He)
or the genetic diversity index, which is derived from gene frequency data, is used to determine the genetic
variation within populations (Peakall and Smouse, 2006; 2012). Wright (1969), used the fixation index
(Fst) to estimate genetic differentiation among populations. Leinonen et al (2008) reported that Fsr
estimated from DNA markers provides a starting point to assess the strength of divergent selection on
guantitative traits. Gene flow (Nm), which is estimated through Fst is used to estimate the gene exchange
within a population and among populations (Hartl and Clark, 1997). Additionally, genetic diversity
indices provide useful information on genetic diversity. Genetic analyses, such as estimation of genetic
diversity and population structure, as well as genome-wide association studies and marker-assisted
selection procedures, are broadly undertaken by molecular markers (Eltaher et al., 2018). Single
nucleotide polymorphisms (SNPs) and simple sequence repeats (SSRs) are the most common molecular
markers in genetic studies (Rafalski, 2002; Kumar et al., 2012). Out of these, SNP markers provide an
increased resolution due to their high abundance (Acosta-Gallegos et al., 2007; Hyten et al., 2006;
Govindaraj et al., 2015). Additionally, the power of SNP markers in wheat recently elevated 100-fold
from 9K (Cavanagh et al., 2013) to 820 K (Winfield et al., 2016). In this study, we used a hybridization
array that includes about 90K SNPs, which was developed for genetic analyses in allohexaploid and
allotetraploid wheat populations (Wang et al., 2014; Maccaferri et al., 2019).

Up to now only a small part of the huge collection of durum wheat landraces hosted at EBI was
characterized using SSR (Haile et al., 2013; Teklu and Hammer, 2006; Asmamaw et al., 2019) and SNP

markers (Mengistu et al., 2016; Alemu et al., 2020). Therefore, our study aimed to assess the population
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structure and genetic diversity of 215 Ethiopia durum wheat landraces, 10 released durum wheat varieties,
10 advanced durum wheat lines from Ethiopia, and 50 CIMMYT durum wheat lines using highly

informative SNP markers.

Material and methods

Plant material

A total of 285 durum wheat accessions, hereafter designated as study panel (SP) were used for the
analysis of genetic diversity. The SP included 215 Ethiopian durum wheat landraces assigned as ETDWL,
10 released durum wheat varieties, 10 advanced durum wheat lines from Ethiopia, and 50 durum wheat
lines from CIMMYT (Table S1). The ETDWL was obtained from the Ethiopian Biodiversity Institute
(EBI, http://www.ebi.gov.et/). Landraces were selected based on the acreage in each seed source region
(origin). Thus, more samples were taken from major growing regions (Oromia and Amhara) and some
samples from minor growing regions. 105 ETDWL were sampled from Oromia, 88 from Amhara, 1 from
Benishangul Gumuz, 16 from Tigray, and 5 from South Nation Nationalities and Peoples (SNNP),
representing different seed sources (origin), seed collection zones, and geographic regions (Table S1).
Online ArcGIS software was used to map the landraces collection areas in Ethiopia,
https://www.arcgis.com/home/webmap/viewer.html, released version 10.8.1 July 2020 (Figure 1). For
the Ethiopian durum wheat landraces, GPS passport data were obtained from EBI and are provided in

Table S2. A self-created layer was used to map positional data.
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Figure 1. Durum wheat landraces collection areas in Ethiopia. GPS: Geographic position system,
Regions of seed origin: South Nation Nationalities and Peoples (SNNP, Light green), Benishangul
Gumuz (red), Oromia (green), Amhara (pink), Tigray (blue), Ethiopian boundary and geo-positions were
indicated. The mapping was performed using the online ArcGIS software suite vs. 10.8.1.

SNP genotyping

The durum wheat SP was grown in the greenhouse at Quedlinburg, Germany for 15 days under standard
growing conditions, i.e. 20 to 22°C during daytime and 17 to 19°C at night (Wehner et al., 2016) with an
automatic water supply. Genomic DNA was extracted from single plant fresh leaves following the mini-
prep DNA extraction protocol (Stein et al., 2008). Genomic DNA quality was checked by 1% gel
electrophoresis and DNA concentration measurement was conducted by NanoDrop® ND-1000
Spectrophotometer (Saveen Warner, Sweden). 50 ng of DNA per sample was used for SNP analysis using
the 90K iSelect chip (Illumina Inc., San Diego, USA). Genotyping was conducted by Trait Genetics,
Gatersleben (Germany). SNPs with a low minor allele frequency (MAF) are generally considered as rare
alleles with less power in detecting marker-trait associations (MTAS) and are prone to genotyping error
(Marees et al., 2017). Thus, SNPs with minor allele frequency (MAF) of < 5%, missing data > 10% and

heterozygosity > 12.5% were excluded from further analyses. Additionally, imputation was conducted

17



ORIGINAL PAPERS

using the software Beagle (Browning, 2008). Physical SNP positions were taken from the reference

sequence of durum wheat (IWGSC and Borrill, 2018) to construct a hapmap file for further analyses.
Population structure and genetic diversity analyses

Genotypic data were used to describe the genetic diversity within the durum wheat study panel. We
analyzed the population structure and genetic diversity of the ETDWL separately and compared this with
the population structure and genetic diversity of the SP. The underlying genetic population structure was
estimated with STRUCTURE 2.3.4 software (Evanno et al., 2005). SNP markers having high
polymorphic information content (PIC > 0.35) were selected across all durum wheat chromosomes (Table
S3). Hence, 10,000 burn-in periods followed by 100,000 Markov Chain Monte Carlo (MCMC) iterations
for K = 1 to 10 clusters were used to identify the optimal range of K with five replications per cluster for
the SP as well as for ETDWL. The optimal K-value was determined using the AK method (Pritchard et
al., 2000). DARwin 6.0.17 (Perrier et al., 2003) was used for molecular diversity analysis to get
information on genetic dissimilarity among populations and within populations. The neighbor-Joining
(NJ) algorithm of the genetic distances was determined according to Saitou and Nei (1987) and used to

create a phylogenetic tree.

Analysis of molecular variance (AMOVA) and genetic diversity indices

Genetic distance between populations was determined using Nei’s Genetic Distance (Nei, 1978) based on
the number of populations k. We run AMOVA, which allowed hierarchical partitioning of genetic
diversity among populations and within populations (Meirmans and Liu, 2018). Thus, AMOVA was
performed using GeneAlEx 6.503 (Peakall and Smouse, 2012). Additionally, the genetic differentiation
(Fst), which is defined as a standardized measure of the genetic variance among populations was
calculated to provide a measure of total genetic divergence between populations (Hartl and Clark, 1997).

Gene flow (Nm) among populations was calculated based on Fsr as:

1
Nm = |(557) 1] /4
In addition, Shannon’s Information Index (I) (Brown and Weir, 1983), expected heterozygosity (He),

unbiased heterozygosity (uHe), and the percentage of polymorphic loci (PPL) were calculated as follows:
I = —1=Y[Pix* Ln(Pi)],

He =1-3Pi*2, uHe = [-| + He.
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Where Pi is the frequency of its alleles for the population and };Pi*2 is the sum of squared population
allele frequencies and, PPL = Y Pi/N, where Pi is the proportion of loci polymorphic in a population and

N the number of populations.

Results

SNP analyses

After filtering, 11,919 SNPs were used for genetic analysis. These were continuously distributed across
the A and B genomes of durum wheat for the SP (Figure 2). In all cases, the B genome showed a higher
number of SNPs except for chromosome 7, for which 951 SNPs were detected on chromosome 7A and
911 SNPs on chromosome 7B. The lowest number of SNPs were detected on chromosome 4A (553) and
the highest SNP number was obtained for chromosome 2B (1237). Generally, in the current study, 58% of

the SNPs were located on the B genome and 42% on the A genome.
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Figure 2. Distribution of 11,919 filtered single nucleotide polymorphisms (SNPs) across the durum
wheat genome. Genome A and B are marked with red and blue colors, respectively.

Number of SNPs

Population structure

Population structure analysis for the durum wheat SP revealed AK at K = 2 i.e two populations hereafter
considered as Popl and Pop2 (Figure 3ABC, Table S1). Popl comprised 207 accessions. Of these, 206
accessions were from ETDWL and 1 from the durum wheat lines of Ethiopia. Regarding seed origin, the
number of accessions in Popl originated from Amhara (88), Oromia (97), SNNP(5), Tigray(16), and
Debre Zeit Agricultural Research Center (DZAR, 1) (Figure 3C). Pop2 constituted 78 accessions. Fifty
of the accessions in Pop2 were from CIMMYT, 19 from the group of the released and advanced durum

wheat lines of Ethiopia, and 9 were landraces. The landraces clustered in Pop2 were DW006, DW007,
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DWO008, DW020, DW039, DW143, DW185, and DW188 from Oromia, as well as DWO050 from Amhara
(Figure 3C, Table S1). Thus, the SP is mainly split into the ETDWL and advanced varieties.

A B Deltak = mean(|L"(K)]) / sd(L(K))
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Figure 3. Population structure analysis of the dUrum wheat SP. (A) Bayesian structure analysis, (B)
Structure harvester Evanno’s test AK at K = 2. (C) Neighbor Joining (NJ). Populations identified in
STRUCTURE based on Bayesian structure analysis are shown in red and green for Popl and Pop2,
respectively.

Ethiopian durum wheat landraces (ETDWL) comprise accessions collected from major wheat-producing
regions of the country (Oromia, Amhara, Tigray, and SNNP) (Figure 1, Table S1). Population structure
analysis of the ETDWL uncovers populations with AK at K = 4 (Figure 4ABC, Table S1). The
populations in ETDWL comprised 45, 27, 47, and 96 accessions, respectively for Popl-1, Popl-2, Popl-
3, and Popl-4 (Figure 4C). Popl-1 comprises 45 accessions of which 22 originated from Amhara, 17
from Oromia, 2 from SNNP, and 4 from Tigray. In the second cluster (Popl-2) which comprises 27
accessions,12 accessions were from Amhara, 14 from Oromia, and 1 from SNNP. Pop1-3 consisted of 47
accessions, i.e. 14 from Amhara, 29 from Oromia, 1 from SNNP, and 3 from Tigray. Pop1-4 comprises
96 accessions of which 41 are derived from Ambhara, 45 from Oromia, 1 from SNNP, and 9 from Tigray.
The number of accessions per cluster in ETDWL ranged from a minimum of 27 to a maximum of 96 for

Popl-2 and Popl-4, respectively.
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Figure 4. Population structure analysis of ETDWL. (A) Bayesian structure analysis, (B) Structure
harvester AK at K = 4. (C) Neighbor-Joining (NJ). Populations identified in STRUCTURE based on
Bayesian structure analysis are shown in red, green, blue and yellow/pink, for Popl-1 to Popl-4,
respectively.

ETDWL was conducted by taking the respective population structure clusters (AK) into account (Table
1). In both cases, AMOVA indicated significant (p < 0.001) effects for variation between populations and
within populations. The AMOVA of the SP revealed that 19% of the total variation is between
populations, while 81% of the total variation is present within populations. Fixation index (Fst) and gene
flow (Nm) for the SP were calculated at Fst = 0.19 and Nm = 1.04, respectively. Similarly, AMOVA for
ETDWL revealed 24% of the total variation between populations and 76% variation within populations.
Fixation index (Fst) and gene flow (Nm) for the ETDWL were Fst = 0.24 and Nm = 0.81, respectively.
Therefore, the AMOVA for SP and ETDWL showed a higher percentage of variation within populations

than between populations (Table 1).
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Table 1. AMOVA for the SP and ETDWL based on structure analysis results.

Source of variation Df Sum of Variance
squares components

Percentage Fixation Gene
of variation index (FST) flow (Nm)

Variance partition of the SP, k = 2

Between populations 1 5323.9*** 22,7
Within populations 283 53223.7*** 094.0
Variance partition of the ETDWL, k=4
Between Populations 3 7069.6***  23.0
Within populations 211 31572.1*** 74.8

19 0.19 1.04
81
24 0.24 0.81
76

df: degree of freedom, ***: P-value at p < 0.001, SP: Study panel, ETDWL.: Ethiopian durum wheat

landraces.

Genetic indices

We investigated the genetic diversity of the SP and ETDWL based on population structure analysis

results of AK at k = 2 and k = 4, respectively (Table 2). The genetic indices for the SP such as I, He, and

uHe showed higher values for Popl as compared to Pop2. Hence, Popl that comprised 99.5% accessions
from ETDWL was more diverse (I = 0.7, He = 0.46, uHe = 0.46) than Pop2 (I = 0.6, He = 0.42, uHe =
0.42), which comprised 88.5% of improved varieties (advanced, released and CIMMYT durum wheat).
Pop1-3 of the ETDWL was the most diverse (I = 0.62, He = 0.39, uHe = 0.39) with 100% PPL followed
by Pop1-2 (I = 0.52, He = 0.33, uHe = 0.34) with 89.8% PPL. Pop1-1 and Pop1-4 showed similar genetic
diversities (1 = 0.5, He = 0.32, uHe = 0.32) with 93.1% and 97.6% PPL, respectively (Table 2).
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Table 2. Mean of different genetic indices parameters in each population.

Pop N I He uHe PPL
Population of the SP, K =2

Popl 207 0.7 0.46 0.46 100

Pop2 78 0.61 0.42 0.42 100

Population of the ETDWL, k =4

Popl-1 45 0.5 0.32 0.32 93.1
Popl-2 27 0.52 0.33 0.34 890.8
Pop1-3 46 0.62 0.39 0.39 100

Popl-4 96 0.5 0.32 0.32 97.6

Number of accessions (N), Shannon’s information index (I): I = —1x*Y[Pi* Ln(Pi)], expected
heterozygosity (He) or genetic diversity: He = 1 — Y.Pi*2, Unbiased heterozygosity uHe = [%] * He,

and percentage of polymorphic loci: PPL = Y Pi/N; SP: Study panel, ETDWL.: Ethiopian durum wheat
landraces.

Discussion

Hybridization arrays are believed to represent a significant fraction of SNPs distributed across genomes.
In wheat, they represent SNPs between populations of diverse geographical origins (Cavanagh et al.,
2013; Wang et al., 2014; Winfield et al., 2016). Hence, in this study, we used the hybridization array that
includes about 90K SNPs, which was developed to analyze genetic variation in allohexaploid and
allotetraploid wheat populations (Wang et al., 2014; Maccaferri et al., 2019). Studies indicated a higher
number of SNPs in the B than in the A genome of wheat (Poland et al., 2012; Alipour et al., 2017).
Likewise, a higher number of SNPs was also identified in this study on the B genome (58%) than on the
A genome (42%) (Figure 2). However, we detected a higher number of SNPs on chromosome 7A (951)
than on chromosome 7B (911). Similarly, studies by Naz et al. (2019) and Desta et al. (2014) on bread
wheat indicated the highest numbers of SNP markers on the B genome followed by the A genome, and
less across the D genome. In this study, population structure and Neighbor-Joining (NJ) analysis showed
two populations (Popl and Pop2) for the study panel (SP). Concerning Popl, 206 (99.5%) accessions
were from ETDWL and only 1, DZ005 (0.5%) from the advanced durum wheat lines (Figure 3). This
durum wheat line most probably was selected from landraces by Ethiopian durum wheat breeders. This
elucidates that only little effort was spent to include landraces in durum wheat improvement programs in
the country. Pop2 of the SP constituted 69 (88.5%) accessions from CIMMYT and others that originate
from international sources like ICARDA which are released durum wheat varieties and advanced durum

wheat lines. The remaining 9 (11.5%) accessions are landraces. The landraces clustered in Pop2 were
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most probably incorrect renamings of the released durum wheat varieties as landraces during germplasm
collection or they may be an admixture. In Ethiopia from 1970 until recently, CIMMYT is the major
source for most of the improved durum wheat materials (Mengistu et al., 2015). In support of this, this
study clearly showed that 19 out of 20 Ethiopian accessions plus advanced durum lines are clustered in
Pop2 with durum wheat lines from CIMMYT. This is possible under the scenario that most improved
durum wheat materials were introduced from international breeding programs to the country (Sall et al.,
2019). Additionally, it shows that only a little attention was given to exploring the genetic diversity in
ETDWL as pointed out by (Mengistu et al., 2016). Therefore, in Ethiopia to exploit the existing genetic
diversity more focus should be given to conserving and using the landraces in durum wheat breeding
programs.

It has been reported that Ethiopian durum wheat landraces are distinct and have no kinship with the
Middle East, which is the primary region of origin of durum wheat (Kabbaj et al., 2017). Therefore, the
separate clustering of Ethiopian durum landraces from international varieties may illustrate a long-time
separation of Ethiopian durum wheat landraces from primary durum origin and international germplasm.
This is attributed to the uniqueness of Ethiopian durum wheat landraces (Haile et al., 2013; Mengistu et
al., 2016; Kabbaj et al., 2017; Sall et al., 2019). This is in agreement with reports that designated
Ethiopian durum wheat landraces as separate sub-species under the name T. durum subs. abyssinicum or
T. aethiopicum (Mengistu et al., 2015; Mengistu et al., 2016). Additionally, separate clustering of
Ethiopian durum wheat from improved durum wheat in Ethiopia indicated that little or no improved
varieties were generated from landraces either through selection or via crossing with international durum
wheat materials. Nevertheless, germplasm originating from international organizations such as CIMMYT
and ICARDA remain the main source for advanced durum lines and released durum varieties in Ethiopia
(Sall et al., 2019).

Population structure analysis of ETDWL alone uncovers four populations (Popl-1, Popl-2, Popl-3, and
Pop1-4), which is in agreement with NJ analysis (Figure 4). Mengistu et al. (2016) have identified many
populations (k = 10) in Ethiopian durum wheat landraces by removing improved durum wheat varieties
from the population analysis. Our study also signifies the presence of a higher admixture of accessions
between different populations of landraces (Figure 4). This is a common phenomenon for most cereal
crops grown in Ethiopia because of informal seed exchange systems involving regional and countrywide
farming communities. In Ethiopia, farmers exchange seeds of cereals in various traditional forms such as
gifts, barter, labor exchange, or social obligations (Hailye et al. 1998; Bishaw, 2004). Therefore, the main
source of seed for planting wheat and barley landraces in Ethiopian smallholder communities is via the
informal farmer to the farmer seed exchange. Once farmers obtain seed with the required quality that

genotype will get a bigger chance to spread across local communities. This was demonstrated by genetic
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clustering based on seed collection regions where seeds originated from one region relatively closely
clustered in the same population. For instance, 9 out of 16 accessions collected from Tigray were
clustered in Popl-4, on the other hand, no accession from this region was grouped in Popl-3 (Figure 4).
The geographic isolation and latitudinal variation, i.e. 1540-3190 meters above sea level from which
accessions were collected, confirmed the variability and genetic dynamics in Ethiopian durum wheat
landraces to adapt to wide-ranging conditions (Figure 1, Table S1). Subsequently, the high level of
genetic diversity can be exploited in wheat breeding and improvement programs to overcome the biotic
and abiotic stresses across latitudinal ranges.

Durum wheat is one of the important cereal crops grown in Ethiopia and the country is endowed with a
wealth of genetic diversity for tetraploid wheat. Phenotypic and morphological analysis (Eticha et al.,
2005; Eticha et al., 2006; Geleta and Grausgruber, 2013; Mengistu et al., 2015) and genotypic analysis
elucidated the existence of huge genetic diversity in Ethiopian tetraploid wheat (Teklu et al., 2006;
Mengistu et al., 2016; Badaeva et al., 2018). Consequently, the country is considered as the center of
diversity and/or secondary center of origin for durum wheat (Vavilov, 1951; Mengistu et al., 2016;
Kabbaj et al., 2017). In our study, genetic diversity within population accessions was higher than genetic
diversity between populations (Table 1) illustrating that more attention should be given to individual
accessions within populations to explore the existing genetic diversity as a basis for genomic analysis,
and genetic material conservation.

Fixation index (differentiation = Fst) measures population differentiation due to genetic structure (Luo et
al., 2019) and Fst can be considered important in differentiating populations when its value is greater than
0.15 (Frankham et al., 2002). Hence, Fsr values were calculated at Fst = 0.19 and Fst = 0.24 for the SP
and ETDWL, respectively indicating significant differentiation between the populations. Eventually, in
our study, the higher genetic differentiation led to limited gene flow (Nm) values of Nm = 1.04 and Nm =
0.81 for the SP and ETDWL, respectively (Table 1). Nm value less than one is an indication of limited
gene exchange as it was suggested by (Hartl and Clark, 1997; Frankham et al., 2002). Therefore, the Nm
< 1 in ETDWL (0.81) clearly shows the high degree of genetic differentiation that exists among the
ETDWL populations (Fsr = 0.24) as compared to SP (Fst = 0.19) (Wright, 1965; Leinonen et al., 2008).
In agreement with this, (Eltaher et al., 2018) reported that a high genetic exchange leads to low genetic
differentiation between populations. Similarly, (Mengistu et al., 2016) reported high genetic diversity in
Ethiopian durum wheat landrace collections. Apparently, in the present study, population structure
analysis of ETDWL alone revealed more populations suggesting the huge genetic diversity that exists
within Ethiopian durum wheat landraces (Figure 4). Information on the genetic diversity of each
population can be assessed using genetic diversity indices (Eltaher et al., 2018). Likewise, in this study,

diversity analysis was further supported by the genetic diversity indices such as I, He, and uHe (Table 2).
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Genetic diversity indices for the SP illustrated higher genetic diversity in Popl, which constituted 99.5%
of the ETDWL in comparison to Pop2, which comprised only 11.5% of ETDWL. Genetic diversity
indices for the ETDWL indicated that Pop1-3 was the most diverse followed by Popl-2, whereas, Popl-1
and Popl-4 showed similar genetic diversity (Table 2). This marked that landraces showed huge genetic
diversities that can broaden the genetic base for wheat improvement. In agreement with this, biotic and
abiotic resistance/tolerance genes or genomic regions were identified in Ethiopian durum wheat
landraces, e.g. resistance to biotic factors such as stripe rust resistance (Alemu et al., 2019), adult plant
resistance to leaf rust, and stem rust (Klindworth et al., 2007; Haile et al., 2013; Habtamu, 2019), abiotic
stress resistance such as aluminum tolerance (Wayima et al. 2019) and terminal drought tolerance
(Mengistu et al., 2015). Therefore, Ethiopian durum wheat landraces may increase the rate of genetic gain
if strategically included in wheat breeding programs. Most important, exploiting the landraces' genetic
diversity in Ethiopian durum wheat may help to mitigate abiotic stress factors that are apparent due to
adverse effects of climate change. Furthermore, these landraces may help to uncover unknown genomic

regions or genes associated with economically important traits.

Conclusion

We employed high quality SNP markers to analyze the population structure and genetic diversity of a
durum wheat study panel comprising 285 accessions of which 215 accessions were ETDWL. AMOVA (P
< 0.001) unveiled that genetic variation within population accessions was higher than genetic variation
between populations for the SP and ETDWL. Structure analysis of SP revealed two distinct populations
(Popl and Pop2). Genetic diversity indices for the SP illustrated higher genetic diversity in Popl, which
constituted 99.5% of the ETDWL in comparison to Pop2, which comprised only 11.5% ETDWL. Further
population structure analysis of the ETDWL alone uncovered four populations emphasizing the high
degree of genetic diversity that exists in ETDWL. Genetic diversity indices for the ETDWL indicated
Popl-3 was the most diverse followed by Popl-2. Therefore, the high genetic diversity detected in
ETDWL showed the existence of plentiful variability that could be utilized for future wheat breeding

programs.
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Abstract

Drought stress seriously challenges wheat production and productivity. Grain biomass (GB) and related
traits were assessed under drought stress and non-stress for 285 and 185 durum wheat genotypes,
respectively, in field and climate chamber experiments to identify quantitative trait loci (QTL).
Significant correlations between traits estimated in field and climate chamber trials were observed (p <
0.001). Genotyping with the wheat 90K iSelect single nucleotide polymorphism (SNP) array revealed
11,919 polymorphic SNP markers distributed across the durum wheat genome. The FarmCPU (Fixed and
random model Circulating Probability Unification) method was used for genome-wide association studies
(GWAS). A total of 191 significant (-loglOp > 4) marker-trait associations (MTAS) were detected at a
linkage disequilibrium (LD, r* > 0.2) at 4.78 Mb and were clustered into 70 QTLs. A total of 69 (36%) of
the MTAs passed a false discovery rate (FDR) of 5%. The numbers of QTLs detected were 21, 31, 9 and
9 under field drought stress (FDS), field non-stress (FNS), climate chamber drought stress (CCDS) and
climate chamber non-stress (CCNS) conditions, respectively. About 43% and 57% of the QTLs were
located on the A and B genomes, respectively. Some of the detected QTLs were in agreement with
previously reported QTLs, while others are novel ones for the traits investigated. QTLs on 1A between
495694477 and 501944537bp, on 3B between 416256124 and 430507900 bp, on 3B between 745357158
and 759608934 bp, on 4B between 593416763 and 605142497 bp and on 4B between 658785890 and
670511624 bp were selected for validation and may be used to increase grain yield under drought stress in

marker-assisted selection (MAS) schemes.

Keywords: Quantitative trait loci, Polymorphism, FarmCPU, Genome-wide association study, linkage
disequilibrium, Marker-assisted selection.
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Veroffentlichung 2.2) Negisho, K., Shibru, S., Matros, A., Pillen, K., Ordon, F., & Wehner, G.
(2022a). Genomic dissection reveals QTLs for grain biomass and correlated traits under drought
stress in Ethiopian durum wheat (Triticum turgidum ssp.durum). Plant Breeding, 141(3), 338-354.
https://doi.org/10.1111/pbr.13010.

Abstrakt

Trockenstress stellt eine ernsthafte Herausforderung fiir die Produktion und Produktivitat von Weizen dar.
Die Kornbiomasse (GB) und verwandte Merkmale wurden fiir 285 bzw. 185 Hartweizen-Genotypen in
Feld- und Klimakammerversuchen unter Trockenstress bzw. Nichtstress untersucht, um quantitative
Merkmalsloci (QTL) zu identifizieren. Es wurden signifikante Korrelationen zwischen den in Feld- und
Klimakammerversuchen geschatzten Merkmalen festgestellt (p < 0,001). Die Genotypisierung mit dem
Weizen 90K iSelect Single Nucleotide Polymorphism (SNP) Array ergab 11.919 polymorphe SNP-
Marker, die Uber das Hartweizen-Genom verteilt sind. Die FarmCPU-Methode (Fixed and random model
Circulating Probability Unification) wurde flr genomweite Assoziationsstudien (GWAS) verwendet.
Insgesamt wurden 191 signifikante (-loglOp > 4) Marker-Trait-Assoziationen (MTAS) in einem
Kopplungsungleichgewicht (LD, 12 > 0,2) auf 4,78 Mb identifiziert und in 70 QTLs gruppiert. Insgesamt
69 (36 %) der MTAs bestanden eine Falschentdeckungsrate (FDR) von 5 %. Die Anzahl der
identifizierten QTLs betrug 21, 31, 9 bzw. 9 unter Feld-Trockenstress (FDS), Feld-Nichtstress (FNS),
Klimakammer-Trockenstress (CCDS) und Klimakammer-Nichtstress (CCNS). Etwa 43 % bzw. 57 % der
QTLs wurden auf dem A- bzw. B-Genom detektiert. Einige der identifizierten QTLs stimmten mit bereits
friiher entdeckten QTLs tberein, wéhrend viele andere neuartige QTLs fir die untersuchten Merkmale
sind. QTLs auf 1A zwischen 495694477 und 501944537 bp, auf 3B zwischen 416256124 und 430507900
bp, auf 3B zwischen 745357158 und 759608934 bp, auf 4B zwischen 593416763 und 605142497 bp und
auf 4B zwischen 658785890 und 670511624 bp wurden zur Validierung ausgewahlt und kénnen zur
Steigerung des Kornertrags unter Trockenstress in markergestitzten Selektionsprogrammen (MAS)

eingesetzt werden.

Stichworte: Quantitative Merkmalsloci, Polymorphismus, FarmCPU, Genomweite Assoziationsstudie,
Kopplungsungleichgewicht, Marker-unterstiitzte Selektion.
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Introduction

Drought is one of the most serious abiotic factors challenging wheat production and quality
internationally and especially in sub-Saharan Africa (Mwadzingeni et al., 2017; Zampieri et al., 2017). In
the worst scenario, it leads to plant death which results in a total yield loss (Nakashima et al., 2014).
Grain yield reduction due to drought at 40% water reduction has been reported to be 20.6% in wheat and
39.3% in maize (Daryanto et al., 2016). On the other hand, it has been published that due to high
population pressure by 2050, the demand for wheat is estimated to increase by 60% (FAO, 2013).
Furthermore, in the developing world, more than 50% of wheat (50 million ha) is produced under a rain-
fed system where rainfall is highly erratic (Gupta et al., 2017). Additionally, drought in combination with
inherently low-fertile soils aggravates the impact of drought stress resulting in higher wheat yield losses
(Mapfumoet al., 2017; Nezhadahmadi et al., 2013).

In Ethiopia, durum wheat nearly accounts for 15%-20% of the wheat production and covers 30% of the
acreage grown with wheat (Alemu et al., 2019; Negassa et al., 2012). It is of prime importance for
agricultural production in Ethiopia, as durum wheat is not only a staple crop for food security but also is
becoming a major cash crop having 10% to 20% higher prices than bread wheat (Sall et al., 2019). This is
accounted for the unique characteristics of durum wheat for making food products such as pasta, burghul,
and couscous. Nevertheless, despite the presence of over 10 million ha of land potential for wheat
production, Ethiopia still imports wheat to meet the national wheat requirements
(https://www.indexmundi.com/agriculture/?coun-try=et&commodity=wheat&graph=imports). Water
availability is the major limiting factor for the expansion of the production of wheat from the traditionally
known growing areas in the highland to the lowland. Despite the availability of fertile soil in the lowland,
this region, in general, has a moisture deficit and is prone to drought. In Ethiopia, only less than 1% of the
cereal acreage has access to irrigation (Mann & Warner, 2015; Taffesse et al., 2011). Hence, the
production of important crops like wheat is limited to the highland areas, only. One way of overcoming
this problem is developing drought-tolerant wheat varieties that are used not only to expand wheat
production to drought-prone areas but also are important to combat the recurrence of drought in the major
wheat-growing regions. Ethiopia is considered the center of diversity or secondary origin for durum
wheat (Kabbajet al., 2017), which offers the great potential to identify landraces that are tolerant to
various stresses as evidenced by pathogens such as stem rust (Klindworth et al., 2007). This may also
hold for drought.

Phenotyping of quantitative traits in the field, representing realistic environmental conditions and in

growth chambers, which is better to control, has paramount importance in crop breeding. Phenotyping
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and genotyping of populations or landrace collections are crucial to further define and understand traits of
interest concerning complex abiotic stresses like drought via genetic mapping (Lopes et al., 2015). The
two common genetic mapping methods are (1) linkage mapping and (2) association mapping or linkage
disequilibrium (LD) mapping (Xu et al., 2017). Association mapping has the advantages of high
resolution, high allelic richness, no need for developing mapping populations, and is used as a powerful
tool to detect natural variation underlying complex traits in several crop species (Wehner et al., 2015; Xu
et al., 2017; Zhu et al., 2008). The magnitude of LD and its decay with genetic or physical distance
determines the resolution of association mapping and is useful for assessing the desired numbers of SNPs
on arrays (Vos et al., 2017). With the advent of rapid genotyping and next-generation sequencing
technologies, GWAS has become a routine strategy for mapping genotype-phenotype associations in
many species (Liu & Yan, 2019). For instance, in durum wheat, quantitative trait loci (QTLs) were
detected under drought stress for grain yield on chromosomes 1A, 4A, 5B, and 7B and days to heading
(DH), days to maturity (DM), and thousand-kernel weight (TKW) on chromosome 2B (Sukumaran et al.,
2018) and for seeds per spike (SPS) on chromosome 2B (Mengistu et al., 2016). In this study, we used a
wheat 90K iSelect SNP array facilitating the analyses (Wang et al., 2014) with a high-density SNP-based
consensus map and a physical reference sequence of tetraploid wheat (Maccaferri et al., 2015, 2019). The
objectives of this study were (i) to identify marker-trait association (MTAs) and QTLs for yield and
related traits under field and climate chamber conditions for drought stress and non-stress conditions and

(i) to assess the correlation between respective traits under field and climate chamber conditions.

Materials and methods

Study panel (SP)

An SP of 285 durum wheat accessions was used for the analyses of drought stress tolerance in field
experiments in Ethiopia (supporting information Table S1). The genetic diversity and population
structure were described in Negisho et al. (2021). From the SP, a set of 185 durum wheat accessions was
selected for phenotyping in climate chamber experiments conducted at the Julius Kihn Institute (JKI),
Germany (supporting information Table S1), based on the drought susceptibility index (DSI) calculated
from the least-squares means (Ismeans) of field data as described by Fischer and Maurer (1978).
Accordingly, based on the DSI results, a 1:2:1 ratio was used to select drought-tolerant, medium, and
susceptible accessions, respectively. A selection was needed to represent the varying genotypes in the

size-limited climate chambers and was based on choosing characteristic genotypes from each group.
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Field experiments

Field phenotyping experiments were conducted at four sites for three seasons (2016-2018) in Ethiopia
(Table 1). Biplot analysis for the relationship among environments explained 74.40% of the variation by
PCAL and PCA2. Drought stress sites and high-potential sites were clustered separately (Figure S1). The
three years of data from the four sites were combined into two representing the two drought-stress
scenarios. Dera and Melkassa are sites for field drought stress (FDS), and Holeta and Debre Zeit are sites
for non-drought stress (FNS) conditions. The FDS sites are located in the rift valley and were selected for
screening genotypes for drought stress tolerance by the Ethiopian Institute of Agricultural Research
(EIAR) (personal communication). Accessions were randomized in an incomplete block alpha lattice
design with three replications per location and accession. Plots were arranged in rows of 1 m (Figure 1).
The spacing between rows was 0.2 m, and sowing density was calculated based on a seeding rate of 395

seeds/m2.
Climate chamber experiments

A total of 185 accessions were planted in two replications for two scenarios. The climate chamber
drought stress (CCDS) variant was 20% of the maximum soil water capacity (SWC), and the non-stress
(CCNS) variant was 70% SWC. Pots with 15 cm x 15 cm x 20 cm capacity filled with 1500 g of ED73
soil containing 70% white soil and 30% clay with pH around 6 (H. Nitsch and Sohn GmbH and Co.KG,
Germany) were used for the climate chamber experiments. Five seeds of durum wheat per accession were
planted in each pot. Subsequently, germinated plants were thinned to three plants per pot. Watering was
performed by weighing each pot every other day to maintain 70% SWC for both soil moisture variants
until flowering time. At the time of flowering (BBCH 65), the CCDS treatment abstained from water
supply until it reached 20% SWC. Then, CCNS and CCDS treatments were maintained at 70% and 20%
SWC until maturity. The climate chamber temperature was set to 24°C during the daytime and 18°C
during the night at the time of planting, with 13/11light/dark hours, respectively. Then, to simulate the
field conditions, from the time of flowering until harvest, it was readjusted to 26°C during day time and
20°C at night (Figure 1).

Phenotyping

The durum wheat panel was evaluated for 10 agro-physiological traits under drought stress and non-stress
for field and climate chamber experiments (Table 2). Hence, grain biomass (GB), DH, Days to grain
filling (DGF), DM, plant height (PH), SPAD, spike length (SL), SPS, harvest index (HI), and TKW were

investigated under field and climate chamber conditions.
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We recorded DH per pot for the climate chamber and per plot for the field at 50% spike emergence
(Zadoks stage 65), and DM when 50% of spikes turned yellow or lost green color (Zadoks stage 87)
(Zadoks et al., 1974). We calculated DGF as the difference between DM and DH. At physiological
maturity, PH was determined by measuring from the soil surface to the tip of the plant excluding awns,
and SL was obtained by measuring the spike from its base to its tip excluding the awns. The number of
SPS was recorded as an average seed count from 10 spikes per plot after harvesting spikes from ten
randomly selected main culms under the field and from three spikes per pot for the climate chamber. GB
in gram per plot for field and gram per pot for climate chamber was determined based on the weight of
harvested grain. We measured TKW by taking the weight of 1000 grains for the field experiments and it
was estimated from 100 seeds for the climate chamber experiments. HI was calculated from total GB per
plot to above-ground total biomass per plot for the field experiments. Similarly, for the climate chamber
experiments, HI was determined from the total GB per pot to the above-ground total biomass of three
plants per pot. Leaf color was obtained indirectly with a Soil Plant Analysis Development (SPAD)
chlorophyll meter after 10 to 15 days of flowering using a SPAD-502 Plus instrument (Minolta, Co. Ltd,
Japan). Hence, three flag leaves were selected and five readings preselected leaf were acquired to get
mean SPAD readings (Wehneret al., 2016).

Table 1. Summary of rainfall, minimum and maximum temperature as well as geopositions of the field
experimental sites in Ethiopia for the three growing seasons.

Location Treat Latitud Longitu  Altit Temperature (°C)
ment® e de ude  Rainfall (mm) 2016 2017 2018
2016 2017 2018 Min Max Min Max Min Max
Dera FDS 824'N  39%21’E 1620 467 397 422 16 27 16 26 15 27
Melkassa FDS 8°20’N  39019°'E 1500 371 475 401 15 28 15 29 15 29
Holeta FNS 8°10°’N  38030°’E 2400 615 629 792 8 22 7 23 8 22

Debre Zeit  FNS 8%4'N  38°58'E 1900 374 368 299 12 26 13 26 13 26

Abbreviations: FDS, field drought stress; FNS, field non-stress. Treatment®: FDS and FNS.
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Holeta Melkassa

Debre Zeit | Dera

70% SWC | 20% SWC

Figure 1. Field and climate chamber experiments. FNS: field non-stress (Holeta and Debre Zeit), FDS:
field drought stress (Melkassa and Dera), CCNS: climate chamber non-stress = 70% soil water capacity
(SWC), CCDS: climate chamber drought stress = 20% SWC. The numbers of replications under field
conditions were indicated.

Statistical analysis of phenotypic data

The least-squares means (Ismeans) were calculated by the Ismeans package in R (Russell, 2016) and were
used for further analyses. Genotype was fixed, and years, locations, replications, and blocks were
considered random. Descriptive statistics were conducted based on the Ismeans by Rcmdr (Fox, 2017) in
the R statistical computing environment (R Core Team, 2019/URL http://www.R-project.org/). Pearson's
correlation coefficients (r) among different traits under drought stress and non-stress conditions were
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calculated using the corstars function in R, and the corrplot package was used to visualize the results
(Graffelman, 2013; R CoreTeam, 2019/URL http://www.R-project.org/). For the 10 agro-physiological
traits, selected correlations between the same traits were also analyzed for FDS versus CCDS, as well as
for FNS versus CCNS treatments.

The following linear mixed model was used for the combined analysis of variance (ANOVA) by the Imer
function in the Ime4 package for R (Bates et al., 2015):

Yipr = p+ G Lot Y, +Ro(LiVy) + B(LIV,R) + GLVin*

Where Yy, is the trait of interest in the ith accession, Ith location yth year, rth replication, p is the overall
mean,G; is the effect of the ith accession, L, is the effect of the Ith location (i.e., Dera and Melkassa for
FDS) and Y, is the effect of the yth year. R, (LiY,) is the rth replication within Ith location and yth year, B
(L:iYyRy) is the effect of kth incomplete block within Ith location, yth year and rth replication, GLY7iy, is the
effect of the interaction among the ith accession, Ith location and the yth year and &, is the effect of
residual. The effect of year was excluded from the climate chamber experiments. The distribution was

assumed normal with mean zero and effect-specific variances.

Broad sense heritability (H?) of traits analyzed in field experiments was calculated from variance

components of location (1), year (y), and replication (r):
H? = 62g/[(c2g+02gl/1+02gy/y+02gly/ly+o2e/lyr)]

where 62g, 62gl, 62gy, 62gly, and c2e are accession variance, accession x location, accession x year, and
accession x location x year interaction and error variance, respectively, and Ly, ly, and r refer to the
number of locations, years, interaction of locations and years and replications, respectively (Falconer &
Mackay, 1996; Vargas-Reeve et al., 2013).

Genotyping

Genotyping was conducted by SGS TraitGenetics GmbH (Gatersleben, Germany) using the wheat 90K
iSelect SNP array (Wanget al., 2014). The consensus linkage map of tetraploid wheat (Maccaferri et al.,
2015) and the IWGSC RefSeq v1.0 genomic assembly (International Wheat Genome Sequencing
Consortium, 2018) were applied to assign a genomic location to each SNP marker. SNP markers with
minor allele frequency (MAF) of < 5%, missing data > 10%, and heterozygosity > 12.5% were excluded,
and SNP markers were imputed by the Beagle method in R (Browning and Browning, 2007). Physical
distance positions were aligned to the recent Durum Wheat (cv. 'Svevo') RefSeq Rel. 1.0 (Maccaferriet
al., 2019). Finally, a total of 11,919 high confident SNP markers were used to construct HapMap files for
further MTA analyses. The genetic population structure was estimated with STRUCTURE 2.3.4 software
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(Falush et al., 2003, 2007; Hubisz et al. 2009; Pritchardet al., 2000) implementing a model-based
Bayesian cluster analysis as described in (Negisho et al., 2021).

LD, LD decay, and LD plots of the durum wheat genomes (A and B) were analyzed using R packages
genetics, LD heatmap, and trio (R Core Team, 2014; Shin et al., 2006; Warnes, 2013). Thus, inter-marker
genetic distances were assessed using the consensus physical distance position of the respective SNP
markers (Maccaferriet al., 2019). LD critical value was set at r* > 0.2 (Oyiga et al., 2017; Voss-Fels et al.,
2015).

GWAS

GWAS was conducted using the genome association and prediction integrated tool (GAPIT) in R (Lipka
et al., 2012). A mixed linear model was employed for each trait by including Ismeans, and drought
treatments-based combined analysis was done for years, locations and replications. SNP markers, kinship
matrix, and g-matrix were used as cofactors for MTA analysis (Yu et al., 2006). FarmCPU method, which
is iteratively using the fixed-effect model and the random effect model for powerful and efficient GWAS
(Liu et al., 2016), was used. In the present study, Bonferroni—-Holm correction for multiple testing was too
strict to select significant MTAs (Gaetano, 2013; Holm, 1979). Therefore, in this study, the threshold for
associated markers was adjusted to —logl10p > 4 (Bai et al., 2016; Bhattaet al., 2018; Ma et al., 2016). We
also tested the MTA at FDR 5% as p = 1/total number of SNP*0.05 = 4.19498E-06 (LOD score = 5.4)
(Benjamini & Hochberg, 1995). The phenotypic variance explained (PVE) was calculated based on
sample size, MAF, effect size, and standard error of effect size for each SNP following Teslovich et al.
(2010). Identified MTAs were clustered into QTL using the critical LD decay value, and MTAs not in LD
was considered as independent QTL (Kidane et al., 2017; Negro et al., 2019). An MTA, which was
similarly associated with a trait or several traits under the various treatments (FDS, FNS, CCDS, and
CCNS) on the same chromosome and at the same position, was considered as an overlapping MTA
(Ahmadet al., 2014). Likewise, a QTL detected for a trait or several traits under the various treatments
(FDS, FNS, CCDS, and CCNS) on the same chromosome and within the same interval was considered as
an overlapping QTL (Tricker et al., 2018). A QTL that relates to two or more traits within the same
treatment was considered as a co-located QTL, while a QTL associated with a single trait was considered
as an individual QTL (Ma et al., 2019; Sukumaran et al., 2018).

In the current study, the interval of the identified QTL was used as input in the Triticum turgidum Durum
Wheat 'Svevo' (RefSeq Rel.1.0, Maccaferri et al., 2019) in the GrainGenes database to compare these
with previously reported QTLs. If the detected QTL did not match with any of the reported QTLs for the
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trait of interest, it is reported as likely a new QTL detected in this study. Graphical representation of

linkage groups and QTLs was carried out using MapChart2.32 software (Voorrips, 2002).

Results

Phenotyping

The durum wheat study panel displayed broad phenotypic differences for each of the traits under field and
climate chamber drought conditions, indicating the broad genetic diversity in the panel (supporting
information Table S2, Table 2, and supporting information Figures S3 and S4, respectively). For all
studied traits, the mean values of the drought stress treatments were lower than the mean values of the
non-stress treatments both under field and climate chamber conditions. In the climate chamber
experiments, the mean value of GB was reduced by drought stress treatment by 52.4%, which was higher
than the mean GB reduction due to drought in the field (35.79%). Similarly, a higher reduction due to
drought stress was observed for SPAD and HI under climate chamber conditions (36.71%, 28.63%) as
compared with the field (9.69%, 21.15%), respectively. Notably, in the current study, a higher reduction
was obtained under field (24.57%) as compared with the climate chamber conditions (3.66%) for PH.
Boxplots illustrate the mean value reduction for all studied traits (Figures S2 and S3). The dispersion of
the data from the mean was expressed in percentage of standard deviation (SD%) and was comparable
under field as well as climate chamber conditions for all tested traits (Table 2). Under field conditions,
higher dispersion from the mean was observed for GB and HI as compared with the climate chamber
experiment. In contrast, for SPAD and SPS, the SD% was higher under the climate chamber as compared
with field conditions (Table 2).

Under FNS conditions, the heritability of traits analyzed varied between 48.2% for DM and 89.11% for
PH. Similarly, under FDS, heritability ranged between 42% for DM and 83.37% for SL. The current
study showed higher heritability for GB, PH, SPAD, HI, and TKW under FNS as compared with FDS
conditions. However, heritability for DH, DGF, SL, and SPS was higher under FDS as compared with
FNS conditions. The coefficient of variation (CV) was comparable for drought stress and non-stress
conditions for all same traits, except for SL, HI, and SPS under CCDS as compared with CCNS
conditions. ANOVA revealed significant (p < 0.0001) effects for genotype and treatment and accession
by treatment interactions for GB, DH, DGF, DM, PH, SL, SPS, and TKW under field conditions
(supporting information Table S2). Similarly, significant (p < 0.0001) effects were observed among
accessions and between treatments for GB, SPAD, PH, HI, and SPS for the climate chamber experiment.

These results indicate high genetic variability in the SP. However, under field conditions, no significant
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difference was observed for HI between treatments and accession by treatment interactions. Likewise,

accession by treatment interactions was non-significant for PH, SPAD, SPS, and HI for the climate

chamber experiment (supporting information Table S2).

Table 2. Descriptive statistics, heritability, and the number of significant (—log;op > 4) MTA for traits
analysed under drought stress and non-stress conditions for field and climate chamber experiments.

% Reduction =

. ) _ SD CV H?
Trait Unit Trt Mean Min Max %) (%) LSD (%) (Yns- MTA
0 0 0
Ys/Yns)*100
FNS 77.10 33.00 115.0015.60 20.25 6.62 69.60 35.79 4
g/plot
FDS 4950 24.00 80.00 11.50 23.21 4.60 61.57 6
GB
CCNS 291 0.00 5.00 1.04 3577 021 NA 52.41 3
o/pot
CCDS1.39 0.00 5.00 050 36.01 0.09 NA 8
FNS 7220 62.00 88.00 3.98 551 0.90 80.33 9.58 4
FDS 65.30 57.00 77.00 427 6.55 0.96 80.37 5
DH days
CCNS 73.00 64.00 85.00 458 6.28 0.72 NA 1.37 10
CCDS 72.00 57.00 96.00 6.07 841 0.93 NA 5
FNS 47.70 39.00 57.00 3.17 6.65 1.29 56.58 35.56 10
FDS 30.70 23.00 40.00 299 9.72 1.23 59.36 6
DGF days
CCNS 43.58 24.00 58.00 5.88 13.50 1.05 NA 44.10 0
CCDS 24.36 12.00 40.00 555 22.80 1.04 NA 0
FNS 120.00 113.00 129.003.00 251 1.34 4820 19.91 7
FDS 96.00 90.00 105.002.56 2.67 0.99 42.00 6
DM days
CCNS 116.57 98.00 130.005.20 4.46 0.94 NA 17.35 1
CCDS 96.34 84.00 109.006.29 6.23 0.97 NA 0
FNS 4040 31.00 53.00 4.84 1198 155 72.79 9.69 12
FDS 36.50 27.00 50.00 4.94 1353 1.51 70.82 4
SPAD free
CCNS 36.90 3.00 57.00 1340 36.37 2.78 NA 36.71 6
CCDS 23.40 4.00 58.00 1240 52.96 2.48 NA 5
FNS 101.6040.70 160.0021.60 21.30 1.92 89.11 24.57 5
PH cm
FDS 76.60 35.00 125.0015.70 20.40 2.13 75.72 6
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% Reduction =

: : . SD cCV H?
Trait Unit Trt Mean Min Max %) (%) LSD (%) (Yns- MTA
0 0 0
Ys/Yns)*100

CCNS 85.30 48.00 113.0011.70 13.74 1.73 NA 3.66 0
CCDS 82.10 46.00 120.0011.10 13.46 1.64 NA 0
FNS 790 500 12.00 1.15 1457 0.19 7232 28.62 7

SL cm FDS 564 400 8.00 0.85 1499 0.20 83.37 5
CCNS7.16 4.00 11.00 146 20.45 0.15 NA 1.47 5
CCDS7.06 4.00 11.00 1.30 1847 0.18 NA 4
FNS 50.00 35.00 70.00 6.47 1295 2.69 5225 21.15 9

HI % FDS 39.40 24.00 59.00 6.29 15.95 3.29 51.40 9
CCNS 0.31 0.00 047 0.07 2296 0.01 NA 28.63 6
CCDS0.22 0.00 0.08 0.08 37.88 0.00 NA 3
FNS 28.40 20.00 42.00 4.60 16.19 1.48 7491 27.72 7

SPS  count FDS 20.60 14.00 31.00 3.96 19.26 1.19 77.56 5
CCNS 18.10 2.00 32.00 5.82 3216 1.19 NA 13.29 0
CCDS 15.70 1.00 31.00 5.28 33.64 0.97 NA 5
FNS 38.20 29.00 49.00 4.24 11.10 1.25 7049 22.75 3

TKW g/1000 FDS 2950 20.00 41.00 3.34 11.31 1.22 64.70 6
CCNS 23.39 6.00 53.00 790 33.80 1.15 NA 29.07 3
CCDS 16.59 5.00 49.00 7.58 45.20 1.13 NA 1

Total 191

Abbreviations: CCDS, climate chamber drought stress; CCNS, climate chamber non-stress; CV,
coefficient of variation (standard deviation divided by mean)*100; DGF, days to grain filling; DH, days
to heading; DM, days to maturity; FDS, field drought stress; FNS, field non-stress; GB, grain biomass;
H?, heritability; HI, harvest index; LSD, least significant difference; mean, minimum, maximum; MTA,
marker-trait association; NA, not applicable (heritability was not calculated for the climate chamber
experiments since it was conducted only once with two replications for each drought variant); PH, plant
height; SD, standard deviation; SL, spike length; SPAD, Soil Plant Analysis Development; SPS, seed per
spike; TKW, thousand-kernel weight. Trt, treatment.
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Correlation analysis

Correlations between traits investigated under FDS and CCDS conditions (above diagonal) and FNS and
CCNS conditions (below diagonal) are shown in Table 3A,B. Under FDS and FNS conditions, GB was
positively and significantly (p < 0.001) correlated with DGF (r = 0.46, 0.21), SPAD (r = 0.29, 0.31), SPS
(r=0.47, 0.39), HI (r = 0.54, 0.44) and TKW(r = 0.47, 0.55), respectively (Table 3A). Similarly, under
CCDS and CCNS conditions, GB was positively and significantly (p < 0.001) correlated with PH (r =
0.48, 0.60), SL (r = 0.32, 0.40), SPS (r = 0.50, 0.52) and HI (r = 0.39, 0.66), respectively (Table 3B).
However, under FDS conditions,GB was negatively and significantly (p < 0.001) associated with DH (r =
-0.48), DM (r = -0.27) and SL (r = -0.24) (Table 3A). In the current study, TKW was significantly (p <
0.05) correlated with GB under all the experimental conditions except under CCDS condition (Table 3A,
B).
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Table 3. Pearson's correlation coefficients (r) between traits under FDS and FNS conditions (A) and
CCDS and CCNS conditions (B).

