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1. Introduction 

1.1 General introduction 

Hordeum vulgare L. (cultivated barley) (Linde-Laursen et al. 1997; von Bothmer et al. 1995) 

is one of the major crop and a model species in the tribe Triticeae. Barley is the fourth major 

cereal crop after maize (Zea mays), rice (Oryza sativa) and wheat (Triticum aestivum) in 

terms of the total food production (http://faostat.fao.org/site/291/default.aspx (June 20 2008)). 

Barley is a self pollinating diploid species with large genome size (> 5 Gbp). It’s genome 

consists of highly repetitive elements and is almost twelve times the size of rice genome 

(Bennett and Smith 1976; Doležel et al. 1998; Wicker et al. 2008). Cultivated barley is diploid 

with 2n=14 chromosomes. Due to its diploid state and shared genome collinearity with other 

Triticeae species, barley became a model plant also for the hexaploid wheat. Barley is mainly 

used for feeding, malting, distilling and to less extent also as calorie food source for human 

consumption mainly in marginal areas with problematic soils and scant rainfall (Grando and 

Macpherson 2005). Barley has good adaptability to extreme and marginal conditions that has 

led to its widespread cultivation and distribution throughout the world (von Bothmer et al. 

1995). It was a main staple crop since its domestication and was used as food throughout the 

old world. Later, wheat replaced major areas of barley cultivation. In the oldest Roman 

literature, barley was described as an award given to the champions of the games (Andrew 

2008). The gladiators were called barley men or “hordearii” due to its rich dietary value. 

Barley with its good nutritional values is still used as a staple food in mountainous areas of 

Central Asia, in South-West Asia and Northern Africa including Ethiopia. The history of 

human civilization and barley domestication is closely interwoven. The earliest archeological 

remains of wild barley were found in the Fertile Crescent area, where the first signs of storing 

and use of wild cereals was reported (Diamond 1997; Kislev et al. 1992; Zohary and Hopf 

2000). Due to its vast morphological and environmental adaptability, many types of barley are 

grown throughout the world (von Bothmer et al. 2003a) and these are viz., winter, spring, 

two-rowed, six-rowed, awned, awnless, hooded, covered, naked, hull less, malting, feed and 

food types. 

Barley has been used for a variety of purposes and therefore has vast economic importance. 

Around 55-60% of barley is used for feed, 30-40% for malt, 2-3% for food and 5% for seed 

(Ullrich 2010). It is the major dietary source for ruminant and non ruminant livestock, poultry, 

and fish. Mostly feed barley varieties have higher yield than malting barley varieties. Yield 
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advantage of 10-20% is reported between the highest yielding feed and malting barley 

varieties (Blake et al. 2010). At Global level, an estimated 20 Mt of barley grain have been 

exported and imported annually in this century that accounts for about US$3 billion per year 

(Ullrich 2010). Significant (48%) increase in the value of malt export and imports was 

observed worldwide, from an average of US$1.35 billion in the year 2000 to about US$2.0 

billion in 2005 (Ullrich 2010). Global trend shows that the area under barley production is 

declining from 80 million hectares in the 1970s to less than 60 million hectares in 2008 

(Friedt et al. 2010). High yielding modern cultivars have ensured the continuous yield 

increase in almost all barley growing areas. However, abiotic and biotic stresses incur major 

losses to barley production and are the major focus areas in breeding programs in order to 

achieve further yield stability. 

1.2 Barley classification and domestication 

Barley belongs to the Poaceae family and Triticeae tribe along with wheat and rye. Barley is 

considered to be of monophyletic origin within the Pooideae subfamily of Poaceae (Blattner 

2004; Devos 2005, 2010; Jakob and Blattner 2006). Present cultivated barley (Hordeum 

vulgare L.) was domesticated along with other cereals ca. 10,000 years ago from its wild 

relative (Hordeum spontaneum (C. Koch) Thell or H. vulgare ssp. spontaneum) (Badr et al. 

2000; Bennett and Smith 1976; Kilian et al. 2009; Salamini et al. 2002).  