FDS/FNS DH DM DGF PH SL SPAD SPS HI TKW GB
DH 0.73 —0.81 0.23 0.37 -0.18 -0.51 -0.60 -0.37 —0.48
DM 0.62 —-0.20 —0.06 —-0.07 0.26 -0.12 -027 -0.07 -0.27
DGF —0.66 0.17 —-0.37 —-0.59 0.48 0.62 0.63 0.48 0.46
PH 0.47 —0.05 —0.63 0.63 -0.57 -046 049 0.06 —0.04
SL 0.52 —0.03 —0.69 0.75 -0.71 -0.62 —-0.61 —038 —0.24
A SPAD —0.21 0.32 0.58 —0.62 —0.64 0.71 0.53 0.38 0.29
SPS —0.31 0.18 0.57 —0.54 —0.57 0.69 0.68 0.38 0.47
HI —0.47 0.00 0.59 —0.63 —0.58 0.64 0.73 0.40 0.54
TKW —0.19 0.17 0.41 —0.11 —-0.37 0.55 0.43 0.46 0.47
GB —0.14 0.04 0.21 0.10 —0.01 0.31 0.39 0.44 0.55
CCDS/CCN
S DH DM DGF PH SL SPAD SPS HI TKW GB
DH 0.61 —0.28 0.00 0.10 -0.21 0.07 —0.04 0.06 0.00
DM 0.33 0.54 —0.11 —-0.10 -0.10 0.08 0.19 0.31 0.10
DGF —0.59 0.57 —0.15 —0.24 0.14 0.05 0.27 0.30 0.11
PH 0.10 —0.03 —0.11 0.48 -0.01 0.59 0.00 —0.33 0.48
SL 0.15 —0.23 —0.33 0.43 -0.05 0.39 -0.09 -035 0.32
° SPAD —0.17 0.16 0.28 0.18 0.07 0.14 0.14 —0.06 —0.04
SPS 0.00 —0.06 —0.05 0.59 0.36 0.06 0.25 —0.54 0.50
HI —0.34 —0.11 0.21 0.39 0.14 0.30 0.53 0.09 0.39
TKW —0.20 0.02 0.19 0.00 —0.06 0.40 —0.38 0.14 0.01
GB —0.14 —0.12 0.02 0.60 0.40 0.40 0.52 0.66 0.35

Note: Above diagonal indicates the correlation between traits under drought stress treatments and below
diagonal shows correlation between traits under non-stress treatments. Correlations > 0.15 were
significant at p<0.05 and highlighted. Abbreviations: CCDS, climate chamber drought stress; CCNS,
climate chamber non-stress; DGF, days to grain filling; DH, days to heading; DM, days to maturity; FDS,
field drought stress; FNS, field non-stress; GB, grain biomass; HI, harvest index; PH, plant height, SL,
spike length SPAD, Soil Plant Analysis Development; SPS, seeds per spike; TKW, thousand-kernel
weight. Colors indicate the degree of correlation between the trait.

Under FDS and FNS conditions, SPAD was positively and significantly (p < 0.001) correlated with GB,
DM, DGF, SPS, HI, and TKW and negatively and significantly (p < 0.01) correlated with DH, PH, and
SL (Table 3A). Likewise, under CCNS conditions, SPAD was positively and significantly (p < 0.001)
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correlated with GB, DGF, HI, and TKW. But under CCDS and CCNS conditions, SPAD was negatively
and significantly (p < 0.05) correlated with DH (Table 3B).

DH and DM were positively and significantly (p < 0.001) correlated under all conditions (Table 3A, B).
Under FDS and FNS conditions, DH was negatively and significantly (p < 0.001) correlated with DGF,
SPAD, SPS, HI, and TKW. Under CCDS and CCNS conditions, DH was negatively correlated with DGF
and SPAD, while under CCNS conditions DH, was negatively and significantly (p < 0.01) correlated with
HI and TKW. Correlation between the same traits was positive for field versus climate chamber ranging
from non-significant to significant (p < 0.001) (Table 4A, B). Accordingly, the correlations between GB
for FDS versus CCDS and FNS versus CCNS were positive and significant with r = 0.17 and 0.32,
respectively. Similarly, the correlations between the same traits, namely DH, DM, DGF, PH, and SL,
were positive and significant (p < 0.001) for FDS versus CCDS and FNS versus CCNS. Positive and
significant (p < 0.01) correlation was also observed for SPAD with r = 0.19 between FDS and CCDS, but
it was non-significant for FNS versus CCNS. Positive and significant (p < 0.001) correlation was detected
between SPS for FNS versus CCNS with r = 0.26, but the correlation was non-significant for FDS versus
CCDS. Correlations between TKW for FDS versus CCDS and FNS versus CCNS were positive and
significant with r = 0.18 and 0.45, respectively. In this study, HI showed a non-significant correlation
between FDS versus CCDS and FNS versus CCNS conditions. Generally, ANOVA, descriptive analysis,
boxplots, and correlations between the same traits tested under similar drought treatment for field versus

climate chamber indicate a similar trend.

Table 4. Pearson's correlation coefficients (r) for the same traits tested under FDS versus CCDS
conditions (A) and under FNS versus CCNS conditions (B) for those traits which MTAs were analysed.

A B

Drought stress treatments r (pvalue)  Non-stress treatments r (p value)
DH_FDS vs DH_CCDS 0.47*** DH_FNS vs DH_CCNS 0.56***
DM_FDS vs DM_CCDS 0.29*** DM_FNS vs DM_CCNS 0.35***
DGF_FDS vs DGF_CCDS 0.31*** DGF_FNS vs DGF_CCNS 0.32%**
PH_FDS vs PH_CCDS 0.53*** PH_FNS vs PH_CCNS 0.66***
SL_FDS vs SL_CCDS 0.56*** SL_FNS vs SL_CCNS 0.48***
SPAD_FDS vs SPAD_CCDS 0.19** SPAD_FNS vs SPAD_CCNS 0.12
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A B
Drought stress treatments r (pvalue)  Non-stress treatments r (p value)
SPS_FDS vs SPS_CCDS 0.07 SPS_FNS vs SPS_CCNS 0.26***
HI_FDS vs HI_CCDS 0.12 HI_FNS vs HI_CCNS 0.03
TKW_FDS vs TKW_CCDS 0.18* TKW_FNS vs TKW_CCNS 0.45***
GB_FDS vs GB_CCDS 0.17* GB_FNS vs GB_CCNS 0.32%**

Abbreviations: CCDS, climate chamber drought stress; CCNS, climate chamber non-stress; DH, days to
heading; DM, days to maturity; DGF, days to grain filling; FDS, field drought stress; FNS, field non-
stress; GB, grain biomass; HI, harvest index; PH, plant height; SL, spike length; SPAD, Soil Plant
Analysis Development; SPS, seed per spike, TKW, thousand-kernel weight; vs, versus.
***n<.001.**p<0.01. *p<0.05.

LD decay

The significant (-logl0p > 4) MTA was clustered into QTL by the critical LD decay value (r* > 0.2) at
4.78 Mb. The highest LD decay was calculated for the A genome on chromosome 4A and the B genome
on chromosome 6B. Therefore, in the sets, chromosomes 4A and 3A had the highest and the lowest decay
rates, respectively. Similarly, chromosomes 6B and 2B had the highest and the lowest decay rates in the
set, respectively. Chromosome 2B had a notably slower decay rate than the others (supporting

information Table S3).
MTAs

A total of 191 significant (-loglOp > 4) MTAs were detected across the whole durum wheat genome
(supporting information Table S4). The numbers of detected significant MTAs were 58, 68, 36, and 29
for FDS, FNS, CCDS, and CCNS, respectively. The highest number of MTAs (25) was detected on
chromosome 1B, and the lowest number was detected on chromosome 3A (5). Concerning the traits
analyzed, the highest numbers of MTAs detected were 27 each for SPAD and Hl, followed by 24 for DH.
The lowest number of MTAs obtained was 11 for PH (Table 2 and supporting information Table S4).

In the current study, no MTA was detected for PH under climate chamber conditions.

In this study, eight overlappings MTA were detected associated with multiple phenotypic traits for
drought stress and non-stress conditions and highlighted in yellow color (supporting information table

S4). Three overlapping MTAs were detected on chromosomelB at 10778560 bp associated with DH and
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DM under FDS, at 534692879 bp for GB and DH under CCNS and at 381876470 bp associated with DH
and DGF under CCNS and FDS conditions, respectively. One overlapping MTA was detected for SPS on
chromosome 3B at 25269809 bp both under FDS and FNS conditions. One overlapping MTA was
detected on chromosome 4B at 485705797 bp associated with DM and HI under FNS and FDS
conditions, respectively. Two overlappings MTAs were detected on chromosome 5A at 112213041 bp for
SL under FDS and DGF under FNS and at 110830599 bp for GB under FDS and HI under FNS.
Similarly, one overlapping MTA was detected on chromosome 7A at 616616464 bp associated with DH
and SL both under CCDS conditions. Therefore, from the eight overlappings MTAs associated with
multiple phenotypic traits, regardless of the traits associated with, five markers (Excalibur_c7964_1290
on chromosome 4B at 485705797 bp, Kukri_rep_c116526_98 on chromosome 5A at 112213041 bp,
Ra_c18323 183, RAC875 ¢60169 200 on chromosome 1B at 381876470 bp and
Tdurum_contig76578_537 on chromosome 5A at 110830599 bp) were detected under contrasting drought
treatment conditions, indicating that these markers are potentially stable. One stable marker, detected for
SPS (RAC875_c60169 _200) located on chromosome 3B at 25269809 bp, was detected under FDS and
FNS (supporting information Table S4). Notably, after clustering into QTL, just one overlapping QTL

remained (see below).

The percentage of PVE by each MTA varied from 0.03% t011.83%. The highest PVE detected was
11.83% for SL under FNS followed by 10.61% PVE for HI under CCDS, while others showed lower than
10% PVE indicating the polygenic nature of the quantitative traits evaluated (supporting information
Table S4). Manhattan plots for all investigated traits under FNS, FDS, CCNS, and CCDS are visualized
in Figures S5, S6, S7, and S8, respectively. In the current study, out of 191 detected MTAS, 69 MTAs
associated with GB, DH, DGF, DM, PH, SPAD, SPS, HI, and TKW were significant at FDR 5%
highlighted in grey color (supporting information Table S4) and with black, red, green and blue colors
for FNS, FDS, CCNS, and CCDS, respectively (Figure 2).
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Figure 2. Number of detected quantitative trait loci (QTLs) for the investigated traits (black bar) and
under field non-stress (FNS), field drought stress (FDS), climate chamber non-stress (CCNS), and climate
chamber drought stress (CCDS) treatments (red bar).

Using critical LD (r* > .2), the detected MTAs were clustered into 70 QTLs (Figure 2 and supporting
information Table S5). Consequently, 31, 21, 9, and 9 QTLs were identified under FNS, FDS, CCDS,
and CCNS, respectively. The highest numbers of QTLs obtained were 12 each for SPAD and HI,
followed by 8 QTLs each for GB and SL. The lowest number of QTLs detected was three for DGF and
TKW, each (Figure 2). In the SP, 30 QTLs were identified on the A genome and 40 QTLs on the B
genome. The largest number of QTLs was detected on chromosomes 6B (10 QTLs), followed by 1A
(eight QTLs) and 2B (seven QTLs). The smallest numbers of QTL detected were one on chromosome 6A,
followed by 3A (two QTLs) (supporting information Table S5). In this study, only one QTL
overlapping between the two watering regimes was detected on chromosome 1B between 620250467—
627873395 bp for HI under FDS and SPAD and HI under FNS.
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Figure 3. Physical linkage map of the durum wheat genome in Mb by MapChart (Voorrips, 2002). A
total of 69 significant marker trait association (MTAS) at false discovery rate (FDR) 5% under field non-
stress (FNS), field drought stress (FDS), climate chamber non-stress (CCNS), and climate chamber
drought stress (CCDS) elucidated by black, red, green, and blue colours, respectively. GB: grain biomass,
DH: days to heading, DGF: days to grain filling, DM: days to maturity, PH: plant height, SL: spike
length, SPAD, SPS: seed per spike, HI: harvest index, and TKW: thousand-kernel weight.

The eight detected QTLs for GB, which are independent of DH were located on chromosomes 1A
between 495694477 and 501944537 bp; 3B between 416256124 and 430507900 bp and 745357158 and
759608934 bp; 4B between 561075112 and 572800846, 593416763 and 605142497 and 658785890 and
670511624 bp; 6B between 505703728 and 510449994 bp and on 7A between 637937043 and
645127159 bp with PVE ranging from 1.92% to 4.24%. These QTLs for GB were co-located with DGF,
DM, SL, SPS, SPAD, and HI traits. Six out of the eight QTLs for GB were previously reported and two
were likely new (supporting information Table S5). All the seven detected QTLs for DH were
previously reported, and out of these, four QTLs turned out to be co-located with TKW, SL, SPAD, GB,
and HI. Two out of the three detected QTLs for DGF are co-located with SL, SPS, SPAD, and TKW
traits. One QTL detected for DGF was previously reported, and two are novel. Four out of the six
detected QTLs for DM are co-located with DH, DGF, PH, SL, SPAD, HI, and SPS. From the detected
QTLs for DM, four are likely new. Five previously reported QTLs were detected for PH, and out of these,
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four QTLs are co-located with SL, DH, GB, DGF, SPS, and SAPD. All the twelve QTLs detected for
SPAD were previously reported, and eight QTLs are co-located with DGF, DM, SPS, HI, DH, PH, and
SL traits. Six out of the eight detected QTLs for SL are co-located with DGF, PH, DM, GB, HI, SPAD,
TKW, and DH traits and one QTL detected for SL is novel. Four out of the six detected QTLs for SPS are
co-located with DGF, GB, HI, SPAD, PH, and TKW traits, and one QTL for SPS is likely new. Six out of
the 12 detected QTLs for HI are co-located with DGF, SPS, TKW, SPAD, DH, GB, and SL, and five
QTLs for HI are novel. The three detected QTLs for TKW were previously reported, and one QTL out of
the three is co-located with DH and HI.

Discussion

Drought stress alters the morphological, physiological, and molecular responses of plants. In the current
study, GB reduction due to drought stress ranged from 35.79% to 52.41% for field and climate chamber
experiments, respectively. Other recent reports revealed that grain yield reduction due to drought was up
to 60% on durum wheat and more than 40% and 30% for bread wheat, and rice, respectively (Sukumaran
et al., 2018; Zhang et al., 2018). Field experiments in our study were reliable, showing moderate to high
broad-sense heritability. Higher heritability values were obtained for most of the evaluated traits under
FNS compared with FDS conditions (Table 2). ANOVA results indicate the broad genetic diversity of the
SP enabling the dissection of the embedded genetic diversity.

The negative correlation of GB with DH (r = -0.48) and DM (r = -0.27) under FDS condition indicates
that early maturing accessions had a yield advantage. This is in agreement with the finding of Millet et al.
(2016), Sukumaran et al. (2018), and Qaseem et al. (2019). GB was also negatively correlated with SL (r
= -0.24) under FDS, which is in line with results on durum wheat (Pour-Aboughadareh et al., 2020). The
negative correlation of GB with SL under FDS indicated a reduced seed set due to prolonged terminal
drought under field conditions. A positive and significant correlation was observed between GB and DGF
under FDS and FNS conditions. However, there was no correlation between GB and DGF under CCDS
treatment. A report by Sukumaran et al. (2018) also indicated no association between GB and DGF in
durum wheat genotypes studied under well-watered and drought conditions. In the current study, under
field conditions, GB did not show a correlation with PH but a positive and significant (r = 0.6) correlation
with GB and PH under CCDS conditions. This is in agreement with Qaseem et al. (2017) who suggested
that under drought stress environments, tall genotypes accumulate and mobilize more resources to grain
and thus had a higher yield than shorter genotypes. In the current study, TKW was significantly (p < 0.05)
correlated with GB except under CCDS under which the association between these traits was positive but

non-significant. A recent study on durum wheat also reported a non-significant correlation between GB
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and TKW under drought stress and non-stress conditions (Sukumaran et al., 2018). However, studies
revealed a significant association between GB and TKW in wheat (del Pozo et al., 2019; Mohammadi et
al., 2018). This may be due to the complex nature of GB and that GB and TKW are affected by several

factors under different environmental conditions.

GWAS is a powerful tool for the identification of quantitative trait loci and to exploit the differential
decay of LD between marker loci and genes of interest in natural and domesticated populations (Laidoet
al., 2014). The basic principle behind LD is to detect and cluster the detected MTAs during GWAS
analysis. If the distance between two identified MTAs is less than the critical (r* > 0.2) LD decay value, it
shows 95% confidence that the two MTASs stay tighter and are assigned as one QTL; otherwise, they are
in linkage equilibrium (Kidane et al., 2017). In crop plants, several QTLs have been reported on
agronomic, physiology, and root traits using linkage mapping and genome-wide association studies
(Gupta et al., 2020). In our SP, the LOESS curve crossed the critical LD (r?> 0.2) at 4.78 Mb. Similarly,
other studies reported LD decay values of 4.5 Mb (Maccaferri et al., 2019) and 5.71 Mb (Taranto et al.,
2020) at the critical LD (r* = 0.2) for the durum wheat SP. Hence, based on the critical LD value, the
identified 191 MTAs were grouped into 70 QTLs. LD pattern of an SP is important for selecting the
marker density required for GWAS and for defining identified QTLs (Siol et al., 2017). The PVE varied
from 0.03% to 11.83%, and only for two MTASs, are value higher than 10% for PVE was calculated,
demonstrating the polygenic control of the traits measured in this study. This is also reported in other
studies on durum wheat (Wang et al., 2019) and bread wheat (Liu et al., 2018). In our study, two major
MTAs were detected for traits HI under CCDS and SL under FNS with 10.6% and 11.83% PVE,
respectively (supporting information Table S4). Interestingly, similar results were reported from
GWAS analysis for the trait PH in durum wheat explaining 16% to 39% of total PVE (Wang et al., 2019)
and in bread, wheat explaining 10.10% to 30.68% of the phenotypic variation (Jin et al., 2020).

In our study, QTLs were detected for yield and yield-related traits and matched with previously reported
results from durum wheat in the GrainGenes database (supporting information Table S5). Grain yield is
the main target in wheat breeding and it is a complex trait due to high GXE interaction and low to
intermediate heritability (Borneret al., 2002). Identification and use of QTLs associated with valuable
agronomic traits at early generation selection in wheat breeding programs enhance the development of
improved cultivars (Collard and Mackill, 2008). A QTL that relates to two or more traits is considered a
co-located QTL, while a QTL associated with a single trait is considered an individual QTL (Ma et al.,
2019; Sukumaranet al., 2018). Thus, in this study, eight co-located QTLs were detected associated with
GB (supporting information Table S5). QTLs for GB were found to be also linked with DGF between
495694477 and 501944537 bp; DM between 416256124 and 430507900 bp; SL and SPS between
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745357158 and 759608934 bp; SL between 561075112 and 572800846, 593416763 and 605142497 and
637937043 and 645127159 bp; with HI, DM and SPAD between 658785890 and 670511624 bp; as well
as with SPAD between 505703728 and 510449994 bp under drought stress and non-stress conditions.
Interestingly, in our study, QTLs detected for GB were not linked with DH, which hints at a limited effect
of flowering time on grain yield as also reported in other studies for durum wheat (Zaimet al., 2020) and
wheat (Ullah et al., 2021). The detected GB QTLs were located on chromosomes 1A, 3B (2), 4B (3), 6B,
and 7A. Except for two QTLs located on chromosomes 1A and 4B, which we believe to be reported for
the first time, the other six QTLs have been reported in previous studies (Maccaferri et al., 2008;
Mengistu et al., 2016; Soriano et al., 2017) on chromosome 3B, (Milner et al., 2016; Patilet al., 2013) on
chromosome 4B, (Marcotuli et al., 2017) on 6B and on 7A (Mengistu et al., 2016). The current
identification of QTLs within similar QTL intervals in our study and the mentioned previous studies
confirms the findings and the power of GWAS (supporting information Table S5). Therefore, QTLs
located on chromosomes 3B and 4B can be considered constitutive QTLs linked to GB whose selection
may help to increase yield under drought stress. Similarly, recent findings identified QTLs for grain yield
in the durum wheat genome (Arifet al., 2020; Mangini et al., 2018, 2021; Zaim et al., 2020). Conversely,
in our study and the report by Mangini et al. (2021), no QTL associated with GB was detected on
chromosome 2B, which was reported to carry QTLs for GB by Zaim et al. (2020). More important, in our
study, GB QTLs detected under drought stress including newly detected QTLs showed a positive effect
on grain biomass with significant LOD values ranging between 4.11 and 7 and with up to 4.24% PVE,

indicating that they could have the potential in increasing grain yield in durum.

DH provides the basis for plant adaptation and is a major trait in plant breeding (Zaim et al., 2020). Also,
under terminal drought, early flowering time and a shorter vegetative phase are important for wheat
production (Shavrukov et al., 2017). In the present study, seven (four co-located and three individual)
QTLs for DH were located on chromosomes 1A, 1B, 2A, 4A, 4B, and 6B. Interestingly, five of the
identified QTLs were positioned within reported QTL intervals on chromosomes 1A and 1B (Milner et
al., 2016), 2A (Giunta et al., 2018),4A (Maccaferri et al., 2011; Milner et al., 2016) and on chromosome
6B (Maccaferri et al., 2011; Roncallo et al., 2018). In addition, affirming the finding of our study, QTLs
on chromosomes 2A, 2B, 4B, 5B, and 7B were also reported for this phenology trait (Zaim et al., 2020).
Maccaferri et al. (2015), using durum wheat elite cultivars report QTL on chromosome 4A out of the 43
QTLs associated with DH across the durum wheat genome except for chromosome 6A. Genomic regions
on chromosomes 2A and 2B were reported to be associated with the major photoperiod sensitivity loci
Ppd-Al and Ppd-B1(Arjona et al., 2018; Maccaferri et al., 2008, 2011). Notably, our study we detected a
QTL on chromosome 2A under FDS that is located very close to the position of Ppd-IA, but no QTL was
detected in the vicinity of Ppd-B1. Ppdl genes affect the time of heading and other traits and play an
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important role in modifying source-sink equilibrium, thus affecting wheat growth and development
(Foulkes et al., 2004; Kamran et al., 2014; Wirschum et al., 2018).

The duration between heading and maturity is an important yield component in wheat. Here, three QTLs
were detected for DGF located on chromosomes 1B between 378,065,006-385,687,934 bp, on 3B
between 732,882,447—747,134,223 bp, and on 7B between 543,578,199-552,021,963 bp. The three
detected QTLs have not been reported before and thus represent new QTLs linked to DGF in durum
wheat. QTLs for DGF on chromosome 7B cluster with two or more traits, for example, SPS, TKW, and
SPAD. This may suggest the linear relationship between DGF and the traits or may be due to pleiotropic
effects (Bhoite et al., 2018). A total of six (three co-located and three individuals) QTLs associated with
DM were located on chromosomes 1A, 2B, 4A, 5B, and 7A. Interestingly, two QTLs on chromosomes
4A and 7A were detected in the same intervals in Ethiopian durum wheat landraces and modern varieties
on chromosome 4A (Kidane et al., 2017) and Ethiopian durum wheat landraces on chromosome 7A
(Mengistu et al., 2016). When compared with the GrainGenes database, the QTLs detected on
chromosomes 1A, 2B, and 5B are likely to be novel QTLs associated with DM in durum wheat.

Plant height is frequently altered when water is limited to overcome the deleterious effects of drought
(Arif et al., 2020). Five (co-located with other traits) QTLs were identified as associated with PH located
on chromosomes 1A, 2B, 6B, 7A, and 7B. The identified QTL on chromosome 6B was previously
reported associated with PH in Ethiopian durum wheat landraces (Mengistu et al., 2016). Similarly, the
QTL on chromosome 7B linked with PH is located within a previously reported QTL region for PH in
Mediterranean durum wheat landraces (Sorianoet al., 2017) and close to a QTL region identified in Elite
durum cultivars (Maccaferri et al., 2011). Similarly, Mangini et al. (2021) reported QTLs associated with
PH on chromosomes which we also identified, except on chromosome 1A. However, opposite to our
findings, Zaim et al. (2020) reported QTLs associated with PH on chromosomes 4A, 4B, and 5B. The
Green Revolution resulted in the release of short, high-yielding cultivars, which are mainly related to
genes controlling PH in wheat. The introduction of semidwarf genes into bread wheat resulted in the
replacement of tall cultivars with semidwarf cultivars with high response to inputs (e.g., fertilizers) and
resistance to lodging.Thereby, a significant increase in yield was achieved in many national breeding
programs (Xynias et al., 2020). In agreement with our study, Chai et al. (2021) mentioned different alleles
responsible for dwarfing genes in wheat located on chromosomes 2B, 7A, and 7B. In the current study,
out of two QTLs for PH under FDS, the one located on chromosome 1A showed a high reducing effect
with 1.47% PVE.

SPAD values serve as a valuable indicator of the photosynthetic capacity of plants (Fiorentini et al., 2019;

Lopes and Reynolds, 2012). A total of 12 (eight co-located and four individuals) QTLs were identified for
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SPAD readings from flag leaves and were mapped on chromosomes 1A, 2A, 2B, 3A, 5B, 6B, and 7B. A
recent study reported QTLs for flag leaf chlorophyll content for the durum wheat genome but on
chromosomes 1B and 3B (Huang et al., 2018). GWAS results also indicated QTLs linked to leaf
chlorophyll content under drought stress located on chromosomes 1B, 2A, 2B, 3B, 6B, and 7B in winter
wheat seedlings (Maulana et al., 2020). These results highlight the potential of exploring QTLs associated
with leaf chlorophyll content in durum wheat as a key factor for photosynthesis by which 80% of wheat
yield is realized in canopy leaves (Ghosh et al., 2003; Hussain et al., 2015).

SL is a yield-related trait in wheat. Eight (six co-located with other traits DGF, PH, DM, GB, HI, SPAD,
TKW, and HI and two individual) QTLs were detected for SL on chromosomes 2B, 4A, 5A, 5B, 7A, and
7B. All QTLs were detected under drought stress conditions except a QTL located on chromosome 7B.
Similarly, Hu et al. (2015) identified eight QTLs associated with the length of the main spike in durum
wheat located on chromosomes 1B, 2B, 4A, 5A, 5B, 7A, and 7B (Huet al., 2015). The QTL detected on
chromosome 7B is located in a QTL region reported by Thanh et al. (2013). There was no QTL for SL
reported yet on chromosome 2B suggesting this QTL is novel. Six (five co-located with DGF, GB, HI,
SPAD, and TKW and one individual) QTLs were detected associated with SPS located on chromosomes
2B, 3B, 6A, 6B, and 7A, of which five were reported earlier (Giunta et al., 2018; Mangini et al., 2018;
Mengistu et al., 2016; Roncallo et al., 2018). One of the QTLs on 6B linked to SPS was reported here for
the first time. Four of the six QTLs detected for SPS were detected under FDS and CCDS with a positive
effect on the trait. Interestingly, these QTLs identified under drought stresses were also identified for
traits such as DGF, PH, TKW, and SPAD.

HI is an important trait directly associated with yield. Twelve QTLs were detected for HI located on
chromosomes 1A, 1B, 2A, 2B,3A, 5A, 6B, and 7A. Recently, a study on association mapping of QTLs
for yield and yield-related traits revealed QTLs associated with HI on chromosomes 1B, 2B, 3B, 4B, 5B,
7A, and 7B (Arif et al., 2020). Similarly, in the current study, the two detected QTLs on chromosomes 2A
and 6B were close to the reported QTL interval by Roncallo et al.(2018) and within the reported QTL
interval on chromosome 6A (Peleg et al., 2009). QTLs for HI obtained in this study located on
chromosomes 1A, 3A, and 5A are reported for the first time in durum wheat. Three (two individual and
one co-located with DH and HI) QTLs were detected associated with TKW located on chromosomes 2B,
3B, and 4A. These three QTLs were also identified in multi-locations in tetraploid wheat in segregating
populations and germplasm collections for TKW (Mangini et al., 2018). The QTLs on chromosome 2B
detected under CCDS and on 3B under CCNS and on 4A under FNS were found to be in close vicinity

and within the already detected QTL intervals, respectively (Mangini et al., 2018). Recent, studies also
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identified QTLs for TKW on chromosomes 1A, 1B, 2A, 3A, 4B, 5A, 5B, and 6B in durum wheat
(Giancaspro et al., 2019; Mangini et al., 2021), which we lack to identify in our study.

Despite the detection of significant positive correlations between climate chamber and field results for
several traits, we did not observe common QTLs for any trait under the two environments (climate
chamber and field). In our study, we mainly investigated polygenetic quantitative traits. This phenomenon
has been explained as a quantitative trait being controlled by numerous genes, with each gene having a
relatively small effect, and readily affected by environments (Zhang et al., 2020). Supported by our
ANOVA results showing the strongest effects for the environment, we concluded that the missing overlap
of detected associated loci for a certain trait in the two environments may be explained by the effect of the
environment leading to varying regulatory scenarios for the various traits under the two watering
conditions. As a result, genetic selection for drought stress has to be conducted in the target environment
and ideally may include the design of ideotypes for certain growth scenarios (Senapati and Semenov,
2019).

Conclusion

The experimental setting revealed the impact of drought on the durum wheat SP. Traits such as DGF,
SPAD, SPS, HI, and TKW showed a strong and significant (p < 0.0001) correlation with GB under FDS.
Heritability of the traits analyzed varied between 48.2% for DM and 89.11% for PH under FNS.
Similarly, under FDS, heritability ranged between 42% for DM and 83.37% for SL. A significant (p <
0.01) positive correlation was detected between GB for FNS versus CCNS, as well as for FDS versus
CCDS conditions. Similarly, significant (p < 0.001) positive correlations were observed between the same
traits (DH, DM, DGF, PH, and SL) for FDS versus CCDS and FNS versus CCNS conditions. However,
the correlation between HI was not significant for FDS versus CCDS and FNS versus CCNS conditions.
GWAS is a powerful tool to pinpoint the association between traits and markers. Critical (r* > 0.2) LD
decay value identified 70 QTLs, of which 50 QTLs were linked to several traits and where 20 QTLs were
associated with any one of the traits under the drought treatments. Many of the QTLs were detected
within or in close vicinity of previously reported QTL intervals, a fact highlighting the consistency of our
study. In addition, we have identified several novels QTLs for some of the tested traits referring to the
GrainGenes database for durum wheat and literature reports. QTLs with a positive effect size that was
detected under drought stress conditions for GB and traits co-located with GB may have high potential in
increasing grain biomass in durum wheat. These include, for example, QTL on 1A between 495694477
and 501944537 bp, on 3B between 416256124 and 430507900 bp, on 3B between 745357158 and
759608934 bp, on 4B between 593416763 and 605142497 bp and 4B between 658785890 and
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670511624 bp. We concluded that our SP is showing reasonable genetic evidence for adaptations under
drought-stress environments. In the future, genomic selection markers may be developed and validated
for QTL markers with relevance for yield stability and yield improvement under drought stress
conditions. While the environment and selected germplasm will strongly depend on the breeding strategy,
the novel QTL markers identified in our study likely represent potential candidates for MAS in wheat

breeding programs for drought tolerance.
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Publication 2.3) Negisho K, Shibru S, Matros A, Pillen K, Ordon F, & Wehner G. (2022b).
Association Mapping of Drought Tolerance Indices in Ethiopian Durum Wheat (Triticum turgidum
ssp. durum). Frontiers in Plant Sciences 13:838088. https://doi.org/10.3389/fpls.2022.838088.

Abstract

Ethiopia is a major producer of durum wheat in sub-Saharan Africa. However, its production is prone to
drought stress as it is fully dependent on rain, which is erratic and unpredictable. This study aimed to
detect marker-trait associations (MTAS) and quantitative trait loci (QTLs) related to indices. Six drought
tolerance indices, i.e., drought susceptibility index (DSI), geometric mean productivity (GMP), relative
drought index (RDI), stress tolerance index (STI), tolerance index (TOL), and yield stability index (YSI)
were calculated from least-square means (Ismeans) of grain yield (GY) and traits significantly (p < 0.001)
correlated with grain yield (GY) under field drought stress (FDS) and field non-stress (FNS) conditions.
GY, days to grain filling (DGF), soil plant analysis development (SPAD) chlorophyll meter, seeds per
spike (SPS), harvest index (HI), and thousand kernel weight (TKW) were used to calculate DSI, GMP,
RDI, STI, TOL, and YSI drought indices. Accessions, DW084, DW082, DZ004, C037, and DW092 were
selected as the top five drought-tolerant based on DSI, RDI, TOL, and YSI combined ranking. Similarly,
C010, DW033, DW080, DW124-2, and C011 were selected as stable accessions based on GMP and STI
combined ranking. A total of 184 MTAs were detected linked with drought indices at —log10p > 4.0,79 of
which were significant at a false discovery rate (FDR) of 5%. Based on the linkage disequilibrium (LD, r2
> 0.2), six of the MTAs with a positive effect on GY-GMP were detected on chromosomes 2B, 3B, 4A,
5B, and 6B, explaining 14.72, 10.07, 26.61, 21.16, 21.91, and 22.21% of the phenotypic variance,
respectively. The 184 MTAs were clustered into 102 QTLs. Chromosomes 1A, 2B, and 7A are QTL
hotspots with 11 QTLs each. These chromosomes play a key role in drought tolerance and respective

QTL may be exploited by marker-assisted selection for improving drought stress tolerance in wheat.

Keywords: Ethiopia, Durum wheat, Drought tolerance indices, GWAS, QTLs, Field studies.
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Veroffentlichung 2.3) Negisho K, Shibru S, Matros A, Pillen K, Ordon F, & Wehner G. (2022b).
Association Mapping of Drought Tolerance Indices in Ethiopian Durum Wheat (Triticum turgidum
ssp. durum). Frontiers in Plant Sciences 13:838088. https://doi.org/10.3389/fpls.2022.838088.

Abstrakt

Athiopien ist ein wichtiger Produzent von Hartweizen in Afrika stdlich der Sahara. Die Hartweizen-
Produktion ist jedoch anfallig flr Trockenstress, da sie vollstindig vom Regen abhéngig ist, der
unregelmafiig und unvorhersehbar ist. Ziel dieser Studie war es, Marker-Trait-Assoziationen (MTAS) und
guantitative Trait-Loci (QTLS) im Zusammenhang mit Trockenstresstoleranz-Indizes zu ermitteln. Sechs
Trockenstresstoleranz-Indizes, ndmlich der Index der Trockenheitsanfalligkeit (DSI), die geometrische
mittlere Produktivitdt (GMP), der relative Trockenheitsindex (RDI), der Stresstoleranzindex (STI), der
Toleranzindex (TOL) und der Ertragsstabilitatsindex (YSI) wurden aus den kleinsten quadratischen
Mittelwerten (Ismeans) des Kornertrags (GY) und den Merkmalen berechnet, die signifikant (p < 0,001)
mit dem Kornertrag (GY) unter Feld-Trockenstress (FDS) und Feld-Nichtstress (FNS) Bedingungen
korrelierten. GY, Tage bis zur Kornfiillung (DGF), Blatt Chlorophyll-Gehalt (SPAD), Samen pro Ahre
(SPS), Ernte-Index (HI) und Tausendkorngewicht (TKW) wurden zur Berechnung der Dirre-Indizes DSI,
GMP, RDI, STI, TOL und YSI verwendet. Die Sorten DW084, DW082, DZ004, C037 und DWQ092
wurden auf der Grundlage des kombinierten Rankings von DSI, RDI, TOL und YSI als die fiinf
Trockenstress-tolerantesten Sorten ausgewahlt. In dhnlicher Weise wurden C010, DWO033, DW080,
DW124-2 und C011 auf der Grundlage der kombinierten GMP- und STI-Rangliste als stabile Sorten
ausgewahlt. Insgesamt wurden 184 MTAs identifiziert, die mit Trockenstresstoleranz-Indizes bei -log10p
> 4,0 assoziiert waren, von denen 79 bei einer Falschentdeckungsrate (FDR) von 5% signifikant waren.
Auf der Grundlage des Kopplungsungleichgewichts (LD, r* > 0,2) wurden sechs der MTAs mit einem
positiven Effekt auf GY-GMP auf den Chromosomen 2B, 3B, 4A, 5B und 6B identifiziert, die 14,72,
10,07, 26,61, 21,16, 21,91 bzw. 22,21 % der phéanotypischen Varianz erkléarten. Die 184 MTAs wurden
anhand des LD in 102 QTLs gruppiert. Die Chromosomen 1A, 2B und 7A sind QTL-Hotspots mit jeweils
11 QTLs. Diese Chromosomen spielen eine Schlusselrolle bei der Trockenstresstoleranz, und die
entsprechenden QTL konnen zukinftig fur die markergestitzte Selektion zur Verbesserung der

Trockenstresstoleranz bei Weizen genutzt werden.

Stichworte: Athiopien, Hartweizen, Trockenstresstoleranzindizes, GWAS, QTLs, Feldstudien.
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Introduction

Globally, drought is a serious abiotic factor challenging crop production, productivity, and quality. It is
enhanced by climate change leading to food and livelihood crises (Lobell et al., 2011). Singh et al. (2016)
reported total crop failure and death of livestock due to drought in Ethiopia affecting nearly 10 million
people, especially in the northern part of the country. Hence, Ethiopia is experiencing significant climate-
induced drought and water-related stresses on crop and livestock productivity (Brown et al., 2017).
Durum wheat (2n = 28, AABB, Triticum turgidum L. ssp. durum) is the most commonly cultivated form
of allotetraploid wheat and is grown in 8% of the world’s wheat area (FAO, 2016). In Ethiopia, durum
wheat nearly accounts for 15-20% of wheat production and covers 30% of wheat cultivated land areas
(Negassa et al., 2013). In Ethiopia, durum wheat is not only a staple crop for food security but also it

becomes a major cash crop having 10-20% higher prices than bread wheat (Sall et al., 2019).

Ethiopia is one of the world’s eight major Vavilovian centers of origin of crop plants, such as durum
wheat and a major durum wheat producer, in sub-Sharan Africa (Vavilov, 1951; Sall et al., 2019).
However, its production is fully dependent on rain, which is erratic and unpredictable, particularly in the
low altitude regions (Simane et al., 1994). Ethiopia is currently harvesting crops only from 14 million out
of 51.3 million hectares of arable lands [Tsegaye, 2017; Central Statistical Agency of Ethiopia (CSA).,
2018]. This is primarily due to drought stress and the lack of irrigation facilities among other production
constraints. Therefore, the selection of drought-tolerant durum wheat genotypes has paramount
importance in expanding its production to the untapped potential production areas and to use drought-
tolerant genotypes in wheat improvement programs. The huge genetic diversity in Ethiopian durum wheat
landraces could be a potential gene pool for national and international wheat improvements (Mengistu et
al., 2015; Negisho et al., 2021). Thereby, the identification and use of drought-tolerant accessions from
the existing genetic diversities could help to overcome the drastic effect of drought (Van Oosten et al.,
2016).

Drought indices provide a mathematical measure for yield loss under drought stress conditions as
compared to non-stress conditions in screening drought-tolerant genotypes (Fernandez, 1992; Mitra,
2001). They have been widely used for screening drought-tolerant genotypes in durum wheat (Patel et al.,
2019), bread wheat (Abdolshahi et al., 2012; Song et al., 2017), barley (Sallam et al., 2019), and maize
(Naghavi et al., 2013; Yousefi, 2015). The drought susceptibility index (DSI) is used to measure yield
stability in wheat genotypes that apprehends the changes in both drought stress and non-stress
environments (Fischer and Maurer, 1978). Guttieri et al. (2001) suggested genotypes with DSI values of <
1 showing tolerance to drought stress. Genotypes with high values for yield stability index (YSI)
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(Bouslama and Schapaugh, 1984) and relative drought index (RDI) (Fischer et al., 1998) are generally
regarded as stable under stress and non-stress conditions. Rosielle and Hamblin (1981) also proposed
drought stress tolerance (TOL) criteria based on mean yield from drought stress and non-stress
conditions. Similarly, the stress tolerance index (STI) (Fernandez, 1992) and geometric mean productivity
(GMP) (Ramirez-Vallejo and Kelly, 1998) are useful indices for the identification of stable genotypes,

which produce high yield under drought stress and higher or optimum yield under non-stress.

Quantitative trait loci have been detected for grain yield related drought tolerance indices traits in wheat
(Edae et al., 2014; Maccaferri et al., 2015; Qaseem et al., 2019) and chickpea (Kale et al., 2015).
However, research on the identification of QTLs associated with drought tolerance indices for traits other
than grain yield is scarce. For instance, Sukumaran et al. (2018) detected QTLs associated with drought
indices (SSI, TOL, STI) calculated from grain yield (GY), thousandgrain weight (TGW), and grain
number in durum wheat. Similarly, Ballesta et al. (2020) identified QTL-rich regions associated with
drought indices (SSI, TOL, STI, and YSI) derived from grain yield (GY), TKW, and kernels per spike in

bread wheat.

Association mapping was applied to identify QTLs for drought indices that were derived from GY and
agro-physiological traits positively and strongly correlated (p < 0.001) with GY as an alternative selection
approach to improve drought tolerance in wheat. Therefore, the objectives of this study were to detect
MTAs and QTLs significantly associated with drought indices and to identify drought-tolerant as well as

stable genotypes from a durum wheat study panel.

Materials and Methods

Study panel

The study panel included 215 Ethiopian durum wheat landraces, 10 released durum wheat varieties and
10 advanced durum wheat lines from the Ethiopian Institute of Agricultural Research (EIAR), and 50
durum wheat lines from the International Wheat and Maize Improvement Centre (CIMMYT) (Negisho et
al., 2021).

Field Experiments

The field phenotyping experiments were conducted in four locations for three seasons (2016—-2018) in
Ethiopia. The locations were grouped into two moisture variants, field drought stress (FDS) and field non-

stress (FNS). An incomplete block alpha lattice design with 3 replications per location per accession was
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used. A detailed summary of field experiments and evaluated traits was presented in the study of Negisho
et al. (2022a).

Drought Indices Analysis

Phenotypic traits with significant (p < 0.05) ANOVA results for accessions, treatments, and accessions X
treatment interaction, with moderate (52.25%) to high (74.91%) heritability for HI and SPS, respectively,
were used. Also, traits with positive and significant (p < 0.001) correlation with GY under FDS and FNS
conditions were selected to calculate drought indices (Negisho et al., 2022a). These traits were GY, DGF,
SPAD, SPS, HI, and TKW. Data across years and locations per FNS and FDS were combined to analyze
the Ismeans. The Ismeans of these traits were estimated for each accession using the Ime4 package in R
(Lenth, 2016). Variance components of selected traits were computed by restricted maximum likelihood
following the model of Yu et al. (2006). Then, drought indices (DSI, GMP, RDI, STI, TOL, and YSI)
were calculated from Ismeans values of these traits. Pearson correlation coefficients (r) were analyzed by
cor and Corstars function in R and plotted by the R package “corrplot” (Wei et al., 2017). Principal
component analysis (PCA) for the drought tolerance indices was analyzed by R package FactoMineR
(Husson et al., 2010). The description of drought indices and their corresponding equation are indicated in
Table 1.

Table 1. Drought indices calculated from grain yield and from traits with significant positive correlation
(p < 0.001) with grain yield (GY) under FDS and FNS conditions.

Drought indices Formula (equation) Reference
Drought susceptibility index (DSI) (1-(GY_FDS/GY_FNS))/(1- Fischer and Maurer, 1978
(?FDS/?FNS))

Relative drought index (RDI) (GY_FDS/GY_FNS)/(Y gps/Yens)  Fischer et al., 1998

Stress tolerance index (STI) (GY_FDSXGY_FNS)/(Yens®) Fernandez, 1992

Geometric mean productivity (GMP) v GY_FDS x GY_FNS Ramirez and Kelly, 1998

Tolerance (TOL) GY_FNS-GY_FDS Rosielle and Hamblin,
1981

Yield stability index (YSI) GY_FDS/GY_FNS Bouslama and Schapaugh,
1984

GY_FDS and GY_FNS: Grain yield Ismean under FDS and FNS conditions for each genotype,
respectively. Yeps and Ygens: Grain yield Ismean under FDS and FNS conditions for all genotypes,
respectively.
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Genotyping

Genotyping was conducted by SGS Trait Genetics, Gatersleben, Germany using the wheat 90k iSelect
single-nucleotide polymorphism (SNP) array (Wang et al., 2014). The consensus linkage map of
tetraploid wheat (Maccaferri et al., 2015) and the IWGSC RefSeq v1.0 genomic assembly (International
Wheat Genome Sequencing Consortium, 2018) were applied to assign a genomic location to each SNP
marker. SNP markers with minor allele frequency (MAF) of < 5%, missing data > 10%, and
heterozygosity >12.5% were omitted, and SNP markers were imputed by the Beagle software package in
R (Browning and Browning, 2007). A total of 11,919 SNPs with physical positions were taken from the
reference sequence of durum wheat (Maccaferri et al., 2019). Population structure and genome-wide
association study (GWAS) were taken from our previous study (Negisho et al., 2021). STRUCTURE
HARVESTER (Earl and vonHoldt, 2012) was used to determine the g-matrix based on the results
obtained for population structure by the STRUCTURE 2.3.4 software (Evanno et al., 2005). Linkage
disequilibrium (LD), LD decay, and LD plots within and across chromosomes of durum wheat genomes
(A and B) were analyzed using R packages “genetics,” “LDheatmap,” and “trio” (Shin et al., 2006;
Warnes, 2013; R Development Core Team, 2014). Inter-marker genetic distances were assessed using the
consensus physical position of durum wheat with 11,919 SNPs (Maccaferri et al., 2019). The critical r2
value was set at r> > 0.2 (Voss-Fels et al., 2015; Oyiga et al., 2017).

Genome-Wide Association

Study Genome-wide association study was conducted using the genome association and prediction
integrated tool (GAPIT) in R (Lipka et al., 2012). FarmCPU method, which is iteratively using the fixed-
effect model and the random effect model for powerful and efficient GWAS (Liu et al., 2016; de Souza et
al., 2018), was used.

MTAs were analyzed using calculated drought indices Ismeans as a phenotypic trait, filtered SNP
markers, Kinship matrix, and gmatrix (Yu et al., 2006). In this study, the Bonferroni correction test was
too stringent to detect MTAs, thus, a threshold for significant MTAs was adjusted at —log10p > 4.0 (Bai et
al., 2016; Ma et al., 2016; Bhatta et al., 2018), and MTAs at FDR 5% were assessed (Benjamini and
Hochberg, 1995). The PVE was calculated following (Teslovich et al., 2010). The detected MTAS were
clustered into QTLs using the critical (r? > 0.2) LD decay value (4.78 Mb) (Negisho et al., 2022a), and
MTAs not in the LD were taken as an independent QTL (Kidane et al., 2017; Negro et al., 2019).

Based on the Ismeans of the combined analysis, each SNP locus in the MTAs with a positive phenotypic
effect (a; > 0) was identified as a favorable allele, and those with a negative phenotypic effect (a; < 0)

were identified as an unfavorable allele for the respective drought indices (Chong et al., 2019). Even
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though it is difficult to make a comparison between the previously reported QTLs at the chromosomal
position level, current and previous reports on QTLs related to drought indices in wheat were assessed
and discussed (Dashti et al., 2007; Edae et al., 2014; Sukumaran et al., 2018; Qaseem et al., 2019; Arif et
al., 2020; Ballesta et al., 2020).

Candidate Gene Analysis

Significant (—logl0p > 4.0) MTAs for drought index traits were aligned with the annotated sequence of
Durum Wheat (cv. Svevo) RefSeq Release 1.0 at GrainGenes (Maccaferri et al., 2019). In addition,
detected MTAs were further assessed for their association with drought tolerance using previously
published literature. Finally, in case, the annotation is not found in Durum Wheat (cv. Svevo) RefSeq
Release 1.0 at GrainGenes and also not reported so far in the previously published literature, and then, the

detected MTASs were considered as novel.

Results

Mean grain yield under field non-stress (GY_FNS) and field drought stress (GY_FDS) conditions were
77.09 and 49.5 g/plot showing 35.79% GY reduction with 20.25 and 23.25% coefficient of variation,
respectively (Table 2). The mean values of drought indices were 0.97, 1.01, 0.66, 61.49, 27.61, and 0.65
for DSI, RDI, STI, GMP, TOL, and YSI, respectively. Deviation of the data from the mean was expressed
in percentage of standard deviation (SD%). A higher percentage of SD was observed for GY under FNS
(15.61%) as compared to FDS (11.49%). Similarly, a higher percentage value of SD was detected for
GMP (12.13%) and TOL (12.33%) as compared to the other drought indices. The coefficient of variation
for the drought indices ranged from 19.27 (GY-STI) to 44.64% (GY-TOL) (Table 2).
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Table 2. Descriptive statistics for grain yield (GY) drought indices.

Traits Mean SD% Min Max %CV
GY_FNS 77.09 15.61 32.75 114.63 20.25
GY_FDS 49.50 11.49 23.50 79.92 23.21
% GY loss 35.79 - - - -

DSl 0.97 0.35 -0.17 1.86 36.05
RDI 1.01 0.20 0.52 1.65 19.33
STI 0.66 0.25 0.17 1.37 37.27
GMP 61.49 12.13 32.05 90.27 19.72
TOL 27.61 12.33 1.24 61.11 44.64
YSI 0.65 0.13 0.34 1.06 19.31

GY_FNS, grain yield Ismeans in g/plot under FNS; GY_FDS, grain yield Ismeans in g/plot under FDS;
%GY loss, percentage of yield loss due to drought stress; DSI, drought susceptibility index; RDI, relative
drought index; STI, stress tolerance index; GMP, geometric mean productivity; TOL, tolerance index;
YSI, yield stability index. Mean, standard deviation (SD), minimum, maximum, and percentage of the

coefficient of variation (CV), n = 285.

The 52% of the accessions (147) in the SP revealed GY-DSI values <1 that indicates the existence of
drought-tolerant accessions. Out of drought-tolerant accessions, 96 were from Ethiopian durum wheat
landraces, 9 from advanced lines, 7 from released varieties, and 35 were from the CIMMYT durum wheat
collection and the top 26 (9%) are visualized in Figure 1. DW084, DW082, DZ004, C037, and DWQ092
were selected as the top five drought-tolerant accessions based on the combined rank of GY-DSI,
GYRDI, GY-TOL, and GY-YSI (Figure 1, Supplementary Table S1). Additionally, accessions with
high value based on the combined rank of GY-GMP and GY-STI are considered as stable genotypes
under FDS and FNS. Based on GMP and STI drought indices ranking C010, DW033, DW080, DW124-2,
and C011 were selected as the top five stable accessions. The remaining 138 (48%) accessions in the SP
showed a GY-DSI value higher than one indicating the susceptibility of the accessions to drought.
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Figure 1. Top 26 drought tolerant accessions identified based drought susceptibility index calculated
from grain yield (GY). The x-axis indicates selected genotypes and seed origin with DSI < 0.5 and the y-

axis shows DSI values.

Correlation Analysis

A significant positive correlation was observed between GY_FNS and GY_FDS (r = 0.62) (Figure 2).
Likewise, GY_FNS and GY_FDS were significantly and positively correlated with GMP (r = 0.88 and
0.92) and STI (r = 0.86 and 0.92), respectively. GY_FNS was significantly and positively correlated with
DSI (r = 0.35) and TOL (r = 0.68), but a significant (r = —0.35) negative correlation was observed with
RDI and YSI. GY_FDS was significantly (r = 0.49) and positively correlated with RDI and YSI but
significantly and negatively correlated with DSI (r = —0.49) and TOL (r = —0.15). There was a significant
positive correlation between DSI and TOL (r = 0.9). A highly significant (r = —1.0) negative correlation
was observed between RDI and YSI. RDI was significantly and positively correlated with YSI (r = 1.0)
but showed a strong significant negative correlation with TOL (r = —0.9). STI and GMP showed a
significant (r = 0.99) positive correlation. STI and GMP revealed a significant positive correlation with

TOL (0.24 and 0.26), respectively. Finally, there was a strong significant negative (r = —0.9) correlation
between TOL and YSI.
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Figure 2. Pearson correlation between the drought indices traits. GY_FNS: Ismeans from FNS at (Holeta
and Debre Zeit), GY_FDS: Ismeans from FDS at (Dera and Melkassa), DSI: Drought susceptibility index,
RDI: Relative drought index, STI: Stress tolerance index, GMP: Geometric mean productivity, TOL.:
Tolerance index and YSI: Yield stability index. *, **, and *** significance at p < 0.05, p < 0.0l and p <

0.001, respectively.

PCA

PCAL and PCA2 explained 52.9 and 46.3% of the variation among drought indices, respectively (Figure
3). PCA clustered the drought indices into three groups (G1, G2, and G3). G1 indicated drought-tolerant
accessions with higher values of YSI and RDI, G2 indicated stable accessions with higher values of
GY_FNS, GY_FDS, GMP, and STI, and G3 showed drought-tolerant accessions with lower values of
DSl and TOL.

A narrow angle (<90°) shows a positive correlation within each group, whereas a wide angle (>90°)

indicates a negative correlation, e.g., between G1 and G3. Hence, GY_FNS was positively correlated with
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GY_FDS, STI, GMP, TOL, and DSI, but negatively correlated with YSI and RDI. Similarly, GY_FDS
was positively correlated with GY_FNS, YSI, RDI, STI, and GMP but negatively correlated with DSI and

TOL as was revealed by Pearson correlation analysis (Figure 2; Supplementary Figure S1).

Principal Component Analysis (PCA)

1.0

0.0 ]

PCA1 (52.9%9%)

Figure 3. PCA showing the contribution of drought indices. PCA1 and PCA2 accounted for 99.2% of

total variations among drought indices.

Marker-Trait Association Analysis for Drought Indices

A total of 184 MTAs were detected across the durum wheat genome for the analyzed drought indices at —
log10p > 4.0 (Table 3) explaining up to 26.61% of the total phenotypic variation. The Manhattan plots for
MTAs were indicated in Supplementary Figures S2-S7. A total of 41 (22.28%) of the significant MTAs
detected were associated with two or more drought indices highlighted in blue color (Supplementary
Table S2). Predominantly, 16 (39.02%) of these stable MTAs were associated with GMP and STI

drought indices.

63



ORIGINAL PAPERS

Table 3. Significant (—log10p > 4.0) marker-trait associations (MTAS) and quantitative trait loci (QTL)
that were detected for the drought indices traits calculated from grain yield and traits significantly (p <

0.001) positively correlated with grain yield under FNS and FDS.

Trait MTA MTAs per Chromosomes QTL
GY-DslI 0 - 0
GY-GMP 10 2A, 2B, 3B, 4A, 5A, 5B, 6B, TA (2), 7B 6
GY-RDI 6 1A (2), 1B, 4A, 7A, 7B 4
GY-STI 8 1A, 2A, 3B, 4B, 5A (2), 5B, 6B 4
GY-TOL 0 - 0
GY-YSI 0 - 0
DGF-DSI 3 1A, 3B, 4B 1
DGF-GMP 2 1A, 4B 0
DGF-RDI 7 1A, 1B, 3B,4B, 5B, 6B (2) 5
DGF-STI 5 1B, 2A, 2B, 3B, 7B 4
DGF-TOL 6 3B, 4A, 4B, 5B, 6B, 7TA 4
DGF-YSI 6 2B, 3B, 4B, 5B, 6B (2) 2
SPAD-DSI 2 1A, 2B 1
SPAD-GMP 11 1A (2), 3A, 3B, 4A, 4B (2), 5A, 6B (2), 7A 8
SPAD-RDI 2 1A ,5A 2
SPAD-STI 7 1A, 1B, 2B (2), 4B, 6B (2) 6
SPAD-TOL 0 - 0
SPAD-YSI 4 1A (2), 2B, 3A 2
SPS-DSI 2 1B, 2B 1
SPS-GMP 10 1A, 2A (3), 2B, 3A, 5A, 5B, 6A, 7A 6
SPS-RDI 2 1B, 2B 0
SPS-STI 9 1A (2), 2A, 3A, 3B, 4B, 5A 7A (2) 8
SPS-TOL 0 - 0
SPS-YSI 2 1B, 2B 0
HI-DSI 8 1A, 1B, 2A (2), 4B, 6A, 6B, 7A 6
HI-GMP 11 1A (2), 1B, 2B, 4A, 4B, 5A (2), 7A (2), 7B 3
HI-RDI 6 2A (2), 4B, 6B, 7A, 7B 1
HI-STI 7 1B, 4A, 4B, 5A, 7A, 7B (2) 5
HI-TOL 4 2A (2), 4B, 6B 2
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Trait MTA MTAs per Chromosomes QTL
HI-YSI 6 2A (2), 4B, 6B, 7A, 7B 3
TKW-DSI 8 2B (2), 4A (2), 4B (2), 6B, 7A, 4
TKW-GMP 6 1A, 2B (2), 4A, 4B, 6A 4
TKW-RDI 8 2B (2), 4A (2), 4B, 7A, 7B (2) 1
TKW-STI 4 2B, 4A, 6A, TA 1
TKW-TOL 5 2A, 2B, 5A, 5B, 7B 5
TKW-YSI 7 2B, 4A (2), 4B, 6B, 7TA (2) 3
Total 184 - 102
Detected MTAs: A = 89 (48%) and B = 95 (52%)
Genome Detected QTLs: A =48 (47%) and B = 54 (53%)

Brackets enclose the number of MTAs detected per chromosome only if it is more than one.

In this study, SNP alleles with positive effects that led to increased drought index traits were defined as
“favorable alleles.” Accordingly, five major MTAs were detected associated with GY-GMP as favorable
SNP alleles (>10% PVE): RFL_Contig2569 2187 on chromosome 3B at 752,249,328 bp,
Kukri_c22602_704 on chromosome 4A at 733,371,835, IAAV2346 on chromosome 5B at 17,863,862 bp,
wsnp_Ex_¢3940_7144946 on chromosome 6B at 508,076,861 bp, and Tdurum_contig4658 346 on
chromosome 7B at 663,797,774 bp. On the other hand, four major MTAs were detected associated with
GY-GMP as unfavorable SNP alleles: Tdurum_contigl0785_ 2433 on chromosome 2A at 12,102,513 bp,
Kukri_rep_c116526_98 on chromosome 5A at 112,213,041 bp, BobWhite_C21378_234 on chromosome
TA at 693,389,984 bp, and wsnp_Ex_c5839 10246915 on chromosome 7A at 709,145,347 bp. From
these, three major MTAs with favorable SNP alleles located on chromosomes 2B, 5B, and 7B, and two
major MTAs with unfavorable SNP alleles located on chromosomes 7A were novel MTAs. Generally, in
this study, the phenotypic effect size on drought indices ranged from —5 to 5 (Supplementary Table S2).

Candidate Genes

Candidate genes for MTAs linked with drought tolerance were calculated from grain yield with identified
positive phenotypic effect size, particularly U-box domain-containing protein on chromosome 4A
associated with GY-GMP, potassium transporter on chromosome 3B associated with GY-GMP,
MODIFIER OF SNC1 1 G on chromosome 5A associated with GY-GMP, and cytochrome P450 family
protein on chromosome 7A associated with GY-RDI. As regards the MTAs associated with drought

indices calculated from DGF, the genes identified were methyltransferase on chromosome 4A and
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leucine-rich repeat receptor-like kinase (LRK2) on chromosome 6B associated with DGF-TOL. In this
study, other important MTAs identified associated with drought tolerance were as follows: UNC93- like
protein on chromosome 5A associated with SPAD-GMP, ribosomal protein on chromosome 4B
associated with HI-TOL, HI-RDI, HI-YSI, Acyl-CoA dehydrogenase-related family protein on
chromosome 2B associated with TKW-TOL, and RNA-binding protein on chromosome 1A associated

with HI-DSI.

MTA Cluster into QTL

The detected MTAs for drought tolerance indices were clustered into 102 QTLs (Supplementary Table
S3). The numbers of QTLs detected from the highest to the lowest were 28, 27, 13, 13, 11, and 10 for
STI, GMP, DSI, RDI, TOL, and YSI drought indices, respectively (Supplementary Table S3; Figure 4).
Out of which, 43 stable QTLs harbor more than one drought tolerance index (up to four drought indices),
for instance, four drought indices QTLs were co-located on chromosome 4B between 487,222,406
497,250,660 and 4,927,519-9,941,646 bp shown in red color. In contrast, some detected QTLs like those
located on chromosome 1A between 478,563,347-488,591,601 and 66,026,146-76,054,400 bp are
examples of individual QTLs for STI and GMP, respectively, as indicated by black color (Figure 4).
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Figure 4. Linkage map showing number of QTLs detected for drought indices. Co-clustered QTLs were

marked in red color and in parenthesis and individual QTLs were marked in black color.
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A total of twenty-eight detected QTLs for STI were calculated from SPS, SPAD, GY, DGF, TKW, and
HI traits, out of which, ten stable QTLs are co-located with QTL for GMP, DSI, RDI, and YSI located on
chromosomes 1A, 2B, 3B, 4B, 5A, 7A, and 7B. The remaining 18 were individual QTLs for STI. Out of
28 selected QTLs for STI located on chromosomes 1A (3 QTLs), 2B (3 QTLs), 3B (2 QTLs), 4B (3
QTLs), 5A, 6B, and 7B (3 QTLs), 16 were not reported so far and are likely to be novel. A total of
twenty-seven QTLs were detected for GMP calculated from HI, TKW, SPAD, GY, SPS, and DGF traits,
out of which, ten stable QTLs were co-located with QTL for STI, DSI, YSI, and RDI on chromosomes
1A, 1B, 2A, 2B, 3A, 5A,6A, 6B, and 7A, whereas the other 17 detected QTLs were individual QTLs for
GMP. Out of the 27 detected QTLs for GMP, 26 could be novel.

As regarded the 13 detected QTLs for DSI were calculated from HI, SPS, TKW, SPAD, DGF, and GY
traits, of which six stable QTLs are co-located with QTL for RDI and YSI on chromosomes 1A, 1B, 2B,
3B, and 4A. The remaining seven were individual QTLs for DSI. From the six co-located QTLs for DSI,
three QTLs were associated with RDI located on chromosomes 1A, 2B, and 3B between 449,301,491
459,329,745, 44,634,623— 54,662,877, and 654,733,402-664,761,656 bp, respectively. Similarly, DSI
QTLs were co-located with RDI and YSI located on chromosomes 1B between 5,764,433-15,792,687 bp
and on 4A between 722,943,476-732,971,730 and 612,075,413-622,103,667 bp. Seven QTLs detected
for DSI located on chromosomes 1A, 1B, 2A (2 QTLs), 2B, 3B, and 6A were not reported so far and are
novel putatively QTLs.

The 13 detected QTLs for RDI were calculated from DGF, SPAD, GY, HI, and TKW traits, of which
seven stable QTLs included were co-located with GMP, DSI, YSI, and STI on chromosomes 1A, 2A, 4B,
6B, 7A, and 7B, whereas the others six detected were individual QTLs. The ten QTLs detected for RDI,
located on chromosomes 1A (2 QTLs), 1B (2 QTLs), 2A, 5A, 6B, 7A (2 QTLs), and 7B, were could be
new.

The 11 detected QTLs for TOL were calculated from HI, TKW, and DGF. Three QTLs are co-located
with QTL for YSI and RDI on chromosomes 2A, 5B, and 6B, and the remaining eight are individual
QTLs for TOL. In particular, five QTLs for TOL that were located on chromosomes 2A (2 QTLS), 4A,
6B, and 7A, were putatively novel. The 10 detected QTLs for YSI were calculated from SPAD, DGF, HlI,
and GY, of which seven QTLs located on chromosomes 1A, 3A, 4B, 6B, and 7A were co-located with
QTLs for DSI, GMP, RDI, TOL, and STI. The remaining eight QTLs for YSI were likely to be new.

The distribution of single MTA/QTL on genomes A and B was 48%/47% and 52%/53%, respectively
(Table 3). Chromosomes 1A, 2B, and 7A each harbor eleven QTLs, which is the highest number of QTLs
detected per chromosome followed by ten QTLs each were detected on chromosomes 4B and 6B, and

nine QTLs were detected on chromosome 2A (Figure 5).
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Figure 5. The Number of detected marker-trait associations (MTAS) and quantitative trait loci (QTLS)

that were detected for drought indices across the durum wheat genome.

In our study, these chromosomal regions were considered as QTL hotspots for drought tolerance in durum
wheat. The lowest numbers of QTLs (3) each were detected on chromosomes 3A and 6A. Six (5.88%) of
the detected QTLs were major QTLs and all of them were associated with GY-GMP drought index
between 658,783,647-668,811,901, 503,062,734-513,090,988, 107,198,914-117,227,168, 678,867,539~
688,895,793, 7,088,386 17,116,640, and 688,375,857-698,404,111 bp and located on chromosomes 7B,
6B, 5A, 2B, 2A, and 7A with 22.21, 21.91, 17.00, 14.72, 14.59, and 13.59% PVE, respectively
(Supplementary Table S3).

Discussion

Drought tolerance is a complex quantitative trait, which is affected by the timing and severity of drought
stress relative to plant development and growth. In this study, 35.79% GY reduction was observed under
field conditions in durum wheat due to drought stress. In agreement with this, depending on plant growth
stage and severity of drought, 60% in durum wheat (Sukumaran et al., 2018) and 10-76% grain yield
reduction in bread wheat have been reported (Grzesiak et al., 2019). Nevertheless, studies revealed that in

wheat, the effect of drought stress is more pronounced during the reproductive stage (Nezhadahmadi et
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al., 2013). In our study, 147 (52%) accessions from the study panel revealed a GY-DSI value of < 1,
indicating drought tolerance, whereas 138 (48%) showed a GY-DSI higher than 1, implying that these
genotypes are drought susceptible. This suggests that in this study, drought stress was moderate but
enough to facilitate the selection of drought-tolerant accessions. Moderate drought stress was reported as
recommended to select drought-tolerant wheat lines (Ali and El-Sadek, 2016; Patel et al., 2019).

From our previous experimental procedures under FDS and FNS conditions, traits from which drought
indices were calculated showed significant (p < 0.05) differences among durum wheat accessions,
between treatments, and for accession x treatment interaction. This illustrates the broad genetic diversity
present in the panel herein used for drought tolerance in general and in Ethiopian durum wheat landraces
in particular (Negisho et al., 2021). Also, moderate to high heritability values and a significant (p < 0.001)
correlation with GY under FDS and FNS conditions have been found in this study. This relation provides
the basis for utilizing drought tolerance indices as a means to explain the phenotypic variation. It has been
also reported that drought tolerance indices can be derived from GY and traits that are strongly and
positively correlated with GY as a measure for selecting the best genotypes (Farshadfar et al., 2012; Patel
etal., 2019; Ayed et al., 2021).

The significant (r = 0.62) positive correlation between GY_FNS and GY_FDS suggests that high GY
performance under the FNS condition is generally closely connected with stable and high GY under FDS
conditions. Similarly, studies depicted a positive and significant correlation between GY under favorable
and drought stress conditions in durum wheat (Patel et al., 2019), bread wheat (Ali and El-Sadek, 2016),
and rice (Mau et al., 2019). The strong and positive correlation of GY_FNS and GY_FDS: GMP (r = 0.88
and 0.92) and STI (r = 0.86 and 0.92), respectively, suggests that GMP and STI may be potential drought
indices to select stable and relatively higher-yielding accessions under drought stress conditions.
Respectively, GMP and STI were reported as convenient drought indices parameter to select stable and
high-yielding durum wheat genotypes under drought stress and non-stress conditions (Patel et al., 2019;
Ayed et al., 2021). Interestingly, in this study, three out of the top five accessions selected based on the
combined rank of drought indices were from Ethiopian durum wheat landraces and could be
recommended as parents for wheat drought-tolerant improvement breeding with other cultivars.

The first two PCAs explained 99.2% of the total variation among drought indices and clustered the
drought indices into three groups, G1 indicating drought-tolerant accessions with high values of RDI and
YSI, G2 indicating yield stable and drought-tolerant accessions with high values of GY_FNS, GY_FDS,
GMP, and STI, and G3 indicating drought tolerant accessions with lower values for DSI and TOL. The
PCA angles in our study also allowed us to interpret the interrelationships among the drought indices and

were confirmed with correlation analysis and scatter plot results (Figure 3; Supplementary Figure S1).
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In this study, a total of 102 QTLs were detected at —log10p > 4.0. The number of QTLs on A and B
genomes was (48%) and (52%), respectively. In accordance, research results showed a larger number of
QTLs on the B genome as compared to the A genome in durum wheat (Soriano et al., 2017; Desiderio et
al., 2019; Alemu et al., 2020; Ballesta et al., 2020). Similarly, using simple sequence repeat (SSR) and
diversity array technology (DArT) markers, Maccaferri et al. (2014) mapped a higher number of markers
on the B genome as compared to the A genome. Our result showed at the chromosomal level, a higher
number of QTLs (11.78%) each were located on chromosomes 1A, 2B, and 7A, suggesting that these
genome regions are QTL hotspots and play a pivotal role in drought tolerance in wheat. In this study, a
considerable number of QTLs, namely, 6 (5.88%), were detected for drought indices on chromosome 4A,
which is in agreement with the result reported by Ballesta et al. (2020). In our study, six of the 13 QTLs
detected for DSI were on chromosomes 2B, 4A (2 QTLs), 4B, 6B, and 7A between 44,634,623—
54,662,877, 612,075,413-622,103,667,  722,943,476-732,971,730,  587,392,128-597,420,382,
534,453,653-544,481,907, and 658,941,965-668,970,219 bp, respectively (Supplementary Table S3).
Accordingly, studies reported QTLs for DSI located on chromosomes 2B, 4A (2 QTLs), 4B, 6B, and 7A
(Dashti et al., 2007; Edae et al., 2014; Sukumaran et al., 2018; Ballesta et al., 2020). To the best of our
knowledge, seven QTLs detected for DSI located on chromosomes 1A, 1B, 2A (2 QTLs), 2B, 3B, and 6A
between 449,301,491-459,329,745, 5,764,433— 15,792,687, 24,208,804-34,237,058, 766,212,336—
776,240,590, 52,165,550-62,193,804, 654,733,402-664,761,656, and 3,084,526-80,98,653 bp were not
reported so far and could be novel.

Edae et al. (2014) detected QTLs for SPS-DSI located on chromosomes 7A and 7B using DArT markers.
However, we did not find QTL for SPS-DSI on these chromosomes. In this study, QTLs for SPS-STI
were detected on chromosomes 1A, 2A, 3B, 4B, 5A, and 7A. Edae et al. (2014) also detected QTL GY-
DSl located on chromosome 4A, but no QTL was detected for GY-DSI on this chromosome.

In this study, three out of the 13 QTLs for RDI were detected on chromosomes 4A, 4B, and 5B between
704,477,416-714,505,670, 487,222,406-497,250,660, and 630,323,029-64,0351,283 bp, respectively.
Similarly, studies reported QTLs for RDI on chromosomes 4A (Arif et al., 2020) and 4B (Ballesta et al.,
2020) and chromosome 5B (Arif et al., 2020). The other QTLs detected for RDI could be new. A QTL
was detected associated with GMP on chromosome 3B between 512,345,933-522,374,187 bp. In
agreement with, Dashti et al. (2007) reported a QTL on chromosome 3B using SSR marker in doubled
haploid bread wheat associated with GMP. In our study, 12 of the 28 detected QTLs for STI were on
chromosomes 1A, 2B (2 QTLs), 2A, 2B, 4A, 5A, 5B, 6B, and 7A (2 QTLS) between 478,563,347—
488,591,601, 627,518,169- 637,546,423, 663,977,245-674,005,499, 752607375-762,635,629,
698,319,457-708,347,711, 621,025,922-631,054,176, 76,490,700 86,518,954, 12,849,735-22,877,989,
683,730,386-693,758,640, 340,762,156-350,790,410, 368,439,457-378,467,711, and 704,181,285-
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714,209,539 bp, in that order. In agreement with this, studies in wheat QTLs were reported for STI on
chromosomes 1A, 1B, 2A, 2B, 4A, 5A, 5B, 6B, and 7A (Dashti et al., 2007; Sukumaran et al., 2018;
Qaseem et al., 2019; Arif et al., 2020; Ballesta et al., 2020). The remaining 18 detected QTLs for STI
were likely to be novel QTLs.

Moreover, six out of the 11 QTLs identified for TOL were detected on chromosomes 2B, 3A, 5A, 5B (2
QTLs), and 7B between 91,393,993-101,422,247, 529,677,366-539,705,620, 513,570,349-523,598,603,
433,014,029-443,042,283, 540,970,848-550,999,102, and 695,007,223-705,035,477 bp, respectively.
Consistent with this result, studies revealed QTLs for TOL located on chromosomes 2B, 3A, 5A, 5B, and
7B (Dashti et al., 2007; Sukumaran et al., 2018; Arif et al., 2020; Ballesta et al., 2020). However, five of
the 11 detected QTLs for TOL located on chromosomes 2A (2 QTLs), 4A, 6B, and 7A were not reported
so far and could be novel. Out of the detected 10 QTLs for YSI, two were located on chromosomes 4B
and 6B between 649,804,818-659,833,072 and 563,024,848-573,053,102 bp, correspondingly. Similarly,
Ballesta et al. (2020) reported QTLs for YSI on chromosomes 4B and 6B, whereas the remaining eight
are likely new QTLs.

In general, 30 out of the 102 detected QTLs for drought indices were previously reported (Dashti et al.,
2007; Sukumaran et al., 2018; Qaseem et al., 2019; Arif et al., 2020; Ballesta et al., 2020), whereas 72
QTLs reported in this study are likely novel QTLs.

In this study, MTAs that were previously reported associated with drought stress tolerance and/or their
annotation show associations with drought stress tolerance are considered as candidate genes.
Accordingly, one MTA was identified associated with GY-GMP on chromosome 4A
(Kukri_c22602_704) at 733,371,835 bp, annotated as a U-box domain-containing protein. In agreement,
studies indicated the involvement of these proteins in drought stress in barley (Ryu et al., 2019) and in
drought and salinity stresses in Arabidopsis (Cho et al., 2006). Another MTA was detected associated
with GY-GMP on chromosome 6B (wsnp_Ex_¢3940_7144946) at 508,076,861 bp, annotated as a DNA
topoisomerase 2. Similarly, studies showed the upregulation of DNA topoisomerase 2 under abiotic
stresses, such as cold and salinity in tobacco and pea (John et al., 2016; Tammaro et al., 2016). An MTA
was detected associated with GY-GMP on chromosome 3B (RFL_Contig2569 2187) at 752,249,328 bp,
annotated as a potassium transporter. Congruent to this, Ouyang et al. (2010) and Cheng et al. (2018)
reported overexpression of a potassium transporter (OsHAK?1) in rice enhanced drought tolerance at both
vegetative and reproductive stages via decreasing the levels of lipid peroxidation, increasing proline
accumulation, and improving the activities of antioxidant enzymes. One MTA was detected on
chromosome 5A (Kukri_rep_c116526 _98) associated with GY-GMP at 112,213,041 bp, annotated as a
Protein MODIFIER OF SNC1 1 G. In line with this, the research report showed the involvement of
MOS14 (protein modifier of snc1-1, 14) in drought tolerance in Arabidopsis (Xu et al., 2016). As regards,
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the MTA was detected associated with GY-GMP and GY-STI on chromosome 2A
(Tdurum_contig10785_2433) at 12,102,513 bp, annotated as an NBS-LRR-like resistance protein. It is
known that NBS-LRR-like resistance protein is particularly involved in resistance to various diseases
(Shao et al., 2014; Dubey and Singh, 2018), as well as in drought stress tolerance (Chini et al., 2004;
Rampino et al., 2017).

An MTA was identified associated with GY-RDI and HI-DSI on chromosome 1A (Ra_c2895 591) at
454,315,618 bp, annotated as an RNA-binding protein (RBP). Similarly, Marondedze et al. (2019)
reported that RBPs operate as a posttranscriptional modulator in drought stress in Arabidopsis by
controlling the stability of metabolic processes for short and longterm stress adaptations. The other MTA
was detected associated with GY-STI, HI-GMP, HI-STI, SPAD-GMP, and SPS-GMP on chromosome
5A (Tdurum_contig76578_537) at 110,830,599 bp, annotated as UNC93-like protein. Likewise, a study
indicated that UNC93 functions as a positive regulator of drought stress tolerance via ABA-dependent
signal transduction pathways (Xiang et al., 2018). An MTA was detected associated with GY-RDI on
chromosome 7A (Excalibur_c24593 1217) at 7,721,495 bp, annotated as cytochrome P450 family
protein. In agreement, research reports elucidated that cytochrome P450 family protein involves in
drought and salinity stresses (Narusaka et al., 2004; Ehlting et al., 2008; Jun et al., 2015). Particularly,
Melloul et al. (2014) showed the upregulation of cytochrome P450 proteins in durum wheat leaves under
drought stress. Another MTA was identified associated with DGF-TOL on chromosome 4A (IAAV1775)
at 590,188,609 bp, annotated as a methyltransferase. Respectively, Lu et al. (2020) indicated that this
protein enhances drought tolerance in poplar plants by leading to a higher density of trichomes and a
better-developed root system.

Marker-trait association was detected associated with DGF-RDI, DGF-TOL, and DGF-YSI on
chromosome 6B (Tdurum_contig61383 _627) at 36,557,072 bp, annotated as a leucine-rich repeat
receptor-like protein kinase family protein. Similarly, a study on rice revealed that this family protein
increases drought tolerance via promoting root growth while reducing plant height (Kang et al., 2017).
Another MTA was detected associated with HI-RDI, HI-TOL, and HI-YSI, on chromosome 4B
(tplb0050b23 _546) at 4,927,519 bp, annotated as a Ribosomal protein. In agreement, research results
indicated the upregulation of ribosomal proteins under drought stress in the root of drought tolerant bread
wheat cultivar (Arg) (Ma et al., 2016). MTA was identified associated with TKW-TOL on chromosome
2B (Kukri_c36879_83) at 96,408,120 bp, annotated as acyl-CoA dehydrogenase-related family protein.
Similarly, a study revealed that this protein is one of the drought-responsive protein species in leaves and
is altered under dehydration (Wang et al., 2016).

Chromosomes 1A, 2B, and 7A are identified as QTL hotspots each encompassing 11 QTLs between
2,116,602—- 577,966,934, 10,629,564-745,910,537, and 172,269-704,181,285 bp, respectively
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(Supplementary Table S3). Despite the identification of several QTLs that were associated with drought
indices in our study, further validations and investigations are needed to understand the molecular
functions of the associated genes in drought stress-response mechanisms in wheat. Major QTLs with
favorable SNP alleles identified in this study could be used to develop polymerase chain reaction (PCR)-
based markers, such as cleaved amplified polymorphic sequence (CAPS) and competitive allele-specific
polymerase chain reaction (KASP) markers, to facilitate future marker-assisted breeding in wheat.

Conclusion

Durum wheat Triticum turgidum ssp. durum accessions used in our study showed large natural variation
(p < 0.0001) for drought tolerance as assessed based on six agro-physiological traits, including GY.
Among the investigated drought indices, significant correlations were observed and criteria defining
drought-tolerant accessions could be defined. Based on the combined rank of GY-DSI, GY-RDI, GY-
TOL, and GY-YSI, DW084, DW082, DZ004, C037, and DWQ092 were identified as the most drought-
tolerant accessions. Similarly, based on the combined rank of GY-GMP and GY-STI, C010, DWO033,
DWO080, DW124-2, and C011 were selected as the best stable accessions both under FDS and FNS
conditions. Major MTAs with favorable SNP alleles identified in this study may be used to develop DNA
markers, such as CAPS and KASP markers, for marker-assisted breeding for drought stress tolerance in
wheat. The detected MTAs were further clustered into 102 QTLs. Chromosomes 1A, 2B, and 7A are QTL
hotspots with 11 QTLs each. A higher number of QTLs (52%) linked to drought indices were detected on
the B genome. Six (5.88%) of the identified QTLs represent major QTLs with higher than 10% PVE. The
detected major QTLs were particularly associated with GY-GMP and located on chromosomes 4A, 7B,
6B, 5B, and 2B, with 22.21, 21.91, and 14.72% PVE, respectively. Our study successfully elucidated the
significance and alternative means of identifying genetic loci for drought tolerance via drought indices
using the GWAS technique.
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3 General discussion

3.1 Durum wheat and drought

Ethiopia is a major durum wheat producer in sub-Saharan Africa (SSA) (Vavilov, 1951; Kabbaj et al.,
2017; Sall et al., 2019). However, its production in Ethiopia is significantly affected by drought stress,
which is to some extent due to global climate changes (Shah et al., 2017). In support of this, in this study,
descriptive statistics and the box plots indicated a reduction in quantitative traits due to drought stress that
ranged from 1.37% for spike length (SL) to 52.41% for grain biomass (GB) under climate chamber and
from 9.58% for days to heading (DH) to 35.79% for GB under field conditions. Hence, GB reduction due
to drought stress ranged between 35.79 to 52.41% for field and climate chamber experiments,
respectively (see publication 2.2, table 2). This is in agreement with several studies that indicated grain
yield reduction due to drought up to 60% in durum wheat (Sukumaran et al. 2018) and 10-76% in bread
wheat (Daryanto et al. 2016; Qaseem et al., 2019 Grzesiak et al., 2019). Furthermore, it is stated that
globally, 42% of the wheat production areas are affected by drought (Kosina et al., 2007), underlining the
importance of drought in wheat production.

GMP and STI were reported as drought indices suited to select stable and high-yielding durum wheat
genotypes under drought stress and non-stress conditions (Patel et al., 2019; Ayed et al., 2021).
Interestingly, in the current study, out of the top five (C010, DW033, DW080, DW124-2, and C011),
three (DWO033, DW080, and DW124-2) genotypes selected by the combined rank of GMP and STI as
drought tolerant and stable were Ethiopian durum wheat landraces. Also, accessions DW084, DW082,
DZz004, C037, and DW092 were selected as the top five drought-tolerant accessions based on DSI, RDI,
TOL, and YSI combined ranking (see publication 2.3, Table S1). Hence, these genotypes may be
recommended as parents in wheat drought stress breeding programs. In this thesis, 147 accessions from
the study panel revealed a GY-DSI value of less than 1, indicating the differences among the genotypes
that could be exploited for drought tolerance. Whereas, 138 showed a GY-DSI higher than 1, implying
these genotypes are susceptible to drought. This shows that in the current study, drought stress was
moderate but high enough to facilitate the selection of drought-tolerant accessions. This is in agreement
with the theory that moderate drought stress is best to select drought-tolerant wheat lines (Ali and EI-
Sadek, 2016; Patel et al., 2019).
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3.2 Population structure of the durum wheat panel

The statistical power of GWAS is strongly dependent on the extent of population structure, the sample
size, and the minor allele frequency (MAF) of SNPs (Xu et al., 2017). Moreover, deployment of
population structure and kinship as a covariate reduces Type | error (false positives) (Yu et al., 2006).
11,919 SNP markers with a known physical position and PIC > 0.35 were employed for population
structure and genetic diversity analysis in the durum wheat study panel comprising 285 accessions, of
which 215 accessions were Ethiopian durum wheat landraces (ETDWL). The study panel was clustered
into two populations (AK at K = 2), clustering mainly the landraces on the one hand, and mainly released,
advanced, and CIMMYT lines on the other hand (see publication 2.1, Figure 3). This also strongly
supports the designation given to the Ethiopian durum wheat landraces as separate sub-species under the
name Triticum durum subs. Abyssinicum or Triticum aethiopicum (Mengistu et al., 2015; Mengistu et al.,
2016; Kabbaj et al., 2017). Further population structure analysis of the ETDWL alone revealed 4
populations (AK at K = 4) (see publication 2.1, Figure 4). Correspondingly, Mengistu et al. (2016)
uncovered more populations in another set of ETDWL after removing improved durum wheat (AK at K =
10), stressing the high degree of genetic diversity within Ethiopian durum landraces. Hence, this is in
agreement with the theory that Ethiopia is endowed with a wealth of genetic diversity for tetraploid
wheat, and is considered the center of diversity and/or secondary center of origin (Vavilov, 1951;
Mengistu et al., 2016; IBC, 2013; Kabbaj et al., 2017). On the other hand, the separate clustering of
ETDWL from improved durum wheat in Ethiopia elucidated that little or no improved varieties were
generated from landraces either through selection or via crossing with international durum wheat
materials. Nevertheless, germplasm originating from international organizations such as CIMMYT and
ICARDA remains the main source for advanced and released durum wheat in Ethiopia (Sall et al., 2019).

AMOVA for the genetic diversity analysis showed significant (p < 0.001) effects among and within the
identified populations (see, publication 2.1, Table 1). High genetic diversity was observed within a
population (81%, 76%) compared between populations (19%, 24%) for the SP and ETDWL, respectively,
which may be a target for national and international wheat improvement programs to exploit valuable
traits for drought stress. Remarkably, this supports the idea that genetic variability from the centers of
origin, within wild relatives, and from landraces could be vital to discovering drought tolerance (Nevo
and Chen, 2010; Dvorak et al., 2011; Dodig et al., 2012; Van Oosten et al., 2016). In the frame of this
thesis, the diversity indices verify that the Ethiopian durum wheat landraces (ETDWL) were more diverse
with (I = 0.7, He = 0.46, uHe = 0.46) than the advanced lines (I = 0.6, He = 0.42, uHe = 0.42) (see,
publication 2.1, Table 2), showing the existence of plentiful variability in the ETDWL. Hence, the data

suggest that the study panel used in this thesis is an essential source of novel and useful alleles for abiotic

75



GENERAL DISCUSSION

and biotic tolerance / resistance , as described by studies by Acosta-Gallegos et al.(2007), Bhandari et al.,
(2017). This is also in line with the idea that allelic variation could be recovered by exploring landraces
(Fu, 2017). Besides, it is in agreement with the theory that landraces adapted to their natural environment
over time may contribute to favorable genomic regions for tolerance against abiotic stress like drought
(Brown, 2000; Reynolds et al., 2007; Acquaah, 2012). Furthermore, ANOVA revealed a highly
significant (P < 0.001) difference for accessions and accession by treatment interaction for most of the
traits evaluated, highlighting the existence of high genetic diversity in the study panel (see publication
2.2, Table S2). Consequently, the experimental setting applied facilitated the dissection of the embedded
genetic diversity, which is in agreement with Bhatta et al. (2018). Correspondingly, in the present study,
moderate to high broad-sense heritability (H?) (see publication 2.2, Table 2) was obtained for the traits
under field conditions showing the reliability of the phenotypic data for marker-trait association analysis
(Sukumaran et al., 2018; Bhatta et al., 2018).

3.3 Comparison of field and climate chamber experiments

The correlation between the same trait tested under field and climate chamber was analyzed (see
publication 2.2, Table 3). Significant correlations were observed between traits estimated in the field and
climate chamber trials (p < 0.001). In this study, the significant (p < 0.001) and positive correlation
between GB and HI under FDS, FNS, CCDS, and CCNS conditions suggests the strong relationships
between the traits under contrasting environmental conditions, as was reported by Pour-Aboughadareh et
al. (2020). Significant (p < 0.001) negative correlation of GB with DH and DM under FDS conditions
indicates that early maturing accessions had a yield advantage under drought stress conditions, which is in
agreement with Sukumaran et al. (2018) on durum wheat, Qaseem et al. (2019) on bread wheat, and
Millet et al. (2016) on maize. Similarly, the negative correlation of GB with SL (p < 0.01) under FDS
indicated a reduced seed set that may be due to pollen abortion because of prolonged terminal drought
and the associated heat effect under field conditions which is in line with another study on durum wheat
(Pour-Aboughadareh et al., 2020). In this thesis, under field conditions, GB did not show a significant
correlation with PH but a positive and significant (p < 0.001) correlation between GB and PH was
observed under CCDS conditions. This may be in line with Qaseem et al. (2017) who suggested that
under drought stress environments tall genotypes accumulate and mobilize more resources to grain
resulting in a yield advantage over shorter genotypes.

The significant (p < 0.001) positive correlation observed between seed per spike (SPS) and GB under all

drought stress and non-stress conditions are in agreement with results on winter wheat (Philipp et al.,
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2018). TKW was significantly (p < 0.05) and positively correlated with GB except under CCDS which
showed a positive but non-significant association. Similarly, a recent study on durum wheat indicated a
non-significant correlation between GB and TKW under drought stress and non-stress conditions
(Sukumaran et al., 2018). In contrast, a significant correlation between GB and TKW in bread wheat was
observed (del Pozo et al., 2019; Mohammadi et al., 2018). These contrasting reports may show the
complex nature of GB and/or maybe due to several environmental factors that affect GB and TKW.

The significant (p < 0.001) positive correlation between GY_FNS and GY_FDS suggests that high GY
performance under the FNS condition is closely related to stable and high GY under FDS conditions (see
publication 2.1, Table 4). Similarly, studies depicted a positive and significant correlation between GY
under favorable and drought stress conditions in durum wheat (Patel et al., 2019), bread wheat (Ali and
El-Sadek, 2016), and rice (Mau et al., 2019). The significant (p < 0.001) and positive correlation of
GY_FNS and GY_FDS with GMP and STI, suggests that GMP and STI may be potential drought indices
to select stable and relatively higher-yielding accessions under drought stress conditions.

3.4 QTL for drought stress tolerance in durum wheat

Gupta et al. (2020) reviewed several QTLs associated with agronomic, and root traits as well as
physiological traits of wheat using genome-wide association studies. Hence, based on the critical LD
value, in the current study, the identified 191 MTAs at LOD > 4 for the ten investigated traits under field
and climate chamber conditions were grouped into 70 QTLs (see publication 2.2, Table S4 and S5,
respectively). Likewise, the detected 184 MTAs associated with the drought indices were clustered into
102 QTLs (see publication 2.3, Table 3). In general, in this study panel, more QTLs were identified on
the B genome (57%, 52%) than on the A genome (43%, 48%) for morpho-physiological traits and
drought indices, respectively, which is in agreement with results in durum wheat (Soriano et al., 2017;
Desiderio et al., 2019; Alemu et al., 2020; Ballesta et al., 2020), implying the high number of
polymorphic loci that exist in the B genome. Similarly, using SSR (simple sequence repeat) and DAIT
(Diversity Arrays Technology) markers Maccaferri et al. (2015) mapped a higher number of markers on
the B genome as compared to the A genome. Furthermore, in this study, chromosomes 6B, 1A, 2B, and
7A were identified as QTL hotspots for morpho-physiological traits harboring 10, 8, 7, and 7 QTLs,
respectively (see publication 2.2, Table S5). Correspondingly, for the drought indices at the
chromosomal level, a higher number of QTLs, i.e. 11 each was identified on chromosomes 1A, 2B, and
TA, suggesting these genome regions are also QTL hotspots and play a pivotal role in drought tolerance in

wheat (see publication 2.2, Table S3). In the current study, 6 QTLs detected for drought indices were on
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chromosome 4A, which is a substantial number and in agreement with the results of Ballesta et al. (2020)
that indicated chromosome 4A as a hotspot for QTLs for drought indices in wheat.

Some of the detected QTLs were in agreement with previously reported QTLs, while others are novel
QTLs. In our study, QTLs were detected for grain biomass and related traits that matched with previously
reported results and with durum wheat in the GrainGenes database. The identification and use of QTLs
associated with valuable agronomic traits at early generation selection in wheat breeding programs
enhance the development of improved cultivars (Collard and Mackill, 2008). In this thesis, some of the
discovered QTLs are associated with more than one trait (co-located) (see publication 2.2, Table S5 and
publication 2.3, Table S3), while others are individual QTLs linked to a single trait of interest (Ma et al.,
2019; Sukumaranet al., 2018). The co-located QTLs entail the existence of physiological and/or genetic
relationships between these traits which may lead to the possible simultaneous improvement of multiple
quantitative traits (Bhoite et al., 2018; Shariatipour et al., 2021).

Thus, in this thesis, the QTLs detected associated with GB that are located on chromosomes 1A, 3B (2),
4B (3), 6B, and 7A co-localize with DGF, DM, SPAD, SPS, and HI. Interestingly, these QTLs were not
co-located with DH, which hints at the limited confounding effect of flowering time on grain yield, as
was reported in other studies on durum wheat (Zaim et al., 2020) and wheat (Ullah et al., 2021). Except
for two QTLs associated with GB located on chromosomes 1A and 4B, which are putatively novel, the
other six QTLs were reported in previous studies (Maccaferri et al., 2008; Mengistu et al., 2016; Soriano
etal., 2017) on chromosome 3B, (Milner et al., 2016; Patil et al., 2013) on chromosome 4B, (Marcotuli et
al., 2017) 6B, and 7A (Mengistu et al., 2016). Above all, the current identification of QTLs within similar
QTL intervals to the previous studies confirms the findings and also shows the power of GWAS for QTL
detection. Therefore, QTLs located on chromosomes 3B at 423,382,012 bp and 4B at 566,937,979 bp can
be considered stable QTLs for GB whose selection may help to increase yield under FDS and FNS,
respectively. Interestingly, in this thesis, QTLs detected under drought stress including newly detected
QTLs for GB showed a positive effect on grain biomass with significant LOD values ranging between
4.11 and 7.0 and with up to 4.24% PVE, underlining the potential of these QTLs in increasing grain yield
in durum wheat (see publication 2.2, Table S5). Most importantly, we identified QTLs under FDS with a
positive effect on GB that is located on chromosome 1A between 495694477 and 501944537 bp, on 3B
between 416256124 and 430507900 bp, on 3B between 745357158 and 759608934 bp, on 4B between
593416763 and 605142497 bp and 4B between 658785890 and 670511624 bp. Therefore, these QTLS
could be validated and may be used to increase grain yield under drought stress via marker-assisted
selection (MAS) schemes.

DH provides the basis for plant adaptation and is a major trait in plant breeding (Zaim et al., 2020). Also,

under terminal drought, early flowering time and a shorter vegetative phase are important for wheat
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production (Shavrukov et al., 2017). In the present study, the seven (four co-located) QTLs for DH were
located on chromosomes 1A, 1B, 2A, 4A, 4B, and 6B (see publication 2.2, Table S5). Interestingly, five
of the identified QTLs were positioned within previously reported QTL intervals on chromosomes 1A
and 1B (Milner et al., 2016), 2A (Giunta et al., 2018), 4A (Maccaferri et al., 2011; Milner et al., 2016),
and on chromosome 6B (Maccaferri et al., 2011; Roncallo et al., 2018). Supporting our findings, QTLS on
chromosomes 2A, 2B, 4B, 5B, and 7B were also reported for this phenological trait (Zaim et al., 2020).
Similarly, in previous studies, genomic regions on chromosomes 2A and 2B were reported to be
associated with the major photoperiod sensitivity loci Ppd-Al and Ppd-B1 (Arjona et al., 2018;
Maccaferri et al., 2008, 2011). Results obtained in our study suggest that the detected QTL for DH on
chromosome 2A is located very close to the position of Ppd-1A but no QTL was detected associated with
Ppd-B1. Particularly, Ppdl genes affect the time of heading and other traits and play an important role in
modifying source-sink equilibrium affecting wheat growth and development under drought stress
(Foulkes et al., 2004; Kamran et al., 2014; Wirschum et al., 2018). The duration between days to heading
and days to maturity is an important yield component in wheat, whereas drought stress may reduce DGF
up to 71% in drought-sensitive wheat genotypes (lhsan et al., 2016). In the current study, the three
detected QTLs for DGF on chromosomes 1B, 3B, and 7B were not reported before. Therefore, they are
putatively new QTLs in durum wheat. QTLs for DGF on chromosome 7B were clustered with two or
more traits, for example, with SPS, TKW, and SPAD. Thus, the data suggests the linear relationship
between DGF and these traits may be due to pleiotropic effects (Bhoite et al., 2018).

The six (three co-located) QTLs associated with DM were located on chromosomes 1A, 2B, 4A, 5B, and
TA. Interestingly, two QTLs on chromosomes 4A and 7A were detected in the same intervals in Ethiopian
durum wheat landraces and modern varieties on chromosome 4A (Kidane et al., 2017) and Ethiopian
durum wheat landraces on chromosome 7A (Mengistu et al., 2016). When compared with the GrainGenes
database, the QTLs detected for DM on chromosomes 1A, 2B, and 5B are likely to be novel in durum
wheat. Plant height is frequently altered when water is limited to overcome the deleterious effects of
drought (Arif et al., 2020). The five (co-located) detected QTLs associated with PH were located on
chromosomes 1A, 2B, 6B, 7A, and 7B. The identified QTL on chromosome 6B was previously reported
associated with PH in Ethiopian durum wheat landraces (Mengistu et al., 2016). Similarly, the QTL on
chromosome 7B linked with PH is located within a previously reported QTL region for PH in
Mediterranean durum wheat landraces (Soriano et al., 2017) and close to a QTL region identified in elite
durum cultivars (Maccaferri et al., 2011), suggesting the importance and stability of the QTL. Likewise,
Mangini et al. (2021) reported QTLs associated with PH on these chromosomes which we also identified,
except on chromosome 1A. Zaim et al. (2020) also reported QTLs for PH on chromosomes 4A, 4B, and

5B, which are not detected in this study. The introduction of semidwarf genes into bread wheat resulted in
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the replacement of tall cultivars with semidwarf cultivars with high response to inputs (e.g., fertilizers)
and resistance to lodging. Thereby, a significant increase in yield was achieved in many national breeding
programs (Xynias et al., 2020). In agreement with our study, Chai et al. (2021) mentioned different alleles
responsible for dwarfing genes in wheat that are located on chromosomes 2B, 7A, and 7B. In the current
study, QTL for PH under FDS located on chromosome 1A showed a height-reducing effect with 1.47%
PVE, which implies the importance of this QTL.

SPAD values serve as a valuable indicator of the photosynthetic capacity of wheat (Fiorentini et al., 2019;
Lopes and Reynolds, 2012). A total of 12 (eight co-located) QTLs were identified for SPAD readings
from flag leaves and were mapped on chromosomes 1A, 2A, 2B, 3A, 5B, 6B, and 7B. A recent study
reported QTLs for flag leaf chlorophyll content for the durum wheat genome but on chromosomes 1B and
3B (Huang et al., 2018). GWAS results also indicated QTLs linked to leaf chlorophyll content under
drought stress located on chromosomes 1B, 2A, 2B, 3B, 6B, and 7B in winter wheat (Maulana et al.,
2020). These results highlight the potential of exploring QTLs associated with leaf chlorophyll content in
durum wheat as a key factor for photosynthesis by which 80% of wheat yield is realized (Ghosh et al.,
2003; Hussain et al., 2015). Grain yield can be increased through the manipulation of yield-related traits
like spike length (SL) (Gaju et al., 2009). The eight (six co-located) QTLs for SL were identified on
chromosomes 2B, 4A, 5A, 5B, 7A, and 7B. Remarkably, all the QTLs were detected under drought stress
conditions except a QTL located on chromosome 7B. Similarly, Hu et al. (2015) identified eight QTLs
associated with the length of the main spike in durum wheat on chromosomes 2B, 4A, 5A, 5B, 7A, and
7B. Correspondingly, Thanh et al. (2013) reported a QTL on chromosome 7B in emmer wheat, which is
located in a QTL region detected in our study showing that these QTLs may be responsible for SL in
durum wheat. Furthermore, a QTL detected on chromosome 2B was not reported yet.

Six (five co-located) QTLs were detected associated with SPS located on chromosomes 2B, 3B, 6A, 6B,
and 7A, of which five were reported earlier (Giunta et al., 2018; Mangini et al., 2018; Mengistu et al.,
2016; Roncallo et al., 2018). One of the QTLs on 6B for SPS was reported for the first time. More
importantly, four of the six QTLs detected for SPS were detected under FDS and CCDS with a positive
effect size. Interestingly, these identified QTLs under drought stresses were also associated with traits
such as DGF, PH, TKW, and SPAD, which may indicate the morpho-physiological and genetic
relationship between the traits. HI is an important trait directly related to yield. The twelve QTLs for HI
were located on chromosomes 1A, 1B, 2A, 2B, 3A, 5A, 6B, and 7A. Recently, a study on association
mapping of QTLs for yield and yield-related traits revealed QTLs associated with HI on chromosomes
1B, 2B, 3B, 4B, 5B, 7A, and 7B (Arif et al., 2020). Similarly, in the current study, the two detected QTLS
on chromosomes 2A and 6B are located close to the QTL interval reported by Roncallo et al.(2018) and
within the reported QTL interval on chromosome 6A (Peleg et al., 2009). In this thesis, the detected QTLs
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for HI located on chromosomes 1A, 3A, and 5A are reported for the first time in durum wheat. The three
(one co-located) QTLs for TKW were located on chromosomes 2B, 3B, and 4A. Surprisingly, these QTLs
were also identified in multi-location trials in tetraploid wheat in segregating populations and germplasm
collections for TKW (Mangini et al., 2018). More importantly, QTLs for TKW on chromosome 2B under
CCDS and on 3B under CCNS, as well as on 4A under FNS were found to be in close vicinity and within
already detected QTL intervals, respectively (Mangini et al., 2018), showing the stable nature of the
QTLs. On the other hand, recent studies also identified QTLs for TKW on chromosomes 1A, 1B, 2A, 3A,
4B, 5A, 5B, and 6B in durum wheat (Giancaspro et al., 2019; Mangini et al., 2021), which were not
detected in our study.

Genome-wide association study on drought indices traits is an alternative for QTL detection and provides
valuable information for marker-assisted selection in wheat (Ballesta et al., 2018). Hence, in this study
out of the 102 QTLs detected for drought indices, the 13 QTLs (six co-located) detected for DSI were on
chromosomes 2B, 4A (2 QTLs), 4B, 6B, and 7A (see publication 2.3, Table S3). Accordingly, studies
reported QTLs for DSI on chromosomes 2B, 4A (2 QTLs), 4B, 6B, and 7A (Dashti et al., 2007; Edae et
al., 2014; Sukumaran et al., 2018; Ballesta et al., 2018). Furthermore, QTLs were reported for SPS-DSI
on chromosomes 7A and 7B and GY-DSI on chromosome 4A using DArT markers (Edae et al., 2014).
However, in this thesis, no QTL was detected for SPS-DSI and GY-DSI on those chromosomes.
Regarding the 27 QTLs (10 co-located) for GMP on chromosomes 1A, 1B, 2A, 2B, 3A, 3B, 4A, 4B, 5A,
5B, 6A, 6B, 7A, and 7B these QTLs may play an important role to identify stable and high yielding
genotypes under drought stress. Similarly, a QTL was reported on chromosome 3B using an SSR marker
in a doubled haploid bread wheat population for GMP (Dashti et al. 2007). In the present study, three out
of the 13 QTLs for RDI were detected on chromosomes 4A, 4B, and 5B. Similarly, studies reported QTLs
for RDI on chromosomes 4A (Arif et al., 2020) and 4B (Ballesta et al., 2018) and chromosome 5B (Arif
et al., 2020).

In our study, 12 of the 28 detected QTLs (9 co-located) for STI were located on chromosomes 1A, 2B (2
QTLs), 2A, 2B, 4A, 5A, 5B, 6B, and 7A (2 QTLs). In agreement with this, in studies on wheat QTLs
were reported for STI on these chromosomes (Dashti et al., 2007; Sukumaran et al., 2018; Ballesta et al.,
2018; Qaseem et al., 2019; Arif et al., 2020), suggesting the potential of ST1 for identifying QTL regions
across the wheat genome (see publication 2.3, Table S3). Moreover, six out of the 11 QTLs (2 co-
located) identified for TOL were detected on chromosomes 2B, 3A, 5A, 5B (2 QTLs), and 7B. Consistent
with this result, studies revealed QTLs for TOL on these chromosomes (Dashti et al., 2007; Sukumaran et
al., 2018; Ballesta et al., 2018; Arif et al., 2020). Out of the detected 10 QTLs (5 co-located) for YSI, two
were located on chromosomes 4B and 6B. Similarly, Ballesta et al. (2018) reported QTLs for YSI on

chromosomes 4B and 6B. In general, 30 out of the 102 detected QTLs for drought indices were
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previously reported (Dashti et al., 2007; Sukumaran et al., 2018; Ballesta et al., 2018; Qaseem et al.,
2019; Arif et al., 2020) while 72 QTLs reported in this study are likely novel QTLs (see publication 2.3,
Table S3). In this thesis, 55 out of 70 detected QTLs for the morpho-physiological traits were previously
reported and only 15 QTLs were reported as putatively novel (see publication 2.2, Table S5). In the
current study, the putatively novel QTLs identified may be used for MAS in wheat breeding programs for
drought tolerance.