The genus Hordeum comprises of 32 species and 45 taxa. All Hordeum species have similar 

three single flowered spikelets at each rachis node called triplet (von Bothmer et al. 1995). 

Although Hordeum species share the same basic morphology, high levels of genetic diversity 

are found among the species (von Bothmer et al. 2003b). Some Hordeum species are annual 

(H. marinum Huds., H. murinum L. and H. pusillum Nutt) and some are perennials (H. 

bulbosum L. and H. brevisubulatum (Trin.) Link), most of them are inbreeding but some 

species show self-incompatibility (eg. H. bulbosum L. and H. brevisubulatum (Trin.) Link) 

(von Bothmer et al. 2003b).  

According to the gene pool concept of Harlan and de Wet (Harlan and de Wet 1971), 

Hordeum species have been grouped into three gene pools. The primary gene pool includes 

cultivated barley, and landraces along with their progenitor H. vulgare ssp. spontaneum. The 

secondary gene pool comprises of one species, H. bulbosum, and the rest of the species are in 

the tertiary gene pool that are mostly polyploids with tetraploid and hexaploid genome types 

(Harlan 1971; von Bothmer et al. 1995; von Bothmer et al. 2003b). Autoploidy is found in 
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two species, H. bulbosum and H. brevisubulatum. Most of the other polyploids are 

allopolyploids and majorly segmental allopolyploids (von Bothmer et al. 2003b). 

In the primary gene pool, cultivated and wild barley are sexually compatible and occasionally 

some feral hybrid types were found in the areas where they are growing alongside each other 

(Harlan 1971). The secondary gene pool, Hordeum bulbosum harbors many agronomically 

interesting genes but has been introgressed in the cultivated gene pool only in few instances 

e.g. for disease resistance and insect resistance. Hordeum bulbosum technique for doubled 

haploid production is widely used and exploited for chromosomal engineering, but is being 

replaced increasingly by anther and microspore techniques (Kasha and Kao 1970; Pickering 

and Johnston 2005; Sanei et al. 2011; Zeller 1998). 

Barley is one of the first domesticated crops in the Fertile Crescent (Badr et al. 2000; Kilian et 

al. 2009; Zohary and Hopf 2000). It was an important primary cereal in ancient Egypt and in 

Mesopotamia (Harlan 1995). In several pre-agricultural sites, wild barley grains have been 

found. At the shore of Sea of Galilee 21,000 years old wild barley remains were found (Kislev 

et al. 1992). Wild remains found at these sites were older than the domestication of barley and 

supports the theory that wild barley was collected by early humans even before the 

domestication. Earliest charred carbonized remains of domesticated barley are of two-rowed 

type (van Zeist 1970; Hillman et al. 1989), but six-rowed types appeared at Ain Ghazal at 

around 9000-8500 years ago (Rollefson et al. 1985; Willcox 1997). From the eastern Fertile 

Crescent sites of Ganj Dareh, Chogah Golan and Chia Sabz, mixtures of wild and 

domesticated barley were found. These samples were 10,500 calculated Before Present (B.P.) 

years old. In the location of Southern Levant, non-brittle barley with increased seeds size was 

found. It confirms the observation of wild barley presence along with the non-brittle types 

(Riehl et al. 2011; Tanno and Willcox 2011). All these findings conclude that domestication 

of barley was slow and involved several steps of selection. 

Wild barley (H. spontaneum) is distributed throughout the Fertile Crescent area. In addition to 

the primary habitats, H. spontaneum stands occur in eastern Mediterranean, Western Asia, 

Turkmenia and Eastern Afghanistan (Harlan and Zohary 1966) and also in secondary habitats 

such as Morocco and Abyssinia (Badr et al. 2000; Molina-Cano et al. 1987). 

Domesticated barley spread to Europe from the Mediterranean region, to Africa and eastwards 

through Iran and Afghanistan into India and China (Zohary and Hopf 2000). East Asian 
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barley differ from European and North African landraces as they have frequently naked 

caryopsis and are mainly six-rowed types (Knupffer et al. 2003; Vavilov 1926). In addition, 

some evidence from the distribution of brittle rachis loci in the barley germplasm highlighted 

the independent evolution and distribution of cultivated barley. Brittleness of rachis is 

controlled by two linked complementary genes Btr1 and Btr2 and is prevalent in all wild 

barley. However, the recessive allele btr1 has been reported to be present in most occidental 

cultivars whereas the btr2 allele is present in most oriental cultivars (Komatsuda et al. 2004; 

Takahashi 1955; Zohary 1999).  