Despite the detection of significant positive correlations between climate chamber and field results for
several traits, we did not observe common QTLs for any trait under the two environments. However, only
one stable MTA was detected for SPS (RAC875_c60169_200) under FDS and FNS, which is located on
chromosome 3B at 25269809 bp (see publication 2.2, Table S4). Hence, this is showing the limitation in
the current study, which may be due to the lack of the contribution of the rare alleles, since alleles with
<5% minor allele frequency were removed in the GWAS analysis and/or may be explained by the effect
of the environment leading to varying regulatory scenarios for the various traits under the two watering
conditions. As a result, selection for drought stress has to be conducted in the target environment and
ideally may include the design of ideotypes for certain growth scenarios (Senapati and Semenov, 2019).
Additionally, in this thesis, only two major MTAs were detected for traits HI under CCDS and SL under
FNS with 10.6% and 11.83% PVE, respectively (see publication 2.2, Table S4). This demonstrates the
polygenic control of the quantitative traits measured in this study as it was reported in other studies in
durum wheat (Wang et al., 2019) and bread wheat (Liu et al., 2018). Hence, such a phenomenon also
explains that a quantitative trait is controlled by numerous genes with each gene having a relatively small
effect and is in addition affected by the environment (Zhang et al., 2020). In the future, PCR-based
markers may be developed and validated for the detected QTLs which are associated with yield stability
and yield improvement under drought stress conditions. Therefore, QTLs with favorable SNP alleles
identified in this study may be used to develop Polymerase Chain Reaction (PCR) based markers like
Competitive Allele-Specific polymerase chain reaction (KASP) markers to facilitate future marker-

assisted breeding in wheat.

3.5 Identification of putative candidate genes

In this study, MTAs that were previously reported for drought tolerance and/or their annotation linked
with drought tolerance are considered candidate genes. Accordingly, the MTA for GY-GMP on
chromosome 4A is annotated as a U-box domain-containing protein. This protein is also known to be

involved in drought stress in barley (Ryu et al., 2019) and in drought and salinity stresses in Arabidopsis
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(Cho et al., 2006) (see publication 2.3, Table S2). Likewise, the MTA detected for GY-GMP on
chromosome 3B (RFL_Contig2569 2187) at 752,249,328 bp is annotated as a potassium transporter.
Following this, Ouyang et al. (2010) and Cheng et al. (2018) reported that overexpression of this gene in
rice enhanced drought tolerance. The other MTA on chromosome 5A (Kukri_rep_c116526 98) for GY-
GMP at 112,213,041 bp is annotated as a Protein MODIFIER OF SNC1 1 G. In line with this, the role of
MOS14 (protein modifier of sncl-1, 14) in drought tolerance was reported in Arabidopsis (Xu et al.,
2016). An MTA for GY-RDI on chromosome 7A (Excalibur_c24593 1217) at 7,721,495 bp is annotated
as a Cytochrome P450 family protein. Similarly, it has been reported that this protein family is involved
in drought and salinity stress tolerance (Narusaka et al. 2004; Ehlting et al. 2008; Jun et al. 2015).
Particularly, Melloul et al. (2014) showed the up-regulation of Cytochrome P450 family protein in durum
wheat leaves under drought stress. Regarding the MTA identified for DGF-TOL on chromosome 4A
(IAAV1775) at 590,188,609 bp, a methyltransferase was annotated. Respectively, this protein is reported
to enhance drought resistance in poplar (Lu et al., 2020). An MTA for TKW-TOL on chromosome 2B
(Kukri_c36879 _83) at 96,408,120 bp is annotated as an acyl-CoA dehydrogenase-related family protein.
Similarly, it was revealed that this protein is one of the drought-responsive protein species in leaves and
its expression is altered under dehydration (Wang et al., 2016). The other MTA for GY-GMP on
chromosome 6B (wsnp_Ex_c3940 7144946) at 508,076,861 bp is annotated as a DNA topoisomerase 2.
Likewise, studies reported that this protein is upregulated under abiotic stresses such as cold and salinity
in tobacco and pea (Tammaro et al., 2016; John et al., 2016).

On the other hand, in the current study, many MTAs were detected annotated for drought tolerance linked
with more than one drought index, suggesting the existence of linear relationships between respective
traits, which may allow the simultaneous improvement of multiple traits (Bhoite et al., 2018; Shariatipour
et al., 2021) (see publication 2.3, Figure 2). Hence, the MTA for GY-GMP and GY-STI on chromosome
2A (Tdurum_contig10785_2433) at 12,102,513 bp is annotated as an NBS-LRR-like resistance protein. It
is known that NBS-LRR-like resistance proteins are particularly involved in resistance to various diseases
(Dubey and Singh, 2018; Shao et al., 2022), as well as in drought stress resistance (Chini et al., 2004;
Rampino et al., 2017). Regarding the MTA for GY-STI, HI-GMP, HI-STI, SPAD-GMP, and SPS-GMP
on chromosome 5A (Tdurum_contig76578_537) at 110,830,599 bp, these are annotated as UNC93-like
protein. Likewise, a study indicated that UNC93 functions as a positive regulator of drought stress
resistance via ABA-dependent signal transduction pathways in Arabidopsis thaliana (Xiang et al., 2018).
An MTA for DGF-RDI, DGF-TOL, and DGF-YSI on chromosome 6B (Tdurum_contig61383_627) at
36,557,072 bp is annotated as a leucine-rich repeat receptor-like protein kinase family protein. Likewise,
these proteins increase drought resistance by promoting root growth while reducing plant height in rice
(Kang et al., 2017). Another MTA was detected associated with HI-RDI, HI-TOL, and HI-YSI, on
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chromosome 4B (tplb0050b23 546) at 4,927,519 bp annotated as a Ribosomal protein. In agreement, it is
indicated that ribosomal proteins are up-regulated under drought stress in the root of drought-tolerant
bread wheat cultivars (Ma et al., 2016). Most importantly, in the current study, the newly detected MTAS
under drought stress conditions may be novel and add to the existing knowledge to contribute to drought

resistance improvement in wheat.
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4 Summary

In this thesis, the differences in drought stress responses have been investigated in a genetically
diverse set of durum wheat (Triticum turgidum ssp. durum). Drought stress is caused by the
limited availability of water that affects growth and development, which results in a severe
reduction in yield. From the three-seasons field and one-season climate chamber experiments,
descriptive statistics, ANOVA, AMOVA, diversity indices, and population structure showed a
large genetic diversity in the study panel. The study panel was clustered into two populations,
which were used as covariate during the GWAS analysis. Genetic diversity within a population
was higher than variation among populations. Diversity indices were higher for the Ethiopian
durum wheat landraces than for the advanced lines, which could be exploited for drought
tolerance. Drought stress results in a significant reduction of the traits investigated compared to
non-stress conditions. Genotypes DW084, DW082, DZ004, C037, and DWQ092 were identified
as the most drought-tolerant ones taking into account GY-DSI, GY-RDI, GY-TOL, and GY-YSI.
Similarly, C010, DW033, DW080, DW124-2, and C011 were selected as the most stable
accessions both under FDS and FNS conditions based on the combined rank of GY-GMP and
GY-STI. The identified drought tolerant and stable genotypes may be used as potential parents
for breeding. By GWAS based on the 90K iSelect Wheat chip 191/70 and 184/102 MTAs/QTLs
significantly (p < 0.0001) associated with grain biomass and related traits, and for drought
indices traits, respectively were detected mainly with a small effect and some of its novel.
Detected QTLs on chromosomes 1A, 3B (2), and 5A may contribute to higher grain biomass and
on chromosomes 1B and 6B to a higher harvest index under FDS. Similarly, QTLs detected on
chromosomes 1B and 2B contributed to higher SPAD and a QTL on chromosome 7A to the
number of seeds per spike. Chromosomes 6B, 1A, 2B, and 7A are QTL hotspots for morpho-
physiological traits embracing 10, 8, 7, and 7 QTLSs, respectively. Chromosomes 1A, 2B, and 7A
are QTL hotspots for drought indices; each with 11 QTLs identified and may play a pivotal role
in drought tolerance in wheat. QTLs associated with drought index GY-GMP on chromosomes
4A, 7B, 6B, 5B, and 3B revealed a positive effect size with 26.61%, 22.21%, 21.91%, 21.16%,
and 10.07% of PVE, respectively. Linked genes may increase grain yield in wheat via MAS.
Major MTAs with favorable SNP alleles identified in this study could be used to develop KASP

markers for marker-assisted breeding for drought stress tolerance in wheat.
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5 Zusammenfassung

In dieser Arbeit wurden Unterschiede in der Reaktion auf Trockenstress in einem genetischen
Diversitatsset von Hartweizen (Triticum turgidum ssp.durum) untersucht. Trockenstress wird durch eine
begrenzte Wasserverfiigbarkeit verursacht, die das Wachstum und die Entwicklung beeintréchtigt, was zu
einer starken Ertragsminderung fuhrt. Deskriptive Statistiken, ANOVA, AMOVA, Diversitatsindizes und
die Populationsstruktur der dreijahrigen Feldversuche und der einjahrigen Klimakammerversuche zeigten
eine grofe genetische Vielfalt im Diversitétsset. Das Diversitatsset wurde zwei Populationen zugeordnet,
die bei der GWAS-Analyse als Kovariate verwendet wurden. Die genetische Vielfalt innerhalb der
Akzessionen einer Population war groBer als die Variation zwischen den Populationen. Die
Diversitétsindizes waren grofer fur die &thiopischen Landrassen als fir etablierte Linien, was fir die
Zichtung auf Trockentoleranz genutzt werden konnten. Trockenstress fuhrt zu einer signifikanten
Verringerung aller untersuchten Merkmale. Die Genotypen DW084, DW082, DZ004, C037 und DW092
zeigten unter Berlcksichtigung von GY-DSI, GY-RDI, GY-TOL und GY-YSI die groRte
Trockenstresstoleranz. Die stabilsten Akzessionen sowohl unter FDS- als auch unter FNS-Bedingungen
waren C010, DW033, DW080, DW124-2 und C011, basierend auf der kombinierten Bewertung von GY -
GMP und GY-STI. Die identifizierten trockenstresstoleranten und stabilen Genotypen kodnnen als
potenzielle Eltern fir die Zlchtung verwendet werden. Mittels GWAS wurden bereits bekannte und neue
MTASs/QTLs fur Trockenstresstoleranz bei Hartweizen identifiziert. Auf der Grundlage des 90K iSelect
Wheat Chips wurden 191/70 und 184/102 MTAS/QTLs entdeckt, die signifikant (p < 0,0001) mit der
Kornbiomasse und verwandten Merkmalen bzw. mit Trockenheitsindizes assoziiert sind, wobei die
Effekte meist gering sind. Die auf den Chromosomen 1A, 3B (2) und 5A entdeckten QTLs kdnnten zu
einer hoheren Kornbiomasse und auf den Chromosomen 1B und 6B zu einem hoheren Ernteindex unter
FDS beitragen. In ahnlicher Weise trugen die auf den Chromosomen 1B und 2B entdeckten QTLs zu
einem hoheren SPAD bei, und ein QTL auf Chromosom 7A zu der Anzahl der Samen pro Ahre. Die
Chromosomen 6B, 1A, 2B und 7A sind QTL-Hotspots fiir morpho-physiologische Merkmale, die 10, 8, 7
bzw. 7 QTLs umfassen. Bei den Chromosomen 1A, 2B und 7A handelt es sich um QTL-Hotspots fir
Trockenheitsindizes mit jeweils 11 identifizierten QTLS, die moglicherweise eine zentrale Rolle bei der
Trockenstresstoleranz von Weizen spielen. QTLs, die mit dem Trockenheitsindex GY-GMP auf den
Chromosomen 4A, 7B, 6B, 5B und 3B assoziiert sind, zeigten eine positive Effektgrofe mit 26,61%,
22,21%, 21,91%, 21,16% bzw. 10,07% der PVE. Verkniipfte Gene kdnnen den Kornertrag bei Weizen
tber MAS erhdhen. Wichtige MTAs mit glnstigen SNP-Allelen, die in dieser Studie identifiziert wurden,
konnten zur Entwicklung von KASP-Markern fir die Marker gestitzte Zichtung auf

Trockenstresstoleranz bei Weizen verwendet werden.

86



REFERENCES

6 References

Abdolshahi, R., Safarian, A., Nazari, M., Pourseyedi, S., & Mohamadi-Nejad, G. (2012). Screening
drought-tolerant genotypes in bread wheat (Triticum aestivum L.) using different multivariate
methods. Arch. Agron. Soil Sci. 59:685-704. doi: 10.1080/03650340.2012.667080.

Abdurakhmonov, I.., & Abdukarimov, A. (2008). Application of association mapping to understanding
the genetic diversity of plant germplasm resources. International Journal of Plant Genome. 1-18.
doi: 10.1155/2008/574927.

Abid, M.; Ali, S., Qi, L.K., Zahoor, R.,Tian, Z., Jiang, D., Snider, J.L., & Dai, T.( 2018). Physiological
and Biochemical Changes during Drought and Recovery Periods at Tillering and Jointing Stages
in Wheat (Triticum aestivum L.). Scintifc Report. 8:4615. doi:10.1038/s41598-018-21441-7.

Abobatta, W.F. (2019). Drought adaptive mechanisms of plants a review. Advances in Agriculture and
Environmental Science. 2(1):62—65. doi:10.30881/aae0a.00022.

Acosta-Gallegos, J.A., Kelly, J.D., & Gepts, P. (2007). Pre-breeding and genetic diversity in common
bean (Phaseolus vulgaris). Crop Science. 47:44-59.
https://doi.org/10.2135/cropsci2007.04.0008IPBS.

Acquaah G. (2012). Principles of plant genetics and breeding. 2nd ed. John Wiley and Sons, Ltd.

Ahmad, M. A., Khan, S. H., Khan, A. S., Kazi, A. M., & Basra, S. M. A. (2014).Identification of QTLs
for drought tolerance traits on wheat chromo-some 2A using association mapping.International
Journal of Agricultureand Biology.16(2): 862—-870.https://doi.org/10.32404/rean.v6i2.3323.

Alemu, A., Feyissa T, Letta, T., and Abeyo B. (2020). Genetic diversity and population structure analysis
based on the high-density SNP markers in Ethiopian durum wheat (Triticum turgidum ssp.
durum). BioMed Central Genetics. 21(18). https://doi.org/10.1186/s12863-020-0825-x.

Alemu, S.K., Badebo, A., Tesfaye, K., & Uauy, C. (2019). Identification of stripe rust resistance in
Ethiopian durum wheat by phenotypic screening and Kompetitive Allele Specific PCR (KASP)
SNP markers. Journal of Plant Pathology and Microbiology. 10(8). doi:10.35248/2157-
7471.19.10.483.

Alemu, S.K., Huluka, A.B., Tesfaye, K., Haileselassie ,T., Uauy, C. (2021). Genome-wide association
mapping identifies yellow rust resistance loci in Ethiopian durum wheat germplasm. PLoS ONE
16(5): e0243675. https://doi.org/10.1371/journal.pone.0243675.

Alemu, T., Zegeye, H., Kassa, D., Asnhake, D., Tafesse, S., & Asefa A. (2019). Wheat production
concepts validation and assessment of dissemination and utilization constraints. Ethiopian
institute of Agricultural Research. Research report No 126.

Alemu, T., Zegeye, H., Kassa, D., Asnake, D., Tafesse, S., & Asefa, A.(2019).Wheat Production
Concepts Validation and Assessment of Dis-semination and Utilization Constraints. Ethiopian
Institute of Agricul-tural Research. Research report No 126.

Ali, M. B., & El-Sadek, A. N. (2016). Evaluation of drought tolerance indices for wheat (Triticum
aestivum L.) under irrigated and rainfed conditions. Commun. Biometry Crop Sci. 11, 77-89.

Alipour, H., Bihamta, M.R., Mohammadi, V., Peyghambari, S.A., Bai. G., & Zhang G. (2017).
Genotyping-by-sequencing (ghs) revealed molecular genetic diversity of iranian wheat landraces
and cultivars. Frontiers in Plant Science. 8:1293. pmid:28912785.
https://doi.org/10.3389/fpls.2017.01293

Arif, A. R., Attaria, F., Shokat, A. S., Waheed, M. Q., Arif, A., & Borner, A.(2020). Mapping of QTLs
associated with yield and vyield related traitsin durum wheat (Triticum durum Desf.) under

87



REFERENCES

irrigated and droughtconditions.International Journal of Molecular Sciences,21(7). 1-
25.https://doi.org/10.3390/ijms21072372.

Arjona, J. M., Royo, C., Dreisigacker, S., Ammar, K., & Villegas, D. (2018).Effect of Ppd-Al and Ppd-
B1 allelic variants on grain number andthousand kernel weight of durum wheat and their impact
on final grainyield.Frontiers in Plant Science. 9(888). 1-
13.https://doi.org/10.3389/fpls.2018.00888.

Asmamaw, M,, Keneni, G,, & Tesfaye, K. (2019). Genetic diversity of Ethiopian durum wheat (Triticum
durum desf.) Landrace collections as reveled by ssr markers. Advances in Crop Science and
Technology. 7(1):413.

Ayed, S., Othmani, A., Bouhaouel, I., & da Silva, J.A.T. (2021). Multi-Environment Screening of Durum
Wheat Genotypes for Drought Tolerance in Changing Climatic Events. Agronomy. 11(875).
doi:10.3390/agronomy11050875.

Badaeva, E.D., Shishkinaa, A.A., Goncharovc, N.P., Zuevd, E.V., Lysenkod, N.S., Mitrofanovad, O.P., &
et al., (2018). Evolution of Triticum aethiopicum jakubz. From the position of chromosome
analysis. Genetika. 54(6):613-628.

Bai, X., Zhao, H., Huang, Y., Xie, W., Han, Z., Zhang, B., Guo, Z., Yang, L.,Dong, H., Xue, W., Li, G.,
Hu, G., Hu, Y., & Xing, Y. (2016). Genome-wide association analysis reveals different genetic
control in paniclearchitecture between indica and japonica rice.Plant Genome,9,1—
10.https://doi.org/10.3835/plantgenome2015.11.0115.

Ballesta, P., Mora, F., & Pozo, A. (2020). Association mapping of drought tolerance indices in wheat:
QTL-rich regions on chromosome 4A. Genetics and Plant Breeding. Scientia Agricola. 77(2).
doi.org/10.1590/1678-992X-2018-0153.

Bapela, T., Shimelis, H., Tsilo, T. J., & Mathew, I (2022).
Genetic Improvement of Wheat for Drought Tolerance: Progress, Challenges and Opportunities.
1-32.

Bates, D., Maechler, M., and Bolker, B. (2015). Fitting linear mixed-effectsmodels using Ime4.Journal of
Statistical Software,67(1), 1-48.https://doi.org/10.18637/jss.v067.i01.

Benjamini, Y., & Hochberg, Y. (1995).“Controlling the false discovery rate:A practical and powerful
approach to multiple testing”(PDF).Journalof the Royal Statistical Society, Series B,57(1), 289—
300.https://doi.org/10.1111/j.2517-6161.1995.tb02031.x.

Bernardo, R. (2008). Molecular markers and selection for complex traits in plants: Learning from the last
20 years. Crop Science.48: 1649-1664. https://doi.org/10.2135/cropsci2008.03.0131.

Bhandari, H.R., Bhanu, A.N., Srivastava, K., Singh, M.N. S., & Hemantaranjan, A. (2017). Assessment
of Genetic Diversity in Crop Plants—An Overview. Advances in Plants and Agricultural
Research. 7(3). https://doi.org/10.15406/apar.2017.07.00255.

Bhatta, M., Morgounov, A., Belamkar, V., & Baenziger, P. S. (2018).Genome-wide association study
reveals novel genomic regions forgrain yield and yield-related traits in drought-stressed synthetic
hexa-ploid wheat.International Journal of Molecular Sciences,19(10). 1-
10.https://doi.org/10.3390/ijms19103011.

Bhoite, R., Onyemaobi, I., Si, P., Siddique, K. H. M., & Yan, G. (2018).Identification and validation of
QTL and their associated genes forpre-emergent metribuzin tolerance in hexaploid wheat
(Triticumaestivum L.).BMC Genetics,19(102), 1-11.https://doi.org/10.1186/s12863-018-0690-z.

88



REFERENCES

Bilal, M., Igbal, 1., Rana, R.M., Shoaib, U.R., Rehman, Haidery, Q.A., Ahmad, F. ljaz, A., & Umar,
H.M.L (2015). “A comprehensive review of effects of water stress and tolerance in wheat
(Triticum aestivum L.)”.Tropical Plant Research. 2(3): 271-275.

Bishaw Z. (2004). Wheat and barley seed systems in Ethiopia and Syria. PhD Thesis, Wageningen
University, The Netherlands. 383. https://edepot.wur.nl/121548.

Blum, A., & Tuberosa, R. (2018). Dehydration survival of crop plants and its measurement. Journal
Experimental Botany. 69:erx445. doi: 10.1093/jxb/erx445.

Borner, A., Schumann, E., Firste, A., Coster, H., Leithold, B., Rdder, M. S., & Weber, W. E. (2002).
Mapping of quantitative trait loci determiningagronomic important characters in hexaploid
wheat (Triticumaestivum  L.).Theoretical and  Apllied  Genetics.105, 921-
936.https://doi.org/10.1007/s00122-002-0994-1.

Borrill, P., Adamski, N., & Uauy, C. (2015). Genomics as the key to unlocking the polyploid potential of
wheat. New Phytologist. 208:1008-1022. doi: 10.1111/nph.13533.

Bouslama, M., & Schapaugh, W. T. (1984). Stress tolerance in soybean. Part 1: evaluation of three
screening techniques for heat and drought tolerance. Crop Sci. J. 24, 933-937. doi:
10.2135/cropscil984.0011183X002400050026x.

Breseghello, F., & Sorrells, M.E. (2006). Association mapping of kernel size and milling quality in wheat
(Triticum aestivum L.) cultivars. Genetics, 172: 1165-1177.

Brown, A.H.D,, & Weir, B.S. (1983). Measuring genetic variability in plant populations, in Isozymes in
Plant Genetics and Breeding, Part A., Tanksley SD and Orton TJ, Editors. Elsevier Science
Publishing. Amsterdam. 219-239.

Brown, A.H.D. (2000). The genetic structure of crop landraces and the challenge to conserve them in situ
on farms. In: Brush SB, editor. Genes in the field: on-farm conservation of crop diversity. Boca
Raton: Lewis Publishers. 29-48.

Brown, M. E., Funk, C., Pedreros, D., Korecha, D., Lemma, M., Rowland, J., & et al. (2017). A climate
trend analysis of Ethiopia: examining sub-seasonal climate impacts on crops and pasture
conditions. Clim. Change 142, 169-182. doi: 10.1007/s10584-017-1948-6.

Browning, B. L., & Browning, S. R. (2007). Efficient multilocus associationmapping for whole genome
association studies using localized haplo-type clustering.Genetic Epidemiology: The Official
Publication of  thelnternational Genetic Epidemiology  Society,31(5), 365-
375.https://doi.org/10.1002/gepi.20216.

Browning, S.R. (2008). Missing data imputation and haplotype phase inference for genome-wide
association studies. Human Genetics. 124(5):439-50. doi: 10.1007/s00439-008-0568-7

Budak, H., Akpinar, B.A., Unver, T., & Turktas, M. (2013). Proteome changes in wild and modern wheat
leaves upon drought stress by two-dimensional electrophoresis and nanoLC-ESI-MS/MS. Plant
Mol Biol. 83:89-103. doi: 10.1007/s11103-013-0024-5.

Caballero, A., & Torom, M.A. (2002). Analysis of genetic diversity for the management of conserved
subdivided populations. Conservation Genetics. 3:289-299.

Cavanagh, C.R., Chao, S., Wang, S., Huang, B.E., Stephen, S., Kiani, S., & et al. (2013). Genome-wide
comparative diversity uncovers multiple targets of selection for improvement in hexaploid wheat
landraces and cultivar Proceedings of the National Academy of Sciences of the United States of
America. 110(20):8057-62. doi.org/10.1073/pnas.1217133110.

89


https://edepot.wur.nl/121548

REFERENCES

Central Statistical Agency (CSA). (2018). The Federal Democratic Republic of Ethiopia Central
Statistical Agency Agricultural Sample Survey. Report on Area and Production of Crops.
Statistical Bulletin No. 586. Addis Abeba, Ethiopia.

Chai, S., Yao, Q., Zhang, X., Xiao, X., Fan, X,, Zeng, J., Sha, L., Kang, H., Zhang, H., Li, J., Zhou, Y., &
Wang, Y. (2021). The semi-dwarfing gene Rht-dp from dwarf polish wheat (Triticum polonicum
L.) is the“green revolution gene”Rht-B1b.BMC  Genomics. 22 (63): 1-15.
doi.org/10.1186/s12864-021-07367-X.

Challa, S., & Neelapu, N. R. (2018). “Genome-wide association studies (GWAS) for abiotic stress
tolerance in plants,” in Biochemical, Physiological and Molecular Avenues for Combating
Abiotic Stress Tolerance in Plants, eds S. H. Shabir Hussain Wani (Cham: Academic Press), 135—
150. doi: 10.1016/B978-0-12-813066-7.00009-7.

Cheng, X., Liu, X., Mao, W., Zhang, X., Chen, S., Zhan, K., Bi, H., & Xu, H. (2018). Genome-wide
identification and analysis of HAK/KUP/KT potassium transporters gene family in wheat
(Triticum aestivum L.). |International Journal of Molecular Sciences. 19(3969).
d0i:10.3390/ijms19123969.

Chini, A., Grant, J. J., Seki, M., Shinozaki, K., & Loake, G. J (2004). Drought tolerance established by
enhanced expression of the CC-NBS-LRR gene, ADR1, requires salicylic acid, EDS1 and ABI1.
Plant J. 38, 810-822. doi: 10.1111/j.1365-313X.2004.02086.x.

Cho, S. K., Chung, H. S., Ryu, M. Y., Park, M. J., Lee, M. M., Bahk, Y. Y., & et al. (2006). Heterologous
expression and molecular and cellular characterization of CaPUB1 encoding a hot pepper U-Box
E3 ubiquitin ligase homolog. Plant Physiol. 142, 1664—-1682. doi: 10.1104/pp.106.08 7965.

Chong, X., Su, J., Wang, F., Wang, H., Song, A., Guan Z., & et al. (2019). Identification of favorable
SNP alleles and candidate genes responsible for inflorescencerelated traits via GWAS in
chrysanthemum. Plant Mol. Biol. 99, 407—-420. doi: 10.1007/s11103-019-00826-w.

Collard, B. C. Y., Jahufer, M. Z. Z., Brouwer, J. B., & Pang, E. C. K. (2005). An introduction to markers,
guantitative trait loci (QTL) mapping and marker-assisted selection for crop improvement: the
basic concepts. Euphytica. 142:169-196. doi: 10.1007/s10681-005-1681-5.

Collard, B. C., & Mackill, J. D. (2008). Marker-assisted selection: Anapproach for precision plant
breeding in the twenty-first century.Phil-osophical Transactions of the Royal Society B
Biological Sciences,363(557-572), 557-572.https://doi.org/10.1098/rstb.2007.2170.

Cui, F., Zhang, N., Fan, X. L., Zhang, W., Zhao, C. H., Yang, L. J.,, Pan, R. Q., & et al., (2017).
Utilization of a Wheat 660K SNP array-derived high-density genetic map for high-resolution
mapping of a major QTL for kernel number. Scientific Reports. 7(3788). doi: 10.1038/s41598-
017-04028-6.

Daryanto, S., Wang, L., & Jacinthe, P. A. (2016). Global synthesis ofdrought effects on maize and wheat
production.PL0oS ONE,11(5),e0156362.https://doi.org/10.1371/journal.pone.0156362.

Dashti, H.S., Ghannadha, M., Naghavi, M.R., & Quarri, S. (2007). QTL Analysis for Drought Resistance
in Wheat Using Doubled Haploid Lines. International Journal of Agriculture and Biology.
9(1)98-102.

de Souza, J., Preseault, C. L., & Lock, A. L. (2018). Altering the ratio of dietary palmitic, stearic, and
oleic acids in diets with or without whole cottonseed affect nutrient digestibility, energy
partitioning, and production responses of dairy cows. J. Dairy Sci. 101, 172-185. doi:
10.3168/jds.2017-13460.

90



REFERENCES

del Pozo, A., Matus, I., Ruf, K., Castillo, D., Méndez-Espinoza, A. M., & Serret, M. D. (2019). Genetic
advance of durum wheat under highyielding conditions: The case of Chile.Agronomy,9(8), 1-
14.https://doi.org/10.3390/agronomy9080454.

Desiderio, F., Zarei, L., Licciardello, S., & et al., (2019). Genomic regions from an Iranian landrace
increase  kernel size in  durum wheat. Frontier in Plant Sciences. 10(448).
d0i:10.3389/fpls.2019.00448.

Desta, Z.A., Orabi, J., Jahoor, A., & Backes, G. (2014). Genetic diversity and structure found in samples
of Eritrean bread wheat. Plant Genetic Resources. 12(01). doi:10.1017/S1479262113000324.

deVries, A.P. (1971). Flowering Biology of Wheat, Particularly in View of Hybrid Seed Production A
Review. Euphytica. 20(152170).

Dodig, D, Zori¢, M, Kandi¢, V, Perovi¢, D., & Surlan-Momirovi¢, G. (2012). Comparison of responses to
drought stress of 100 wheat accessions and landraces to identify opportunities for improving
wheat drought resistance. Plant Breeding.131:369-379.

Dong, Z., Liu, H., & Yang, X. (2018). Effects of Drought Stress on Some Physiological and
Biochemical Indexes of rice Seedlings. Asian Journal of Botany
(TRANSFERRED), 1(1), 11-19.

Dubey, N., & Singh, K. (2018). “Role of NBS-LRR Proteins in Plant Defense,” in Molecular Aspects of
Plant-Pathogen Interaction (Singapore: Springer). 115-138. doi:10.1007/978-981-10-7371-7_5.

Dulai, S., Molnar, 1., Pronay, J., Csernak, A., Tarnai, R., & Molnar-lang, M. (2006). Effects of drought on
photosynthetic parameters and heat stability of PSII in wheat and in Aegilops species originating
from dry habitats. Acta Biologica Szegediensis. 50: 11-17.

Dvorak, J., Luo, M. C., & Akhunov, E. (2011). NI Vavilov’s theory of centres of diversity in the light of
current understanding of wheat diversity, domestication and evolution. Czech Journal of Genetics
and Plant Breeding. 47:S20-S27.

Dvorak, J.P.E., & McGuire, C. B. (1988). Apparent sources of the A genomes of wheats inferred from
polymorphism in abundance and restriction fragment length of repeated nucleotide sequences.
Genome. 30:680-689.

Earl, D. A., & vonHoldt, B. M. (2012). Structure harvester: a website and program for visualizing
STRUCTURE output and implementing the Evanno method. Conserv. Genet. Resour. 4, 359—
361. doi: 10.1007/s12686-011-9548-7.

Edae, E.A., Byrne, P.F., Haley, S.D., Lopes, M.S., Reynolds, M.P. (2014). Genome-wide association
mapping of yield and yield components of spring wheat under contrasting moisture regimes.
Theoretical and Applied Genetics.127: 791-807. doi: 10.1007/s00122-013-2257-8.

Ehlting, J., Sauveplane, V., Olry, A.J., Ginglinger, F., & Pr-ovart, N.J.D. (2008). Werck-Reichhart, An
extensive (co-) expression analysis tool for the cytochrome P450 superfamily in Arabidopsis
thaliana, BMC Plant Biology. 8 (47). doi:10.1186/1471-2229-8-47.

Eltaher, S., Sallam, A., Belamkar, V., Emara, H.A,, Nower, A.A., Salem, K.F.M., & et al., (2018).
Genetic diversity and population structure of F3:6 Nebraska winter wheat genotypes using
genotyping-by-sequencing. Frontiers in Genetics. 9. pmid:29593779.
https://doi.org/10.3389/fgene.2018.00076.

Eticha, F., Bekele, E., Belay, G., & Bdrner, A. (2005). Phenotypic diversity in tetraploid wheats collected
from Bale and Wello regions of Ethiopia. Plant Genetic Resources. 3(1):35-43. DOI.
https://doi.org/10.1079/PGR200457.

91



REFERENCES

Eticha, F., Belay, G., & Bekele, E. (2006). Species diversity in wheat landrace populations from two
regions of Ethiopia. Genetic Resources and Crop Evolution. 53: 387-393.
https://doi.org/10.1007/s10722-004-6095-z.

Evanno, G., Regnaut, S., & Goudet, J. (2005). Detecting the number of clusters of individuals using the
software structure: a simulation study. Mol. Ecol. 14, 2611-2620. doi: 10.1111/j.1365- 294 X.

Falconer, D. S., & Mackay, T. F. (1996).Introduction to Quantitative Genet-ics(p. 464). Longman Group
Ltd.Falush, D., Stephens, M., & Pritchard, J. K. (2003). Inference of populationstructure using
multilocus genotype data: Linked loci and correlatedallele frequencies.Genetics,164, 1567—
1587.https://doi.org/10.1093/genetics/164.4.1567.

Falush, D., Stephens, M., & Pritchard, J. K. (2007). Inference of populationstructure using multilocus
genotype data: Dominant markers and nullalleles.Molecular Ecology Notes,7(4), 574-
578.https://doi.org/10.1111/j.1471-8286.2007.01758.X.

FAO (2016). Food and Agriculture Organization of the United Nations, Rome, Italy. Available online at:
http://faostat.fao.org/default.aspx (accessed August 20, 2021).

FAOQ. (2018). Food and Agriculture Organization of the United Nations, Rome, Italy.

FAO-United Nations Food and Agricultural Organization. (2013) Wheat:Post-harvest
operations:http://www.fao.org/fileadmin/user_upload/inpho/docs/Post_Harvest_ Compendium W
HEAT.pdfAccessed onJune 22, 2020.

Faroog, M., Hussain, M., Wahid, A., & Siddigue, K.H.M. (2012). Drought stress in plants: an overview.
In: Plant responses to drought stress. R. Aroca (ed.). Springer. 1-33. https://doi.org/10.1007/978-
3-642-32653-0_1.

Farshadfar, E., Moradi, Z., Elyasi, P., Jamshidi, B., & Chaghakabodi, R. (2012). Effective selection
criteria for screening drought-tolerant landraces of bread wheat (Triticum aestivum L.). Annals of
Biological Research. 3: 2507-2516.

Fernandez, G. C. J. (1992). “Effective selection criteria for assessing stress tolerance,” in Proceedings of
the International Symposium on Adaptation of Vegetables and Other Food Crops in Temperature
and Water Stress, ed C. G. Kuo (Tainan, Taiwan).

Fiorentini, M., Zenobi, S., Giorgini, E., Basili, D., Conti, C., Pro, C., Monaci, E., & Orsini, R. (2019).
Nitrogen and chlorophyll status deter-mination in durum wheat as influenced by fertilization and
soil man-agement: Preliminary results.PL0S ONE.14(11), e0225126.
doi.org/10.1371/journal.pone.0225126.

Fiorentini, M., Zenobi, S., Giorgini, E., Basili, D., Conti, C., Pro, C.,Monaci, E., & Orsini, R. (2019).
Nitrogen and chlorophyll status deter-mination in durum wheat as influenced by fertilization and
soil man-agement: Preliminary results.PL0oS ONE,14(11),
e0225126.https://doi.org/10.1371/journal.pone.0225126.

Fischer, R. A., & Maurer, R. (1978). Drought resistance in spring wheat cul-tivars. 1. Grain yield
response.Australian Journal of AgriculturalResearch,29, 897—
907.https://doi.org/10.1071/AR9780897.

Fischer, R. A, Rees, D., Sayre, K. D., Lu, Z. M., Condon, A. G., & Saavedra, A. L. (1998). Wheat yield
progress associated with higher stomatal conductance and photosynthetic rate, and cooler
canopies. Crop Sci. 38, 1467-1475. doi:10.2135/cropsci1998.0011183X003800060011x.

Fleury, D., Jefferies, S., Kuchel, H., & Langridge, P. (2010). Genetic and genomic tools to improve
drought tolerance in wheat. Journal of Experimental Botany. 61: 3211-3222.
https://doi.org/10.1093/jxb/erq152.

92



REFERENCES

Flint-Garcia, S.A., Thornsberry, J.M., & Buckler, E.S. (2003) Structure of linkage disequilibrium in
plants. Annual Review of Plant Biology. 54:357— 374. doi:
10.1146/annurev.arplant.54.031902.134907.

Food and Agriculture Organization of the United Nations FAOSTAT statistics database, Crops.
(2015). www.fao.org/faostat/en/#data/QC.

Foulkes, M., Sylvester-Bradley, R., Worland, A., & Snape, J. (2004). Effectsof a photoperiod response
gene Ppd-D1 on yield potential anddrought resistance in UK winter wheat.Euphytica,135,63—
73.https://doi.org/10.1023/B:EUPH.0000009542.06773.13.

Fox, J. (2017).Using the R Commander: A Point-and-Click Interface for R.Chapman and Hall/CRC
Press.https://socialsciences.mcmaster.ca/jfox/Books/RCommander/Gaetano, J. (2018).

Frankham R, et al., (2002). Introduction to Conservation Genetics. Cambridge University Press.
Cambridge.

Fu. Y.B. (2015). Understanding crop genetic diversity under modern plant breeding. Theoretical and
Applied Genetics. 128:2131-2142. doi.org/10.1007/s00122-015-2585-y.

Gaetano, J . (2013). Holm-Bonferroni sequential correction: An Excelcalculator-version 1.3. doi:
10.13140/RG.2.1.3920.0481.

Gaju, O., Reynolds, M., Sparkes, D., & Foulkes, M. (2009). Relationships between large-spike
phenotype, grain number, and vyield potential in spring wheat. Crop Science. 49:961—
973. doi.org/10.2135/cropsci2008.05.0285.

Geleta, N., & Grausgruber, H. (2013). Morphological and quality traits variation in tetraploid (Triticum
turgiduml.) and hexaploid (Triticum aestivum L.) wheat accessions from Ethiopia. Agricultural
Science Research Journals. 3(8):229-236.

Ghosh, M., Pal, A. K., & Pal, S. K. (2003). Relationship of leaf area and chlorophyll content with yield of
aromatic rice.Indian Journal of Plant Physiology. 8:199-200.

Giancaspro, A., Giove, S. L., Zacheo, S. A., Blanco, A., & Gadaleta, A.(2019). Genetic variation for
protein content and yield-related traits ina durum population derived from an inter-specific cross
betweenHexaploid and tetraploid wheat cultivars.Fronteirs in Plant Science,10(1509), 1-
13.https://doi.org/10.3389/fpls.2019.01509.

Gill, B.S., & Chen, P.D. (1987). Role of cytoplasm-specific introgression in the evolution of polyploid
wheats. Proceedings of the WNational Academy of Sciences USA. 84(19):6800-6804.
doi: 10.1073/pnas.84.19.6800.

Gioia, T., Nagel, K.A., Beleggia, R., Fragasso, M., Ficco. D.B.M., Pieruschk, R., & et al., (2015). Impact
of domestication on the phenotypic architecture of durum wheat under contrasting nitrogen
fertilization. Journal of Experimental Botany. 66(18):5519-5530. doi.org/10.1093/jxb/erv289.

Giunta, F., De Vita, P., Mastrangelo, A. M., Sanna, G., & Motzo, R. (2018).Environmental and genetic
variation for yield-related traits of durumwheat as affected by development.Frontiers in Plant
Science,9(00008),1-19.https://doi.org/10.3389/fpls.2018.00008.

Govindaraj, M., Vetriventhan, M., & Srinivasan, M. (2015). Review article importance of genetic
diversity assessment in crop plants and its recent advances: an overview of its analytical
perspectives. Genetics Research International.

Graffelman, J. (2013). Linear-angle correlation plots: New graphs for reveal-ing correlation
structure.Journal of Computational and Graphical Statis-tics,22(1), 92—
106.https://doi.org/10.1080/15533174.2012.707850.

93


https://www.researchgate.net/profile/Justin-Gaetano?_sg%5B0%5D=MQeq8dvVgkHW98Y7lz9r7uOF6NZBD9He283uh5hFNwPJJgyBFJKd3Gfd--z4YHFWLs61v4k.LTxAWDGfAYwtG6rhQ_X1FmUi-6LuGzq5l6zNjQezymJN6lzb4XW6x-F-spGJU2ViMo8AlwKAtU78N4xsMddbtQ&_sg%5B1%5D=mx5HiH4p7VuhW9i0qpZ39S_wyfDbD9gcZo5TIPVEYQVkJNc3uVJEjkAMPx8RS-RUJHx2Owc.ymtNSkmdPUP-C4rNCg4cxW7rZKayzaatJcdwhXZ3G4bnasriqxNvr0X5R9qed7m_v47XUHBgdC-qdxz_arjHOQ

REFERENCES

Grzesiak, S., Hordynska, N., Szczyrek, P., Grzesiak, M. T., Noga, A., & Szechynska-Hebda, M. (2019).
Variation among wheat (Triticum easativum L.) genotypes in response to the drought stress: I-
selection approaches. J. Plant Interact. 14, 30—44. doi: 10.1080/17429145.2018.1550817.

Gupta, P. K., Balyan, H. S., & Gahlaut, V. (2017). QTL analysis for droughttolerance in wheat: Present
status and future possibilities.Agronomy,7(5), 1-21.https://doi.org/10.3390/agronomy7010005.

Gupta, P. K., Balyan, H. S., Sharma, S., & Kumar, R. (2020). Review: Genet-ics of yield, abiotic stress
tolerance and biofortifcation in wheat(Triticum aestivum L.).Theoretical and Applied
Genetics,133(5).https://doi.org/10.1007/s00122-020-03583-3.

Guttieri, M., Stark, J., O’Brien, K., & Souza, E. (2001). Relative sensitivity of spring wheat grain yield
and quality parameters to moisture deficit. Crop Sci. 41, 327-335. doi:
10.2135/cropsci2001.412327x.

Habtamu, A. (2019). Evaluation of Ethiopian durum wheat varieties and landrace cultivars for the adult
plant resistance of wheat leaf rust (Puccinia triticina). International Journal of Advances in
Scientific Research and Engineering. doi:10.31695/IJASRE.2019.33073.

Haile, J.K., Hammer, K., Badebo, A., Nachit, M.M., & Roder, M.S. (2013). Genetic diversity assessment
of Ethiopian tetraploid wheat landraces and improved durum wheat varieties using microsatellites
and markers linked with stem rust resistance. Genetic Resources and Crop Evolution. 60:513-27.
d0i:10.1007/s10722-012-9855-1.

Hailye, A, Verkuijl, H, Mwangi, W., & Yalew, A. (1998). Farmers’ wheat seed sources and seed
management in the Enebssie area, Ethiopia. CIMMYT, Mexico and EARO, Ethiopia. 32.

Hartl, D.L., & Clark, A.G. (1997). Principles of Population Genetics 3rd Ed. Sunderland, Massachusetts:
Sinauer Associates, Inc.

Haugrud, A. R. P., Zhang, Q., Green, A. J., Xu, S. S., & Faris, J. D. (2023). Identification of stable QTL
controlling multiple yield components in a durum x cultivated emmer wheat population under
field and greenhouse conditions. Plant Genetics and Genomics. G3:13(2).
https://doi.org/10.1093/g3journal/jkac281.

Hayat, S., Hayat, Q., Alyemeni, M.N., Wani, A.S., Pichtel, J., & Ahmad, A. (2012). Role of proline
under changing environments: a review Plant Signal. Behavior. 7 (11). pp. 1456-1466. doi:
10.4161/psh.21949.

Holm, S. (1979). A simple sequential rejective method procedure.Scandi-navia Journal of Statistics.6(2):
65-70.

Hossain, F. et al., (2018). Marker-assisted introgression of opaque2 allele for rapid conversion of elite
hybrids into quality protein maize. J. Genet. 97:287-298.

Hu, X., Ren, J., Ren, X., Huang, S., Sabiel, S. A. 1., Luo, M., Nevo, E., Fu, C.,Peng, J., & Sun, D. (2015).
Association of agronomic traits with SNPmarkers in durum wheat (Triticum turgidum L. durum
(Desf.)). PLOSONE,10(6), €0130854.https://doi.org/10.1371/journal.pone.0130854.

Hu, X., Ren, J., Ren, X, Huang, S., Sabiel, S. A. I, Luo, M., Nevo, E., Fu, C.,Peng, J., & Sun, D. (2015).
Association of agronomic traits with SNP markers in durum wheat (Triticum turgidum L. durum
(Dest.)).PLOSONE.10(6): €0130854. doi.org/10.1371/journal.pone.0130854.

Huang, S., Sun, L., Hu, X., Wang, Y., Zhang, Y., Nevo, E., Peng, J., & Sun, D.(2018). Associations of
canopy leaf traits with SNP markers in durumwheat (Triticum turgidumL.durum(Desf.)).PL0S
ONE,13(10),e0206226. pmid:30352102.https://doi.org/10.1371/journal.pone.0206226.

%94


javascript:;
javascript:;
javascript:;
javascript:;
https://pubmed.ncbi.nlm.nih.gov/?term=Hayat+Q&cauthor_id=22951402
https://pubmed.ncbi.nlm.nih.gov/?term=Alyemeni+MN&cauthor_id=22951402
https://pubmed.ncbi.nlm.nih.gov/?term=Wani+AS&cauthor_id=22951402
https://pubmed.ncbi.nlm.nih.gov/?term=Pichtel+J&cauthor_id=22951402
https://pubmed.ncbi.nlm.nih.gov/?term=Ahmad+A&cauthor_id=22951402

REFERENCES

Hubisz, M. J., Falush, D., Stephens, M., & Pritchard, J. K. (2009). Inferringweak population structure
with the assistance of sample group infor-mation.Molecular Ecology Resources,9(5), 1322—
1332.https://doi.org/10.1111/j.1755-0998.2009.02591 .x.

Hussain, S., Ahmad, M., Igbal, J., Qasim, G., Ali, A., Abbas, G., Mahpara, S., & Khan Khattak, J. Z.
(2015). Quantification of wheat (Triticum Aestivum L.) leaves contribution to grain yield through
defoliation technique.Canadian Journal of Bioinformatics & Biosciences. 1(15):23-35.

Husson, F., Le, S., & Pages, J. (2010). Exploratory Multivariate Analysis by Example Using R. London:
Chapman and Hall. doi: 10.1201/b21874 International Wheat Genome Sequencing Consortium
(2018). Shifting the limits in wheat research and breeding using a fully annotated reference
genome. Science 361, eaar7191. doi: 10.1126/science.aar7191.

Hyten, D.L., Song, Q., Zhu, Y., Choi, L.Y., Nelson, R.L., Costa, J.M., & et al., (2006). Impacts of genetic
bottlenecks on soybean genome diversity. Proceedings of the National Academy of Sciences of
the United States of America. 103:16666-16671.https://doi.org/10.1073/pnas.060437910.

IBC (Institute of Biodiversity Conservation). (2013). Ethiopia: Second Country Report on the State of
PGRFA to FAO. Addis Ababa, Ethiopia. http://www.pgrfa.org.8.

Ilhsan, M.Z., El-Nakhlawy, F.S., Ismail, S.M., Fahad, S., & Daur, I. (2016). Wheat Phenological
Development and Growth Studies as Affected by Drought and Late Season High Temperature
Stress  under  Arid Environment. Frontiers  in Plant  Sciences. 7(795).
doi.org/10.3389/fpls.2016.00795.

International Wheat Genome Sequencing Consortium. (2018). Shifting thelimits in wheat research and
breeding using a fully annotated referencegenome.Science,361(6403), 1-
13.https://doi.org/10.1126/science.aar7191.

Izanloo, A., Condon, A.G., Langridge, P., Tester, M., & Schnurbusch, T. (2008). Different mechanisms
of adaptation to cyclic water stress in two South Australian bread wheat cultivars. Journal of
Experimental Botany. 59:3327-3346. doi: 10.1093/jxb/ern199.

Ji, X., Shiran, B., Wan, J., Lewis, D.C., Jenkins., & et al., (2010). Importance of pre-anthesis anther sink
strength for maintenance of grain number during reproductive stage water stress in wheat. Plant,
Cell and Environment. 33:926— 942. doi:10.1111/j.1365-3040.2010.02130.x.

Jiang, G.L. (2013). Molecular Markers and Marker-Assisted Breeding in Plants. Plant Breeding from
Laboratories to Fields. doi:10.5772/52583.

Jin, J., Liu, D., Qi, Y., Ma, J., & Zhen, W. (2020). Major QTL for seven yield-related traits in common
wheat (Triticum aestivum L.).Fronteirs in Genetics,11(01012). 1-
11.https://doi.org/10.3389/fgene.2020.01012.

John, R., Ganeshan, U., Singh, B.N., Kaul, T., Reddy, M.K., Sopory, S.K., & Rajam, M.V. (2016). Over-
expression of topoisomerase Il enhances salt stress tolerance in tobacco. Frontier in Plant
Sciences. (7)1280. doi:10.3389/fpls.2016.01280.

Jost L, Archer F, Flanagan S, Gaggitti O, Hoban S., & Latch E. (2018). Differentiation measures for
conservation genetics. Evolutionary Applications. 11(7). https://doi.org/10.1111/eva.12590.

Jun, X. U,, Xin-yu, W., & Wang-zhen G. (2015).The cytochrome P450 superfamily: Key players in plant
development and defense. Journal of Integrative Agriculture. 14: 1673-1686.
doi.org/10.1016/S2095-3119(14)60980-1.

Kabbaj, H., Sall, A. T., Al-Abdallat, A., Geleta, M., Amri, A., Filali-Maltouf, A.,Belkadi, B., Ortiz, R., &
Bassi, F. M. (2017). Genetic diversity within aglobal panel of durum wheat (Triticum durum)

95


https://doi.org/10.1073/pnas.0604379103
https://doi.org/10.1093%2Fjxb%2Fern199

REFERENCES

landraces and moderngermplasm reveals the history of alleles exchange.Frontiers in
PlantScience,8(01277), 1-13.https://doi.org/10.3389/fpls.2017.0127.

Kadam S, Singh K, Shukla S, Goel S, Vikram P, Pawar V, Gaikwad K, Khanna-Chopra R., & Singh N.
(2012). Genomic association for drought tolerance on the short arm of wheat chromosome 4B.
Function and Integrative Genomics.12:447-464. doi:10.1007/s10142-012-0276-1.

Kadam, N.N., Struik, P.C., Rebolledo, M.C., & et al., (2018). Genome-wide association reveals novel
genomic loci controlling rice grain yield and its component traits under water-deficit stress during
the reproductive stage. Journal of Experimental Botany.69:4017-4032.
doi.org/10.1093/jxb/ery186.

Kadam, N.N., Yin, X., Bindraban, P.S., Struik, P.C., Jagadish., & K. S.V. (2015). Does Morphological
and natomical Plasticity during the Vegetative Stage Make Wheat More Tolerant of Water Deficit
Stress Than Rice? Plant Physiolgy. 167(4):1389-1401. doi.org/10.1104/pp.114.253328.

Kale, S. M., Jaganathan, D., Ruperao, P., Chen, C., Punna, R., Kudapa, H., & et al. (2015). Prioritization
of candidate genes in “QTL-hotspot” region for drought tolerance in chickpea (Cicer arietinum
L.). Sci. Rep. 5:15296. doi: 10.1038/srep15296.

Kamran, A., Igbal, M., & Spaner, D. (2014). Flowering time in wheat(Triticum aestivumL.): A key factor
for global adaptability.Euphytica,197:1-26. doi:10.1007/s10681-014-1075-7.

Kang, J., Li, J., Gao, S., Tian, C., & Zha, X. (2017). Overexpression of the leucine-rich receptor-like
kinase gene LRK2 increases drought tolerance and tiller number in rice. Plant Biotechnology
Journal. 15:1175-1185. doi: 10.1111/pbi.12707.