Different diversity studies have been performed to identify the region where barley was 

domesticated. Investigating 317 wild and 57 domesticated cultivars using 400 AFLP loci Badr 

et al. (2000) reported monophyletic origin of barley domestication in the Israel-Jordan area. 

From this region wild barley populations were more similar to the domesticated gene pool 

than any other wild barley population. Morrell and Clegg (2007) found two origins of 

domestications based on haplotype frequencies. One was within the Fertile Crescent that gave 

rise to the majority of European and American cultivars. The second was the western foothills 

of the Zagros Mountains 1,500-3,000 km east of the Fertile Crescent. Central; and Far-Eastern 

germplasm arises from the second domestication. However, different hypotheses on the origin 

and sites of domestication are subject of debate (Molina-Cano et al. 2005; Orabi et al. 2007; 

Saisho and Purugganan 2007; Zohary and Hopf 2000). Barley domestication involved the 

natural as well as un-intentional selection by early farmers that probably led to gradual 

changes in plant architecture. Six-rowed spike, non-brittle rachis, and naked caryopsis 

evolved in the cultivated germplasm (Kilian et al. 2009; Salamini et al. 2002). Barley is 

sensitive to photoperiod, but mutation in the photoperiod genes led to photoperiod 

insensitivity in barley and thus its distribution range extended to diverse geographical areas 

across the continents (Jones et al. 2008; Takahashi et al. 1963; von Bothmer et al. 2003b).  

Spike morphology is important in barley as six-rowed barley has yield advantage over the 

two- rowed due to presence of three fertile spikelets at each rachis node (von Bothmer et al. 

1995; von Bothmer et al. 2003b). In six-rowed cultivated barley all three spikelets are fertile 

and bear seeds whereas in wild and cultivated two-rowed barley the lateral spikelets are 

suppressed and do not produce any seed. Variation in spike morphology is observed in natural 

and induced mutants (Lundqvist and Lundqvist 1987; Lundqvist et al. 1996;). Six-rowed 

spike phenotype is reported to be under the control of five independent genes, Vrs1 (2H), Vrs2 

(5H), Vrs3 (1H), Vrs4 (3H) and Vrs5 (4H) (Lundqvist et al. 1997). The major spike 
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morphology locus (Vrs1) was recently cloned (HvHox1) using map based cloning approach. 

The dominant allele of Vrs1 suppresses the lateral spikelets in six-rowed genotypes resulting 

in a two-rowed phenotype (Komatsuda et al. 2007). The dominant allele (Vrs1) was found to 

be widespread in wild barley and confirmed previous findings that two-rowed barley is the 

ancestral form and six-rowed evolved later from two-rowed barley. Another locus, Vrs5 (Int-

C), was reported to control male fertility and enlarged lateral spikelets in two-rowed types 

(Ramsay et al. 2011). A genome-wide association scan of 190 barley cultivars using SNP 

markers was used to identify and characterize this gene (Ramsay et al. 2011). This gene was 

significantly associated to the markers on chromosome 4H in the panel comprising of two-

rowed and six-rowed types. Mutant screenings identified the barley ortholog (HvTB1), maize 

domestication gene - Teosinte Branched 1 as candidate for the Vrs5 (Int-C) gene. In future, 

cloning of other spike morphology genes will shed more light on the evolution and 

functionality of these loci. 

Barley is grown under different seasons of the year. In some areas it requires cold winter 

period before flowering. This growth habit is mainly under the control of vernalization genes 

at the Vrn-H1, Vrn-H2, and Vrn-H3 loci (Takahashi and Yasuda 1971). Epistatic interaction 

between Vrn-H1 and Vrn-H2 loci causes winter and spring growth habit (Szucs et al. 2007). 