Kang, Y., Khan, S., & Ma, X. (2009). Climate change impacts on crop yield, crop water productivity and
food security? A review. Progress Nature Science. 19(12):1665-1674.
doi.org/10.1016/j.pnsc.2009.08.001.

Kerby, K., & Kuspira J. (1987). The phylogeny of the polyploid wheats Triticum aestivum (bread wheat)
and Triticum durum (macaroni wheat). Genome. 29:722—737. https://doi.org/10.1139/g87-124.

Khamssi, N. N. (2014). Leaf proline content and yield performance of wheat genotypes under irrigated
and rain-fed conditions. Indian journal of fundamental and applied life sciences. 14:95-299.

Khanna-Chopra, R., & Singh, K. (2015). Drought Resistance in Crops: Physiological and Genetic Basis
of Traits for Crop Productivity. In: Tripathi, B., Muller, M. (eds) Stress Responses in Plants.
Springer, Cham. doi.org/10.1007/978-3-319-13368-3 11.

Kidane, Y. G., Mancini, C., Mengistu, D. K., Frascaroli, E., Fadda, C.,Pé, M. E., & Dell'Acqua, M.
(2017). Genome wide association study toidentify the genetic base of smallholder farmer
preferences of durum wheat traits. Fronteirs in Plant Science. 8(01230). 1-
11.https://doi.org/10.3389/fpls.2017.01230.

Klindworth, D. L., Miller, J. D., Jin, Y., & Xu, S. S. (2007). Chromosomal locations of genes for stem
rust resistance in monogenic lines derivedfrom tetraploid wheat accession ST464.Crop
Science.47(4):1441-1450.https://doi.org/10.2135/cropsci2006.05.0345.

Konarev, V.G., Gavriluk, I.P., Peneva, T.l., Konarev, A.V., Khakimova, A.G., & Migushova, E.F. (1976
). On the Nature and origin of genomes of wheat based on the data of biochemistry and
immunochemistry of grain proteins. Sel’skokhozyaistvennaya Biologia [Agricultural Biology].
11(5):656-665.

Kosina, P., Reynolds, M., Dixon, J., & Joshi, A. (2007). Stakeholder perception of wheat production
constraints, capacity building needs, and research partnerships in developing countries.
Euphytica. 157(3):475-483. doi:10.1007/s10681-007-9529-9.

96


http://dx.doi.org/10.1007/s10142-012-0276-1
https://doi.org/10.1139/g87-124

REFERENCES

Kraakman, R., Davies, P., Hansmann, H., Hertig, G., Hopt, K., Kanda, H., & Rock, E. (2004).
Anatomy of Corporate Law, Oxford University Press.

Kumar, S., Banks, T.W., & Cloutier, S. (2012). SNP discovery through next generation sequencing and
its applications. International Journal of Plant Genomics. 12. doi:10.1155/2012/831460.

Laido, G., Marone, D., Russo, M. A., Colecchia, S. A., Mastrangelo, A. M., DeVita, P., & Papa, R.
(2014). Linkage disequilibrium and genome-wideassociation mapping in tetraploid wheat
(Triticum turgidum L.).PLOSONE,9(4), e95211.https://doi.org/10.1371/journal.pone.0095211.

Landjeva, S., Korzun, V., & Bdrner, A. (2007). Molecular markers: actual and potential contributions to
wheat genome characterization and breeding. Euphytica.156:271-296, doi: 10.1007/
510681-007-9371-0.

Langridge, P., & Fleury, D. (2011). Making the most of ‘omics’ for crop breeding. Trends in
Biotechnology. 29(1):33-40. Doi0 10.1016/j.tibtech.2010.09.006 .

Lawlor, D.W. (2013). Genetic engineering to improve plant performance under drought: physiological
evaluation of achievements, limitations, and possibilities. Journal of experimental Botany. 64:83—
108. doi.org/10.1093/jxb/ers326.

Leinonen, T., O’hara, R., Cano, J., & Merila J. (2008). Comparative studies of quantitative trait and
neutral marker divergence: a meta-analysis. Journal of Evolutionary Biology. 21(1):1-17. DOI:
10.1111/j.1420-9101.2007.01445 .x.

Lenth, R. V. (2016). Least-Squares means: the R package Ismeans. J. Stat. Softw. 69, 1-33. doi:
10.18637/jss.v069.i01.

Letta, T., Maccaferri, M., Badebo, A., Ammar, K., Ricci, A., Crossa, J., & et al., (2013). Searching for
novel sources of field resistance to Ug99 and Ethiopian stem rust races in durum wheat via
association mapping. Theor. Appl. Genet. 2013; 126(5): 1237-1256. doi:10.1007/s00122-013-
2050-8.

Lipka, A. E., Tian, F., Wang, Q., Peiffer, J., Li, M., Bradbury, P. J.,Gore, M. A., Buckler, E. S., & Zhang,
Z. (2012). GAPIT: Genome associ-ation and prediction integrated tool.Bioinformatics.28(18):
2397-2399.https://doi.org/10.1093/bioinformatics/bts444.

Liu, H. J., & Yan, J. (2019). Crop genome-wide association study: A harvestof biological relevance.The
Plant Journal,97,8-18.https://doi.org/10.1111/tpj.14139.

Liu, H., Searle, I.R., Mather, D.E., Able, A.J., & Able, J.A. (2015), “Morphological, physiological and
yield responses of durum wheat to pre-anthesis water-deficit stress are genotype-dependent”.
Crop and Pasture Science. 66:1024—-1038.

Liu, K., Xu, H., Liu, G., Guan, P., Zhou, X., Peng, H., Yao, Y., Ni, Z.,Sun, Q., & du, J. (2018). QTL
mapping of flag leaf-related traits inwheat (Triticum aestivum L.).Theoretical and Applied
Genetics. 131:839-849. doi.org/10.1007/s00122-017-3040-z.

Liu, W., Maccaferri, M., Bulli, P., Rynearson, S., Tuberosa, R., Chen, X., & et al., (2017). Genome-wide
association mapping for seedling and field resistance to Puccinia striiformis f. sp. tritici in elite
durum wheat. Theor. Appl. Genet. 130, 649-667. doi: 10.1007/s00122-016-2841-9.

Liu, X., Huang, M., Fan, B., Buckler, E. S., & Zhang, Z. (2016). Iterativeusage of fixed and random effect
models for powerful and efficient genome-wide association studies.PLOS Genetics,12(2),
e1005767. genome-wide association studies.PLOS Genetics,12(2),
e1005767.https://doi.org/10.1371/journal.pgen.1005767.

Lobell, D. B., Schlenker, W., & Costa-Roberts, J. (2011). Climate trends and global crop production since
1980. Science. 333:616-620. doi:10.1126/science.1204531.

97



REFERENCES

Lopes, M. S., & Reynolds, M. P. (2012). Stay-green in spring wheat can bedetermined by spectral
reflectance measurements (normalized differ-ence vegetation index) independently from
phenology.Journal ofExperimental Botany,63(10), 3789-3798.https://doi.org/10.1093/jxb/ers071.

Lopes, M.S., & Reynolds, M.P. (2011). Drought adaptive traits and wide adaptation in elite lines derived
from resynthesized hexaploid wheat. Crop Science. 51: 1617-1626.
doi.org/10.2135/cropsci2010.07.0445.

Lopes, S.M., El-Basyoni, I., Baenzige,r P.S., Singh, S., Royo, C., Ozbek, K., & et al., (2015). Exploiting
genetic diversity from landraces in wheat breeding for adaptation to climate change. Journal of
Experimental Botany. 66 (12):3477-3486. pmid:25821073.

Lu, L., Zhang, Y., He, Q. Qi, Z.,, Zhang, G., Xu, W., & et al. (2020). MTA, an RNA m6A
methyltransferase, enhances drought tolerance by regulating the development of trichomes and
roots in poplar. 21, 2462. doi: 10.3390/ijms21072462.

Luo Z, Brock J, Dyer JM, Kutchan T, Schachtman D, Augustin M., & et al., (2019). Genetic diversity and
population structure of a Camelina sativa spring panel. Frontiers in Plant Science. 10.
https://doi.org/10.3389/fpls.2019.00184.

Ma, J., Dong, W., Zhang, D., Gao, X., Jiang, L., Shao, Y., & et al. (2016). Proteomic profiling analysis
reveals that glutathione system plays important roles responding to osmotic stress in wheat
(Triticum aestivum L.) roots. Peer J. 4, e2334. doi: 10.7717/peerj.2334.

Ma, J., Zhang, H., Li, S., Zou, Y., Li, T., Liu, J., Ding, P., Mu, Y., Tang, H.,Deng, M., Liu, Y., Jiang, Q.,
Chen, G., Kang, H., Li, W., Pu, Z., Wei, Y.,Zheng, Y., & Lan, X. (2019). Identification of
guantitative trait loci forkernel traits in a wheat cultivar Chuannong16.BMC Genetics,20(77),1—
12.https://doi.org/10.1186/s12863-019-0782-4.

Ma, X. S., Feng, F. J., Wei, H. B., Mei, H. W., Xu, K., Chen, S. J., Li, T.,Liang, X., Liu, H., & Luo, L.
(2016). Genome-wide association study forplant height and grain yield in rice under contrasting
moisture regimes.Frontiers in Plant Science,7(01801), 1-
13.https://doi.org/10.3389/fpls.2016.01801.

Maccaferri M, Harris NS, Twardziok SO, Pasam RK, Gundlach H, Spannagl M., & et al., (2019). Durum
wheat genome highlights past domestication signatures and future improvement targets. Nature
Genetics. 51:885-95. pmid:30962619.

Maccaferri M, Ricci A, Salvi S, Milner GS., & et al., (2014) A high-density, SNP-based consensus map
of tetraploid wheat as a bridge to integrate durum and bread wheat genomics and breeding. Plant
Biotechnology Journal. 13:648-663. pmid:25424506.

Maccaferri, M., Cane, M. A., Sanguineti, M. C., Salvi, S., Colalongo, M. C., Massi, A., & et al. (2014) A
consensus framework map of durum wheat (Triticum durum Desf.) suitable for linkage
disequilibrium analysis and genome-wide association mapping. BMC Genomics. 15, 1-21. doi:
10.1186/1471-2164-15-873.

Maccaferri, M., Harris, N. S., Twardziok, S. O., Pasam, R. K., Gundlach, H., Spannagl, M., & et al.
(2019). Durum wheat genome highlights past domestication signatures and future improvement
targets. Nat. Genet. 51, 885-895. doi: 10.1038/s41588-019-0381-3.

Maccaferri, M., Ricci, A., Salvi, S., Milner, S. G., Noli, E., Martelli, P. L.,Casadio, R., Akhunov, E.,
Scalabrin, S., Vendramin, V., Ammar, K.,Blanco, A., Desiderio, F., Distelfeld, A., Dubcovsky, J.,
Fahima, T.,Faris, J., Korol, A., Massi, A., & Tuberosa, R. (2015). A high-density, SNP-based
consensus map of tetraploid wheat as a bridge to integrated durum and bread wheat genomics and
breeding. Plant Biotechnology Journal.13:648-663. https://doi.org/10.1111/pbi.12288.

98



REFERENCES

Maccaferri, M., Sanguineti, M. C., Corneti, S., Ortega, J. L. A., Salem, M. B.,Bort, J., DeAmbrogio, E.,
Del Moral, L., Demontis, A., el-Ahmed, A.,Maalouf, F., Machlab, H., Martos, V., Moragues, M.,
Motawaj, J.,Nachit, M., Nserallah, N., Ouabbou, H., Royo, C.,...Tuberosa, R.(2008). Quantitative
trait loci for grain yield and adaptation of durumwheat (Triticum durum Desf.) across a wide
range of water availability.Genetics, 178, 489-511.https://doi.org/10.1534/genetics.107.077297.

Maccaferri, M., Sanguineti, M. C., Demontis, A., EI-Ahmed, A., DelMoral, L. G., Maalouf, F., Nachit,
M., Nserallah, N., Ouabbou, H.,Rhouma, S., Royo, C., Villegas, D., & Tuberosa, R. (2011).
Associationmapping in durum wheat grown across a broad range of waterregimes.Journal of
Experimental Botany,62, 409-438.https://doi.org/10.1093/jxb/erg287.

Mafakheri, A., Siosemardeh, A., Bahramnejad, B., Struik, P.C., & Sohrabi, Y. (2010). Effect of drought
stress on yield, proline and chlorophyll contents in three chickpea cultivars. Australian Journal of
Crop Science. 4(8): 580-585.

Mangini, G., Blanco, A., Nigro, D., Signorile, M. A., & Simeone, R. (2021).Candidate genes and
guantitative trait loci for grain yield and seed sizein durum wheat.Plants,10(312), 1-
17.https://doi.org/10.3390/plants10020312.

Mangini, G., Gadaleta, A., Colasuonno, P., Marcotuli, I., Signorile, A. M.,Simeone, R., De Vita, P.,
Mastrangelo, A. M., Laido, G., Pecchioni, N., & Blanco, A. (2018). Genetic dissection of the
relationships betweengrain yield components by genome-wide association mapping in a col-
lection of tetraploid wheats.PL0S ONE,13(1),
e0190162.https://doi.org/10.1371/journal.pone.0190162.

Mann, M., & Warner, J. (2015). Ethiopian wheat yield and yield gap estima-tion: A Small area integrated
data approach. InResearch for Ethiopia'sAgricultural Policy. Addis Ababa.Mapfumo, P.,
Onyango, M., Honkponou, S. K., El, M. E. H., Githeko, A.,Rabeharisoa, L., Obando, K., Omolo,
N., Majule, A., Denton, F. Ayers, J., & Agrawal, A. (2017). Pathways to transformational
changein the face of climate impacts: An analytical framework.Climate andDevelopment,9(5),
439-451 https://doi.org/10.1080/17565529.2015.1040365.

Mann, M.L., & Warner, J.M. (2017). Ethiopian wheat yield and yield gap estimation: A spatially explicit
small area  integrated data  approach. Field Crops Research.  20:60-74.
d0i:10.1016/j.fcr.2016.10.014.

Marcotuli, 1., Gadaleta, A., Mangini, G., Signorile, A. M., Zacheo, S. A.,Blanco, A., Simeone, R., &
Colasuonno, P. (2017). Development of aHigh-Density SNP-Based Linkage Map and Detection
of QTL forp-Glucans, Protein Content, Grain Yield per Spike and Heading Time in Durum
Wheat.International Journal of Molecular Sciences,18(6),
1329.https://doi.org/10.3390/ijms18061329.

Marcussen, T., Sandve, S. R., Heier, L., Spannagl, M., Pfeifer, M., Jakobsen, K. S., & et al., (2014).
Ancient hybridizations among the ancestral genomes of bread wheat. Science. 345:1250092. doi:
10.1126/science.1250092.

Marees, AT., de Kluiver, H., Stringer, S., Vorspan, F., Curis, E., Marie-Claire, C., & et al., (2017). A
tutorial on conducting genome-wide association studies: Quality control and statistical analysis.
The International Journal of Methods in Psychiatric Research. doi:10.1002/mpr.1608.

Marondedze, C., Thomas, L., Gehring, C., & Lilley, K. (2019). Changes in the Arabidopsis RNA-binding
proteome reveal novel stress response mechanisms. BMC Plant Biol. 19, 139. doi:
10.1186/512870-019-1750-x.

99



REFERENCES

Mau, Y. S., Ndiwa, A. S. S., Oematan, S. S., & Markus, J. E. R. (2019). Drought tolerance indices for
selection of drought-tolerant, high yielding upland rice genotypes. Aust. J. Crop Sci. 13, 170-178.
doi: 10.21475/ajcs.19.13.01.p1778.

Maulana, F., Huang, W., Anderson, J. D., & Ma, X.-F. (2020). Genome-wideassociation mapping of
seedling  drought tolerance in  winter  wheat.Frontiers in  Plant  Science,11,
573786.https://doi.org/10.3389/fpls.2020.573786.

Meirmans, P.G., & Liu, S. (2018). Analysis of molecular variance (AMOVA) for autopolyploids.
Frontiers in Ecology and Evolution. 6:66. https://doi.org/10.3389/fev0.2018.00066.

Melloul, M., Iraqi, D., Alaoui, M., Erba, G., Alaoui, S., Ibriz, M., & Elfahime, E. (2014). Identification of
differentially expressed genes by cDNA-AFLP technique in response to drought stress in
Triticum  durum. Food Technology and Biotechnology. 52 (4):479-488. doi:
10.17113/fith.52.04.14.3701.

Mengistu, D.K., Kidane, Y.G., Catellani, M., Frascaroli, E., Fadda, C., Pé. M.E., & et al., (2016) High-
density molecular characterization and association mapping in Ethiopian durum wheat landraces
reveals high diversity and potential for wheat breeding. Plant Biotechnology Journal. 14(9):1800—
1812.d0i:10.1111/pbi.12538.

Mengistu, D.K., Kidane, Y/G., Fadda, C., & P&, M.E. (2016). Genetic diversity in Ethiopian durum wheat
(Triticum turgidum var durum) inferred from phenotypic variations. Plant Genetic Resource.
16:39-49. doi.org/10.1017/S1479262116000393.

Mengistu, D.K., Kiros, AY., & P&, M.E. (2015). Phenotypic diversity in Ethiopian durum wheat
(Triticum turgidum var. durum) landraces. Crop J. 3, 190-199. doi: 10.1016/j.cj.2015.04.003.

Merchuk-Ovant., & et al., (2016). Ancestral QTL alleles from wild emmer wheat improve drought
resistance and productivity in modern wheat varieties. Frontiers in Plant Sciences. (7)452. method
to screen heat tolerance in wheat.bioRxiv. doi.org/10.1101/2021.06.09.447803.

Millet, E. J., Welcker, C., Kruijer, W., Negro, S., Coupel-Ledru, A.,Nicolas, S. D., Laborde, J., Bauland,
C., Praud, S., Ranc, N., Presterl, T.,Tuberosa, R., Bedo, Z., Draye, X., Usadel, B., Charcosset, A.,
VanEeuwijk, F., & Tardieu, F. (2016). Genome-wide analysis of yield in Europe: Allelic effects
as functions of drought and heat scenarios. Plant Physiology,172, 749-
764.https://doi.org/10.1104/pp.16.00621.

Milner, S. G., Maccaferri, M., Huang, B. E., Mantovani, P., Massi, A.,Frascaroli, E., & Salvi, S. (2016).
A multiparental cross population formapping QTL for agronomic traits in durum wheat (Triticum
turgidumssp.durum).Plant Biotechnology Journal,14, 735-748.https://doi.org/10.1111/pbi.12424.

Mitra, J. (2001). Genetics and genetic improvement of drought resistance in crop plants. Current Science.
80(6):758-762. https://www.jstor.org/stable/24105661.

Mohammadi, R., Etminan, A., & Shoshtari, L. (2018). Agro-physiological characterization of durum
wheat genotypes under drought conditions. Cambridge University Press,55(3), 484—
499.https://doi.org/10.1017/S0014479718000133.

Mohammadi, R., Sadeghzadeh, B., Ahmadi, H., Bahrami, H., & Amri A. (2015). Field evaluation of
durum wheat landraces for prevailing abiotic and biotic stresses in highland rainfed regions of
Iran. The Crop Journal. 3(5):423-433. doi:10.1016/j.cj.2015.03.008.

Muhammad, H.C., Nazir, A.C., Qamaruddin, C., Sheikh, M.M., Sadaruddin, C.,& Zaid, C. (2016).
“Physiological characterization of six wheat genotypes for drought tolerance”. International
Journal of Research — Granthaalayah. (4)2:184-196.

100


https://doi.org/10.3389/fevo.2018.00066
http://dx.doi.org/10.1016/j.cj.2015.03.008

REFERENCES

Mullis, K.B. (1990). The unusual origin of the polymerase chain reaction. Scientific American.
262(4):56-61. 64-5. doi:10.1038/scientificamerican0490-56.

Mwadzingeni, L., Shimelis, H., Dube, E., Laing, M. D., & Tsilo, T. J. (2016). Breeding wheat for drought
tolerance: Progress and technologies. Journal of Integrative Agriculture.15:935-943. doi:
10.1016/S2095-3119(15)61102-9.

Mwadzingeni, L., Shimelis, H., Rees, D. J. G., & Tsilo, T. J. (2017). Genome-wide association analysis of
agronomic traits in wheat under drought-stressed and non-stressed conditions.PLoS ONE,12,
e0171692.https://doi.org/10.1371/journal.pone.0171692.

Naghavi, M. R., Aboughadareh, A. P., & Khalili, M. (2013). Evaluation of drought tolerance indices for
screening some of corn (Zea mays L.) cultivars under environmental conditions. Notulae Scientia
Biologicae. 5, 388-393. doi: 10.15835/nsh.5.3.9049.

Nakashima, K., Yamaguchi-Shinozaki, K., & Shinozaki, K. (2014). The tran-scriptional regulatory
network in the drought response and itscrosstalk in abiotic stress responses including drought,
cold, and heat.Frontiers in Plant Science,5(170), 1-7.https://doi.org/10.3389/fpls.2014.00170.

Narusaka, Y., Narusaka, M., Seki, M., Umezawa, T., Ishida, J., Nakajima, M., & et al., (2004). Crosstalk
in the responses to abiotic and biotic stresses in Arabidopsis: Analysis of gene expression in
cytochrome P450 gene superfamily by cDNA microarray. Plant Molecular Biology. 55 (327—
342). doi:10.1007/s11103-004-0685-163.

Naz, A.A., Dadshan, S., Ballvora, A., Pillen, K., & Léon, J. (2019). Genetic analysis and transfer of
favorable exotic QTL alleles for grain yield across d genome using two advanced backcross
wheat populations. Frontiers in Plant Science. pmid:31214227.

Negassa, A., Koo, J., Sonder, K., Shiferaw, B., Smale, M., Braun, H. J.,Gbegbelegbe, S., Guo, Z.,
Hodson, D. P., Wood, S., Payne, T. S., &Geleta, A. B. (2012). The potential for wheat production
in sub-Saharan Africa: analysis of biophysical suitability and economic profit-ability.
Ininternational Maize and Wheat Improvement Center (CIMMYT).Addis Ababa.

Negassa, A., Shiferaw, B., Koo, J., Sonder, K., Smale, M., & Braun, H. J. (2013). The Potential for
Wheat Production in Africa: Analysis of Biophysical Suitability and Economic Profitability.
Mexico, D.F.: CIMMYT.

Negisho, K., Shibru, S., Matros, A., Pillen, K., Ordon, F., & Wehner, G. (2022a). Genomic dissection
reveals QTLs for grain biomass and correlated traits under drought stress in Ethiopian durum
wheat (Triticum turgidum ssp. durum). Plant breeding. 1-17. doi.org/10.1111/pbr.13010.

Negisho, K., Shibru, S., Matros, A., Pillen, K., Ordon, F., & Wehner, G. (2022b). Association Mapping of
Drought Tolerance Indices in Ethiopian Durum Wheat (Triticum turgidum ssp. durum). Frontiers
in Plant Sciences 13:838088. https://doi.org/10.3389/fpls.2022.838088).

Negisho, K., Shibru, S., Pillen, K., Ordon, F., & Wehner, G. (2021). Genetic diversity of Ethiopian durum
wheat landraces. PLoS ONE,16(2),e0247016.https://doi.org/10.1371/journal.pone.0247016.

Negro, S. S., Millet, E. J., Madur, D., Bauland, C., Combes, V., Welcker, C., & et al. (2019). Genotyping-
by-sequencing and SNP-arrays are complementary for detecting quantitative trait loci by tagging
different haplotypes in association studies. BMC Plant Biol. 19, 1-22. doi: 10.1186/s12870-019-
1926-4.

Nei M. (1978). Estimation of average heterozygosity and genetic distance from a small number of
individuals. Genetics. 89:583-590. pmid:17248844.

Nevo, E. & Chen, G. (2010). Drought and salt tolerances in wild relatives for wheat and barley
improvement. Plant, Cell and Environment. 33:670-685. d0i:10.1111/j.1365-3040.2009.02107.x.

101


https://doi.org/10.1111/j.1365-3040.2009.02107.x

REFERENCES

Nezhadahmadi, A., Prodhan, Z. H., & Farug, G. (2013). Drought tolerancein wheat.Science World
Journal,2013(610721), 1-12.https://doi.org/10.1155/2013/610721.

Oliveira, H. R., Michael, G. C., Huw, J., Harriet, V. H., Fiona, L., David, I. R., Diane, L.
L., & Martin, K. J. (2012). Tetraploid Wheat Landraces in the Mediterranean Basin: Taxonomy,
Evolution and Genetic Diversity. PLo0S ONE. Vol. 7.
https://doi.org/10.1371/journal.pone.0037063.

Ouyang, S., Liu, Y. F., Liu, P., Lei, G., He, G,, Biao, M., & et al. (2010). Receptor-like kinase OsSIK1
improves drought and salt stress tolerance in rice (Oryza sativa) plants. Plant J. 62, 316-329. doi:
10.1111/5.1365-313X.04146.x.

Oyiga, B. C., Sharma, R. C., Baum, M., Ogbonnaya, F. C., Léon, J., & Ballvora, A. (2017). Allelic
variations and differential expressionsdetected at quantitative trait loci for salt stress tolerance in
wheat.Plant Cell and Environment. 41: 919-935.https://doi.org/10.1111/pce.12898352.

Ozkan, [H., Willcox, G., Graner, A., Salamini, F., & Kilian, B. (2010). Geographic distribution and
domestication of wild emmer wheat (Triticum dicoccoides). Genetic Resources and Crop
Evolution. 58:11-53. doi: 10.1007/s10722-010-9581-5

Patel, J. M., Patel, A. S., Patel, C. R., Mamrutha, H. M., Pradeep, S., & Pachchigar, K. P. (2019).
Evaluation of selection indices in screening durum wheat genotypes combining drought tolerance
and high vyield potential. Int. J. Curr. Microbiol. Appl. Sci. 8, 1165-1178. doi:
10.20546/ijcmas.804.134.

Patil, R. M., Tamhankar, S. A., Oak, M. D., Raut, A. L., Honrao, B. K.,Rao, V. S and Misra, S. C.
(2013). Mapping of QTL for agronomic traitsand kernel characters in durum wheat (Triticum
durum Desf.). Euphytica.190: 117-129. doi.org/10.1007/s10681-012-0785-y.

Patil, R. M., Tamhankar, S. A., Oak, M. D., Raut, A. L., Honrao, B. K.,Rao, V. S., & Misra, S. C. (2013).
Mapping of QTL for agronomic traitsand kernel characters in durum wheat (Triticum durum
Desf.).Euphytica,190, 117-129.https://doi.org/10.1007/s10681-012-0785-y.

Peakall, R., & Smouse, .PE. (2006). GENALEX 6: genetic analysis in Excel. Population genetic software
for teaching and research. Molecular Ecology Notes. 6(1):288-295.
https://doi.org/10.1111/j.1471-8286.2005.01155.x.

Peakall, R., & Smouse, P.E. (2012). GenAlEXx 6.5: genetic analysis in Excel. Population genetic software
for teaching and research-an update. Bioinformatics. 28(19):2537-2539
doi: 10.1093/bioinformatics/bts460.

Peleg, Z., Fahima, T., Krugman, T., Abbo, S., Yakir, D., Korol, A. B., & Saranga, Y. (2009). Genomic
dissection of drought resistance in durumwheat X wild emmer wheat recombinant inbred line
population.Plant,Cell and Environment,32(7), 758-779.https://doi.org/10.1111/j.1365-
3040.2009.01956.x.

Perrier, X., Flori, A., & Bonnot, F. (2003). Data analysis methods. In: Hamon P., Seguin M., Perrier X.,
Glaszmann J. C. Ed., Genetic diversity of cultivated tropical plants. Enfield, Science Publishers.
Montpellier. 43-76.

Philipp, N., Weichert, H., Bohra, U., Weschke, W., Schulthess, A.W., & Weber, H. (2018). Grain number
and grain yield distribution along the spike remain stable despite breeding for high yield in winter
wheat. PLoS ONE 13(10): e0205452. doi.org/10.1371/journal.pone.0205452.

Placido, D.F., Campbell, M.T., Folsom, J.J., Cui, X., Kruger, G.R., Baenziger, P.S., & Walia, H. (2013)
Introgression of novel traits from a wild wheat relative
improves drought adaptation in wheat. Plant Physiol. 161:1806-1819.

102


https://doi.org/10.1111/j.1471-8286.2005.01155.x
https://doi.org/10.1093%2Fbioinformatics%2Fbts460

REFERENCES

Poland, J. A., & Rife, T. W. (2012). Genotyping-by-sequencing for plant breeding and genetics. Plant
Genome. 5:92-102. doi: 10.3835/plantgenome2012.05.0005.

Poland, J.A., Brown, P.J., Sorrells, M.E., & Jannink, J. (2012). Development of high-density genetic
maps for barley and wheat using a novel two-enzyme genotyping by- sequencing approach.
PLOS ONE. 7(2). pmid:22389690.

Poland, J.A., Brown, P.J., Sorrells, M.E., & Jannink, J. (2012). Development of high-density genetic
maps for barley and wheat using a novel two-enzyme genotyping by- sequencing approach.
PLOS ONE. 7(2). doi.org/10.1371/journal.pone.0032253.

Pour-Aboughadareh, A., Mohammadi, R., Etminan, A., Shooshtari, L.,Maleki-Tabrizi, N., & Poczai, P.
(2020). Effects of drought stress onsome agronomic and morpho-physiological traits in durum
wheatgenotypes.Sustainability,12(5610), 1-14.https://doi.org/10.3390/su12145610.

Pritchard, J. K., Stephens, M., & Donnelly, P. (2000). Inference of popula-tion structure using multilocus
genotype data.Genetics,155, 945-959.https://doi.org/10.1093/genetics/155.2.945.

Qaseem, M. F., Qureshi, R., lllyas, N., & Jalal-Ud-Din Shabbir, G. (2017).Multivariate statistical analysis
for yield and yield components in breadwheat plante under rainfed conditions.Pakistan Journal of
Botany,49(6), 2445-2450.

Qaseem, M. F., Qureshi, R., Shaheen, H., & Shafgat, N. (2019). Genome-wide association analyses for
yield and yield-related traits in breadwheat (Triticum aestivumL.) under pre-anthesis combined
heat anddrought stress in field conditions.PLoS ONE,14(3), €0213407. 1-
22.https://doi.org/10.1371/journal.pone.0213407.

R Core Team. (2014).R: A Language and Environment for Statistical Comput-ing. R Foundation for
Statistical Computing. Vienna, Austria: R Foundation for Statistical Computing.http://www.R-
project.org/

R Development Core Team. (2019).R: A Language and Environment for Sta-tistical Computing. R
Foundation for Statistical Computing.http://www.R-project.org/.

Rafalski, A. (2002). Applications of single nucleotide polymorphism in crop genetics. Current Opinion in
Plant Biology. 5:94-100. pmid:11856602.

Ramirez-Vallejo, P., & Kelly, J. D. (1998). Traits related to drought resistance in common bean.
Euphytica 99, 127-136. doi: 10.1023/A:1018353200015.

Rampino, P., De Pascali, M., De Caroli, M., Luvisi, A., De Bellis, L., Piro, G., & et al. (2017). Td4IN2: a
drought-responsive durum wheat (Triticum durum Desf.) gene coding for a resistance like protein
with serine/threonine protein kinase, nucleotide binding site and leucine rich domains. Plant
Physiol. Biochem. 120: 223-231. doi: 10.1016/j.plaphy.2017.10.010.

Ranieri, R. (2015). Geography of the durum wheat crop. Pastaria International. 6:24—36.

Remington, D.L., Thornsberry, J.M., Matsuoka, Y., Wilson, L.M., Whitt, S.R., Doebley, J., Kresovich, S.,
Goodman, M.M., & Buckler, E.S. (2001) Structure of linkage disequilibrium and phenotypic
associations in the maize genome. Proc Natl Acad Sci USA. 98:11479-11484.
doi: 10.1073/pnas.201394398.

Reynolds, M., Dreccer, F., & Trethowan, R. (2007). Drought adaptive traits derived from wheat wild
relatives and landraces. Journal of Experimental Botany. 58(2):177-186. pmid:17185737.
doi.org/10.1093/jxb/erl250.

Roncallo, P. F., Akkiraju, P. C., Cervigni, G. L., & Echenique, V. C. (2018).QTL mapping and analysis
of epistatic interactions for grain yield andyield-related traits inTriticum turgidumL. var.
durum.Euphytica,57,2627-2637.https://doi.org/10.1007/s10681-017-2058-2.

103



REFERENCES

Rosielle, A. A., & Hamblin, J. (1981). Theoretical aspects of selection for yield in stress and non-stress
environment. Crop Sci. 21, 943-946. doi: 10.2135/cropsci1981.0011183X002100060033x.
Russell, V. L. (2016). Least-squares means: The R package Ismeans.Journalof Statistical Software,69(1),

1-33.https://doi.org/10.18637/jss.v069.i01.

Ryu, M. Y., Cho, S. K., Hong, Y., & et al. (2019). Classification of barley U-box E3 ligases and their
expression patterns in response to drought and pathogen stresses. BMC Genomics 20, 326. doi:
10.1186/512864-019-5696-z.

Saitou, N., & Nei, M. (1987). The Neighbor-Joining method: a new method for reconstructing
phylogenetic trees. Molecular Biology and Evolution. 4(4): 406-425. pmid:3447015.

Salamini, F., Ozkan, H., Brandolini, A., Schafer-Pregl, R., & Martin, W. (2002). Genetics and geography
of wild cereal domestication in the Near East. Nature Reviews Genetics. 3 (6):429-41.
pmid:12042770.

Sall, A. T., Chiari, T., Legesse, W., Ahmed, S., Ortiz, R., van Ginkel, M., & Bassi, F. M. (2019). Durum
wheat (Triticum durum Desf.) origin, cultiva-tion, and potential expansion in sub-
Saharan.Africa.https://doi.org/10.20944/preprints04.0149.v19(263).

Sallam, A., Alqudah, A. M., Dawood, M. F. A., Baenziger, P. S., & Bdérner, A. (2019). Drought stress
tolerance in wheat and barley: advances in physiology, breeding and genetics research. Int. J.
Mol. Sci. 20, 3137. doi: 10.3390/ijms20133137.

Santana-Vieira, L. Freschi, L.A. Da Hora Almeida, D.H.S.De Moraes, D.M. Neves, L.M. Dos Santos,
F.Z. Bertolde, W.D.S.S. Filho, M.A.C., & Filho, A.D.S. (2016). Gesteira Survival strategies of
citrus rootstocks subjected to drought Science Report. 6. pp. 1-12.

Senapati, N., & Semenov, M. A. (2019). Assessing yield gap in high produc-tive countries by designing
wheat ideotypes.Scientific Reports,9(5516), 1-12.https://doi.org/10.1038/541598-019-40981-0.

Shah, A.A., Salgotra, R.K., Wani, S.A., Mondal, S.K., Shah, M.M., & et al.. (2017). Breeding and
Genomics Approaches to Increase Crop Yield under Drought Stress in Climate Change Scenario.
Europian Journal of Experimental Biology.7 (4):23. doi:10.21767/2248-9215.100023.

Shao, Z. Q., Zhang, Y. M., Hang, Y. Y., Xue, J. Y., Zhou, G. C., Wu, P., & et al. (2014). Long-term
evolution of nucleotide-binding site-leucine-rich repeat genes: understanding gained from and
beyond the legume family. Plant Physiol. 166:217-234. doi: 10.1104/pp.114.243626.

Shao, Zhu-Qing., & et al., (2022). "Revisiting the origin of plant NBS-LRR genes." Trends in plant
science, 24(1): 9-12. https://doi.org/10.3389/fgene.2022.1052191.

Shariatipour, N., Heidari, B., Ravi, S., & Stevanato, P. (2021). Genomic analysis of ionome-related
QTLs in Arabidopsis thaliana. Scientific Reports. 11(19194). doi.org/10.1038/s41598-021-
98592-7.

Shavrukov, Y., Kurishbayev, A., Jatayev, S., Shvidchenko, V., Zotova, L.,Koekemoer, F., De Groot, S.,
Soole, K., & Langridge, P. (2017). Earlyflowering as a drought escape mechanism in plants: How
can it aidwheat production?Frontiers in Plant Science,8(01950), 1-
8.https://doi.org/10.3389/fpls.2017.01950.

Shin, J. H., Blay, S., McNeney, B., & Graham, J. (2006). LDheatmap: An Rfunctions for graphical
display of pairwise linkage disequilibriabetween single nucleotide polymorphisms.Journal of
Statistical Soft-ware,16,1-10.https://doi.org/10.18637/jss.v016.c03.

Simane, B., van Keulen, H., Stol, W., & Stuik, P. C. (1994). Application of a crop growth model
(SUCROS-87) to assess the effect of moisture stress on yield potential of durum wheat in
Ethiopia. Agric. Syst. 44, 337-353. doi: 10.1016/0308-521X(94)90226-6.

104



REFERENCES

Singh, R., Worku, M., Bogale, C. A., Adem, A., Irwin, B, Lim, S., & et al. (2016). Reality of resilience:
perspectives of the 2015-16 drought in Ethiopia. BRACED Resilience Intel: Issue 6. Ethiopia
Overview, World Food Program, Rome, Italy. Available online at:
https://www.worldweatherattribution.org/ethiopiadrought-2015/WFP (accessed July 18, 2021).

Siol, M., Jacquin, F., Chabert-Martinello, M., Smykal, P., Le Paslier, M.-C.,Aubert, G., & Burstin, J.
(2017). Patterns of genetic structure and link-age disequilibrium in a large collection of pea
germplasm.G3 Genes|Genomes|Genetics,7(8), 2461-2471.https://doi.org/10.1534/g3.117.043471.

Slatkin, M. (2008). Linkage disequilibrium-understanding the evolutionary past and mapping the medical
future. Nature Reviews: Genetics. 9:477-485. https://doi.org/10.1038/nrg2361.

Sofy, M.R.; Aboseidah, A.A.; Heneidak, S.A.; & Ahmed, H.R. (2021). ACC Deaminase Containing
Endophytic Bacteria Ameliorate Salt Stress in Pisum Sativum through Reduced Oxidative
Damage and Induction of Antioxidative Defense Systems. Environ. Sci. Pollut. Res. 28:40971—
40991. d0i:10.1007/s11356-021-13585-3.

Song, Q., Liu, C., Goudia, D., Chen, L., & Hu, Y. (2017). Drought resistance of new synthetic hexaploid
wheat accessions evaluated by multiple traits and antioxidant enzyme activity. Field Crop Res.
210, 91-103. doi: 10.1016/j.fcr.2017.05.028.

Soriano, J. M., Malosetti, M., Rosello, M., Sorrells, M. E., & Royo, C. (2017). Dissecting the old
Mediterranean durum wheat genetic architecturefor phenology, biomass and yield ormation by
association mappingand QTL meta-analysis.PL0S ONE,12(5),
e0178290.https://doi.org/10.1371/journal.pone.0178290.

Stein, N., Herren, G., & Keller, B. (2008). A new DNA extraction method for high-throughput marker
analysis in a large-genome species such as Triticum aestivum. Plant Breeding. 120(4): 354-356.
https://doi.org/10.1046/j.1439-0523.2001.00615.x.

Sukumaran, S., Reynolds, M. P., & Sansaloni, C. (2018). Genome-wide asso-ciation analyses identify
QTL hotspots for yield and component traitsin durum wheat grown under yield potential,
drought, and heat  stressenvironments.Frontiers in Plant  Science,9(81), 1-
16.https://doi.org/10.3389/fpls.2018.00081.

Taffesse, A., Dorosh, P., & Asrat, S. (2011).Crop Production in Ethiopia:Regional Patterns and Trends
ESSP Il Working PaperNo. 0016. AddisAbaba.Taranto, F., D'Agostino, N., Rodriguez, M.,
Pavan, S., Minervini, A. P.,Pecchioni, N., Papa, R., & De Vita, P. (2020). Whole genome
scanreveals molecular signatures of divergence and selection related toimportant traits in durum
wheat germplasm.Frontiers in Genetics,11(217).https://doi.org/10.3389/fgene.2020.00217.

Tahmasebi, S., Heidari, B., Pakniyat, H., & Mcintyre, C.L. (2016). Mapping QTLs associated with
agronomic and physiological traits under terminal drought and heat stress conditions in wheat
(Triticum aestivum L.) Genome. 60:26—45. doi: 10.1139/gen-2016-0017.

Tam, V., Patel, N., Turcotte, M., Bossé, Y., Paré, G., & Meyre, D. (2019). Benefits and limitations of
genome-wide association studies. Nature Reviews Genetics, 20, 467-484. 10.1038/s41576-019-
0127-1.

Tammaro, M., Liao, S., Beeharry, N., & Yan, H. (2016). DNA doublestrand breaks with 5" adducts are
efficiently channeled to the DNA 2- mediated resection pathway. Nucleic Acids Research. 44,
221-231. doi: 10.1093/nar/gkv 9609.

Taylor, R. D., & Koo W.W. (2015). Outlook of the U.S. and world wheat industries, 2015-2024.
Agribusiness and Applied Economics Report. 738: 1-23, doi: 10.22004/ag.econ.201310.

105



REFERENCES

Teama, S. (2018). DNA polymorphisms: DNA-based molecular markers and their application in
medicine. Genetic Diversity and Disease Susceptibility. doi:10.5772/intechopen.79517.

Teklu, Y., & Hammer, K. (2008). Diversity of Ethiopian tetraploid wheat germplasm: breeding
opportunities for improving grain yield potential and quality traits. Plant Genetic Resource. 7:1—
8. doi:https://doi.org/10.1017/S1479262108994223.

Teklu, Y., Hammer, K., Huang, X.Q., & Roder, M.S. (2006). Analysis of microsatellite diversity in
Ethiopian tetraploid wheat landraces. Genetetic Research and Crop Evolution. 53(6):1115-1126.
https://doi.org/10.1007/s10722-005-1146-7.

Teslovich, T. M., Musunuru, K., Smith, A. V., Edmondson, A. C., Stylianou, I. M., Koseki, M., & et al.
(2010). Biological, clinical, and population relevance of 95 loci for blood lipids. Nature. 466:
707-713. doi: 10.1038/nature09270.

Tessema, T., & Bechere, E. (1998). Developing elite durum wheat landrace selections (composites) for
Ethiopian peasant farm use: raising productivity while keeping diversity alive. Euphytica. 323—
328. d0i:10.1023/A:1018360432426.

Thanh, P. T., Vladutu, C. I, Kianian, S. F., Thanh, P. T., Ishii, T., Nitta, M.,Nasuda, S., & Mori, N.
(2013). Molecular genetic analysis of domestica-tion traits in emmer wheat. I: Map construction
and QTL analysis usingan F2 population.Biotechnology. 27:3627-3637.
https://doi.org/10.5504/BBEQ.2013.0008.

The International Wheat Genome Sequencing Consortium (IWGSC), Borrill. (2018). Shifting the limits in
wheat research and breeding through a fully annotated and anchored reference genome sequence.
Science. doi: 10.1126/science.aar7191. doi:10.1126/science.aar7191.

Todkar, L., Singh, G. P., Jain, N., Singh, P. K., & Prabhu, K. V. (2020). Introgression of drought
tolerance QTLs through marker assisted backcross breeding in wheat (Triticum aestivum 1.).
Indian J. Genet. Plant Breed. 80 (02), 209-212. doi: 10.31742/1JGPB.80.2.12.

Tricker, P. J., EIHabti, A., & Fleury Schmidt, J. D. (2018). The physiologicaland genetic basis of
combined drought and heat tolerance wheat.Jour-nal of Experimental Botany,69(13), 3195-
3210.https://doi.org/10.1093/jxb/ery081.

Tsegaye, B., & Berg, T. (2007). Utilization of durum wheat landraces in East Shewa, central Ethiopia:
Are home uses an incentive for on-farm conservation? Agriculture and Human Values. 24:219—
230. https://doi.org/10.1007/s10460-006-9055-8.

Tsegaye, M. (2017). Large-scale land acquisitions, state authority, and indigenous local communities:
insights from Ethiopia, Third World Quarterly. 38(3):698-716. doi: 10.1080/01436597.1191941.

Uffelmann, E., Huang, Q.Q., Munung, N.S., & et al., (2021). Genome-wide association studies. Nature
Review Methods Primers 1: https://doi.org/10.1038/s43586-021-00056-9.

Ullah, N., Christopher, J., Frederiks, T., Ma, S., Tan, D. K. Y., & Chenu, K. (2021). A robust field-based
method to screen heat tolerance in wheat.bioRxiv.https://doi.org/10.1101/2021.06.09.447803.

Ullah, N., Ylce, M.Z., Gokee, N.O., & Budak, H. (2017). “Comparative metabolite profiling of drought
stress in roots and leaves of seven Triticeae species”, BMC Genomics. 18:969. doi:
10.1186/512864-017-4321-2.

Van Oosten, M.J., Costa, A., Punzo, P., Landi, S., Ruggiero, A., Batelli, G., Grillo., & S.et al., (2016).
Genetics of drought stress tolerance in crop plants. In: Hossain MA, Wani SH, Bhattachajee S,
Burrit, DJ, Tran LSP, eds. Drought stress tolerance in plants. Springer, Cham, Switzerland. 39-70.
doi: 10.1007/978-3-319-32423-4_2.

106


https://doi.org/10.5504/BBEQ.2013.0008
https://doi.org/10.1126/science.aar7191
https://bmcgenomics.biomedcentral.com/articles/10.1186/s12864-017-4321-2

REFERENCES

Vargas-Reeve, F., Mora, F., Perret, S., & Scapim, C. A. (2013). Heritabilityof stem straightness and
genetic correlations in Eucalyptuscladocalyx in the semi-arid region of Chile.Crop Breeding
andApplied Biotechnology,13, 107-112.https://doi.org/10.1590/S1984-70332013000200002.

Vavilov NI. (1951). The origin, variation, immunity and breeding of cultivated plants. Chronica Botanica.
13:1-351.

Verslues, P.E., Agarwal, M., Katiyar-Agarwal, S., Zhu, J., & Zhu, J.K. (2006). Methods and concepts in
guantifying resistance to drought, salt and freezing, abiotic stresses that affect plant water status.
Plant Journal. 45:523— 539. https://doi.org/10.1111/].1365-313X.2005.02593.x.

Voorrips, R. E. (2002). MapChart: Software for the graphical presentationof linkage maps and QTLs.The
Journal of Heredity,93(1), 77—78.https://doi.org/10.1093/jhered/93.1.77.

Vos, P. G., Paulo, M. J., Voorrip, R. E., Visser, R. G. F., van Eck, H. J., & VanEeuwijk, F. A. (2017).
Evaluation of LD decay and various LD-decayestimators in simulated and SNP-array data of
tetraploid potato.Theo-retical and Applied Genetics, 130, 123-
135.https://doi.org/10.1007/s00122-016-2798-8.

Voss-Fels, K., Frisch, M., Qian, L., Kontowski, S., Friedt, W., Gottwald, S., & Snowdon, R. J. (2015).
Sub genomic diversity patterns caused by direc-tional selection in bread wheat gene pools.Plant
Genome,8,1-13.https://doi.org/10.3835/plantgenome2015.03.0013.

Voss-Fels, K., Frisch, M., Qian, L., Kontowski, S., Friedt, W., Gottwald, S., & et al. (2015). Sub genomic
diversity patterns caused by directional selection in bread wheat gene pools. Plant Genome 8, 1—
13. doi: 10.3835/plantgenome2015. 03.0013.

Wang ,S., Wong, D., Forrest, K., Allen, A., Chao, S., Huang, B.E., & et al. (2014). Characterization of
polyploid wheat genomic diversity using a high-density 90 000 single nucleotide polymorphism
array. Plant Biotechnology Journal. 12:787-796. pmid:24646323.
https://doi.org/10.1111/pbi.12183.

Wang, S., Xu, S., Chao, S., Sun, Q., Liu, S., & Xia, G. (2019). A genome-wideassociation study of highly
heritable agronomic traits in durum wheat.Frontier in Plant Sciences.,10(00919), 1-
13.https://doi.org/10.3389/fpls.2019.00919.

Wang, X., Cai, X., Xu, C., Wang, Q., & Dai, S. (2016). Drought-responsive mechanisms in plant leaves
revealed Dby proteomics. International Journal of Molecular Sciences. 17(1706).
d0i:10.3390/ijms17101706.

Warnes, G. (2013). Genetics:Population Genetics. R Package Version 1.3.8.1. Available online at:
https://cran.r-project.org/package=genetics (accessed May 5, 2019).

Wayima, E.F., Ligaba-Osena, A., Dagne, K., Tesfaye, K., Machuka, E.M., Mutiga, S.K., & et al., (2019).
Screening of diverse Ethiopian durum wheat accessions for Aluminum tolerance. Agronomy
Journal. 9(9):440. https://doi.org/10.3390/agronomy9080440.

Wehner, G. G., Balko, C. C., Enders, M. M., Humbeck, K. K., & Ordon, F. F.(2015). Identification of
genomic regions involved in tolerance to drought stress and drought stress induced leaf
senescence in juvenile barley.BMC Plant Biology. 15(1): 1-15.https://doi.org/10.1186/s12870-
015-0524-3.

Wehner, G., Balko, C., & Ordon, F. F. (2016). Experimental design to deter-mine drought stress response
and early leaf senescence in barley(Hordeum wvulgareL.). Bio-Protocol,6(5). 1-
17 .https://doi.org/10.21769/BioProtoc.1749.

Wei, T., Simko, V., Levy, M., Xie, Y., Jin, Y., & Zemla, J. (2017). Package ‘corrplot’. Statistician.56:
316-324. https://github.com/taiyun/corrplot.

107


https://doi.org/10.1111/j.1365-313X.2005.02593.x

REFERENCES

Wilkinson, S., & Davies, W. J. (2010). Drought, ozone, ABA and ethylene: new insights from cell to
plant to community. Plant Cell Environvirnment. 33:510-525. doi: 10.1111/j.1365-
3040.2009.02052.x.

Winfield, M.O., Allen, A.M., Burridge, A.J., Barker, G.L.A., Benbow, H.R., Wilkinson, P.A., & et al.,
(2016). High-density SNP genotyping array for hexaploid wheat and its secondary and tertiary
gene pool. Plant Biotechnology Journal. 14:1195-206. doi.org/10.1111/pbi.12485.

Wright, S. (1965). The interpretation of population structure by F-statistics with special regard to systems
of mating. Evolution. 19:395-420. https://doi.org/10.2307/2406450.

Wright, S. (1969). Evolution and the Genetics of Populations: The Theory of Gene Frequencies. The
University of Chicago Press, Chicago, Illinois.

Wiarschum, T., Langer, S. M., Longin, C. F. H., Tucker, M. R., & Leiser, W. L. (2018). A three-
component system incorporating Ppd-D1, copy num-ber variation at Ppd-B1, and numerous
small-effect QTL facilitatesadaptation of heading time in winter wheat cultivars of worldwide ori-
gin.Plant Cell & Environment,41, 1407-1416.https://doi.org/10.1111/pce.13167.

Xiang, J., Zhou, X., Zhang, X., Liu, A., Xiang, Y., Yan, M., et al. (2018). The Arabidopsis AtUNC-93
acts as a positive regulator of abiotic stress tolerance and plant growth via modulation of ABA
signaling and KC homeostasis. Frontier in Plant Scinces. 9:718. doi: 10.3389/fpls.2018.00718.

Xiang, J., Zhou, X., Zhang, X., Liu, A., Xiang, Y., Yan, M., Peng, Y., & Chen, X. (2018). The
Arabidopsis AtUNC-93 acts as a positive regulator of abiotic stress tolerance and plant growth
via modulation of ABA signaling and KC homeostasis. Frontier in Plant Sciences. 9:718.
d0i:10.3389/fpls.2018.00718.

Xie, B., Davidson, W., & DaDalt, P. (2003). Earnings management and corporate governance: the roles of
the board and the audit committee. Journal of Corporate Finance, Elsevier. 9 (3):295-317.

Xu, P., Zang, A., Chen, H., & Cai, W. (2016). The small G protein AtRAN1 regulates vegetative growth
and stress tolerance in  Arabidopsis thaliana. PLoS ONE 11(6): e0154787.
doi:10.1371/journal.pone.0154787.

Xu, Y. (2010). Molecular plant breeding. CAB International. doi: 10.1079/9781845933920.0000.