Most variation for the vernalization is due to the Vrn-H1 and Vrn-H2 loci in European-

cultivated barley, and winter alleles at Vrn-H3 is considered fixed genotypes but can provide 

adaptive variation in flowering behavior in barley (Cockram et al. 2007; Yan et al. 2006). 

Spring allele at Vrn-H3 locus promotes early flowering and is found mostly in exotic 

germplasm (Takahashi and Yasuda 1971; Wang et al. 2010). In addition, early flowering with 

and without vernalization can be due to the various alleles at flowering loci such as Ppd-H1 

affecting photoperiodic response (Turner et al. 2005). 

 1.3 Genetic bottleneck 

Cultivated crops have several distinguishing characters that differentiate them from their wild 

progenitor and are collectively called ‘‘domestication syndrome’’ (Hammer 1984). Since 

domestication, crop plants have experienced selection forces that have changed their genetic 

base. This has resulted in the fixation and narrowing of the genetic base in cultivated barley in 

comparison to wild species (Tanksley and McCouch 1997). For increasing the crop 

productivity under the changing environmental conditions, wild gene pools and landraces can 
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be utilized in plant breeding for crop improvement (Bockelman and Valkoun 2010; Kilian et 

al. 2006; von Korff et al. 2004; Xu et al. 2012). 

Molecular markers have paved the way to explore diversity at genomic level. In most of the 

crop plants as barley, molecular linkage maps are developed that can be used to access the 

genetic diversity at molecular level (Graner et al. 1991; Heun et al. 1991; Kleinhofs et al. 

1993).  

Diversity studies on wheat and barley cultivars have reported the change in diversity after 

domestication and during the extensive plant breeding practices. In a study on barley 

cultivars, allele frequency shifts at certain genomic regions were observed due to breeders 

selection (Russell et al. 2000). In another study Kilian et al. (2006), signs of genetic 

bottlenecks in a panel of cultivars from Turkey in comparison to wild barley have been 

observed at seven loci. In domesticated genotypes, two loci (Amy1 and GAPDH) were 

monomorphic and 87% of the nucleotide diversity was lost in the remaining loci. More 

haplotypes were found in wild barley in comparison to domesticated genotypes. Several other 

studies found similar results which emphasized the presence of bottlenecks during barley 

domestication. (Christiansen et al. 2002; Donini et al. 2000; Khlestkina et al. 2004; Kilian et 

al. 2006; Koebner et al. 2003; Malysheva-Otto et al. 2006; Ordon et al. 2005; Roussel et al. 

2004; Russell et al. 2000). 

There is an urgent need to scrutinize and recruit new alleles that have been lost during the 

process of domestication and modern breeding processes (Kilian et al. 2006; Tanksley and 

McCouch 1997). Initially, the use of genetic resources was limited to resistance breeding in 

crop plants. Their potential for yield improvement is not appropriately investigated yet. Only 

few reports have demonstrated their utility for yield improvement (Cox and Frey 1984; 

Takeda and Frey 1987). Nevertheless, their practical value was limited for various reasons 

e.g. linkage drag often hampered their applicability in practical plant breeding. However, with 

the advent of molecular markers, usefulness of wild relatives for crop improvement became 

conceivable in practical terms in comparison to the conventional approaches (deVicente and 

Tanksley 1993; Frary et al. 2000; Tanksley and McCouch 1997; Xiao et al. 1996). Plant 

breeding efforts in the last century have improved the productivity of the crop plants. 

However, relying only on the elite germplasm has severely reduced the genetic base. As many 

alleles were lost during the process of domestication and breeding (Tanksley and McCouch 

1997), there is great need to mine for useful alleles. In recent years, several approaches like 



Introduction 

 

7 
 

allele mining, advanced back crossed QTL analysis (AB-QTL), multi-parent advanced 

generation intercross (MAGIC) population, nested association mapping (NAM) population 

and association mapping approaches have been developed in crops that can be used to 

broaden the genetic basis of the domesticated germplasm by moving exotic and un-used 

alleles (Bhullar et al. 2009; Cavanagh et al. 2008; Pillen et al. 2003; von Korff et al. 2004). 