Xu, Y., Li, P.,, Yang, Z., & Xu, C. (2017). Genetic mapping of quantitativetrait loci in crops.The Crop
Journal,53(5), 646-650.https://doi.org/10.1016/j.¢j.2016.06.003.

Xynias, I. N., Mylonas, 1., Korpetis, E. G., Ninou, E., Tsaballa, A.,Avdikos, I. D., & Mavromatis, A. G.
(2020). Review: Durum wheatbreeding in the Mediterranean region: Current status and future
pros-pects.Agronomy,10(432), 1-27.https://doi.org/10.3390/agronomy10030432.

Yousefi, B. (2015). Evaluation of genetic variations for drought tolerance in some advanced lines of
barley (Hordeum vulgar). International Journal of Farming Allied Sciences. 4(3):177-184.

Yu, J., Pressoir, G., Briggs, W. H., Vroh Bi, I., Yamasaki, M., Doebley, J. F., McMullen, M. D., Gaut, B.
S., Nielsen, D. M., Holland, J. B.,Kresovich, S., & Buckler, E. S. (2006). A unified mixed-model
methodfor association mapping that accounts for multiple levels of related-ness.Nature
Genetics,38, 203-208.https://doi.org/10.1038/ng1702.

Zadehbagheri, M., Azarpanah, A., & Javanmardi, S. (2014). Proline metabolite transport an efficient
approach in corn yield improvement as response to drought conditions. International Journal of
Farming and Allied Sciences 3 (5): 453-461.

Zadoks, J. C., Chang, T. T., & Konzak, C. F. (1974). A decimal code for thegrowth stages of
cereals.Weed Research,14, 415-421.https://doi.org/10.1111/j.1365-3180.1974.tb01084.x.

108



REFERENCES

Zaim, M., Kabbaj, H., Kehel, Z., Gorjanc, G., Filali-Maltouf, A., Belkadi, B.,Nachit, M. M., & Bassi, F.
M. (2020). Combining QTL analysis andgenomic predictions for four durum wheat populations
under droughtconditions. Fronteirs.Genetics,11(00316), 1-
15.https://doi.org/10.3389/fgene.2020.00316.

Zampieri, M., Ceglar, A., Dentener, F., & Toreti, A. (2017). Wheat yield lossattributable to heatwaves,
drought, and water excess at the global,national and subnational scales.Environmental Research
Letters,12,064008.https://doi.org/10.1088/1748-9326/aa723b.

Zhang, J., Zhang, S., Cheng, M., Jiang, H., Zhang, X., Peng, C., Lu, X.,Zhang, M., & Jin, J. (2018).
Effect of drought on agronomic traits ofRice and wheat: A Meta-analysis.International Journal of
EnvironmentalResearch and Public Health,15(839), 1-14.https://doi.org/10.3390/ijerph15050839.

Zhang, M., Liu, Y. H., Xu, W., Smith, C. W., Murray, S. C., & Zhang, H. B.(2020). Analysis of the genes
controlling three quantitative traits inthree diverse plant species reveals the molecular basis of
guantitativetraits.Scientific Reports,10(10074), 1-14. Doi:10.1038/s41598-020-66271-8.

Zhu, C., Gore, M. A., Buckler, E. S., & Yu, J. (2008). Status and prospects ofassociation mapping in
plants. The plant.Genome,1(1), 1-16.https://doi.org/10.3835/plantgenome2008.02.0089.

109



SUPPLEMENTARY FILES

7 Supplementary files.

Publication 2.1). Negisho, K., Shibru, S., Pillen, K., Ordon, F., & Wehner, G. (2021). Genetic diversity
of Ethiopian durum wheat landraces. PLoS ONE,16(2). https://doi.org/10.1371/journal.pone.0247016.
Table S1. Population STRUCTURE analysis results for SP, n = 285 with Delta K at k = 2, and ETDWL, n = 215 with Delta K at

k = 4. SP: Study panel, ETDWL.: Ethiopian durum wheat landrace. Column under population shows structure analyses based
colors designated for the identified population in SP and in ETDWL by number after hyphen.

Acc. No Geno code (S;?g(:n Seed collection zone Type ':‘gg%ii;]ibeerl population
231584 DwW208 Ambhara NORTH WELLO Landrace 2920 Pop1-1
8333-1 DWO003-1 Ambhara EAST GOJAM Landrace 2580 Pop1-1
204560-2 DW029-2 Oromia NORTH SHEWA Landrace 2501 Popl-1
208261 DW094 Oromia ARSI Landrace 2420 Popl-1
208931 DWO035 Oromia WEST SHEWA Landrace 2400 Popl-1
204560-1 DW029-1 Oromia NORTH SHEWA Landrace 2500 Popl-1
222299 DWO069 Oromia BALE Landrace 2545 Popl-1
222372 Dw080 Oromia ARSI Landrace 2040 Popl-1
214307 DwO038 Oromia EAST SHEWA Landrace 2680 Popl-1
222462-2 DW097-2 Oromia WEST SHEWA Landrace 2601 Popl-1
214587 DWO059 Oromia MISRAK WELLEGA Landrace 2340 Pop1-1
231524 DwW199 Oromia WEST SHEWA Landrace 2830 Popl-1
8333-2 DWO003-2 Amhara EAST GOJAM Landrace 2581 Popl-1
231613 DwW225 Oromia EAST HARERGE Landrace 2510 Popl-1
204564 DW032 Oromia NORTH SHEWA Landrace 2500 Pop1-1
231588 DwW212 Ambhara NORTH WELLO Landrace 2820 Pop1-1
231597 DW219 Ambhara SOUTH WELLO Landrace 2600 Pop1-1
231589-1 DW213-1  Amhara NORTH WELLO Landrace 2890 Pop1-1
238134 DW256 Tigray EAST AWI Landrace 2600 Pop1-1
222684-2 DW124-2 Amhara NORTH WELLO Landrace 2841 Pop1-1
231599 Dw220 Ambhara SOUTH WELLO Landrace 2600 Popl-1
238135 Dwz257 Tigray EAST AWI Landrace 2470 Popl-1
203996 Dwo011 Ambhara NORTH SHEWA Landrace 3060 Popl-1
226207 DWwW131 Amhara NORTH GONDAR Landrace 2100 Popl-1
226963 DW184 Oromia EAST SHEWA Landrace 2200 Pop1-1
222352 DwWO072 Amhara WEST GOJAM Landrace 2560 Popl-1
212564 DWO037 Ambhara NORTH SHEWA Landrace 2640 Pop1-1
226922 DW176 SNNP NORTH OMO Landrace 2350 Popl-1
216072 DWO064 Oromia ARSI Landrace 2800 Pop1-1
222732 DW126 Ambhara NORTH SHEWA Landrace 2740 Pop1-1
231589-2 DW213-2 Amhara NORTH WELLO Landrace 2891 Popl-1
226903 DW174 Oromia NORTH SHEWA Landrace 2510 Popl-1
8175 Dw141 SNNP KEMBATA ALABANA TEMB  Landrace 2780 Pop1-1
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Acc. No Geno code origin Seed collection zone Type above sea level population
204483 DW019 Oromia NORTH SHEWA Landrace 2880 Pop1-1
204562 DWO030 Oromia NORTH SHEWA Landrace 2500 Pop1-1
212561-1 DW036 Amhara NORTH SHEWA Landrace 2680 Pop1-1
212561-2 DW036-2 Amhara NORTH SHEWA Landrace 2681 Pop1-1
215276 DW063 Amhara NORTH SHEWA Landrace 2920 Pop1-1
222619 DW114 Amhara SOUTH GONDAR Landrace 3040 Pop1-1
226245 DW133 Tigray SOUTH AWI Landrace 2687 Pop1-1
226830 DW159 Amhara EAST GOJAM Landrace 2480 Pop1-1
231536-1 DW200-1 Amhara NORTH SHEWA Landrace 3010 Pop1-1
231585 DW209 Amhara NORTH WELLO Landrace 2920 Pop1-1
231594 Dw217 Amhara NORTH WELLO Landrace 2780 Pop1-1
238127 Dwz251 Tigray EAST AWI Landrace 2930 Popl-1
226834-1 DW160-1  Amhara EAST GOJAM Landrace 2460 Popl
204555 DW028 Oromia NORTH SHEWA Landrace 2500 Popl
204544 Dwo027 Oromia NORTH SHEWA Landrace 2600 Popl
222708 Dw125 Oromia EAST HARERGE Landrace 2380 Popl
222431 DW091 Oromia ARSI Landrace 2460 Popl
236984 Dw232 Oromia ARSI Landrace 1995 Popl
214315 Dwz216 Ambhara NORTH WELLO Landrace 2780 Popl
214518 DW052 Ambhara EAST GOJAM Landrace 2660 Popl
222358 DW073 Ambhara EAST GOJAM Landrace 2560 Popl
226837 Dw161 Ambhara EAST GOJAM Landrace 2510 Popl
226352 Dw144 Oromia ARSI Landrace 2400 Popl
222462-1 DW097-1 Oromia WEST SHEWA Landrace 2600 Popl
222426 DwWO090 Oromia ARSI Landrace 2460 Popl
214352 Dwo041 Oromia WEST SHEWA Landrace 2810 Popl
226819 DW158 Oromia BALE Landrace 2600 Popl
226327 DWwW138 SNNP HADIYA Landrace 2590 Popl
222568 Dw108 Oromia WEST HARERGE Landrace 2030 Popl
231536-2 DW200-2  Amhara NORTH SHEWA Landrace 3011 Popl
214366 DW044 Ambhara NORTH SHEWA Landrace 3000 Popl
222632 DW117 Amhara SOUTH GONDAR Landrace 2850 Popl
204563 Dwo031 Oromia NORTH SHEWA Landrace 2500 Popl
222360 DWO075 Ambhara EAST GOJAM Landrace 2550 Popl
208293-1 Dw142-2 Oromia DZARC Landrace NA Popl
222413 DW086 Oromia ARSI Landrace 2430 Popl
226838-2 DW162-2 Amhara EAST GOJAM Landrace 2510 Popl
231586 Dw210 Amhara NORTH WELLO Landrace 2820 Popl
236986 DWwW234 Ambhara NORTH SHEWA Landrace 2010 Popl
204488-1 DW022-1 Oromia NORTH SHEWA Landrace 2850 Pop1-3
222382 Dwo081 Oromia ARSI Landrace 2930 Pop1-3
222404 DW084 Oromia ARSI Landrace 2650 Pop1-3
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Acc. No Geno code origin Seed collection zone Type above sea level population
222191 DW065 Oromia EAST SHEWA Landrace 2300 Pop1-3
231540 DW202 Amhara NORTH SHEWA Landrace 3190 Pop1-3
236981 DW230 Oromia ARSI Landrace 2150 Popl-3
223257 Dw128 Tigray SOUTH AWI Landrace 2600 Pop1-3
231541 DW203 Amhara NORTH SHEWA Landrace 3190 Pop1-3
226838-1 DW162-1 Amhara EAST GOJAM Landrace 2510 Pop1-3
222684-1 DW124-1 Amhara NORTH WELLO Landrace 2840 Pop1-3
214557 DW054 Amhara SOUTH WELLO Landrace 2450 Pop1-3
226881 DW167 Oromia WEST SHEWA Landrace 2850 Pop1-3
204488-2 DW023-2 Oromia NORTH SHEWA Landrace 2851 Pop1-3
222415 Dwo087 Oromia ARSI Landrace 2400 Popl-3
222198 DWO066 Oromia ARSI Landrace 2520 Pop1-3
222387 DW082 Oromia ARSI Landrace 2490 Pop1-3
236985 DW233 Oromia ARSI Landrace 2000 Pop1-3
222408 DwO085 Oromia ARSI Landrace 2490 Pop1-3
222418 Dwo088 Oromia ARSI Landrace 2400 Pop1-3
226357 DW147 Oromia ARSI Landrace 2440 Pop1-3
222465 DwO098 Oromia WEST SHEWA Landrace 2600 Pop1-3
222469 DW099 Oromia WEST SHEWA Landrace 2490 Popl-3
15359 DWO009 Oromia EAST SHEWA Landrace 2372 Pop1-3
208152 DW026 Oromia NORTH SHEWA Landrace 2710 Pop1-3
222421 Dwo089 Oromia ARSI Landrace 2415 Popl-3
231569 DW205 SNNP KEMBATA ALABANA TEMB  Landrace 2540 Pop1-3
226886 DW171 Oromia WEST SHEWA Landrace 2850 Pop1-3
222346 Dwo071 Ambhara AGEW AWI Landrace 2540 Popl1-3
231547 Dw204 Oromia ARSI Landrace 2400 Popl-3
226209 DW132 Ambhara SOUTH GONDAR Landrace 2700 Pop1-3
222533 DW105 Ambhara NORTH GONDAR Landrace 2004 Pop1-3
226301 DWwW135 Oromia WEST SHEWA Landrace 2590 Popl-3
204470 DWO017 Oromia ARSI Landrace 2520 Pop1-3
226840 DW163 Ambhara EAST GOJAM Landrace 2550 Pop1-3
222608-2 DW112-2 Amhara SOUTH GONDAR Landrace 3051 Popl-3
204417 DwWO016 Oromia ARSI Landrace 2730 Popl-3
204392 DW013 Oromia ARSI Landrace 2440 Pop1-3
222508 Dw101 Amhara NORTH GONDAR Landrace 2550 Pop1-3
226356 DW146 Oromia ARSI Landrace 2440 Pop1-3
226888 DwW173 Amhara NORTH SHEWA Landrace 2720 Pop1-3
226958 Dw180 Amhara NORTH GONDAR Landrace 2927 Pop1-3
226978 DW189 Oromia ARSI Landrace 2420 Pop1-3
203724 DW194 Oromia ARSI Landrace 2520 Pop1-3
231573 Dw207 Amhara EAST GOJAM Landrace 2510 Pop1-3
236974-1 DW227-1 Oromia ARSI Landrace 2850 Pop1-3
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Acc. No Geno code origin Seed collection zone Type above sea level population
5739-1 DW258 Tigray MEHAKELEGNAW Landrace NA Pop1-3
238138 DW259 Tigray MEHAKELEGNAW Landrace 2180 Pop1-3
222362 DWO076 Ambhara EAST GOJAM Landrace 2510 Popl
226876 DW166 Oromia WEST SHEWA Landrace 2880 Popl
238123 Dw247 Tigray MEHAKELEGNAW Landrace 2000 Popl
238120 DW244 Tigray MEHAKELEGNAW Landrace 2030 Popl
238121 DW245 Tigray MEHAKELEGNAW Landrace 1850 Popl
238139 DW260 Amhara EAST GOJAM Landrace 2440 Popl
204493-1 DW023-1 Oromia NORTH SHEWA Landrace 2850 Popl
222433 DW093 Oromia ARSI Landrace 2420 Popl
8436 DWO005 SNNP BENCH MAJI Landrace 1820 Popl
214333 DwWo040 Oromia NORTH SHEWA Landrace 2510 Popl
222432 DW092 Oromia ARSI Landrace 2460 Popl
204485 Dwo021 Oromia NORTH SHEWA Landrace 2880 Popl
222298 DWO068 Oromia BALE Landrace 2545 Popl
226971-2 DW186-2 Oromia ARSI Landrace 2441 Popl
238119 DW243 Tigray MEHAKELEGNAW Landrace 2000 Popl
238128 DW252 Tigray EAST AWI Landrace 2990 Popl
204566 DwWO033 Oromia EAST SHEWA Landrace 2350 Popl
204573-1 DW034-1 Oromia EAST SHEWA Landrace 2490 Popl
238132 DW254 Tigray EAST AWI Landrace 2600 Popl
226381 Dw148 Oromia NORTH SHEWA Landrace 2598 Popl
236987 Dw235 Ambhara NORTH SHEWA Landrace 2019 Popl
222574 DW109 Oromia EAST HARERGE Landrace 2260 Popl
214356 Dwo043 Oromia NORTH SHEWA Landrace 2650 Popl
222644 Dwi121 Amhara SOUTH GONDAR (BG) Landrace 2980 Popl
226393 DW153 Oromia EAST SHEWA Landrace 2160 Popl
238124 DwW248 Tigray MEHAKELEGNAW Landrace 2000 Popl
208271 DwWO074 Ambhara EAST GOJAM Landrace 2550 Popl
226882 DW168 Oromia WEST SHEWA Landrace 2850 Popl
231538 DW201 Oromia ARSI Landrace 2750 Popl
231610 Dwz224 Oromia EAST HARERGE Landrace 2630 Popl
7961 DwO002 Ambhara NORTH SHEWA Landrace 2600 Popl
222639 DW119 Ambhara SOUTH GONDAR Landrace 2680 Popl
231597-1 DW219-1 Amhara SOUTH WELLO Landrace 2601 Popl
226331 DW139 Amhara NORTH SHEWA Landrace 2835 Popl
226914 DW175 Amhara AGEW AWI Landrace 2510 Popl
231592-1 DWwW215-1 Amhara NORTH WELLO Landrace 2260 Popl
7960 DwO001 Ambhara NORTH SHEWA Landrace 2600 Popl
8356 DWO004 Amhara EAST GOJAM Landrace 2150 Popl
222435 DWO095 Oromia ARSI Landrace 2420 Popl
222554 DW106 Oromia ARSI Landrace 2465 Popl
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214353 DW042 Oromia WEST SHEWA Landrace 2810 Popl
222530 DW104 Amhara NORTH GONDAR Landrace 2510 Popl
236988 DW236 Oromia EAST SHEWA Landrace 2200 Popl
214517 DWO051 Ambhara EAST GOJAM Landrace 2580 Popl
7148 Dw127 Oromia BALE Landrace 1760 Popl
203776 DwWO010 Ambhara NORTH GONDAR Landrace 2100 Popl
214591 DWO061 Ambhara SOUTH WELLO Landrace 2600 Popl
222608-1 DW112-1 Amhara SOUTH GONDAR Landrace 3050 Popl
226809 DW157 Amhara NORTH GONDAR Landrace 2840 Popl
227007 DW190 Ambhara EAST GOJAM Landrace 2502 Popl
222600 Dw111 Ambhara SOUTH GONDAR Landrace 3000 Popl
238117 Dw241 Tigray MEHAKELEGNAW Landrace 1920 Popl
231499 DWwW198 Oromia NORTH SHEWA Landrace 2853 Popl
222370 DW206 Amhara EAST GOJAM Landrace 2390 Popl
226312-1 DW137-1 Amhara NORTH SHEWA Landrace 2860 Popl
227008 Dw191 Ambhara EAST GOJAM Landrace 2502 Popl
227009 DW192 Oromia ARSI Landrace 2995 Popl
7217 Dw197 Oromia ARSI Landrace 1540 Popl
214377 DwWo046 Oromia WEST SHEWA Landrace 2210 Popl
227016 DW195 Oromia WEST SHEWA Landrace 2635 Popl
222613 DWwW113 Amhara SOUTH GONDAR Landrace 3130 Popl
20666-1 Dwo014 Oromia DZARC Landrace NA Popl
222629 DW116 Ambhara SOUTH GONDAR Landrace 2850 Popl
226808 DW156 Ambhara NORTH GONDAR Landrace 2840 Popl
214497 Dwo048 Oromia ARSI Landrace 2720 Popl
208332-2 Dwo045 Ambhara NORTH SHEWA Landrace 2841 Popl
204349 DWo012 Oromia BALE Landrace 2560 Popl
222578 DW110 Oromia EAST HARERGE Landrace 2410 Popl
226971-1 DW186-1 Oromia ARSI Landrace 2440 Popl
204411 DWO015 Oromia ARSI Landrace 2275 Popl
204482 DW018 Oromia NORTH SHEWA Landrace 2890 Popl
214490 Dwo047 Ambhara NORTH GONDAR Landrace 2720 Popl
214515 Dwo049 Ambhara EAST GOJAM Landrace 2560 Popl
7208 DW055 Ambhara EAST GOJAM Landrace 2200 Popl
214571 DWO056 Amhara EAST GOJAM Landrace 2200 Popl
222503 DW100 Ambhara NORTH GONDAR Landrace 2400 Popl
222514 Dw102 Amhara NORTH GONDAR Landrace 2660 Popl
222627 DWwW115 Amhara SOUTH GONDAR Landrace 2850 Popl
226093 DWwW129 Ambhara SOUTH WELLO Landrace 2570 Popl
226342 DW140 Oromia EAST SHEWA Landrace 2755 Popl
226354-1 DWwW145-1 Oromia ARSI Landrace 2400 Popl
226807 DW155 Ambhara NORTH GONDAR Landrace 2840 Popl
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Acc. No Geno code origin Seed collection zone Type above sea level population
226834 DW160 Amhara EAST GOJAM Landrace 2460 Popl
226844 DW164 Amhara EAST GOJAM Landrace 2580 Popl
216648 Dw177 Oromia ARSI Landrace 2570 Popl
214537-1 DWw214-1 Ambhara NORTH WELLO Landrace 2260 Popl
238122 DW246 Tigray MEHAKELEGNAW Landrace 1750 Popl
214308 DW039 Oromia EAST SHEWA Landrace 2680

15356 DWO006 Oromia EAST SHEWA Landrace 2300

15357 DWO007 Oromia EAST SHEWA Landrace 2326

204484 DW020 Oromia NORTH SHEWA Landrace 2880

222735 DWO050 Amhara EAST GOJAM Landrace 2560

208180 DW188 Oromia ARSI Landrace 2420

15358 DWO008 Oromia EAST SHEWA Landrace 2310

226351 DW143 Oromia ARSI Landrace 2800

208746-2-2  DW185 Oromia ARSI Landrace 2780

DZ005 DZ005 DZARC DZARC Advanced NA

Salam Selam DZARC DZARC Released NA

Dz008 Dz008 DZARC DZARC Advanced NA

DZ009 DZ009 DZARC DZARC Advanced NA

Top-66 Top-66 DZARC DZARC Released NA

DZ006 DZ006 DZARC DZARC Advanced NA

Metaya Metaya DZARC DZARC Released NA

Megnagna Megnagna  DZARC DZARC Released NA

Werer Werer DZARC DZARC Released NA

Dz004 Dz004 DZARC DZARC Advanced NA

Dz010 Dz010 DZARC DZARC Released NA

Quami Quamy DZARC DZARC Released NA

Yerer Yerer DZARC DZARC Released NA

DZz003 DZz003 DZARC DZARC Advanced NA

Ude Ude DZARC DZARC Released NA

Dz001 Dz001 DZARC DZARC Advanced NA

Mosobo Mosobo DZARC DZARC Released NA

Asasa Asasa DZARC DZARC Released NA

Dz002 Dz002 DZARC DZARC Advanced NA

Dz007 Dz007 DZARC DZARC Advanced NA

521610 C001 CIMMYT  CIMMYT CIMMYT NA

521637 C002 CIMMYT  CIMMYT CIMMYT NA

537861 C003 CIMMYT  CIMMYT CIMMYT NA

547732 C004 CIMMYT  CIMMYT CIMMYT NA

547734 C005 CIMMYT  CIMMYT CIMMYT NA

547919 C006 CIMMYT  CIMMYT CIMMYT NA

547944 C007 CIMMYT  CIMMYT CIMMYT NA

547944 C008 CIMMYT  CIMMYT CIMMYT NA
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Acc. No Geno code origin Seed collection zone Type above sea level population
547949 C009 CIMMYT  CIMMYT CIMMYT NA
547973 C010 CIMMYT  CIMMYT CIMMYT NA
548022 C011 CIMMYT  CIMMYT CIMMYT NA
548091 C012 CIMMYT  CIMMYT CIMMYT NA
548465 C013 CIMMYT  CIMMYT CIMMYT NA
548474 C014 CIMMYT  CIMMYT CIMMYT NA
548636 C015 CIMMYT  CIMMYT CIMMYT NA
548642 C016 CIMMYT  CIMMYT CIMMYT NA
548644 Cc017 CIMMYT  CIMMYT CIMMYT NA
527306 C018 CIMMYT  CIMMYT CIMMYT NA
521278 C019 CIMMYT  CIMMYT CIMMYT NA
537883 C020 CIMMYT  CIMMYT CIMMYT NA
537883 C021 CIMMYT  CIMMYT CIMMYT NA
537893 C022 CIMMYT  CIMMYT CIMMYT NA
538013 C023 CIMMYT  CIMMYT CIMMYT NA
538044 C024 CIMMYT  CIMMYT CIMMYT NA
538123 C025 CIMMYT  CIMMYT CIMMYT NA
531727 C026 CIMMYT  CIMMYT CIMMYT NA
531800 Cc027 CIMMYT  CIMMYT CIMMYT NA
531517 C028 CIMMYT  CIMMYT CIMMYT NA
547914 C029 CIMMYT  CIMMYT CIMMYT NA
547919 C030 CIMMYT  CIMMYT CIMMYT NA
547963 C031 CIMMYT  CIMMYT CIMMYT NA
547973 C032 CIMMYT  CIMMYT CIMMYT NA
547988 C033 CIMMYT  CIMMYT CIMMYT NA
547989 C034 CIMMYT  CIMMYT CIMMYT NA
547989 C035 CIMMYT  CIMMYT CIMMYT NA
548017 C036 CIMMYT  CIMMYT CIMMYT NA
548030 C037 CIMMYT  CIMMYT CIMMYT NA
548030 C038 CIMMYT  CIMMYT CIMMYT NA
548097 C039 CIMMYT  CIMMYT CIMMYT NA
548462 C040 CIMMYT  CIMMYT CIMMYT NA
548465 C041 CIMMYT  CIMMYT CIMMYT NA
548605 C042 CIMMYT  CIMMYT CIMMYT NA
548605 C043 CIMMYT  CIMMYT CIMMYT NA
548633 C044 CIMMYT  CIMMYT CIMMYT NA
548642 C045 CIMMYT  CIMMYT CIMMYT NA
548667 C046 CIMMYT  CIMMYT CIMMYT NA
548690 co47 CIMMYT  CIMMYT CIMMYT NA
548699 C048 CIMMYT  CIMMYT CIMMYT NA
548152 C049 CIMMYT  CIMMYT CIMMYT NA
541942 C050 CIMMYT  CIMMYT CIMMYT NA
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Acc. No: Accession number, Geno-code: Genome code, DW: Durum wheat, C: CIMMYT (Centro Internacional de
Mejoramiento de Maiz y Trigo), DZARC: Debre Zeit Agricultural Research Center, DZ: Debre Zeit, SNNP: South Nation
Nationalities and Peoples. Names under Acc.No are released durum varieties in Ethiopia.

Table S2. Passport data of the Ethiopian durum wheat landraces.

SN Source region Latitude Longitude SN Source region Latitude Longitude
1 Amara 10.4167 38.2000 41 Tigray 14.5000 39.8333
2 Oromia 9.4500 39.2500 42 Oromia 8.9500 39.1500
3 Oromia 9.4000 39.2667 43 Oromia 8.9500 39.1833
4 Oromia 8.1500 39.9000 44 Oromia 9.0167 38.1333
5 Tigray 13.0667 39.5833 45 Oromia 8.9667 38.0500
6 Tigray 13.0667 39.5833 46 Oromia 8.7333 36.4833
7 Amara 11.5667 39.1500 47 Amara 10.4167 38.2000
8 Oromia 8.0667 39.7167 48 Oromia 9.2667 38.0667
9 Tigray 13.0667 39.5833 49 Amara 11.5167 39.0833
10 Amara 10.3500 38.2167 50 Tigray 13.1500 39.1333
11 Amara 10.8167 38.0833 51 Amara 10.8167 38.0833
12 Oromia 8.9667 38.9833 52 Amara 10.7333 38.0667
13 Oromia 8.9333 38.9833 53 Amara 10.4833 38.1833
14 Oromia 7.5000 40.0833 54 Amara 11.5333 39.0833
15 Amara 14.0333 37.1500 55 Oromia 9.9500 38.3000
16 Oromia 9.4500 39.2500 56 Oromia 9.2833 41.7667
17 Oromia 9.0500 37.9333 57 Amara 9.5000 39.3333
18 Oromia 8.9333 38.9833 58 Oromia 8.9333 38.9833
19 Oromia 8.8333 39.0167 59 Amara 11.2000 39.6000
20 Oromia 7.2667 39.8833 60 Oromia 9.3667 41.4667
21 Oromia 9.3667 38.0500 61 Oromia 9.4000 39.2667
22 Oromia 8.7833 39.2500 62 Oromia 9.1833 39.0667
23 Oromia 8.5667 39.8667 63 Amara 11.7333 38.4167
24 Oromia 7.5000 40.0833 64 Oromia 8.8667 38.8500
25 Oromia 9.3000 41.2333 65 Oromia 9.4500 39.2500
26 SNNP 5.3000 37.3000 66 Amara 11.5667 39.1500
27 Oromia 8.8333 39.0167 67 Amara 10.8500 39.0000
28 Oromia 9.0500 39.0667 68 Tigray 14.0333 38.0667
29 Oromia 7.5167 40.0500 69 Oromia 9.4500 39.2500
30 Oromia 7.5167 40.0500 70 Amara 10.6500 38.1667
31 Oromia 9.3667 38.0500 71 Oromia 7.7500 39.6667
32 Amara 10.2667 39.7167 72 Oromia 9.4500 39.2500
33 Oromia 8.1500 39.3500 73 Oromia 7.6000 39.4667
34 Oromia 9.4000 39.2667 74 Oromia 9.3000 41.7500
35 Oromia 7.2667 39.8833 75 Amara 9.6500 39.3333
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36 Tigray 17.6833 39.4667 76 Oromia 7.9167 39.6000
37 Oromia 7.8333 39.5833 77 Oromia 7.6667 39.9333
38 Amara 10.2667 39.7167 78 Amara 11.6000 38.5667
39 Oromia 7.6667 40.2000 79 Amara 10.4167 38.2000
40 Tigray 14.0667 38.0667 80 Amara 11.5667 39.1500
81 Amara 10.8000 38.0500 124 Amara 12.7500 37.5333
82 Oromia 7.6667 40.2000 125 Amara 10.4500 38.3167
83 Tigray 13.1500 39.1333 126 Oromia 7.6000 39.4667
84 Amara 11.5333 39.0833 127 Amara 10.9833 36.9167
85 Amara 10.8500 39.0000 128 Amara 11.7167 38.4500
86 Oromia 7.9000 39.7833 129 Amara 9.8500 39.7500
87 Oromia 7.7000 39.7333 130 Oromia 7.1667 39.2333
88 Amara 9.9667 39.6167 131 Oromia 7.8333 39.5667
89 Oromia 7.8333 39.5667 132 Tigray 14.0333 38.0667
90 Amara 10.9667 36.9167 133 Oromia 8.2500 39.2167
91 Amara 11.5833 39.0667 134 SNNP 7.2833 37.8833
92 Amara 10.8500 39.0000 135 Oromia 9.2667 38.6667
93 Tigray 13.8667 39.7167 136 Amara 10.5667 38.2333
94 Amara 9.6500 36.4333 137 Amara 11.9833 37.6167
95 Oromia 9.3667 38.0500 138 Amara 9.6333 39.5833
96 Oromia 7.8333 39.5833 139 Amara 11.5667 39.1500
97 Amara 10.3333 38.1333 140 Oromia 8.3667 39.9500
98 Amara 10.3000 39.5833 141 Amara 12.5500 37.4000
99 Oromia 7.5000 40.0833 142 Oromia 9.2167 41.1167
100  Oromia 9.3667 38.0500 143 Oromia 9.0167 38.9333
101 Oromia 8.9667 38.0000 144 Amara 10.4500 38.3167
102 Oromia 7.6333 39.5000 145 Oromia 8.3167 39.9167
103  Oromia 8.9667 39.1167 146 Oromia 8.5833 39.9333
104  Oromia 9.3167 39.2833 147 Amara 10.3333 39.6333
105  Oromia 7.5333 39.9833 148 Amara 9.8167 39.7000
106  Amara 12.5500 37.4000 149 Oromia 9.0167 38.3333
107  Amara 12.6333 37.4667 150 Oromia 9.3667 38.0500
108  Oromia 8.9167 39.1667 151 SNNP 9.5667 39.4833
109  Oromia 9.3167 39.2833 152 Oromia 8.9000 37.9333
110  Oromia 8.8667 38.9000 153 Amara 11.6500 38.4500
111 Oromia 9.6000 38.8167 154 Oromia 7.8833 39.7333
112 Amara 10.8000 38.0500 155 Amara 11.6333 38.4667
113 Benishangul Gumuz 10.9333 35.3333 156 Amara 12.7500 37.5333
114 Oromia 7.7000 39.7333 157 Oromia 8.0667 39.6167
115  Oromia 6.9667 40.5333 158 Amara 10.5000 38.4000
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116  Oromia 6.9833 40.0167 159 Amara 11.6000 38.5500
117 SNNP 7.2833 37.8667 160 Amara 9.9667 39.6167
118  Amara 12.6333 37.4667 161 Amara 11.6500 38.4500
119  Amara 10.4167 39.2167 162 Oromia 8.3833 39.9333
120  Amara 10.7833 38.6667 163 Oromia 7.2000 39.9333
121 Amara 11.6500 38.4500 164 Oromia 9.4667 41.8000
122 Oromia 9.4500 39.2500 165 Oromia 7.8333 39.5833
123 SNNP 6.5167 37.7500 166 Oromia 8.5000 39.7833

Table S3. Highly informative selected 420 SNP markers for genetic diversity analyis and stratification.

SNP Chr  Alleles Str.pos. in bp PIC
BobWhite_c1027_1127 1A AIG 578720187 0.37
BobWhite_c11946_277 1A TIG 508253611 0.37
BobWhite_c12568_900 1A CIT 483577474 0.37
BobWhite_c1265_247 1A CIT 11906386 0.37
BobWhite_c22134_398 1A G/IA 535547470 0.37
BobWhite_c23632_322 1A TIC 531035019 0.37
BobWhite_c46007_582 1A G/A 504760784 0.37
BobWhite_c46501_92 1A CIT 17213410 0.37
BobWhite_c5356_1272 1A G/IA 477616168 0.37
BobWhite_c721_74 1A G/IA 531435634 0.37
BS00002216_51 1A CIT 474655218 0.37
BS00011521_51 1A AIG 572302344 0.37
BS00012210_51 1A TIG 39715924 0.37
BS00021889_51 1A TIC 474024718 0.37
BS00022239_51 1A TIC 526410713 0.37
RACS875_rep_c112044 340 1A TIC 491265980 0.35
RAC875_rep_c71093_1070 1A AIG 541014873 0.35
TA003955-1138 1A G/IA 492068742 0.35
Tdurum_contig47006_1641 1A CIA 585260046 0.35
Tdurum_contig56158_60 1A TIC 532933342 0.35
Tdurum_contig60323_605 1A G/IA 1161699 0.35
tplb0021i12_383 1A AIG 541027860 0.35
tplb0025b13_150 1A AIG 4123810 0.35
wsnp_Ex_c1255_2411550 1A GIT 581428153 0.35
wsnp_Ex_c13724 21535046 1A AC 173777869 0.35
wsnp_Ex_c572_1138770 1A CIT 454314732 0.35
wsnp_Ex_rep_c102067_87314043 1A AIC 532795199 0.35
wsnp_JD_rep_c49006_33254974 1A TIC 541014833 0.35
wsnp_Ku_c1818 3557408 1A T/C 4122180 0.35

119



SUPPLEMENTARY FILES

SNP Chr  Alleles Str.pos. in bp PIC
wsnp_Ra_c2895_5488879 1A CIT 454313706 0.35
BobWhite_c44460_821 1B CIT 649750680 0.38
1AAV2324 1B AIG 92357396 0.38
BobWhite_c16280_521 1B G/A 529566738 0.37
BobWhite_c17257_454 1B AIG 485193291 0.37
BobWhite_c17644_112 1B CIT 583138970 0.37
BobWhite_c19733_149 1B CIT 636309715 0.37
BobWhite_c20015_225 1B G/A 505495844 0.37
BobWhite_c20015_300 1B AIG 505495919 0.37
BobWhite_c20621_683 1B AIG 625532899 0.37
BobWhite_c3771_441 1B G/A 187239287 0.37
BobWhite_c39656_106 1B CIA 584136290 0.37
BobWhite_c39901_338 1B TIC 649749173 0.37
BobWhite_c6803_387 1B CIT 505497887 0.37
BobWhite_c8218_162 1B CIT 187239270 0.37
BobWhite_rep_c62985_546 1B AIG 159630261 0.37
Tdurum_contig43346_108 1B CIT 302037983 0.35
Tdurum_contig48396_341 1B T/IC 303478652 0.35
Tdurum_contig50473_889 1B G/IA 513848364 0.35
Tdurum_contig52086_524 1B AIG 668928613 0.35
Tdurum_contig9874_547 1B T/IC 29332080 0.35
tplb0024i16_1177 1B CIT 299978233 0.35
tplb0043k02_463 1B TIC 626565205 0.35
tplb0049h18_765 1B G/A 668932387 0.35
wsnp_BE494527B_Ta 2 1 1B AG 617298701 0.35
wsnp_BE495786B_Ta_2_2 1B CIT 503651635 0.35
wsnp_CAP11_c543 375403 1B AG 534692879 0.35
wsnp_CAPS8_rep_c4452_2170021 1B T/IC 534692880 0.35
wsnp_Ex_c1058_2020681 1B AIG 668991372 0.35
wsnp_Ku_c18881_28259811 1B GIT 637360298 0.35
wsnp_Ku_c2797_5284087 1B CIT 668990224 0.35
BS00023214_51 2A CIT 689739909 0.38
BS00000479_51 2A AIG 759510498 0.37
BS00007689_51 2A TIC 762397596 0.37
BS00022393_51 2A TIC 6557997 0.37
BS00029224_51 2A TIC 556826479 0.37
BS00064905_51 2A CIT 43876302 0.37
BS00067159_51 2A CIT 22153129 0.37
BS00070797_51 2A CIT 32051040 0.37
BS00073382_51 2A AIG 32050887 0.37
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BS00077597_51 2A G/IA 693878966 0.37
BS00080752_51 2A G/IA 715768389 0.37
BS00081507_51 2A G/IA 716162075 0.37
BS00090128 51 2A G/IA 555657628 0.37
BS00108775_51 2A G/IA 716154304 0.37
BS00111069_51 2A G/IA 21254785 0.37
IACX794 2A C/IA 617294164 0.35
Kukri_c17269_1349 2A G/IA 41827536 0.35
Kukri_c42972_148 2A T/IC 743504679 0.35
TAO004785-1734 2A CIT 745751728 0.35
Tdurum_contig10785_2433 2A T/IC 12102513 0.35
Tdurum_contig12952_114 2A TIC 41504404 0.35
Tdurum_contig12952_263 2A G/IA 41504255 0.35
Tdurum_contig26621_200 2A T/IC 36293622 0.35
Tdurum_contig26621_264 2A T/IC 36293686 0.35
Tdurum_contig55610_742 2A CIT 41832438 0.35
Tdurum_contig55610_784 2A GIT 41832480 0.35
Tdurum_contig70306_425 2A AIC 73236640 0.35
Tdurum_contig9731_62 2A CIT 73284543 0.35
wsnp_Ex_c19556_28530231 2A CIT 35711654 0.35
wsnp_EX_rep_c67542_66164609 2A TIG 29525472 0.35
RAC875_c14316_584 2B AIG 601518044 0.38
Tdurum_contig31911_195 2B TIG 634933373 0.38
BobWhite_c12144 216 2B TIC 970296 0.37
BobWhite_c2521_117 2B CIT 686204384 0.37
BobWhite_c47357_535 2B G/A 686063287 0.37
BobWhite_c4831_490 2B G/A 686207867 0.37
BobWhite_c54696_56 2B CIT 523276250 0.37
BobWhite_c54909_261 2B G/A 523276609 0.37
BobWhite_c7326_70 2B G/IA 448264837 0.37
BobWhite_c9351_274 2B G/IA 514694140 0.37
BobWhite_c9690_94 2B CIT 730212313 0.37
BobWhite_rep_c50285_700 2B AIC 749155662 0.37
BS00004224_51 2B TIC 717551361 0.37
BS00022374_51 2B CIT 731174771 0.37
BS00022486_51 2B TIG 120783180 0.37
Tdurum_contig1653_190 2B TIC 100535943 0.35
Tdurum_contig68806_537 2B G/A 104658949 0.35
Tdurum_contig81323_291 2B G/A 104336022 0.35
Tdurum_contig81917_141 2B AIG 105710592 0.35
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wsnp_BG608232B_Ta 2 1 2B AIG 445599810 0.35
wsnp_BG608232B_Ta_2_2 2B AIG 445599715 0.35
wsnp_BQ172173B_Ta 2 2 2B CIT 712473571 0.35
wsnp_CAP11_c5255 2442548 2B G/IA 445442060 0.35
wsnp_Ex_c114 229879 2B AIG 570335910 0.35
wsnp_Ex_c21092_30220702 2B T/IC 60521695 0.35
wsnp_Ex_c2445_4573233 2B AIC 635828443 0.35
wsnp_Ex_c4218_7618252 2B G/IA 370091207 0.35
wsnp_Ex_c45468 51254978 2B AIG 719777934 0.35
wsnp_Ex_c55735_58127324 2B AIC 594972739 0.35
wsnp_JD_c4699 5834958 2B G/IA 174656631 0.35
Excalibur_c12875_1573 3A CIT 2913871 0.38
BobWhite_c17852_511 3A TIC 50530572 0.37
BobWhite_c17879_519 3A CIT 650235115 0.37
BobWhite_c20157_293 3A AIG 730207415 0.37
BobWhite_c2453_460 3A TIC 3698080 0.37
BobWhite_c36118_246 3A CIT 3453657 0.37
BobWhite_c4057_365 3A G/A 727965 0.37
BobWhite_c5461_338 3A AIG 1572560 0.37
BobWhite_c9704_273 3A G/IA 50736062 0.37
BobWhite_c9992_811 3A G/IA 3621326 0.37
BobWhite_c9992_862 3A CIT 3621275 0.37
BobWhite_rep_c51301_1261 3A AIG 478259292 0.37
BS00007502_51 3A G/A 51971974 0.37
BS00022586_51 3A G/A 38206785 0.37
BS00022746_51 3A C/IA 21260083 0.37
Kukri_s117068_130 3A CIT 344482 0.35
Ra_c7114_619 3A TIG 723859434 0.35
RAC875_c61934_186 3A AIG 729517491 0.35
Tdurum_contig12008_1001 3A CIT 4433644 0.35
Tdurum_contig12557_1382 3A AIG 606316327 0.35
Tdurum_contig47186_1897 3A AIG 630286778 0.35
Tdurum_contig48522_635 3A AIG 638061474 0.35
Tdurum_contig56748_632 3A CIT 460603081 0.35
tplb0053a24_2232 3A AIG 4431667 0.35
wsnp_CAP11_rep_c8581_3702222 3A G/IA 725686368 0.35
wsnp_Ex_c2573_4788116 3A G/A 2173807 0.35
wsnp_Ex_c55096_57733841 3A G/A 730053460 0.35
wsnp_Ex_rep_c104141_88935451 3A CIA 729514798 0.35
wsnp_JD_c9434_10274598 3A C/IA 460959678 0.35
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wsnp_Ku_c10468_ 17301216 3A GIT 691460574 0.35
BobWhite_c23887_134 3B G/IA 37185596 0.37
BobWhite_c23887_53 3B C/IA 37185900 0.37
BobWhite_c24194 255 3B CIT 45342772 0.37
BobWhite_c2937_1426 3B T/IC 736293620 0.37
BobWhite_c4514 298 3B G/IA 45337767 0.37
BobWhite_c5611 281 3B CIT 2768888 0.37
BobWhite_rep_c64247 261 3B AC 44966830 0.37
BS00015891_51 3B G/IA 797224445 0.37
BS00025792_51 3B CIT 35307657 0.37
BS00042029_51 3B CIT 597391516 0.37
BS00043730_51 3B CIT 485967931 0.37
BS00044942_51 3B AIG 818527985 0.37
BS00044944 51 3B CIT 818528036 0.37
BS00044955_51 3B A/lC 818531586 0.37
BS00045330_51 3B TIG 478917217 0.37
Kukri_c50837_251 3B AIG 818379203 0.35
Kukri_c66923 217 3B G/A 75221912 0.35
Kukri_rep_c93484 422 3B TIG 754481350 0.35
RAC875_c35310_770 3B TIC 75220130 0.35
RAC875_rep_c109105_57 3B G/IA 572415185 0.35
RAC875_rep_c72275 185 3B CIT 812865028 0.35
Tdurum_contig49804_392 3B TIC 3415514 0.35
Tdurum_contig51355_601 3B TIG 821929833 0.35
Tdurum_contig67690_183 3B G/IA 58780133 0.35
wsnp_CAP7_c5097 2266314 3B CIT 778469145 0.35
wsnp_Ex_c29631_38640100 3B A/lC 559307368 0.35
wsnp_Ex_c7756_13218814 3B AIG 575656184 0.35
wsnp_Ex_c8695 14561512 3B T/G 74708095 0.35
wsnp_JD_rep_c50820_34666611 3B AG 812865953 0.35
wsnhp_Ra_rep_c72670_70836439 3B CIT 812865930 0.35
BobWhite_c12128_187 4A G/IA 604365729 0.37
BobWhite_c28137_293 4A CIT 714174165 0.37
BobWhite_c31621_148 4A G/IA 81389367 0.37
BobWhite_c3351_329 4A T/IC 727217219 0.37
BobWhite_c33898_150 4A TIC 624347345 0.37
BobWhite_c39599 82 4A G/IA 112184714 0.37
BobWhite_c4089_73 4A A/G 577090263 0.37
BobWhite_c5633_59 4A  AG 37674472 0.37
BobWhite_rep_c66057 98 4A  AC 37674735 0.37
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SNP Chr  Alleles Str.pos. in bp PIC
BS00010202_51 4A G/IA 720860017 0.37
BS00010339_51 4A GIT 576555858 0.37
BS00011224 51 4A AIG 585378511 0.37
BS00021716_51 4A CIT 700600 0.37
BS00021752_51 4A C/IA 24056269 0.37
BS00032622_51 4A GIT 697005718 0.37
Tdurum_contig46583_2203 4A AIG 730463264 0.35
Tdurum_contig8061_56 4A T/IC 24061051 0.35
Tdurum_contig93100_149 4A T/G 703802646 0.35
Tdurum_contig93100_640 4A G/IA 703802155 0.35
Tdurum_contig93100_712 4A AIC 703802083 0.35
Tdurum_contig93100_77 4A T/IC 703802718 0.35
Tdurum_contig9906_89 4A AIG 44605698 0.35
tplb0062c24_1758 4A G/IA 646468406 0.35
wsnp_CAP7_c32_19340 4A AIG 100363448 0.35
wsnp_Ex_c2352_4405961 4A G/IA 635388157 0.35
wsnp_Ex_c33778_42210283 4A TIC 720085690 0.35
wsnp_Ex_c3988_7221220 4A TIC 655228466 0.35
wsnp_Ex_c64593_63334637 4A CIT 576144191 0.35
wsnp_EX_rep_c67779_66463916 4A AIG 516982227 0.35
wsnp_Ra_c33762_42584098 4A G/IA 516670368 0.35
BobWhite_c22580_115 4B TIC 607755186 0.37
BobWhite_c30050_125 4B TIC 17280529 0.37
BobWhite_rep_c49034_589 4B AIG 36327129 0.37
BS00009439_51 4B CIT 65410547 0.37
BS00018707_51 4B CIT 93599096 0.37
BS00030571_51 4B G/A 606290375 0.37
BS00033614_51 4B G/IA 37707432 0.37
BS00060041_51 4B CIT 6122844 0.37
BS00063035_51 4B G/A 41570672 0.37
BS00064041_51 4B G/A 606999906 0.37
BS00066024_51 4B AIG 561871714 0.37
BS00095286_51 4B AIG 35049334 0.37
BS00095416_51 4B CIT 38637958 0.37
BS00105791_51 4B TIC 104510182 0.37
Excalibur_c32467_676 4B CIT 538382521 0.37
Tdurum_contig66820_466 4B G/A 98482981 0.35
Tdurum_contig82364_132 4B G/A 36154504 0.35
Tdurum_contig83679_281 4B G/A 81671370 0.35
Tdurum_contig92931_787 4B TIC 37187854 0.35
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SNP Chr  Alleles Str.pos. in bp PIC
Tdurum_contig92931_882 4B T/IC 37187186 0.35
Tdurum_contig93168_52 4B G/IA 95133294 0.35
Tdurum_contig98399_114 4B T/IC 86419163 0.35
wsnp_CAP12_c1101_ 569783 4B T/IC 613234341 0.35
wsnp_Ex_c22648 31848819 4B T/IC 562464583 0.35
wsnp_Ex_c26285_35531324 4B AIG 642343933 0.35
wsnp_Ex_c26285_35531618 4B AIG 642344227 0.35
wsnp_Ex_c26285_35532440 4B T/IC 642346860 0.35
wsnp_Ex_c4148_7494801 4B CIT 661642454 0.35
wsnp_Ku_c10515_17368422 4B G/IA 657297532 0.35
wsnp_Ku_rep_c104382_90867406 4B GIA 536092361 0.35
CAP8_c2014_192 5A AIG 435710212 0.38
tplb0057m23_1318 5A CIT 437909883 0.38
BobWhite_c13900_53 5A GIT 437909628 0.37
BobWhite_c38929_56 5A TIC 427405578 0.37
BobWhite_c41847_333 5A CIT 437027138 0.37
BobWhite_c5457_1440 5A TIC 468101559 0.37
BobWhite_rep_c48815_538 5A AIG 436213158 0.37
BobWhite_rep_c64197_143 5A G/IA 437634436 0.37
BobWhite_rep_c64318_615 5A G/IA 468003948 0.37
BobWhite_rep_c64579_593 5A G/IA 437088469 0.37
BS00010698_51 5A G/IA 499809769 0.37
BS00022500_51 5A G/IA 399255732 0.37
BS00022815_51 5A AIG 437784182 0.37
BS00035256_51 5A CIT 527515679 0.37
BS00065386_51 5A AIG 436143495 0.37
wsnp_Ex_c31017_39858962 5A AIG 445189347 0.35
wsnp_Ex_c3838_6980909 5A CIT 443254522 0.35
wsnp_Ex_c6117_10704945 5A AIG 107465483 0.35
wsnp_EX_rep_c101994_87256479 5A CIT 554958716 0.35
wsnp_JD_c8448_9444839 5A CIT 94495449 0.35
wsnp_Ku_c16812_25759885 5A G/IA 101007703 0.35
wsnp_Ku_c328_679106 5A TIC 105920335 0.35
wsnp_Ku_c5445_9668131 5A AIG 633372138 0.35
wsnp_Ra_c10053_16636851 5A TIC 101006699 0.35
wsnp_Ra_c14112 22155312 5A  GIA 110803770 0.35
wsnp_Ra_c14112 22155451 5A CIA 110803875 0.35
wsnp_Ra_c18459_27525981 5A TIC 110803987 0.35
wsnp_Ra_c21347_30731133 5A CIT 442780286 0.35
wsnp_Ra_c6788_11804894 5A G/A 96071832 0.35
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SNP Chr  Alleles Str.pos. in bp PIC
wsnp_Ra_rep_c69221_ 66574148 5A  AC 43344228 0.35
Tdurum_contig94033_487 5B CIT 619617213 0.38
wsnp_Ex_c43518 49814933 5B AIG 106176590 0.38
BobWhite_c11038_605 5B CIT 646590215 0.37
BobWhite_c15241_604 5B G/IA 673097295 0.37
BobWhite_c17133_107 5B CIT 63501707 0.37
BobWhite_c31_3667 5B G/IA 696841474 0.37
BobWhite_c34676_81 5B G/IA 666780370 0.37
BobWhite_c43731_313 5B AIG 673538661 0.37
BobWhite_c47620_226 5B G/IA 472969291 0.37
BobWhite_c6017_1096 5B AIG 619642998 0.37
BobWhite_c6017_1147 5B AIG 619642947 0.37
BobWhite_c7818_278 5B TIC 683776109 0.37
BS00021868_51 5B AIG 648246336 0.37
BS00022231_51 5B AIG 645528123 0.37
BS00022662_51 5B G/IA 356154768 0.37
Tdurum_contig48658_802 5B TIC 413838175 0.35
Tdurum_contig63161_121 5B AIG 475596886 0.35
Tdurum_contig77918_477 5B AIG 660537862 0.35
Tdurum_contig97407_196 5B CIT 641527170 0.35
wsnhp_BE517711B_Ta 2 1 58 CIT 487492354 0.35
wsnhp_BE517711B_Ta 2 2 5B AC 487492642 0.35
wsnp_Ex_c10842_17637744 5B TIC 60993432 0.35
wsnp_Ex_c12119_ 19382820 5B AIG 409176715 0.35
wsnp_Ex_c19724_ 28720939 5B AIG 480058158 0.35
wsnp_Ex_c46217_51790399 5B CIT 486724593 0.35
wsnp_Ex_c8962_14947544 5B AIG 31759036 0.35
wsnp_Ex_rep_c102070_87317290 5B CIT 478323641 0.35
wsnp_Ex_rep_c68023_66768770 5B AIG 456422703 0.35
wsnp_JD_c11594_ 12033647 5B AIG 379318093 0.35
wsnp_JD_c4372 5494161 5B AIG 641527297 0.35
BobWhite_c10740_179 6A CIT 31622279 0.37
BobWhite_c13839_111 6A A/lC 20124417 0.37
BobWhite_c13839_135 6A AIG 20124393 0.37
BobWhite_c2568_115 6A G/A 529670734 0.37
BobWhite_c5092_422 6A A/G 11214049 0.37
BobWhite_c62620_150 6A AIG 37190258 0.37
BobWhite_rep_c52979_181 6A CIT 2773209 0.37
BobWhite_rep_c63152_444 6A TIC 549384075 0.37
BS00009331_51 6A TIG 19062489 0.37
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SNP Chr  Alleles Str.pos. in bp PIC
BS00011436_51 6A T/IC 19063038 0.37
BS00022951_51 6A G/IA 16753143 0.37
BS00023140_51 6A CIT 31762856 0.37
BS00023192_51 6A C/IA 11959829 0.37
BS00036635_51 6A GIT 10268926 0.37
BS00063096_51 6A AIG 546014258 0.37
wsnp_Ex_c16491_24996576 6A G/IA 16754294 0.35
wsnp_Ex_c2192_4108709 6A T/IC 445183707 0.35
wsnp_Ex_c36801_44683992 6A G/IA 563920498 0.35
wsnp_Ex_c7002_12063325 6A CIT 597277839 0.35
wsnp_Ex_c7002_12063380 6A G/IA 597277894 0.35
wsnp_Ex_rep_c70951_69806211 6A CIT 563918329 0.35
wsnp_JD_c19278 17450072 6A G/IA 445318216 0.35
wsnp_JD_c19278 17450210 6A TIG 445318078 0.35
wsnp_JD_c22766_19622512 6A AIG 558221423 0.35
wsnp_Ku_c1075_2160065 6A TIG 561478432 0.35
wsnp_Ku_c14219 22455933 6A C/IA 563915637 0.35
wsnp_Ku_c44079_51438574 6A CIT 560271021 0.35
wsnp_Ra_c11651_18855691 6A TIC 598708421 0.35
wsnp_Ra_c12086_19452422 6A TIC 559099941 0.35
wsnp_RFL_Contig2523_ 2130662 6A G/IA 445318266 0.35
BobWhite_c1633_643 6B CIT 645616232 0.37
BobWhite_c1905_98 6B G/A 140189688 0.37
BobWhite_c22767_189 6B TIC 163124390 0.37
BobWhite_c26504_163 6B CIA 149534201 0.37
BobWhite_c27364_124 6B CIA 689149063 0.37
BobWhite_c27364_296 6B G/A 689149235 0.37
BobWhite_c41574 185 6B CIA 43829234 0.37
BobWhite_c47659_100 6B GIT 158232853 0.37
BobWhite_c6546_423 6B GIT 682454889 0.37
BobWhite_c9563_377 6B G/A 227566262 0.37
BobWhite_s63779_147 6B AIG 151143114 0.37
BS00003214_51 6B CIT 139472770 0.37
BS00010676_51 6B CIT 430198438 0.37
BS00011795_51 6B TIG 692561322 0.37
BS00022832_51 6B TIG 657185956 0.37
IAAV8886 6B TIC 115775616 0.35
Kukri_c21409 283 6B G/A 436692510 0.35
Kukri_c22391_192 6B AIC 682329684 0.35
RAC875_c19250_188 6B AIG 17167162 0.35
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SNP Chr  Alleles Str.pos. in bp PIC
RACS875_c47035_70 6B G/IA 442960966 0.35
RACS875_rep_c112646_106 6B C/IA 682339579 0.35
Tdurum_contig10729_986 6B G/IA 690593422 0.35
Tdurum_contig10729_989 6B CIT 690593419 0.35
Tdurum_contig42655_1256 6B AIG 10814769 0.35
Tdurum_contig44173_792 6B AIG 552725128 0.35
wsnp_CAP12_c475_258416 6B T/IC 638627998 0.35
wsnp_Ex_c4728_8444212 6B CIT 18303554 0.35
wsnp_Ra_c22075_31509915 6B AIG 115751757 0.35
wsnp_Ra_c57648 59682822 6B AIG 174846977 0.35
wsnp_Ra_rep_c108218_91556581 6B  GIA 119626602 0.35
RAC875_c101928_381 TA A/lC 97775951 0.38
BobWhite_c1635_691 TA G/IA 715980616 0.37
BobWhite_c34887_239 TA CIT 99397775 0.37
BobWhite_c40583_146 A G/A 121281425 0.37
BobWhite_c47709_141 TA TIC 65599406 0.37
BS00003455_51 TA A/lC 715979988 0.37
BS00010796_51 TA CIT 17293924 0.37
BS00021692_51 TA GIT 63099065 0.37
BS00022145_51 TA GIT 80604261 0.37
BS00022442_51 A AIG 27549945 0.37
BS00023027_51 TA TIC 671339044 0.37
BS00023225_51 TA CIA 73206737 0.37
BS00026056_51 TA A/lC 535969373 0.37
BS00040600_51 TA TIG 99370164 0.37
BS00040601_51 TA CIA 99370171 0.37
wsnp_BF482529A Ta 2 5 A CIT 511715573 0.35
wsnp_Ex_c4996_8885500 TA CIT 535281348 0.35
wsnp_Ex_c558_1105911 7A  AG 509600605 0.35
wsnp_Ex_c9971 16412270 7A  TIC 693393261 0.35
wsnp_Ex_c9971 16412758 7A  GIA 693392773 0.35
wsnp_JD_c1219 1766041 A CIT 724280142 0.35
wsnp_JD_c15333_14824351 TA TIC 508401166 0.35
wsnp_JD_c8919 9843202 A TIC 508866196 0.35
wsnp_Ku_c26118 36079171 7A  CIT 693396172 0.35
wsnp_Ku_c28104 38042857 7A  TIC 715981220 0.35
wsnp_Ku_c2958 5561339 A TIC 535193439 0.35
wsnp_Ku_c6065_10682531 A CIT 107276540 0.35
wsnp_Ku_rep_c103889 90513365 7A  TIC 673054032 0.35
wsnp_Ku_rep 110993 94857161 7A  GIA 537457522 0.35
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SNP Chr  Alleles Str.pos. in bp PIC
wsnp_Ra_c1303_2598907 A G/IA 535281206 0.35
Tdurum_contig48824_476 7B AIG 48060131 0.38
BobWhite_c10448 80 7B AIC 67157055 0.37
BobWhite_c15796_315 7B T/IC 205081531 0.37
BobWhite_c16787_205 7B CIT 207911881 0.37
BobWhite_c36693_210 7B T/IC 33661749 0.37
BobWhite_c39364_231 7B AIG 55073589 0.37
BobWhite_c4253 568 7B G/IA 13162796 0.37
BobWhite_c7907_657 7B AIC 190466059 0.37
BobWhite_rep_c48793_750 7B CIT 155739487 0.37
BobWhite_rep_c63008_468 7B C/IA 490592914 0.37
BobWhite_rep_c66957_84 7B TIC 181389780 0.37
BS00022106_51 7B AIG 612153072 0.37
BS00022175_51 7B G/IA 717658031 0.37
BS00031141_51 7B GIT 207908556 0.37
BS00031611_51 7B TIC 172250085 0.37
RAC875_c96195_73 7B TIC 374053419 0.35
RAC875_rep_c78007_394 7B TIC 682153189 0.35
Tdurum_contig20921_424 B TIC 566226246 0.35
Tdurum_contig4658_346 7B CIT 663797774 0.35
Tdurum_contig48934_425 7B AIG 700013080 0.35
Tdurum_contig53901_177 7B G/A 500327966 0.35
Tdurum_contig59440_1621 7B G/A 497591028 0.35
Tdurum_contig63792_639 7B CIT 496617953 0.35
Tdurum_contig66398_976 7B TIC 23862240 0.35
wsnp_be591305B_Ta_1 1 7B CIT 255141044 0.35
wsnp_BQ169669B_Ta 2 2 7B CIT 247272507 0.35
wsnp_Ex_c11106_18003332 B TIC 41729218 0.35
wsnp_Ex_c14979_23133600 7B G/A 547067781 0.35
wsnp_Ex_c9813_16193536 7B CIT 41719425 0.35
wsnp_RFL_Contig4753_ 5709032 7B G/A 547066917 0.35
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Publication 2.2) Negisho, K., Shibru, S., Matros, A.,Pillen, K., Ordon, F., & Wehner, G. (2022a).
Genomic dissectionreveals QTLs for grain biomass and correlated traits underdrought stress in Ethiopian
durum wheat (Triticum turgidumssp.durum). Plant Breeding,141(3), 338-354.
https://doi.org/10.1111/pbr.13010.

Table S1. List of accessions included in the study panel (SP). Accession number, accession code, taxon, seed origin, seed
collection zone, latitude, longitude and altitude of the durum wheat study panel for GWAS. All accessions were assessed for
drought stress tolerance under field conditions in Ethiopia. Accession from serial numbers 1-185 were additionally tested in
climate chamber experiments at 20% soil water capacity (SWC) = climate chamber drought stress (CCDS) and at 70% SWC
=climate chamber non-stress (CCNS). NA = not available

ﬁ\jf:gzifn g:(;:eession Taxon ifieg(:n Seed collection zone ):tl)g;(/:ds::}erceer er Latitude Longitude
222362 DW076 Tdurum — Amhara EAST GOJAM 2510 10-25-00-N  38-12-00-E
204488-1 Dwo22-1 UM 5omia NORTH SHEWA 2850 09-27-00-N  39-15-00-E
Salam Selam Tdurum — p7ARC  DZARC NA NA NA
226876 DW166 Tdurum 5 omia WEST SHEWA 2880 09-24-00-N  39-16-00-E
DZARC DZ008 Tdurum — p7ARC  DZARC NA NA NA
DZARC DZ009 Tdurim  h7ARC DZARC NA NA NA
222382 DWO081 Tdurum 5 omia ARSI 2930 08-09-00-N  39-54-00-E
238123 DW247 Tdurum oy MEHAKELEGNAW 2000 13-04-00-N  39-35-00-E
Top-66 Top-66 Tdurum  p7ARc DZARC NA NA NA
DZARC DZ006 Tdurum — p7ARC  DZARC NA NA NA
238120 DW244 Tdurum g ray MEHAKELEGNAW 2030 13-04-00-N  39-35-00-E
231584 DW208 Tdurum  Aphara NORTH WELLO 2920 11-34-00-N  39-09-00-E
Metaya Metaya Tdurum — poARc DZARC NA NA NA
222404 DWO084 Tdurum 5 omia ARSI 2650 08-04-00-N  39-43-00-E
238121 DW245 Tdurum oy MEHAKELEGNAW 1850 13-04-00-N  39-35-00-E
Megnagna Megnagna QUM p7ARC  DZARC NA NA NA
Werer Werer Tdurum  p7ARC DZARC NA NA NA
226834-1 pwieo-1 UM Amhara EAST GOJAM 2460 10-21-00-N  38-13-00-E
DZARC DZ004 Tdurim  p7ARC DZARC NA NA NA
DZARC DZ005 Tdurum  p7ARC  DZARC NA NA NA
8333-1 DW003-1 QUM Amhara EAST GOJAM 2580 10-49-00-N  38-05-00-E
204555 DWO028 Tdurum 5 omia NORTH SHEWA 2500 08-58-00-N  38-59-00-E
204560-2 DWo2g-2 QUM 5omia NORTH SHEWA 2501 08-56-00-N  38-59-00-E
208261 DW094 Tdurum 5 omia ARSI 2420 07-30-00-N  40-05-00-E
238139 DW260 Tdurum — Aphara EAST GOJAM 2440 14-02-00-N  37-09-00-E
DZARC DZ010 Tdurum — p7ARC DZARC NA NA NA
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ﬁ\gf:szifn CA(::(;:eession Taxon ifiegc:n Seed collection zone /:tl)g\t/zi:ei\r:er\?slt er Latitude Longitude
Quami Quamy Tduum  hoARC DZARC NA NA NA

204493-1 DWo23-1 UM 5o NORTH SHEWA 2850 09-27-00-N  39-15-00-E
208931 DWO035 Tdurum — 5omia WEST SHEWA 2400 09-03-00-N  37-56-00-E
Yerer Yerer Tdurim  h7ARC DZARC NA NA NA

DZARC DZ003 Tdurum — p7ARC DZARC NA NA NA

204560-1 DWo20-1 UM 5omia NORTH SHEWA 2500 08-56-00-N  38-59-00-E
214308 DWO039 Tdurum 5 omia EAST SHEWA 2680 08-50-00-N  39-01-00-E
222299 DW069 Tdurum - 5omia BALE 2545 07-16-00-N  39-53-00-E
Ude Ude Tdurim  h7ARC DZARC NA NA NA

204544 DW027 Tdurum — 5omia NORTH SHEWA 2600 09-22-00-N  38-03-00-E
222191 DWO065 Tdurum 5 omia EAST SHEWA 2300 08-47-00-N  39-15-00-E
222372 DWO080 Tdurum — 5omia ARSI 2040 08-34-00-N  39-52-00-E
222433 DW093 Tdurum  oomia ARSI 2420 07-30-00-N  40-05-00-E
222708 DW125 Tdurum 5 omia EAST HARERGE 2380 09-18-00-N  41-14-00-E
8436 DWO005 Tdurum g\ np BENCH MAJI 1820 05-18-00-N  37-18-00-E
214307 DWO038 Tdurum 5 omia EAST SHEWA 2680 08-50-00-N  39-01-00-E
214333 DW040 Tdurum — 5omia NORTH SHEWA 2510 09-03-00-N  39-04-00-E
222431 DW091 Tdurum  oomia ARSI 2460 07-31-00-N  40-03-00-E
222432 DW092 Tdurum 5 omia ARSI 2460 07-31-00-N  40-03-00-E
222462-2 Dwoo7-2  TAURUM  5romia WEST SHEWA 2601 09-22-00-N  38-03-00-E
231540 DW202 Tdurum  Amhara NORTH SHEWA 3190 10-16-00-N  39-43-00-E
236981 DW230 Tdurum — oomia ARSI 2150 08-09-00-N  39-21-00-E
204485 DWO021 Tdurum 5 omia NORTH SHEWA 2880 09-24-00-N  39-16-00-E
222298 DWO068 Tdurum 5 omia BALE 2545 07-16-00-N  39-53-00-E
223257 DW128 Tdurum o ray SOUTH AWI 2600 17-41-00-S  39-28-00-E
226971-2 pwige2 UM 5omia ARSI 2441 07-50-00-N  39-35-00-E
231541 DW203 Tdurum  Ahara NORTH SHEWA 3190 10-16-00-N  39-43-00-E
236984 DW232 Tdurum - 5omia ARSI 1995 07-40-00-N  40-12-00-E
238119 DW243 Tdurum oy MEHAKELEGNAW 2000 14-04-00-N  38-04-00-E
238128 DW252 Tdurum o ray EAST AWI 2990 14-30-00-N  39-50-00-E
Mukiye DZ001 Tdurum — p7ARC  DZARC NA NA NA

15356 DW006 Tdurum — 5omia EAST SHEWA 2300 08-57-57-N  39-09-06-E
15357 DW007 Tdurum - 5romia EAST SHEWA 2326 08-57-11-N  39-11-18-E
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204566 DWO033 Tdurum 5 omia EAST SHEWA 2350 09-01-00-N  38-08-00-E
204573-1 DWo34-1 UM 5o EAST SHEWA 2490 08-58-00-N  38-03-00-E
214587 DW059 T.durum  oromia \'Xll:zsféz A 2340 08-44-00-N  36-29-00-E
226838-1 pwie2-1 UM Aphara EAST GOJAM 2510 10-25-00-N  38-12-00-E
231524 DW199 Tdurum 5 omia WEST SHEWA 2830 09-16-00-N  38-04-00-E
214315 DW216 Tdurum — Amhara NORTH WELLO 2780 11-31-00-N  39-05-00-E
238132 DW254 Tdurum g oy EAST AWI 2600 13-09-00-N  39-08-00-E
8333-2 Dwoo3-2 QUM Amhara EAST GOJAM 2581 10-49-00-N  38-05-00-E
214518 DWO052 Tdurum — Amhara EAST GOJAM 2660 10-44-00-N  38-04-00-E
222358 DW073 Tdurum  Aphara EAST GOJAM 2560 10-29-00-N  38-11-00-E
222684-1 pwi2a-1 UM Aphara NORTH WELLO 2840 11-32-00-N  39-05-00-E
226381 DW148 Tdurum 5 omia NORTH SHEWA 2598 09-57-00-N  38-18-00-E
231613 DW225 Tdurum — 5omia EAST HARERGE 2510 09-17-00-N  41-46-00-E
236987 DW235 Tdurum  Amhara NORTH SHEWA 2019 09-30-00-N  39-20-00-E
204564 DWO032 Tdurum — 5omia NORTH SHEWA 2500 08-56-00-N  38-59-00-E
214557 DWO054 Tdurum  Amhara SOUTH WELLO 2450 11-12-00-N  39-36-00-E
222574 DW109 Tdurum 5 omia EAST HARERGE 2260 09-22-00-N  41-28-20-E
204484 DW020 Tdurum 5 omia NORTH SHEWA 2880 09-24-00-N  39-16-00-E
214356 DWO043 Tdurum 5 omia NORTH SHEWA 2650 09-11-00-N  39-04-00-E
222644 DW121 T.durum  Amhara ?BOGU)TH GONDAR 2980 11-44-00-N 38-25-00-E
226393 DW153 Tdurum — 5omia EAST SHEWA 2160 08-52-00-N  38-51-00-E
226881 DW167 Tdurum 5 omia WEST SHEWA 2850 09-27-00-N  39-15-00-E
231588 DW212 Tdurum  Aphara NORTH WELLO 2820 11-34-00-N  39-09-00-E
231597 DW219 Tduruim  Amhara SOUTH WELLO 2600 10-51-00-N  39-00-00-E
238124 DW248 Tdurum ooy MEHAKELEGNAW 2000 14-02-00-N  38-04-00-E
Mesobe Mosobo Tdurim  h7ARC DZARC NA NA NA
204488-2 DWo232 UM 5o NORTH SHEWA 2851 09-27-00-N  39-15-00-E
208271 DWO74 Tdurum  Aphara EAST GOJAM 2550 10-39-00-N  38-10-00-E
222415 DWO087 Tdurum - 5omia ARSI 2400 07-45-00-N  39-40-00-E
226882 DW168 Tdurum 5 omia WEST SHEWA 2850 09-27-00-N  39-15-00-E
231538 DW201 Tdurum  oomia ARSI 2750 07-36-00-N  39-28-00-E
231610 DW224 Tdurum 5 omia EAST HARERGE 2630 09-18-00-N  41-45-00-E
7961 DW002 Tdurum  Aphara NORTH SHEWA 2600 09-39-00-N  39-20-00-E
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222198 DWO066 Tdurum 5 omia ARSI 2520 07-55-00-N  39-36-00-E
222387 DW082 Tdurum 5 omia ARSI 2490 07-40-00-N  39-56-00-E
222639 DW119 Tdurum  Amhara  SOUTH GONDAR 2680 11-36-00-N  38-34-00-E
226837 DW161 Tdurum — Amhara EAST GOJAM 2510 10-25-00-N  38-12-00-E
231589-1 pw213-1 QUM Amhara NORTH WELLO 2890 11-34-00-N  39-09-00-E
Asasa Asasa Tdurim  h7ARC DZARC NA NA NA

222735 DWO050 Tdurum — Ahara EAST GOJAM 2560 10-48-00-N  38-03-00-E
236985 DW233 Tdurum — oomia ARSI 2000 07-40-00-N  40-12-00-E
238134 DW256 Tdurum  rigray EAST AWI 2600 13-09-00-N  39-08-00-E
222684-2 DWi24-2 QUM Amhara NORTH WELLO 2841 11-32-00-N  39-05-00-E
231597-1 DW219-1 UM Amhara SOUTH WELLO 2601 10-51-00-N  39-00-00-E
222408 DWO085 Tdurum — 5omia ARSI 2490 07-54-00-N  39-47-00-E
222418 DWO088 Tdurum 5 omia ARSI 2400 07-42-00-N  39-44-00-E
226331 DW139 Tdurum — Amhara NORTH SHEWA 2835 09-58-00-N  39-37-00-E
226352 DW144 Tdurum  oomia ARSI 2400 07-50-00-N  39-34-00-E
226914 DW175 Tdurum — Amhara AGEW AWI 2510 10-58-00-N  36-55-00-E
231592-1 DW215-1 QUM Amhara NORTH WELLO 2260 11-35-00-N  39-04-00-E
231599 DW220 Tdurum  Amhara SOUTH WELLO 2600 10-51-00-N  39-00-00-E
238135 DW257 Tdurum oy EAST AWI 2470 13-52-00-N  39-43-00-E
7960 DW001 Tdurum  Amhara NORTH SHEWA 2600 09-39-00-N  36-26-00-E
222462-1 Dwog7-1 UM 5o WEST SHEWA 2600 09-22-00-N  38-03-00-E
226357 DW147 Tdurum — 5omia ARSI 2440 07-50-00-N  39-35-00-E
8356 DW004 Tdurum — Aphara EAST GOJAM 2150 10-20-00-N  38-08-00-E
203996 DWO11 Tdurum  Amhara NORTH SHEWA 3060 10-18-00-N  39-35-00-E
222435 DW095 Tdurum — oomia ARSI 2420 07-30-00-N  40-05-00-E
222465 DW098 Tdurum 5 omia WEST SHEWA 2600 09-22-00-N  38-03-00-E
222469 DW099 Tdurum — oomia  WEST SHEWA 2490 08-58-00-N  38-00-00-E
222554 DW106 Tdurum 5 omia ARSI 2465 07-38-00-N  39-30-00-E
15359 DW009 Tdurum — 5omia EAST SHEWA 2372 08-58-35-N  39-07-20-E
214353 DW042 Tdurum - 5omia WEST SHEWA 2810 09-19-00-N  39-17-00-E
222426 DW090 Tdurum 5 omia ARSI 2460 07-32-00-N  39-59-00-E
222530 DW104 Tdurum  Amhara  NORTH GONDAR 2510 12-33-00-N  37-24-00-E
226207 DW131 Tdurum  Amhara NORTH GONDAR 2100 12-38-00-N  37-28-00-E
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236988 DW236 Tdurum 5 omia EAST SHEWA 2200 08-55-00-N  39-10-00-E
214352 DW041 Tdurum 5 omia WEST SHEWA 2810 09-19-00-N  39-17-00-E
226963 DW184 Tdurum 5 omia EAST SHEWA 2200 08-52-00-N  38-54-00-E
208152 DWO026 Tdurum 5 omia NORTH SHEWA 2710 09-36-00-N  38-49-00-E
214517 DWO051 Tdurum — Aphara EAST GOJAM 2580 10-48-00-N  38-03-00-E
222352 DWO072 Tdurum — Amhara WEST GOJAM 2560 10-56-00-N  35-20-00-E
222421 DWO089 Tdurum — 5omia ARSI 2415 07-42-00-N  39-44-00-E
7148 DW127 Tdurum 5 omia BALE 1760 06-58-00-N  40-32-00-E
226819 DW158 Tdurum 5 omia BALE 2600 06-59-00-N  40-01-00-E
231569 DW205 T.durum  gNNP EEXSAAI\TI": TEMB 2540 07-17-00-N 37-52-00-E
203776 DW010 Tdurum  Amhara  NORTH GONDAR 2100 12-38-00-N  37-28-00-E
212564 DWO037 Tdurum  Amhara NORTH SHEWA 2640 10-25-00-N  39-13-0-E
214591 DWO061 Tdurum  Ahara SOUTH WELLO 2600 10-47-00-N  38-40-00-E
222608-1 pwitz-1 UM Amhara SOUTH GONDAR 3050 11-39-00-N  38-27-00-E
226886 DW171 Tdurum — 5omia WEST SHEWA 2850 09-27-00-N  39-15-00-E
226922 DW176 Tdurum g\ np NORTH OMO 2350 06-31-00-N  37-45-00-E
226809 DW157 Tdurum  Amhara NORTH GONDAR 2840 12-45-00-N  37-32-00-E
227007 DW190 Tdurum — Amhara EAST GOJAM 2502 10-27-00-N  38-19-00-E
216072 DWO064 Tdurum 5 omia ARSI 2800 07-36-00-N  39-28-00-E
222346 DWO71 Tdurum  Aphara AGEW AWI 2540 10-59-00-N  36-55-00-E
222600 DW111 Tdurum  Amhara SOUTH GONDAR 3000 11-43-00-N  38-27-00-E
222732 DW126 Tdurum — Amhara NORTH SHEWA 2740 09-51-00-N  39-45-00-E
208180 DW188 Tdurum — oomia ARSI 2420 07-10-00-N  39-14-00-E
231547 DW204 Tdurum 5 omia ARSI 2400 07-50-00-N  39-34-00-E
238117 DW241 Tdurum oy MEHAKELEGNAW 1920 14-02-00-N  38-04-00-E
15358 DWO008 Tdurum 5 omia EAST SHEWA 2310 08-15-46-N  39-13-21-E
226327 DW138 Tdurum g\ np HADIYA 2590 07-17-00-N  37-53-00-E
231499 DW198 Tdurum 5 omia NORTH SHEWA 2853 09-16-00-N  38-40-00-E
222370 DW206 Tdurum — Aphara EAST GOJAM 2390 10-34-00-N  38-14-00-E
226209 DW132 Tdurum  Aphara SOUTH GONDAR 2700 11-59-00-N  37-37-00-E
226312-1 pwiaz-1 QUM Amhara NORTH SHEWA 2860 09-38-00-N  39-35-00-E
231589-2 DW213-2 QUM Amhara NORTH WELLO 2891 11-34-00-N  39-09-00-E
226351 DW143 Tdurum - 5romia ARSI 2800 08-22-00-N  39-57-00-E
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222533 DW105 Tdurum  Amhara NORTH GONDAR 2004 12-33-00-N  37-24-00-E
222568 DW108 Tdurum 5 omia WEST HARERGE 2030 09-13-00-N  41-07-00-E
226903 DW174 Tdurum 5 omia NORTH SHEWA 2510 09-01-00-N  38-56-00-E
227008 DW191 Tdurum — Amhara EAST GOJAM 2502 10-27-00-N  38-19-00-E
227009 DW192 Tdurum — 5omia ARSI 2995 08-19-00-N  39-55-00-E
7217 DW197 Tdurum 5 omia ARSI 1540 08-35-00-N  39-56-00-E
231536-2 DW200-2  dUPUM  Amhara NORTH SHEWA 3011 10-20-00-N  39-38-00-E
214366 DW044 Tdurum — Amhara NORTH SHEWA 3000 09-49-00-N  39-42-00-E
214377 DWO046 Tdurum 5 omia WEST SHEWA 2210 09-01-00-N  38-20-00-E
226301 DW135 Tdurum — 5omia WEST SHEWA 2590 09-22-00-N  38-03-00-E
8175 DW141 T.durum  gNNp EE'\AAE AAJQ TEMB 2780 09-34-00-N 39-29-00-E
227016 DW195 Tdurum 5 omia WEST SHEWA 2635 08-54-00-N  37-56-00-E
222613 DW113 Tdurum  Aphara SOUTH GONDAR 3130 11-39-00-N  38-27-00-E
20666-1 DWO014 Tdurum 5 omia DZARC NA NA NA
204470 DWO17 Tdurum — 5omia ARSI 2520 07-53-00-N  39-44-00-E
222629 DW116 Tdurum  Amhara SOUTH GONDAR 2850 11-38-00-N  38-28-00-E
226808 DW156 Tdurum  Amhara NORTH GONDAR 2840 12-45-00-N  37-32-00-E
214497 DW048 Tdurum  oomia ARSI 2720 08-04-00-N  39-37-00-E
226840 DW163 Tdurum — Aphara EAST GOJAM 2550 10-30-00-N  38-24-00-E
222632 DW117 Tdurum  Ahara SOUTH GONDAR 2850 11-36-00-N  38-33-00-E
208332-2 DWO045 Tdurum  Amhara NORTH SHEWA 2841 09-58-00-N  39-37-00-E
222608-2 pwilz2 UM Avhara SOUTH GONDAR 3051 11-39-00-N  38-27-00-E
204417 DW016 Tdurum — oomia ARSI 2730 08-23-00-N  39-56-00-E
204349 DWO012 Tdurum 5 omia BALE 2560 07-12-00-N  39-56-00-E
222578 DW110 Tdurum — 5omia EAST HARERGE 2410 09-28-00-N  41-48-00-E
226971-1 pwige-l UM oomia ARSI 2440 07-50-00-N  39-35-00-E
204411 DWO015 Tdurum — 5omia ARSI 2275 08-30-00-N  39-47-00-E
204392 DW013 Tdurum  oomia ARSI 2440 07-46-00-N  39-47-00-E
204482 DWO018 Tdurum 5 omia NORTH SHEWA 2890 09-19-00-N  39-16-00-E
204483 DWO019 Tdurum 5 omia NORTH SHEWA 2880 09-24-00-N  39-16-00-E
204562 DWO030 Tdurum - 5omia NORTH SHEWA 2500 08-56-00-N  38-59-00-E
204563 DWO031 Tdurum — 5omia NORTH SHEWA 2500 08-56-00-N  38-59-00-E
212561-1 DWO036 Tdurum  Amhara NORTH SHEWA 2680 10-25-00-N  39-16-00-E
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212561-2 pwose2 UM Amhara NORTH SHEWA 2681 10-25-00-N  39-16-00-E
214490 DW047 Tdurum  Amhara NORTH GONDAR 2720 13-10-00-N  37-52-00-E
214515 DW049 Tdurum — Amhara EAST GOJAM 2560 10-48-00-N  38-03-00-E
7208 DWO055 Tdurum — Amhara EAST GOJAM 2200 10-28-00-N  38-14-00-E
214571 DWO056 Tdurum — Aphara EAST GOJAM 2200 10-13-00-N  38-02-00-E
DZARC DZ002 Tdurim  h7ARC DZARC NA NA NA

215276 DWO063 Tdurum  Ahara NORTH SHEWA 2920 09-57-00-N  39-44-00-E
222360 DWO075 Tdurum — Amhara EAST GOJAM 2550 10-39-00-N  38-10-00-E
DZARC DZ007 Tdurim  p7ARC DZARC NA NA NA

222503 DW100 Tdurum  Ahara NORTH GONDAR 2400 13-04-00-N  37-48-00-E
222508 DW101 Tdurum  Amhara  NORTH GONDAR 2550 12-58-00-N  37-45-00-E
222514 DW102 Tdurum  Aphara NORTH GONDAR 2660 12-52-00-N  37-44-00-E
222619 DW114 Tdurum  Amhara SOUTH GONDAR 3040 11-38-00-N  38-32-00-E
222627 DW115 Tduruim  Amhara SOUTH GONDAR 2850 11-38-00-N  38-28-00-E
226093 DW129 Tdurum  Amhara SOUTH WELLO 2570 10-45-00-N  38-45-00-E
226245 DW133 Tdurum oy SOUTH AWI 2687 13-30-00-N  39-33-00-E
226342 DW140 Tdurum — 5omia EAST SHEWA 2755 08-32-00-N  38-52-00-E
208293-1 Dwid22 UM oo DZARC NA NA NA

226354-1 DWi45-1 QUM 5mia ARSI 2400 07-50-00-N  39-34-00-E
226356 DW146 Tdurum  oomia ARSI 2440 07-50-00-N  39-35-00-E
226807 DW155 Tduruim  Amhara NORTH GONDAR 2840 12-45-00-N  37-32-00-E
226830 DW159 Tdurum  Aphara EAST GOJAM 2480 10-14-00-N  38-03-00-E
226834 DW160 Tdurum — Aphara EAST GOJAM 2460 10-21-00-N  38-13-00-E
222413 DWO086 Tdurum — 5omia ARSI 2430 07-44-00-N  39-53-00-E
226838-2 pwiez2 UM Aphara EAST GOJAM 2510 10-25-00-N  38-12-00-E
226844 DW164 Tdurum  Aphara EAST GOJAM 2580 10-37-00-N  38-11-00-E
226888 DW173 Tdurum  Ahara NORTH SHEWA 2720 09-46-00-N  39-10-00-E
216648 DW177 Tdurum 5 omia ARSI 2570 07-01-00-N  38-56-00-E
226958 DW180 Tdurum  Aphara NORTHGONDAR 2927 12-55-00-N  37-47-00-E
208746-22  DW185 Tdurum - 5omia ARSI 2780 08-22-00-N  39-57-00-E
226978 DW189 Tdurum 5 omia ARSI 2420 07-10-00-N  39-14-00-E
203724 DW194 Tdurum  oomia ARSI 2520 07-53-00-N  39-44-00-E
231536-1 DW200-1 QUM Amhara NORTH SHEWA 3010 10-20-00-N  39-38-00-E
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231573 DW207 Tdurum — Amhara EAST GOJAM 2510 10-38-00-N  38-10-00-E
231585 DW209 Tdurum — Ahara NORTH WELLO 2920 11-34-00-N  39-09-00-E
231586 DW210 Tdurum — Amhara NORTH WELLO 2820 11-34-00-N  39-09-00-E
214537-1 pw214-1 UM Aphara NORTH WELLO 2260 11-35-00-N  39-04-00-E
231594 DW217 Tdurum  Aphara NORTH WELLO 2780 11-31-00-N  39-05-00-E
236974-1 Dw227-1 UM omia ARSI 2850 07-19-00-N  39-16-00-E
236986 DW234 Tdurum  Ahara NORTH SHEWA 2010 09-30-00-N  39-20-00-E
238122 DW246 Tdurum ooy MEHAKELEGNAW 1750 13-04-00-N  39-35-00-E
238127 DW251 Tdurum  rigray EAST AWI 2930 14-30-00-N  39-50-00-E
5739-1 DW258 Tdurum oy MEHAKELEGNAW  NA NA NA
238138 DW259 Tdurum oy MEHAKELEGNAW 2180 12-09-00-N  38-08-00-E
521610 co01 Tdurum — ciMMYT  CIMMYT NA NA NA
521637 C002 Tdurum ciMMYT  CIMMYT NA NA NA
537861 C003 Tdurum ciMMYT  CIMMYT NA NA NA
547732 C004 Tdurum — ciMMYT  CIMMYT NA NA NA
547734 C005 Tdurum  ciMMYT  CIMMYT NA NA NA
547919 C006 Tdurum — c)MMYT  CIMMYT NA NA NA
547944 Co07 Tdurum ciMMYT  CIMMYT NA NA NA
547944 Co08 Tdurum — cMMYT  CIMMYT NA NA NA
547949 €009 Tdurum ciMMYT  CIMMYT NA NA NA
547973 C010 Tdurum ciMMYT  CIMMYT NA NA NA
548022 co11 Tdurum — c)MMYT  CIMMYT NA NA NA
548091 Co12 Tdurum ciMMYT  CIMMYT NA NA NA
548465 Co13 Tdurum — cMMYT  CIMMYT NA NA NA
548474 co14 Tdurum  ciMMYT  CIMMYT NA NA NA
548636 Co15 Tdurum ciMMYT  CIMMYT NA NA NA
548642 Co16 Tdurum — cMMYT  CIMMYT NA NA NA
548644 co17 Tdurum  ciMMYT  CIMMYT NA NA NA
527306 co18 Tdurum — cMMYT  CIMMYT NA NA NA
521278 C019 Tdurum — cMMYT  CIMMYT NA NA NA
537883 020 Tdurum — cMMYT  CIMMYT NA NA NA
537883 co21 Tdurum  ciMMYT  CIMMYT NA NA NA
537893 C022 Tdurum — cMMYT  CIMMYT NA NA NA
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538013 C023 Tdurum  ciMMYT  CIMMYT NA NA NA
538044 C024 Tdurum — ciMMYT  CIMMYT NA NA NA
538123 C025 Tdurum — ciMMYT  CIMMYT NA NA NA
531727 C026 Tdurum  ciMMYT  CIMMYT NA NA NA
531800 co27 Tdurum — cMMYT  CIMMYT NA NA NA
531517 C028 Tdurum  ciMMYT  CIMMYT NA NA NA
547914 C029 Tdurum — ciMMYT  CIMMYT NA NA NA
547919 C030 Tdurum — ciMMYT  CIMMYT NA NA NA
547963 C031 Tdurum  ciMMYT  CIMMYT NA NA NA
547973 C032 Tdurum — c)MMYT  CIMMYT NA NA NA
547988 C033 Tdurum  ciMMYT  CIMMYT NA NA NA
547989 C034 Tdurum — ciMMYT  CIMMYT NA NA NA
547989 C035 Tdurum ciMMYT  CIMMYT NA NA NA
548017 C036 Tdurum ciMMYT  CIMMYT NA NA NA
548030 C037 Tdurum — ciMMYT  CIMMYT NA NA NA
548030 C038 Tdurum  ciMMYT  CIMMYT NA NA NA
548097 C039 Tdurum — c)MMYT  CIMMYT NA NA NA
548462 C040 Tdurum ciMMYT  CIMMYT NA NA NA
548465 co41 Tdurum — cMMYT  CIMMYT NA NA NA
548605 C042 Tdurum ciMMYT  CIMMYT NA NA NA
548605 C043 Tdurum ciMMYT  CIMMYT NA NA NA
548633 C044 Tdurum — c)MMYT  CIMMYT NA NA NA
548642 C045 Tdurum ciMMYT  CIMMYT NA NA NA
548667 C046 Tdurum — cMMYT  CIMMYT NA NA NA
548690 co47 Tdurum  ciMMYT  CIMMYT NA NA NA
548699 C048 Tdurum ciMMYT  CIMMYT NA NA NA
548152 C049 Tdurum — cMMYT  CIMMYT NA NA NA
541942 C050 Tdurum  ciMMYT  CIMMYT NA NA NA
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Table S2. Summary of ANOVA of the effects of accessions (A), treatments (T), and accession by treatment interaction (AxT).

Trait Treatment Effect F value P-value Trait  Treatment Effect F value P-value
FNS versus FDS A 5.31 <.0001 PH FNS versus FDS A 11.53 <.0001
T 151.93 <.0001 T 216.9 <.0001
GB AXT 3.66 <.0001 AXT 6.51 <.0001
CCNS versus CCDS A 2.93 <.0001 CCNS versusCCDS A 6.53 <.0001
T 732.67 <.0001 T 25.37 <.0001
AXT 1.25 0.034 AXT 0.96 0.62
DH FNS versus FDS A 10.33 <.0001 SL FNS versus FDS A 7.87 <.0001
T 22.62 <.0001 T 85.99 <.0001
AXT 2.78 <.0001 AXT 6.04 <.0001
CCNS versus CCDS A 3.43 <0.0001 HI FNS versus FDS A 1.33 0.0001
T 5.35 0.02 T 0.93 0.336
AXT 1.02 0.42 AXT 1.14 0.053
DGF FNS versus FDS A 4.39 <.0001 CCNS versus CCDS A 2.23 <.0001
T 1222.3 <.0001 T 222.04 <.0001
AXT 1.68 <.0001 AXT 1.18 0.091
CCNS versus CCDS A 1.6 <0.0001 SPS FNS versus FDS A 4.63 <.0001
T 2628.65 <0.0001 T 96.97 <.0001
AXT 1.13 0.15 AXT 2.77 <.0001
DM FNS versus FDS A 2.04 <.0001 CCNS versus CCDS A 3.42 <.0001
T 156.28 <.0001 T 37.49 <.0001
AXT 1.36 <.0001 AXT 0.79 0.967
CCNS versus CCDS A 2.53 <0.0001 TKW FNS versus FDS A 6.28 <.0001
T 3501.45 <0.0001 T 56.98 <.0001
AXT 1.25 0.04 AXT 2.17 <.0001
SPAD FNS versus FDS A 4.07 <.0001 CCNS versusCCDS A 4 <0.0001
T 0.02 <.0001 T 279.07 <0.0001
AXT 0.89 <.0001 AXT 131 0.01
CCNS versus CCDS A 2.79 <.0001
T 193.84 <.0001
AXT 0.85 0.895

FNS: Field non-stress; FDS: Field drought stress; CCNS: Climate chamber non-stress; CCDS: Climate chamber drought stress.
GB: Grain biomass, DH: Days to heading, DM: Days to maturity, DGF: Days too grain filling, SPAD, PH: Plant height, SL:
Spike length HI: Harvest index, SPS: Seed per spike, TKW: Thousand kernel weight.

Table S3. Linkage disequilibrium decay (LD) for the study panel (SP) of 285 accessions based on 11,919 SNPs.

Chromosome LD decay in Mb
1A 3.13
1B 3.81
2A 6.13
2B 7.62
3A 7.38
3B 7.13
4A 147
4B 5.86
5A 6.18
°B 4.44

139



SUPPLEMENTARY FILES

Chromosome LD decay in Mb
6A 341

6B 2.37

A 3.6

7B 4.22

Overall LD value at (r2 > 0.15) 5.01

Critical (r2>0.2) LD value 4.78

Table S4. Identified significant (-logl0p > 4) marker trait association (MTA) for grain yield and related traits under drought
stress and non-stress conditions in the durum wheat study panel. Gray shade showed significant MTAs at FDR 5%.