1.4 Genetics and genomics resources in barley 

Several genetic linkage maps were developed for barley using different markers (Haseneyer et 

al. 2010a). The first molecular linkage map using Restriction Fragment Length Polymorphism 

(RFLP) markers was developed in 1991 (Graner et al. 1991; Heun et al. 1991b). Genetic and 

genomics resources in barley have been evolving continuously from three-point linkage test 

derived classical map to the high density SSR (sequence tagged microsatellite), diversity array 

technology (DArT) and expressed sequence tagged (EST) based saturated linkage maps 

(Close et al. 2009; Lundqvist et al. 1996; Marcel et al. 2007; Rostoks et al. 2005; Sato et al. 

2009; Stein et al. 2007; Varshney et al. 2007; Wenzl et al. 2006). Polymerase Chain Reaction 

(PCR) based genetic markers have revolutionized the development of genetic linkage maps 

and gene discovery. 

From expressed sequence tags (ESTs) and pilot sequencing studies, numerous SNP (Single 

Nucleotide Polymorphism) markers were developed for barley (Close et al. 2009; Kota et al. 

2003; Sato et al. 2009). Currently, high-throughput SNP genotyping platforms with a capacity 

to genotype several hundred genotypes with thousands of SNPs are available at low costs and 

have revolutionized the practical uses of genomics (Illumina
TM

: Veracode, Goldengate and 

the iSelect chip assay, Affymetrix gene chip) (Atwell et al. 2010; Close et al. 2009; Close et 

al. 2004). High resolution genetic map together with the sequence information in barley has 

huge potential for candidate gene discovery using conservation of synteny based searches in 

sequenced grass genomes (Mayer et al. 2011). 

Despite the complexity of the barley genome, genomic resources can efficiently be exploited 

to clone and to characterize candidate genes (Saisho and Takeda 2011). For instance, the 

major durable disease resistant gene mlo that is effective against all barley powdery mildew 

races and the Vrs1 gene responsible for row type morphology were cloned (Buschges et al. 

1997; Komatsuda et al. 2007). Mutant lines for barley have been extensively studied. Several 
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genes involved in plant development were reported and cloned from barley mutants and are 

listed in Table A. 

Table A: List of genes cloned or mapped from barley mutants 

Genes References 

Nitrate reductase (Somers et al. 1983) 

Anthocyanin pathway genes (von Wettstein 2007) 

Floral bract phenotype knox3 (Muller et al. 1995) 

Naked caryopsis phenotype NUD (Taketa et al. 2008) 

Plant height Uzu (Chono et al. 2003) 

Dominant dwarf mutant SLENDER1 (Chandler et al. 2002) 

Endosperm Development genes 

(Clarke et al. 2008; Felker et al. 1983; Morell et al. 2003; Roder et 

al. 2006) 

Disease resistance genes Necrotic1, 

Necrotic.S1 

(Rostoks et al. 2006; Zhang et al. 2009a) 

Row type gene Vrs1 and int-C (Komatsuda et al. 2007; Ramsay et al. 2011) 

Despite these enlisted successess in using barley mutants for characterizing and studying 

various pathways in barley development, it has not been explored and exploited as  

Arabidopsis mutants due to it’s large genome and not systematic avilability of the mutant 

populations. In recent past, Druka et al. (2011) have developed 881 backcross lines that 

segregate for morphological and developmental traits. These genotypes were characterized 

with more than 3,000 SNP markers and the genetic location of 426 mutant allele 

chromosomal segments with good resolution was revealed. Mutation frequency is very low 

and developing such populations takes years. However, introduction of TILLING (Targeting 

Local Lesions In Genomes) a reverse genetic approach that combines mutagenesis with high 

throughput genome scale screening of mutations in genes of interest is complimentary to the 

forward mutant screening approaches (McCallum et al. 2000). In barley efforts were made to 

generate such large TILLING mutant populations (Caldwell et al. 2004; Gottwald et al. 2009; 

Talamè et al. 2008). The main advantages of such resources are that they can be used to 

screen candidate genes mutations along with precise phenotype of limited mutant lines. Also 

barley physical map will be available in the coming years then these resources can be used to 

annotate the genes that are barley specific and cannot be annotated from the available 
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sequenced genomes such as Arabidopsis that is dicot and have different morphology then 

barley. These vast mutant resources will be instrumental in dissecting the pathways and in 

identifying the genes underlying the mutant phenotype as shown by Ramsay et al. (2011) for 

cloning int-C gene. 