Effect %

SN Trait Trt SNP Chr__ Alleles  Position st LCI HCI LOD  size PVE
1 GB FDS Kukri_c43410_348 1A AlG 498819507 495694477 501944537 | 7.00 2.97 2.08
2 GB FDS Tdurum_contig10785_2433 2A T/IC 12102513 5969113 18235913 4.41 -2.03 1.89
3 GB FDS RFL_Contig5015_668 3B T/IC 423382012 416256124 430507900 5.14 4.10 3.76
4 GB FDS Excalibur_c8208_993 3B AIG 752483046 745357158 759608934  4.82 2.35 2.85
5 GB FDS Tdurum_contig76578_537 5A AlG 110830599 104655367 117005831 | 8.20 5.57 5.54
6 GB FDS BS00015136_51 5B CIT 17863912 13427657 22300167 6.67 -3.07 417
7 GB FNS BS00037020_51 4B GIT 599279630 593416763 605142497  4.10 3.84 2.99
8 GB FNS Kukri_c9520_288 5B T/IG 458315917 453879662 462752172 | 6.26 5.43 2.45
9 GB FNS wshp_Ex_c3940_7144946 6B AlG 508076861 505703728 510449994  4.38 5.86 413
10 GB FNS BS00077891_51 A T/IG 641532101 637937043 645127159 4.31 -3.43 1.92
11 GB CCDS  BS00021995_51 1B T/IC 110067743 106256279 113879207  4.91 -0.14 6.62
12 GB CCDS  wsnp_CAP8_rep_c4452_2170021 1B T/IC 534692880 530881416 538504344 | 5.92 0.17 5.38
13 GB CCDS IACX1369 2A T/IC 578301307 572167907 584434707 4.16 0.23 2.73
14 GB CCDS IAAV2576 2A AIG 747379314 741245914 753512714 | 5.53 -0.14 1.50
15 GB CCDS  Ku_c39003_290 4B GIT 566937979 561075112 572800846  4.94 0.17 3.60
16 GB CCDS  tplb0056005_409 4B AlC 664648757 658785890 670511624  4.11 0.14 4.24
17 GB CCDS  BobWhite_rep_c48815_538 5A AlG 436213158 430037926 442388390 4.11 -0.10 4.61
18 GB CCDS  Kukri_c22967_1272 5B AIG 422232900 417796645 426669155  4.87 -0.13 4.61
19 GB CCNS  wsnp_CAP11_c543_375403 1B AlG 534692879 530881415 538504343 = 6.11 -0.38 8.95
20 GB CCNS  1AAV4191 4B G/IA 562470112 556607245 568332979 | 6.44 0.50 6.12
21 GB CCNS  Tdurum_contig52015_1568 7A CIT 3077629 3595058 6672687 4.97 -0.45 4.60
22 DH FDS BS00094681_51 1A T/IC 368023048 364898018 371148078 | 20.17 -9.85 112
23 DH FDS RAC875_c63624_753 1B CIT 10778560 6967096 14590024 4.91 -0.71 3.97
24 DH FDS tplb0052d08_1158 2A CIT 716955222 710821822 723088622 = 5.66 1.24 2.04
25 DH FDS RAC875_c16752_283 2B T/IC 731958769 724139202 739778336 = 6.44 -0.76 1.63
26 DH FDS BS00010659_51 4B T/IC 541269142 535406275 547132009 = 5.54 -0.87 1.62
27 DH FNS Ex_c6028_1602 1B CIT 311945021 308133557 315756485  4.54 1.02 2.73
28 DH FNS TA001195-0515 4A AlC 47760186 46286166 49234206 5.00 -0.91 1.15
29 DH FNS wshp_Ex_c58286_59646499 4A T/IC 514104964 512630944 515578984 | 7.70 -5.44 3.18
30 DH FNS I1AAV2346 5B GIA 17863862 13427607 22300117 5.18 -0.86 3.76
31 DH CCDS  Excalibur_c12819 216 1A CIT 580841266 577716236 583966296  4.05 -1.96 2.64
32 DH CCDS  Ex_c16090_1439 6B CIT 4048852 1675719 6421985 414 -2.35 3.96
33 DH CCDS  RACB875_rep_c74471_125 6B CIA 5570509 3197376 7943642 4.12 -2.34 3.71
34 DH CCDS  Tdurum_contig54525_2045 6B CIT 527683877 525310744 530057010  4.49 -4.15 5.39
35 DH CCDS  Excalibur_c3336_1007 6B T/IC 527687474 525314341 530060607  4.48 -3.39 5.48
36 DH CCDS  BobWhite_c520_181 6B CIT 527845738 525472605 530218871  4.48 -3.39 5.48
37 DH CCDS  Tdurum_contigl7582_178 6B T/IC 528550943 526177810 530924076  4.11 -3.47 4.48
38 DH CCDS  Tdurum_contig76473_357 6B T/IC 529134631 526761498 531507764  4.27 -3.71 5.54
39 DH CCDS  Tdurum_contigd2629_2594 6B GIA 531531212 529158079 533904345  4.49 -4.15 5.39
40 DH CCDS  wsnp_RFL_Contig4236_4881643 B AlG 616616464 612394582 620838346  4.16 2.53 4.55
41 DH CCNS  Ra_c18323 183 1B GIA 381876470 378065006 385687934 = 6.69 -1.78 3.26
42 DH CCNS  wsnp_CAP11_c543_375403 1B AlG 534692879 530881415 538504343  4.43 1.25 8.95
43 DH CCNS  CAP11_¢3226 221 2B CIT 768263080 760443513 776082647  5.88 1.48 6.01
44 DH CCNS  BS00093063_51 6B T/IC 4650326 2277193 7023459 6.41 -2.93 4.90
45 DH CCNS  BS00040415_51 7B GIA 161692387 157470505 165914269  5.14 1.00 3.67
46 DGF FDS Excalibur_c22768 811 1A T/C 531344066 528219036 534469096  4.64 0.61
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Effect %
SN Trait Trt SNP Chr__ Alleles  Position st LCI HCI LOD  size PVE
47 DGF FDS Ex_c16691_96 1B GIA 379469519 375658055 383280983  4.23 0.74 3.36
48 DGF FDS Ra_c18323_183 1B GIA 381876470 378065006 385687934  4.24 0.74 3.26
49 DGF FDS RACB875_c26469_480 2B CIT 66718832 58899265 74538399 4.96 1.48 4.02
50 DGF FDS Tdurum_contig92997_676 4B G/A 492236533 486373666 498099400 | 6.57 -1.14 4.44
51 DGF FDS Tdurum_contig48179_1051 6A GIA 20001658 16594482 23408834 6.77 -0.66 4.60
52 DGF FNS BS00108242_51 1A GIA 6060158 2935128 9185188 4.71 0.48 3.32
53 DGF FNS BS00065324_51 1A T/IC 495875504 492750474 499000534 | 5.48 -0.54 1.85
54 DGF FNS wshp_Ku_c17322_26392311 1A T/IC 520098848 516973818 523223878  4.29 0.50 1.48
55 DGF FNS Kukri_rep_c69810_502 1B CIT 462815112 459003648 466626576 | 5.56 -0.99 1.62
56 DGF FNS BS00021710_51 1B AIG 555772857 551961393 559584321 | 8.80 -1.35 2.58
57 DGF FNS wshp_Ex_c64005_62987067 3B T/IC 740008335 732882447 747134223  4.80 0.45 0.59
58 DGF FNS wshp_Ex_c19207_28125072 4A CIT 605552785 604078765 607026805 = 6.19 0.61 1.76
59 DGF FNS Kukri_rep_c116526_98 5A CIT 112213041 106037809 118388273 | 7.08 -0.69 3.29
60 DGF FNS I1AAV7384 6A GIT 451613919 448206743 455021095 | 7.17 -0.69 3.32
61 DGF FNS BS00003760_51 B AlG 547800081 543578199 552021963 = 6.03 1.00 3.31
62 DM FDS wshp_RFL_Contig3881_4265086 1A G/A 579774985 576649955 582900015 = 6.21 -0.72 2.82
63 DM FDS RAC875_c63624_753 1B CIT 10778560 6967096 14590024 9.65 -0.74 5.52
64 DM FDS tplb0028k07_1268 2B CIT 477041458 469221891 484861025 | 7.54 0.94 4.38
65 DM FDS RACB875_rep_c69241_454 4A AlG 100948177 99474157 102422197  4.33 -0.50 1.28
66 DM FDS RAC875_c96675_51 6B GIA 582709596 580336463 585082729 = 5.63 0.74 2.00
67 DM FDS Excalibur_c9083_981 7A AlG 697027966 697027966 700623024  9.80 1.66 2.48
68 DM FNS wsnp_BE445121A Ta 1 8 1A T/IG 52277305 49152275 55402335 6.11 1.27 1.59
69 DM FNS Tdurum_contig50555_944 1B G/A 13558276 9746812 17369740 5.05 0.56 3.92
70 DM FNS Tdurum_contig28305_106 1B AIG 419925976 416114512 423737440 4.91 -0.73 4.76
71 DM FNS Excalibur_c7964_1290 4B GIA 485705797 479842930 491568664  4.74 -0.67 4.88
72 DM FNS Ex_c6870_1704 A T/IC 263513525 259918467 267108583 | 5.82 1.00 3.15
73 DM FNS CAP7_c12333_392 7A CIT 558401058 554806000 561996116  4.52 -0.60 2.40
74 DM FNS JD_c149 3175 A CIT 663974573 660379515 667569631  5.05 0.76 2.47
75 DM CCNS  1AAV9048 5B GIA 356154255 351718000 360590510 4.41 -1.74 2.80
76 PH FDS wsnp_Ex_c25730_34991010 1A AIG 570723895 567598865 573848925 4.41 -0.88 1.47
77 PH FDS RAC875_c61801_262 2B CIT 66725082 58905515 74544649 5.21 2.19 2.45
78 PH FDS wsnp_Ex_c5123_ 9087869 2B CIT 683879232 676059665 691698799  4.63 1.15 3.51
79 PH FDS Tdurum_contig50596_825 3A AlC 6451139 100000 13831545 4.82 -2.70 2.84
80 PH FDS Excalibur_c15848_960 3A GIA 457068370 449687964 464448776 | 8.72 -1.36 2.75
81 PH FDS Tdurum_contigl1967_234 6B CIT 460348769 457975636 462721902  4.94 1.03 2.40
82 PH FNS Tdurum_contig15440_616 2B TIC 21617081 13797514 29436648 4.04 1.17 271
83 PH FNS RFL_Contig2277_1527 4B CIT 12573269 6710402 18436136 8.77 -5.11 3.93
84 PH FNS Tdurum_contig53125_1716 6B T/IC 606965578 604592445 609338711  4.79 1.35 2.47
85 PH FNS Excalibur_c33259_1379 7A AlG 80864397 80864397 84459455 9.46 3.20 4.78
86 PH FNS Ku_c25443_1454 B G/IA 693074448 688852566 697296330 | 7.93 4.06 453
87 SPAD  FDS Excalibur_c5592_178 2B CIT 28481500 20661933 36301067 4.42 -2.38 2.27
88 SPAD  FDS RAC875_c18928_529 2B CIT 769794873 761975306 777614440 4.21 -0.83 0.15
89 SPAD  FDS Kukri_rep_c115927_102 4B T/IC 546670085 540807218 552532952  4.58 -1.15 1.17
90 SPAD  FDS RFL_Contig2597_451 6B CIT 689680372 687307239 692053505  4.04 0.82 0.11
91 SPAD  FNS CAP11_rep_c7878_143 1A G/A 1197117 800000 4322147 4.96 0.89 0.36
92 SPAD  FNS BS00066336_51 1A GIT 338991825 335866795 342116855 | 6.36 1.30 4.10
93 SPAD  FNS BS00033469_51 1A GIT 464926602 461801572 468051632  4.69 0.97 2.47
94 SPAD  FNS BS00040968_51 1A CIA 472637059 469512029 475762089  4.62 0.88 1.33
95 SPAD  FNS CAP12_c1979_117 1A AlG 507881110 504756080 511006140 = 7.25 1.09 4.09
96 SPAD  FNS Kukri_c47131_569 1A T/IG 559929847 556804817 563054877  4.07 -0.77 151
97 SPAD  FNS CAP11_c5573_163 1A GIA 582981061 579856031 586106091  4.12 0.80 1.91
98 SPAD  FNS Tdurum_contig46647_623 1B GIA 664162432 660350968 667973896 = 6.47 -1.02 2.38
99 SPAD  FNS BS00062869_51 2A GIA 759800700 753667300 765934100 5.25 0.78 1.85
100 SPAD FNS Tdurum_contig55335_316 3A CIT 165087117 157706711 172467523  4.00 -0.64 2.16
101 SPAD  FNS Kukri_c36207_91 4B GIA 605263129 599400262 611125996  5.05 0.96 1.78
102 SPAD  FNS Kukri_c25454_496 6B GIA 684809294 682436161 687182427 | 5.47 -0.91 1.98
103 SPAD CCDS  wsnp_BG274294B Ta 2 3 1B T/IC 535359528 531548064 539170992  5.16 -3.78 4.33
104 SPAD CCDS BS00022775_51 1B AlG 606172193 602360729 609983657  4.23 8.80 3.64
105 SPAD CCDS BS00022486_51 2B T/G 120783180 112963613 128602747 = 6.00 4.24 2.26
106 SPAD CCDS  wsnp_Ex_c46217_51790399 5B CIT 486724593 482288338 491160848 | 5.87 -10.15 1.55
107 SPAD CCDS  Ku_c19745 892 7A GIA 704957655 704957655 708552713  5.08 -3.60 4.01
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Effect %
SN Trait Trt SNP Chr__ Alleles  Position st LCI HCI LOD  size PVE
108 SPAD CCNS  wsnp_CAP7_rep_c12606_5316797 2B AlG 130854626 ~ 123035059 138674193  5.13 4.43 3.32
109 SPAD CCNS  Tdurum_contig29027_92 6A G/A 46731194 43324018 50138370 4.88 -3.17 4.05
110 SPAD CCNS  Excalibur_c28771_400 6B CIT 222325710 219952577 224698843  4.83 417 6.33
111 SPAD CCNS  Kukri_c25082_328 6B T/IC 611585740 609212607 613958873  4.11 4.64 2.20
112 SPAD CCNS BS00071558_51 7A T/IC 621795323 621795323 625390381  4.04 -2.78 2.76
113 SPAD CCNS RACB875_c21489 908 7B CIT 618427783 614205901 622649665  5.11 4.55 4.47
114  SL FDS Tdurum_contig10208_452 2B TIG 1343174 7819567 9162741 4.64 -0.13 1.76
115 SL FDS Excalibur_c9206_671 3B T/IC 17838629 10712741 24964517 4.25 -0.09 1.30
116 SL FDS BobWhite_rep_c64247_261 3B AlC 44966830 37840942 52092718 4.32 -0.09 5.69
117 SL FDS Excalibur_c15838_535 5A AlG 52717033 46541801 58892265 4.53 -0.12 3.03
118 SL FDS Kukri_rep_c116526_98 5A CIT 112213041 106037809 118388273 | 5.50 0.14 3.14
119 SL FNS BS00022133_51 1B CIA 437062132 433250668 440873596  4.55 -0.45 3.66
120 SL FNS Kukri_rep_c117487_334 2B GIA 70922954 63103387 78742521 6.68 0.39 0.27
121 SL FNS Ex_c30319_438 4A G/A 176911148 175437128 178385168 | 7.66 -0.49 11.83
122 SL FNS wshp_Ex_c5839_10246915 7A CIT 709145347 709145347 712740405  4.46 0.16 1.89
123 SL FNS Excalibur_rep_c67533_78 7B CIA 144904755 140682873 149126637  4.87 0.18 3.47
124 SL FNS BS00059062_51 B T/IC 530193276 525971394 534415158 = 5.49 -0.37 0.11
125 sSL FNS Kukri_rep_c70697_875 B AlG 599182331 594960449 603404213  4.04 0.12 2.49
126 SL CCDS  BS00040739_51 3B GIA 751656033 744530145 758781921  4.06 0.28 2.58
127 SL CCDS  wsnp_Ex_rep_c103148_ 88169427 5B GIA 121692572 117256317 126128827 | 6.56 -0.40 3.87
128 SL CCDS  wsnp_BF473658B_Ta_2_1 5B AlG 124910471 120474216 129346726  4.15 3.32 2.80
129 SL CCDS  wsnp_RFL_Contig4236_4881643 B AIG 616616464 612394582 620838346  4.60 0.39 4.55
130 SL CCNS  wsnp_Ra_c48924_54032104 3B T/IC 739991587 732865699 747117475  5.07 -0.36 3.46
131 SL CCNS  wsnp_Ex_c9928_16346945 4A T/IG 6689936 5215916 8163956 4.12 0.36 2.87
132 SL CCNS  wsnp_CAP8_c954_618139 4A GIA 563579589 562105569 565053609 = 5.55 0.52 3.74
133 SL CCNS  wsnp_Ex_c53170_56501500 5B CIT 636914479 632478224 641350734  5.15 0.84 1.08
134 SL CCNS  BS00065680_51 6B CIA 76313985 73940852 78687118 4.30 0.40 1.75
135  SPS FDS Tdurum_contig27880_75 2B GIA 521954141 514134574 529773708  4.70 0.82 0.86
136 SPS FDS RAC875_c60169_200 3B GIA 25269809 18143921 32395697 431 0.88 0.03
137 SPS FDS Excalibur_c33274_498 3B CIT 748882411 741756523 756008299  4.21 0.53 0.97
138 SPS FDS wshp_JD_c4413 5541607 3B GIT 752482037 745356149 759607925 |« 5.91 0.72 1.94
139 SPS FDS Tdurum_contig48766_257 5A CIT 405258364 399083132 411433596  4.84 0.66 0.72
140  SPS FNS Tdurum_contig51167_534 1A AlG 545579418 542454388 548704448  4.15 1.02 3.71
141 SPS FNS BS00043055_51 2B CIT 15805908 7986341 23625475 5.32 0.76 2.16
142 SPS FNS RAC875_c60169_200 3B GIA 25269809 18143921 32395697 4.94 1.19 0.03
143 SPS FNS Tdurum_contig55751_315 3B T/IC 752251753 745125865 759377641 | 6.56 0.82 3.00
144  SPS FNS Tdurum_contig65805_1015 5A AlG 263157191 256981959 269332423  4.97 141 3.56
145  SPS FNS BS00062617_51 5B T/IC 21615066 17178811 26051321 4.06 -0.91 0.61
146 SPS FNS Ra_c4568_960 6A AlC 608840780 605433604 612247956  4.08 -1.31 2.19
147 SPS CCDS  Excalibur_c14911 976 1B TIC 558560978 554749514 562372442 531 -3.20 3.31
148  SPS CCDS RACB875_c34231_812 4A T/G 610380471 608906451 611854491  4.36 -1.74 6.68
149 SPS CCDS  BS00067983_51 6B AlC 659033636 656660503 661406769  4.17 1.03 8.02
150  SPS CCDS RACB875_c55351_223 7A T/IC 13039779 9444721 16634837 4.42 2.34 4.59
151 SPS CCDS  GENE-4703_160 A AIG 212424376 208829318 216019434  4.25 1.34 5.61
152 HI FDS Ra_c2895_591 1A GIT 454315618 451190588 457440648 | 6.61 -1.34 4.64
153 HI FDS Tdurum_contig33207_282 1B AlG 348260183 344448719 352071647 551 2.31 5.05
154 HI FDS TA004947-0758 1B AlC 348593655 344782191 352405119 | 5.92 2.53 5.16
155 HI FDS BobWhite_c2022_245 2A GIA 29222931 23089531 35356331 4.29 1.07 1.13
156 HI FDS Tdurum_contig42013_538 2A T/IC 771226463 765093063 777359863  4.50 -1.58 2.16
157 HI FDS Excalibur_c7964_1290 4B G/IA 485705797 479842930 491568664 | 5.77 1.12 4.37
158 HI FDS RAC875_c13394_924 6A AlG 3084526 700000 6491702 4.69 -0.91 2.78
159 HI FDS Excalibur_rep_c70364_129 6B T/IC 539467780 537094647 541840913 5.25 1.77 5.82
160 HI FDS JD_c1201_631 7A T/G 663956092 663956092 667551150  4.81 -1.82 2.26
161 HI FNS Excalibur_c9149_1789 1B GIT 559835637 556024173 563647101 4.62 -1.26 3.52
162 HI FNS Kukri_c36879_83 2B AlG 96408120 88588553 104227687 | 6.01 2.70 2.50
163 HI FNS Kukri_c33640_640 3A CIT 630286793 622906387 637667199 = 5.53 -1.26 2.67
164 HI FNS BobWhite_c4089_73 4A AlG 577090263 575616243 578564283 « 7.78 1.80 4.38
165 HI FNS Tdurum_contig76578_537 5A AlG 110830599 104655367 117005831 | 6.64 2.45 6.90
166 HI FNS Kukri_c14679_1082 6A GIA 12639100 9231924 16046276 4.60 1.56 0.62
167 HI FNS wsnp_Ex_c7907_13427724 6B AIG 115175100 112801967 117548233 | 8.35 2.47 0.77
168 HI FNS wshp_BF293311B Ta 2 3 6B CIA 439365045 436991912 441738178 | 5.43 1.17 2.78
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169 HI FNS Tdurum_contig14075_328 A T/IC 59620092 59620092 63215150 4.05 1.35 1.78
170 HI CCDS  Tdurum_contig57927_171 1B GIA 624061642 620250178 627873106  4.27 0.06 6.39
171 HI CCDS  Tdurum_contig57927_460 1B GIA 624061931 620250467 627873395  4.27 0.06 6.39
172 HI CCDS  Tdurum_contigl8326_142 3A CIT 733922818 726542412 741303224  4.55 -0.08 10.61
173 HI CCNS  RACB875_c8045_231 2B T/IC 197538224 189718657 205357791 | 5.93 0.03 4.59
174 HI CCNS  BS00052057_51 3B GIA 748670433 741544545 755796321  4.83 -0.02 3.90
175 HI CCNS  Tdurum_contigl0759_260 5A GIA 535739588 529564356 541914820 4.28 0.03 0.94
176 HI CCNS  Kukri_c34173 518 5B CIT 528635625 524199370 533071880 4.24 -0.02 3.96
177 HI CCNS  wsnp_Ex_c3858_7011837 6B T/IC 407630784 405257651 410003917 | 6.01 -0.02 2.61
178 HI CCNS  Tdurum_contig52015_1090 A AIG 3076769 3076769 6671827 6.01 -0.04 4.78
179 TKW FDS Excalibur_c16851_835 1B GIA 14884193 11072729 18695657 5.99 0.83 4.03
180 TKW FDS BobWhite_c29596_649 2B AIC 703333584 695514017 711153151 | 5.94 1.26 2.63
181 TKW FDS I1AAV5564 4B AlG 655250234 649387367 661113101  4.16 0.72 0.67
182 TKW FDS Tdurum_contig47033_367 5B CIT 657289470 652853215 661725725  4.06 -0.72 1.59
183 TKW FDS wsnhp_Ku_c22358_ 32187765 6A G/IA 526408675 523001499 529815851 = 8.52 -1.10 417
184  TKW FDS wsnp_CAP11_c639_424059 A CIT 715946364 715946364 719541422 | 7.55 -2.35 3.98
185  TKW FNS RACB875_rep_c107984_187 4A T/IC 735878452 734404432 737352472  5.19 -1.36 4.92
186 TKW FNS Excalibur_rep_c101314_252 5B CIT 438003877 433567622 442440132  4.10 -0.70 3.79
187 TKW FNS Tdurum_contig28010_191 6A CIT 546197082 542789906 549604258  4.39 -0.99 2.75
188 TKW  CCDS  Tdurum_contig56331_545 2B CIA 91076191 83256624 98895758 1127 -9.96 8.24
189 TKW  CCNS  Kukri_c12534_559 1A T/IG 26057000 22931970 29182030 4.12 -1.30 6.57
190 TKW  CCNS  Tdurum_contig82242_224 3B CIT 27343778 20217890 34469666 6.56 2.75 0.06
1901 TKW  CCNS  wsnp_Ex_c2639_4899517 3B AlG 675141992 668016104 682267880  4.45 2.73 2.89

* Favorable alleles are in bold. MTA significant at FDR 5% was shown by gray color. Trt: Treatment, FDS: Field drought stress,
FNS: Field non-stress, CCDS: Climate chamber drought stress, CCNS: Climate chamber non-stress. Chr: durum wheat
chromosome representing A and B genome. Pos. (Mb?): physical position of SNP markers based on the recently released
annotated sequences of durum wheat (cv. Svevo) RefSeq Release 1.0 and according to the International Durum Wheat Genome
Sequencing Consortium (IDWGSC) of durum wheat (cv. Svevo) genome reference sequence (Maccaferri et al. 2019). LOD:
logarithm of odds, LOD values with gray shade is significant at FDR 5%, %PVE: percentage of phenotypic variance explained.
Lower class interval (LCI) and higher class interval (HCI).
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Table S5. Summary of significant (-logl0p > 4) QTLs for grain biomass and related traits under drought stress and non-stress
conditions in the durum wheat study panel. QTLs, Trait assciated with, co-localized trait(s), Treatment, SNP marker,
and QTL intervals for identified and the reported QTLs in bp.

Trait .
. All  Positio Effec %
Co-localized QTL Reported QTL
QTL . N Trt  SNP marker Chr e n N LOD t N
interval(s) (b
associa trait(s) les  (bp) (s) (bp) size PVE QTL interval(s) (bp)
ted
start End
1 GB DGF FDS  Kukri_c43410_348 1A A/G 499E+08 4.96E+08 5.02E+08 7.00 297 208 -
2 GB DM FDS Excalibur_c8208_993 3B A/G 423E+08 4.16E+08 4.3I1E+08 482 235 2.85 QT|708937(5Y- 419638287.563008547
Soriano et al 2017
QTLO777_GY-
Mengistu_et_al__2016
3 GB SL,SPS FDS RFL_Contig5015_668 3B T/IC 752E+08 7.45E+08 7.6E+08 5.14 4.0 376 QTLM99 3B- 734725082.74831497,
- 781655762..789335527
Maccaferri_et_al._2008
b,
4 GB SL FNS BS00037020_51 4B G/T 567E+08 56IE+08 5.73E+08 4.10 384 299 QTUBSS—AB- 533539066..587851058
- Milner et al. 2016
QTLI677_4B-
5 GB SL CCDS Ku_c39003_290 4B G/T 5.99E+08 593E+08 6.05E408 4.94 0.17 3.60 P atil et _al 2013 599963582..613362327
6 GB HI|,DM, SPAD CCDS tplb0056005_409 4B A/C 6.65E+08 659E+08 6.7IE+08 411 014 424 - o
QTLI606_6B-
7 GB SPAD FNS wsnp_Ex_c3940_7144946 6B A/G 5.08E+08 5.06E+08 5.1E+08 438 586 4.3 " 455758746..530320764
Marcotuli_et_al._2017
QTLO741 GY-
8 GB SL FNS BS00077891 51 7A  TI/G 6.42E+08 6.38E+08 645E+08 4.31 -343 192 . 637203569..651255097
Mengistu_et_al__2016
QTLIBI_1A-
9 DH FDS BS00094681 51 A T/C 368E+08 3.65E+08 3.7IE+08 20.17 -985 112 " 18114055.461341317
Milner_et_al._2016_
QTLI620_1B-
0 DH FNS Ex_c6028_1602 B C/T 3.2E+08 3.08E+08 3.16E+08 4.54 102 273 " 88740151.398680744,
Milner_et_al._2016_,
QTL192_2A-
i DH TKW FDS tplb0052d08_1158 2A C/T 7.07E+08 7.11IE+08 7.23E+08 566 124 2.04 Giunta_et_al._2018, 731958793.751045514
Zaim etal. 2020
QTL0576_HD-
Maccaferri_et_al__2011, 25942682.56387718,
2 DH SL,SPAD FNS TAO001195-0515 4A  AJC 47760186 46286166 49234206 5.00 -0.91 15 OTLI33_4A- 40374238.442770858
Milner et al. 2016
QTLO576_HD-
B DH FNS wsnp_Ex_c58286_59646499 4A  T/C 5.M4E+08 513E+08 5.16E+08 7.70 -544 3.8 " 25942682..56387718
Maccaferri_et_al__2011
4 DH HI FDS BS00010659 51 4B T/IC 541E+08 535E+08 547E+08 554 -0.87 162 QTL0590_HD- 180052042.533539162
Maccaferri_et_al__2011
QTL1962_6B-
Roncallo_et_al._2018, 914.10891491
5 DH GB,SPAD,SL,HI CCDS RACB875_rep_c74471 125 6B C/A 5570509 3197376 7943642 4.12 -2.34 3.71 QTLO6L_HD- 6048149.22240725
Maccaferri_et_al__2011
3} DGF DGF FDS Ra_c18323_183 B G/A 3.82E+08 3.78E+08 3.86E+08 4.24 0.74 3.26 QTITOSGS*GFI} 542.14703065
Soriano_et_al__2017
i DGF SL FNS wsnp_Ex_c64005_62987067 3B T/C 7.4E+08 7.33E+08 747E+08 480 045 059 -
B DGF SPS, TKW,SPAD FNS BS00003760_51 7B A/G 548E+08 544E+08 552E+08 6.03 100 331 -
19 DM DH,DGF,PH,SL FDS RAC875_c63624_753 B C/T 10778560 6967096 14590024 9.65 -0.74 552 -
20 DM SPAD FDS tplb0028k07_1268 2B C/T 477E+08 469E+08 4.85E+08 7.54 0.94 438 -
21 DM HI FDS RAC875_rep_c69241 454 4A A/G 101E+08 99474157 102E+08 4.33 -050 128 Ei;:gisiitlja'\lﬂrzoﬂ 70018656..442770858
2 oM CCNS 1AAV9048 58 G/A 356E408 352E408 36IE48 441 -174 280 -
23 DM SPS FDS Excalibur_c9083_981 7A  AIG 264E+08 26E+08 267E+08 9.80 166 248 -
24 DM FNS Ex_c6870_1704 7A  TIC 6.97E+08 6.93E+08 7.0IE+08 582 100 3.5 QTLO?ZQ_DM- 718407476..728024500
Mengistu_et_al__2016
25 PH FDS wsnp_Ex c25730_34991010 A AIG 571E+08 568E+08 5.74E408 441 -0.88 147 (Manganietal.2021)
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26

27

28

29

42
43
44
45
46
47
48
49
50
51
52
53
54
55

56

57
58

59

60
61

62

63

64

65
66
67

30
31
32

33

34

35
36

37
38
39
40
41

68

69

70

PH

PH

PH

PH

SPAD
SPAD
SPAD
SPAD
SPAD
SPAD
SPAD
SPAD
SPAD
SPAD
SPAD
SPAD
SL

SL

SL

SL
SL

SL

SL
SL

SPS

SPS

SPS

SPS
SPS
SPS
HI1

HI

HI

HI
HI
HI
HI

HI1
HI
HI
HI

TKW

SL,DH,GB,DGF,SPS FNS

SL

SPAD

DGF
DGF,DM, SPS, HI
HI,GB, DM, DH
HI

DH
DM, HI

PH
DH,SL
DGF,PH

DM

GB,HI,DGF
SPAD

TKW, SPAD

TKW, DH, HI

DGF

GB, HI

FNS

FNS

FNS
FNS
FNS
FNS
FNS
CCNS
FNS
CCDS
FNS
CCNS
CCNS
CCNS
FNS
FNS

FDS

FDS
CCDS

FNS

FNS
FNS

FDS

FNS

SPAD,DGF,SPAD,PHFDS

HI
SPS, TKW,SPAD

SPAD,DH

DGF,DH,GB, SP AD

DH,SPS
GB,SL, TKW

DH, HI

FNS
CCDS
CCDS

FDS
FDS
CCDS

FDS

FDS

CCNS
FNS

CCNS
FNS
FNS
CCNS
FNS

CCDs

CCNS

FNS

Tdurum_contig15440_616

Tdurum_contig11967_234

Excalibur_c33259_1379

Ku_c25443_1454

BS00066336_51
BS00033469_51
Kukri_c47131 569
CAP 11 ¢5573_163
BS00062869_51

2B

6B

BE555

wsnp_CAP7_rep_c12606_5316797 2A

Tdurum_contig55335_316
wsnp_Ex_c46217_51790399
Kukri_c25454_496
Excalibur_c28771 400
Kukri_c25082_328
RACB875_c21489_908
Kukri_rep_c117487_334
Ex_c30319_438

Excalibur_c15838_535

Kukri_rep_c116526_98
wsnp_BF473658B_Ta_2_1

wsnp_Ex_c5839_10246915

Excalibur_rep_c67533_78
BS00059062_51

Tdurum_contig27880_75

BS00043055_51

Excalibur_c33274_498

Ra_c4568_960
BS00067983_51
GENE-4703_160

Ra_c2895_591
TA004947-0758
Tdurum_contig57927_460

BobWhite_c2022_245

Tdurum_contig42013_538

RAC875_c8045_231
Kukri_c33640_640

Tdurum_contig10759_260
wsnp_Ex_c7907_13427724
wsnp_BF293311B_Ta_2_3
wsnp_Ex_c3858_7011837
Tdurum_contig14075_328

Tdurum_contig56331 545

wsnp_Ex_c2639_4899517

RAC875_rep_c107984_187

2B
3A
5B
6B
6B
7B
2B
4A

5A

5A

A

7B
7B

2B

3B

6A

2A

2B
3A

5A
6B
6B
6B
A

2B

3B

4A

TIC

cIT

AlG

GIA

GIT
GIT
TIG

GIA
GIA
AIG
cIT
cIT
GIA
cIT
TIC

cIT
GIA
GIA

AIG

cIT
AIG

cIT

CIA
TIC

GIA

cIT

cIT

AlC
AlC
AlG

GIT
AlC
GIA

GIA

TIC

TIC
cIT

GIA
AlG
CIA
TIC
TIC

CIA

AIG

TIC

21617081

4.6E+08

80864397

6.93E+08

3.39E+08
4.65E+08
5.6E+08
5.83E+08
6.24E408
7.6E+08
131E+08
165E+08
4.87E+08
2.22E+08
6.85E+08
6.1BE+08
70922954
177E+08

52717033

112E+08
125E+08

7.09E+08

145E+08
5.3E+08

5.22E+08

7.49E+08

6.09E+08

6.12E+08
6.59E+08
2.12E+08

4.54E+08
6.24E+08
3.49E+08

29222931

7.71E+08

198E+08
6.3E+08

5.36E+08
115E+08
4.08E+08
4.39E+08
59620092

91076191

6.75E+08

7.36E+08

13797514

4.58E+08

80864397

6.89E+08

3.36E+08
4.62E+08
5.57E+08
5.8E+08
6.2E408
7.54E+08
123E+08
158E+08
4.82E+08
2.2E+08
6.82E+08
6.4E+08
63103387
175E+08

46541801

106E+08
12E+08

7.13E+08

141E+08
5.26E+08

5.14E408

7.42E+08

6.05E+08

6.09E+08
6.57E+08
2.09E+08

4.51E+08
6.2E+08
3.45E+08

23089531

7.65E+08

19E+08
6.23E+08

5.3E+08
113E+08
4.05E+08
4.37E+08
59620092

83256624

6.68E+08

7.34E+08

29436648

4.63E+08

84459455

6.97E+08

3.42E+08
4.68E+08
5.63E+08
5.86E+08
6.28E+08
7.66E+08
139E+08
172E+08
4.91E+08
2.25E+08
6.87E+08
6.23E408
78742521
178E+08

58892265

1I1BE+08
129E+08

7.13E408

149E+08
5.34E408

5.3E+08

7.56E+08

6.12E+08

6.14E+08
6.61E+08
2.16E+08

4.57E+08
6.28E+08
3.52E+08

35356331

7.77E408

2.05E+08
6.38E+08

5.42E408
1I8E+08
4.JE408
4.42E+08
63215150

98895758

6.82E+08

7.37E408

6.36
4.69
407
4.2

5.25
5.13

4.00
587
547
483
4.1

5.1

6.68
7.66

5.50
4.5

487
5.49

4.08
4.7
4.25

6.61
592
427

429

4.50

593
5.53

8.35
543
6.01
4.05

nz27

19

o

i

103

3.20

4.06

130
097
-0.77
0.80
0.78
443
-0.64
-10.15
-0.91
4.17
4.64
455
0.39
-0.49

0.14
332

0.16

0.18
-0.37

0.82

0.76

0.53

-131
103
134

-134
253
0.06

107

-158

0.03
-126

0.03
247
i
-0.02
135

-9.96

273

-136

2.40

4.78

453

4.0
247

191
185
3.32
2.6
155
198
6.33
2.20
447
0.27
183

3.03

3.4
2.80

189

347
0

0.86

2.16

097

2.19
8.02
561

464
5.16
639

1B

2.6

459
267

0.94

0.77
278
261
178

(Arifetal. 2020,
Chaietal. 2020

QTLO81_P H-
Mengistu_et_al__2016,
(Huetal. 2015
Manganietal.2021)
(Huetal.2015;

Chaietal. 2021

(QTLO625_PH-
Maccaferri_et_al__2011;
Chaiet al. 2021)

Huang etal. 2018
Huang etal. 2018
Huangetal. 2018
Huangetal. 2018
Huangetal. 2018
Huangetal. 2018
Huetal 2015

Huang etal. 2018
Huang etal. 2018
Huangetal. 2018
Huangetal. 2018
Huangetal. 2018
Huetal 2015

Huetal 2015
QTLO168_P H-
Giraldo_et_al__2016,
QTL0628_P H-
Maccaferri_et_al__2011,
QTL0940_P H-
Soriano_et_al__2017,
QTLO0625_P H-
Maccaferri_et_al__2011
Huetal 2015
QTL2046_7B-
Thanh_et_al._2013,
Huetal 2015

Huetal 2015

Huetal 2015
QTLO766_KNS-
Mengistu_et,
QTLIB46_2B-
Roncallo_et_al._2018
QTLIB99_3B-
Roncallo_et_al._2018
QTL1961 6A-
Roncallo_et_al._2018,
QTLLR297_6A-
Giunta_et_al._2018
QTLO723_KNS-
Mangini_et_al__2018
QTLI979_7A-
Roncallo_et_al._2018
Arifetal. 2020
QTLI837_2A-
Roncallo_et_al._2018
QTLI695_2A-
Peleg_et_al._2009b

2016,

QTLI712_6B-
Peleg_et_al._2009b
Arifetal 2020
Arifetal 2020

Arifetal. 2020
QTLO683_TKW-
Mangini_et_al__2018

QTLO686_TKW-
Mangini_et_al__2018

QTLO695_TKW-
Mangini_et_al__2018

551574028.601098612,

693115214..70394 1212

613838400..630533637,
693115214..703941212,
691900103..702547875,
693115214..703941212

459321833..538036086

12382976..24935557,
41975105..70601229
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80154046.591261191

42019483..139081270
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720935666..736870383
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Relationship among environments
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Figure S1 Biplot analysis for the relationship among environments explained 74.40% variation by PCA1 and PCA2, where
drought stress sites closely clustered and high yield potential sites were grouped.
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Figure S2 Box plots of the means of yield and related traits of durum wheat accessions under non-stress and drought stress
conditions. FNS: Field non-stress, FDS: Field drought stress, CCNS: Climate chamber non-stress = 70% soil water capacity
(SWC), CCDS: Climate chamber drought stress = 20% SWC. GB: Grain biomass, DH: Days to heading, DGF: days to grain
filling, DM, Days to maturity, PH: Plant height, SPAD. The middle line indicates the median, the box indicates the range of the
25th and 75th percentiles of the total data, the whiskers indicate the interquartile range, and the outer dots are outliers.
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Figure S3. Boxplots of the means of yield-related traits of durum wheat accessions under non-stress and drought stress
conditions. FNS: Field non-stress, FDS: Field drought stress, CCNS: Climate chamber non-stress = 70% soil water capacity
(SWC), CCDS: Climate chamber drought stress = 20% SWC. SL: Spike length, SPS: Seed per spike, TKW: Thousand kernel
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weight, HI: Harvest index. The middle line indicates the median, the box indicates the range of the 25th and 75th percentiles of
the total data, the whiskers indicate the interquartile range, and the outer dots are outliers.

Q
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Distance (bp)

Figure S4. Biplot of pairwise SNPs for genome-wide linkage disequilibrium (LD) decay. Genetic distance in bp is plotted against
the LD estimate (r?) for pairs of markers. The red solid curve represents the smoothing spline regression model fitted to LD
decay. The horizontal blue dashed line represents the r? value of the genome (r* = 0.15), and the vertical red dashed line
represents the physical distance at (5.0 Mb) at which the r? intersects with the LD decay curve. The horizontal yellow line
represents the standard critical r? value of the genome (r? = 0.20), the vertical yellow dashed line represents the genetic distance
(4.78 Mb) at which the standard critical r? intersects with the LD decay curve.
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Figure S5. Manhattan plots for yield-related traits under FNS condition using GAPIT in R (Lipka et al. 2012). The X-axis
represents the physical position of the SNPs on the chromosomes, and the Y-axis shows the —log;op. MTA

significant at —log;gp > 6 (solid green line).
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Figure S6. Manhattan plots for yield-related traits under FDS condition using GAPIT in R (Lipka et al., 2012). The X-axis
represents the physical position of the SNPs on the chromosomes, and the Y-axis shows the —logop. MTA
significant at —log;gp > 6 (solid green line).
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Table S1. Least Squares Means (Ismeans) comparison of drought tolerance indices based on grain yield of durum wheat study
pan el under FDS and FNS conditions combined from three seasons (2016-2018). Yellow formatting indicates top five
selected accessions based on combined ranks of DSI, RDI, TOL and YSI (A), as well as based on combined ranks of
STl and GMP (B).
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Pedigree, GY_FNS: Lsmeans of grain yield from FNS treatments at (Holeta and Debre zeit), GY_FDS: Lsmeans of grain yield
from FDS treatments at (Dera and Melkassa), DSI: Drought susceptibility index, RDI: Relative drought index, STI: Stress
tolerance index, GMP: Geometric mean productivity, TOL: Tolerance index and YSI: Yield stability index. Drought indices
values and their respective ranks were indicated.
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Table S2. Marker trait associations (MTAs) were detected at (-log;pp > 4.0) for drought indices calculated from grain yield and
traits that were significantly (p < 0.001) positively correlated with grain yield under FDS and FNS.

LOD =
-log10p  Effect

SN SNP Marker” Trait Chr Allele® St Pos. LCI [bp) HCl[bp) =4.0° size PYE Annotation®’
1__ DGF-GMP 14 AIG 71307z 216,602 12144856 4.03 0oz 000
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5 Ku_c2885 1189 SPSSTI 4B AIG  EP4186079 69,151,952 E79180206  4.03 006 00

6 GEMNE-3606_315 GY¥-5TI B4 Cla 1504827 76,490,700 86518954  4.20 005 0o

W Ku_C2397_2156 H-GMP 54 AIG 10103750 96.395.623 106423877  4.82 097 08

115 [Errnlcer e e e =-S5 TI B4 AIG 110830599 105,216,472 115844726 (728 o 001 UNCA3-like protein
19 Tdurum_contigr8578_537 SPAD-GMP 54 AN T0830539 05,516,472 THS44726 456 1M 204 UNCI3-like protein
20 Tdurun_contigr8576_537 SPSGMP 54 AIG  TI0830599 105,816,472 TES44726  [E100 126 687 UNCI3-like protein
21 Tdurun_contigr6578_537 H-GMP  B& AIG 110830539 105,816,472 15644726 |E.89 212 274 UNC33-like protein
122 Tdururm_contio?8578_537 HI-STI B4 AIG 110830599 105,816,472 115844726 (8,21 008 000 UNC33-like protein
3 Kukri_rep_cTIE526_98 GY-GMP  5A CIT 112213041 W7, 9891 22768 (613 333 17.00 Protein MODIFIER OF SNCT1G
24 Babwhite_rep_c63343_76 SPS-STI 54 GIT 510385096  505.370.969 515399223 4.35 003 002

25 BS00085232_51 TRW-TOL 54 AIG 519584476 513570349 523599603 (B8 181 184

16 RFL Caortig3629_MES SPAD-FDI 54 TIC  B393M345 634,297,210 644325472 4.42 004 000

7 GY-GMP 5B Gia 17863862 12849735 22877989 4.91 270 21®

PR AAVIIE GY-5TI BB Gia 17863862 12.849,735 22677989 (639 008 o0

129 Excalibur_c58520_78 SPSGMP 5B ANG 26805943 21791821 F1820075 445 050 082

130 BS00064575 51 THW-TOL 5B TIG 438028156 4330029 443042283 5.30 07z 207

131 |FECEEiCeece el O5F-vSl 5B TIC 545984975 540,970,848 550999102 4.08 001 000

132 RACETE_CZZ281 475 DEF-TOL 5B TIC 545934975 540,970,848 550999102 4.39 07 M

133 Tdurum_contigB8236_E70 DGF-RDI 5B Gia  B35337156 B30.373.029 640351283 4.39 003 000

134 RACS?S_c13394_ 974 HI-DSI B4 ANG 30845265 (1929607 BO98E53 469 09 143

135 |EENENEET Tw-STI BA GRs B25722832 520708705 530736959 [E45 004 000

136 GEMNE-4052_ 33 TRW-GMP B4 Gis 525722832 G20708.705 530736959 5.30 087 18

137 RACETS rep c113731 95 SPS-GMP BA TIC  BETIITIT 562,897 610 572925864 4T 0.56 113
ike protein kinaze Family
138 DGF-vSl BB CIT 36557072 542945 41571139 429 -0.01 000 protein

like protein kinase famnily

138 Tdurum_contighi3ss_g27 DGF-RDl BB CIT 38557072 1542345 4571139 504 002 000 protein
like protein kinage family

MO0 Tdurumn_contight3g3_627 DGF-TOL BB CIT 38557072 542345 4157139 B2 085 457 pratein

Wl RFL_Corligiadd_291 SPAD-STI BB GIT  WIIZE3 136,018 042 WEO46295  4.23 003 000

"z DGF-¥Sl 6B CM4 490377946 485363819 495392073 (779 0| 000

3 RFL_Contigh050_341 DGF-ROCI BB Ci4 490377946 485363819 495392073 4.38 o1 0o

WA werp Ex_c3940 7144346 GY-GMP BB AMG 508076961  BO3062734 513090983 [B6S 520 2191 DNA topoisomerase 2

W5 Excalibur_rep 70364 129 HI-DSI BB TIC 539467780 534 453E53 544481907 525 177 220

HE TKw-DSI BB Gfa 58038375  FRIOZ4.848 573053102 5.05 008 oo

M7 wsrp BE495396E_Ta_ 2 2 TKw-RDI BB Gia 5038975  E63074.848 573053102 4.29 003 000

WS wsrp BE495396E_Ta_ 2 2 TKw-¥Sl 6B Gis 58038975  B6I.024.848 573053102 544 003 000

149 _HI—TDL BB AIG 623193591 §18,179.454 620207708 |B.69 204 432

B0 BS00054535_51 HI-RDI BB AIG  B23133531 B1%.179.454 £2820770% 6,35 005 000

51 BS00054535 51 HI-¥S BB AIG  B23193591 §13,179,454 B2820770% |B.86 004 000

B2 BS000T479_51 SPAD-GMP BB CfT  G38909369  E33895.242 643973496 4.36 074 125

153 [REEFESSE I =F40-STI BB Gia  G34525167 E7A51040 £R9525294 [EFF 005 0o

54 Kukri_c338_109 SPAD-GMP BB Gia  EBB4525167 7951040 6835329234 |5.63 068 157

55 BS00054475 51 GY¥-5TI BB CIT 688744513  EA3730386 R93760R40 451 006 00

6 Ku_c20100_1745 SPAD-GMP 74 TIC 172269 [4341858) 51965396 4.28 088 107

157 RACETS_c2Bai7_1067 HI-RDI 76 TIC B30 1133899 1162163 452 004 000
Cutochrome P450

55 Excalibur_c24593_1217 GY-ROI 74 CIT 772195 2707368 12735622 G4l 006 001 Family protein, expressed

159 Tdurumn_contigd9143_205 DGF-TOL 74 AIG 82560391 77546264 B75TASIS B.2B 064 366

B0 |ESOIEESTAIST THw-DSI 74 TIC 86330753 81316632 91344895 [G.25 noe 0o

61 BSO0046977_51 TEwW-RDl 74 TIC 86330759 §1316,632 91344895 659 004 000

62 BSO0046977_51 TEwW-¥Sl 74 TIC 86330753 §1316,632 91344895 [5.38 003 000

%3  Excalibur_cl0563 523 HI-¥SI A AIG 229915390 224901264 234929518 4.26 a0 000

64 [KUCEE T H-GhP FA TG 345776283 340,762,156 350790410 698 175 167

®/E  Ku_c3251 103 HI-STI 7 TIG  34E776283 240762156 350790410 I0.37 no0s 000

55 |BECEEeplc ol SPS-GhP FA TIC 373453584 368439457 37S4677N GER 103 094

67 RACETS_rep_c73l0l 932 SPS-STI 74 TIC 373453534 368439457 37E4ETTN (8.0 nog 0o

B2 JD_cl201 631 HI-DSI 74 TIG  GRIYSE092  ESA941965 GRASFOZ1 481 182 220

5o [ERCEUN e Tew-YSE FA AN BS5T24B00 BS07I0GTI 690738327 400 00z 000

70 Excalibur_c39817_332 TEW-RDI 74 AIG 685724800 690,710,673 690738927 4.69 003 000

71 BS000334532_51 H-GWP 74 TIC  B92749406 687,735,279 97763533 4.31 14 149

72  BobWhite C21375_234 Gy-GMP  FA CIT 693389984 686,375,857 693404111 [5EG 480 1359

73 wsnp_Ex_cT6_1767286 TEwW-STI 74 TIC  70795M05 702947279 712975533 427 003 000

74 wanp_Ex_c5333 10246315 GY-GMP  FA CT 70945347 704131220 T4IEM4TL 492 290 Ol

75 BobWhite c25527 313 SPS-STI 74 AIG 709195412 704791285 4209539 4.3 005 000

75 |EXCaiiBUrcsondanraal H-GhP TB AIG 5953677 939,550 10967204 |G 151 177

177 Excalibur_c50044 743 HI-STI 7B AIG 5953677 939550 10967804 |GG no0s 000

75 |EENESSEEZNTH I Hi- s FE CIT 60072237 55,058,110 B5086364  4.43 005 0.00

79 GEME-4862_TI04 HI-ROI 7B CIT 60072237 55058110 EE0S6364  4.22 005 0.00

180 Kukri_cT390_709 GY-ROI 7B AIG 374379 58729152 BE7S7406 4.8 005 0.0

181 RACETS_C2108_2179 DGF-STI 7B GIT 8791170 82905043 92933297 |GER 002 000

182 wsnp_BF2008918_Ta_2_1 HI-STI 7B TIC 97175905 92761738 102190052 415 005 000

183 Tdurum_contigdE58_345 GY-GMP 7B CIT  BEIFI7F774  B56.793.647 GESSTO0T  [EEG 281 2

184 Bobwhite_c2892_211 TEw-TOL 7B CIT 700021350  B95.007.223 705035477 5.4 177 223

2SNP marker: Significant SNP markers associated with two or more drought indices traits are indicated in blue color, Traits (GY:
Grain yield, DGF: Days to grain filling, SPAD, SPS: Seed per spike, HI: Harvest index and TKW:Thousand kernel weight,DSI:
Drought susceptibility index, RDI: Relative drought index, STI: Stress tolerance index, GMP: Geometric mean productivity,

160



SUPPLEMENTARY FILES

TOL: Tolerance index and YSI: Yield stability index). Chr: chromosome, ®Major alleles are bold and positioned at the start. St.
Pos.: Start position, LCI: Lower class interval, and HLI: Higher class interval of the SNP marker in bp. LOD (The likelihood of
odds value) =-logl0p > 4.0 MTAs significant at FDR 5% is highlight in gray color, Effect size, % PVE: Percentage of
phenotypic variance explained and Annotation®: Annotation of SNP markers associated with drought tolerance and major alleles
with positive effect size on trait.

Table S3. Significant (-logygp > 4.0) MTAs grouped into QTLs for drought indices calculated from grain yield (GY) and traits
that were significantly (p < 0.001) and positively correlated with grain yield under FDS and FNS. The chromosomes
interval of the hotspots is indicated by a red rectangle.

QTL_Trait Associate Clustered trait(s) SHP marker Chr by #* PYE Reported QTL QTL Position
1 DGF-ROI DGF-GMP, DGF-D3S1 Ku_c8510_303 1 0.oo
z SP3-3TI Tdurum_contigB352_300 1 26,330,023 .. 0.00
3 SPAD-ROI wonp_CaP1Z_c2d35_1150601 1 37,655,344 32641217 42 663,471 0.00
4 HI-GMP wonp_RFL_Contig2185_1520256 14 7040273 BE026.146  TEOS4.400 195
5 HI-OSI Gv-ROl Fia_c2835_531 1 454 315,615 449301491 459323745 224
B SPAD-STI SPAD-GMP ES00033463_51 1 464,926 602 459912475 463,940,723 131
60.25,80.13, 5107,
B0.25,61.41,60.25, 61.89,

T Gy-5TI Bib'white_c12568_200 1 483577474 d4¥E563347 48853160 0.071 Qazeem et al., 2013 and 63.53 cM
g SPAD-YSI SPaD-0s1 BE000227T55_5 1 508,253,530 503233463 513267717 0.00
3 SPS-3TI Gv-ROl Tdurum_contigiHET_534 n 545573415 540565231 550533545 0.01
10 T -GMP Kukri_c30_1353 1 STE.ET.043 567856916 _ST7.a55170 0.686
il SPAD-GMP SPS-GMP CAPT_cS5T3_163 1 582,361,061 577966334 | S87.335.165 B4
12 SPS-D3S1 SP3-vSl, SPS-ROI RACSHTS_c63624_153 1B 10,778,560 5,764,433 B 0.0
13 HI-GMP HI-STI. HI-0SI Tdurum_contigFI20_as2 1B 348,260,183 343246056 353,274,310 1.03
1 Gy'-ROI Tdurum_contig@5337_17 B 3817637 37603510 386131764 0.01
= DGF-ROI Biobwhite_c26850_7T5 B 522063544 517043417 527077671 0.01
16 DGF-5TI IAAY2E1 B E32532296 B27518163  B37.546423 0.00 Dashtiet al., 2007
17 SPAD-STI wenp_Ex_c1058_2020681 B BB3,991.372 E63977.245 674,005453 0.071 Diazhtiet al, 2007
15 GY-GMP GY-STI, OGF-STI Tdurum_contigl0Tas_2433 25 12,102,513 7,088,386 17116640 14.53
h=l HI-OSI Biob'white_c2022_245% 28 23,222,331 24,208,804 34.237.058 124
i HI-TOL HI=v3S1. HI-ROI 1A ANERSE zh 436,602,328 433785201 503516455 275
1 SPS-GMP SPS-GMP ES0006EE07_51 2R 525433400 SZ04E65.273 530513527 101
frcd SPS-GMP IACH313 Zh 533,681,335 528800208 S35.825462 101
frac} HI-TOL IAAYETIE Zh 675,632,865 A70.815,736 650846330 283
24 HI-ROI Hi-vSI Excalibur_c6650_T46 2h 605,065,621 600,051,634 630,673,948 0.00
25 SPS-3TI Excalibur_C20335_138 2h ToT.621502  v52607,37S 762635623 0.00 Ballesta et al., 2015
26 HI-OSI Tdurum_contigd2013_538 2h TT.226.463  TEE 212 336 V76,240,550 195
27 SPS-GMP Excalibur_s757_1057 2B 15,643,691 m 20,657,518 0.80
28 TKW-DS1 TEM-ROI RACETE_c4314_995 2B 49,648,750 54,662,877 0.01 Sukumaran etal 2018 75,87 oM
29 SPAD-DOSI wenp_Ex_C2343_ 7541003 2B ST.I73.E7T 52,165,550 62,193,804 07

Ballesta et al, 2013,
30 TKW-TOL Kukri_c366T3_83 Z6 96,408,720 91333933 01422297 271 Sukumaran et al. 2018 12,18, 22, T6-85 oM
al DGF-v3l RACETS_ <8045 231 2B 197.535.224 132524037 202552351 0.00
3z DGF-3TI FFL_Contigl3sT_s440 2B 546427607 541413450  S914d41734 0.00
33 SPAD-STI BE00104667_51 2B 677,350,622 672336435 632964743 0.00
34 Gy'-GMP HI-GMP wenp_Ku_c3301_16433072 2B 603.061.6656 670,067,533 600,095,733 M.v2
39 THW-3TI TkWw-GMP, SPS-D3I, SPS-v3l, SPS-ROI Biob'whits_c23536_643 2B 703,333,584  635,319.457 70834771 0.00 Ballesta et al., 2015
36 SPAD-STI Fa_c5004_2032 2B 720,400,852 TI5,386,725 725414573 0.01
kx TEW-GMP wonp_Ex_ci0d441_ 17076655 2B 750,924,664 745,910,537
38 SPS-GMP SPS-STI, TKiW-Y'SI, TRiW-ROL, TRM-DSI Tdurum_contighs335_316 3A 165,087,117 160,072,330
39 SPAD-YSI SPAD-GMP wenp_Ku_rep_cT04T3_T0O73622 3R 520,517 515097330 525125644 0.00
40 TKW-TOL ET00033925_51 34 534691493 529677366 539705620 203 Sukumaran et al 2013 4, 40,43, 66 =M
41 SPAD-GMP EE00108055_51 36 517360060 512345933 5223741687 142 Dashtiet al, 2007
47 OGF-vS1 wanp_Ex_cG418 357551 36 588,723,822 583,709,635 533737343 0.00
43 DGF-DSI DGF-ROI Ex_c4157_£35 3B 633,747,523 654.733.402 654751656 0.00
dd SPS-3TI Gv-3TL. Gv-GMP wsnp_JD_c4413_5541607 3B To2.482,057  T4T4ET.910  TST.436.16¢4 0.00
45 DGF-3TI BE00041537_51 3B 798,367,010 7S3ITEEET  TE4.001,7 0.00
46 DGF-TOL 1AAYITTS LE 590,135,603 505,174,452 595,202,736 S5.20

Edaeetal 2014,
47 THYW-DS1 THW/-FOL TEA-'S1 Excalibur_c25633_113 4A B17.083.540  E12075413 622103667 0.01 Sukumaran et sl 2013 96 oM
48 HI-5TI RACETE_ 631351 4h 626,040,043 E£21025,922 631054176 0.00 Auif et al , 2020 44.51,100.51=M
49 Gy'-ROI E300054042_51 4h 709491543 TO4477416  T14.505670 0.01 Auif et al , 2020 B4.31cM
50 SPAD-GMP FFL_Contigb086_N36 a4h TIE843.776  TN829643 721857903 201
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Sh
Sh

SE
SE

727957603
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£33,903,369
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EGT.497.216
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544,481,307
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E43.923,436
689,533,294

655,744,513 683,730,386 693,758,640

172,263
7721435
52,560,391
86,330,753
223,915,391

345,776,203

373.453.584
E63,956,092
655,724,500
633,359,954

5,963,677
B3.743.279
879131770
97,175,925
BB3.797 774

700,021,350

172,263

77,546,264
81316632
224,301,264

340,762,156
363,433,457

£55,941,965
BE0.710.673
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91,53d4.586
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n.oz
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Figure S1. Scatter plot matrix showing the relationships among drought indices and grain yield (GY) from which drought
indiceswere calculated. GY_FNS: Grain yield Ismeans from FNS at (Holeta and Debre Zeit), GY_FDS: Grain yield
Ismeans from FDS at (Dera and Melkassa), DSI: Drought susceptibility index, RDI: Relative drought index, STI:
Stress tolerance index, GMP: Geometric mean productivity, TOL: Tolerance index and YSI: Yield stability index.
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Figure S2. Manhattan plots of single nucleotide polymorphism (SNP) markers-traits associations for drought susceptible index
(DSI), geometric mean productivity (GMP), relative drought index (RDI), stress tolerance index (STI), tolerance
index (TOL), and yield stability index (YSI) derived from grain yield (GY). The X-axis indicates 14 chromosomes
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from (left to right) and Y-axis represents -log;op value. Marker trait associations (MTAS) are significant at —log;gp > 6
(solid green line).
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Figure S3. Manhattan plots of single nucleotide polymorphism (SNP) markers-traits associations for drought susceptible index
(DSI), geometric mean productivity (GMP), relative drought index (RDI), stress tolerance index (STI), tolerance
index (TOL), and yield stability index (YSI) derived from days to grain filling (DGF). The X-axis indicates 14

chromosomes from (left to right) and Y-axis represents -log,op value. Marker trait associations (MTAs) are
significant at —log;gp > 6 (solid green line).
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Figure S4. Manhattan plots of single nucleotide polymorphism (SNP) markers-traits associations for drought susceptible index
(DSI), geometric mean productivity (GMP), relative drought index (RDI), stress tolerance index (STI), tolerance
index (TOL), and yield stability index (YSI) calculated from SPAD. The X-axis indicates 14 chromosomes from (left
to right) and Y-axis represents -log;op value. Marker trait associations (MTASs) are significant at —log;gp > 6 (solid

green line).
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Figure S5. Manhattan plots of single nucleotide polymorphism (SNP) markers-traits associations for drought susceptible index
(DSI), geometric mean productivity (GMP), relative drought index (RDI), stress tolerance index (STI), tolerance
index (TOL), and vyield stability index (YSI) derived from seed per spike (SPS). The X-axis indicates 14
chromosomes from (left to right) and Y-axis represents -log,op value. Marker trait associations (MTAs) are
significant at —log;gp > 6 (solid green line).
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Figure S6. Manhattan plots of single nucleotide polymorphism (SNP) markers-traits associations for drought susceptible index
(DSI), geometric mean productivity (GMP), relative drought index (RDI), stress tolerance index (STI), tolerance
index (TOL), and vyield stability index (YSI) derived from harvesting index (HI). The X-axis indicates 14
chromosomes from (left to right) and Y-axis represents -log;op value. Marker trait associations (MTAs) are significant
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Figure S7. Manhattan plots of single nucleotide polymorphism (SNP) markers-traits associations for drought susceptible index
(DSI), geometric mean productivity (GMP), relative drought index (RDI), stress tolerance index (STI), tolerance
index (TOL), and yield stability index (YSI) calculated from thousand kernel weight (TKW). The X-axis indicates
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14 chromosomes from (left to right) and Y-axis represents -log,op value. Marker trait associations (MTAS) are
significant at —log;gp > 6 (solid green line).
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