1.5 Genome-wide association studies and population structure 

Association mapping or linkage disequilibrium (LD) mapping refers to the non-random 

association of alleles at different loci. The term LD was first used in 1960s by Lewontin and 

Kojima (Slatkin 2008). Loci that are near to each other tend to have strong LD (Slatkin 2008). 

The extent of LD differs in different crops and gene pools. The scale and the extent of LD 

determine the marker number required to cover the genome (Myles et al. 2009). The extent of 

LD determines the resolution of marker-trait association. High LD in a population indicates 

that fewer markers are required to detect the marker-trait associations, but with low 

resolution. (Myles et al.  2009). Contrastingly, low LD in a population indicates that dense 

marker coverage is needed, but resolution of mapping is higher (Waugh et al. 2009). 

Association mapping at genome-wide level is highly successful in human genetics (Syvanen 

2005). However, genome wide association studies (GWAS) have recently started in plants 

(Waugh et al. 2009). Statistical framework that suits well to the plant genetics was developed 

and implemented in order to control the population structure of natural plant populations 

(Flint-Garcia et al. 2003; Rafalski 2002; Rafalski 2010).  

In almost all natural populations, non-random distribution of genotypes within population 

exists due to complex relationship among them, and thus causes population structure. 

Population structure often results in spurious associations as allele frequencies are biased 

among the subpopulations. Different statistical methods were implemented to correct for 

population structure (Flint-Garcia et al. 2003; Mackay and Powell 2007). Among them, 

general linear model (GLM) based on structured association (SA), genomic control (GC) and 

family based tests were implemented to control type I error in association studies (Abecasis et 

al. 2000; Devlin and Roeder 1999; Pritchard et al. 2000). In case of SA, random markers are 

used to estimate population structure and then implemented in a statistical framework to 

control false positives. On the other hand, in GC random markers are used to control the false 

positives assuming structure has similar affect on all loci. Recently, mixed model analysis that 

accounts for multiple levels of relatedness was proposed and is also applied in many 

association genetics studies (Yu et al. 2006). In order to develop the mixed model analysis, 



Introduction 

 

10 
 

kinship or principal components from the markers are used to account for population structure 

(Price et al. 2006; Yu et al. 2006; Zhang et al. 2010). Although association mapping is a 

straight forward approach, the inherent population structure in natural populations can lead to 

false positives and strong spurious associations (Rafalski 2010). Hence, determining and 

implementing appropriate statistical models to control the false positives in genome-wide 

association studies is an important pre-requisite (Stich et al. 2008). In most cases, mixed 

model frameworks performs comparatively better and are extensively used in association 

studies (Atwell et al. 2010; Comadran et al. 2011b; Huang et al. 2010a). 

The use of natural populations for association mapping has added advantage over the 

conventional QTL mapping, as there is no need to develop the mapping population (Rafalski 

2010). In comparison to the bi-parental QTL mapping, association mapping captures multiple 

allele segregation in natural populations. LD in the association panels is due to several 

generations of recombination (Myles et al. 2009). In addition, varietal historical data can be 

used directly in genome-wide association approaches to characterize the morphological and 

phenotypic traits at genomic level (Cockram et al. 2010; Kraakman et al. 2004; Wang et al. 

2011). Association mapping can be applied to elite germplasm using phenotypic and 

genotypic data generated in plant breeding programs (Jansen et al. 2003). Recently, method 

for adopting family-based association test is proposed that can be applied to plant breeding 

programs (Stich et al. 2006).  Thus, association genetics potentially identify genetic variants 

which control complex traits and addresses several issues of QTL-MAS in breeding 

programmes (Mackay and Powell 2007). 

Several complex disease loci were identified in human populations using GWAS approach 

(International HapMap Consortium 2007; The International Hapmap Consortium 2005; 

Wellcome Trust Case Control Consortium 2007). In plants, GWAS was reported initially on 

self pollinated model plant Arabidopsis thaliana and cross pollinated crop species maize. In 

Arabidopsis, population structure and pattern of genome wide LD was revealed using diverse 

genotypes. In these studies LD decay was found rapidly decaying within 50 kb region in 

Arabidopsis (Nordborg et al. 2005; Remington et al. 2001; Thornsberry et al. 2001). Further, 

genome-wide association studies have successfully identified flowering time and pathogen 

resistance related genes using structured populations of Arabidopsis (Aranzana et al. 2005). 

On the other hand, in the cross pollinated species maize, LD extent was < 1kb in landraces, 

2kb in diverse inbred lines and 100 kb in elite inbred lines (Ching et al. 2002; Remington et 
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al. 2001; Tenaillon et al. 2001). The studies in maize reiterate the dependency of LD decay 

and LD patterns on the selected germplasm (Rafalski 2010; Waugh et al. 2009).  

Even in self pollinating crop plant like barley, low LD has been observed in landraces and 

wild barley populations (Caldwell et al. 2006; Morrell et al. 2005). One of the first studies in 

barley using SNP markers revealed that few thousand SNP markers can cover the whole 

genome in elite barley as the LD is large (Rostoks et al. 2006). Since then, several association 

studies have been published in barley using candidate gene re-sequencing and different high-

throughput marker sets (Illumina Goldengate assay, DArT assay) (Cockram et al. 2008; 

Cockram et al. 2010; Comadran et al. 2011b; Comadran et al. 2009; Haseneyer et al. 2010b; 

Pasam et al. 2012; Stracke et al. 2009). Majority of barley association genetic studies reported 

structured populations based on spike morphology and growth habits (Comadran et al. 2011b; 

Pasam et al. 2012; Wang et al. 2010; Wang et al. 2011; Waugh et al. 2010). Further, within 

the row type, population structure was observed in different studies due to geographical and 

breeding histories (Rodriguez et al. 2012; Zhang et al. 2009b).  

Further, the captured allelic diversity in natural populations has revealed the evolutionary and 

adapted signatures of the species. Population structure and population genetics statistics in 

natural populations helps in understanding the species spread and distribution (Fournier-Level 

et al. 2011; Turner et al. 2005). 

In barley, many candidate gene based association mapping studies have been published 

(Haseneyer et al. 2008; Stracke et al. 2009), and recently, GWAS approach has also been 

reported in many studies (Cockram et al. 2010; Comadran et al. 2011; Comadran et al. 2008; 

Kraakman et al. 2004; Kraakman et al. 2006; Pasam et al. 2012; Roy et al. 2010). In these 

studies despite the large barley genome, few thousand markers were used and significant 

marker-trait associations were observed. One obvious reason for the success was presence of 

larger LD (~10cM) extent in cultivars that requires only few thousand markers to find 

association at genome level, in barley (Waugh et al. 2009; Waugh et al. 2010). At the 

genome-wide level, studies have been successful in identifying major genes (Waugh et al. 

2009). However, few publications have emphasized on complex trait identification that are 

mostly polygenic and control many agronomic traits (Waugh et al. 2009). Atwell et al. (2010) 

have demonstrated at genome-wide level, significant marker-trait association of 107 

phenotypes in Arabidopsis thaliana using 250,000 SNP markers for different traits. 
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Nevertheless, in most cases allele effects in association mapping studies were low, as low as 

2-3 percent of the total variation for some traits (Pasam et al. 2012).  

GWAS has the potential to narrow down to candidate gene regions for each trait depending on 

the marker number, trait, size and resolution of the population. For instance, Huang et al. 

(2010) performed GWAS for 14 agronomic traits using ~3.6 million SNPs identified in 

genotyping by sequencing approach (GBS) in a collection of diverse rice landraces. Loci that 

were previously cloned were also detected in this study and the significantly associated 

markers were only 1-3 genes away from the known candidate genes. The level of significance 

was in most cases higher within the nearby flanking genes than in the functionally 

characterized known candidate genes. These results clearly indicate the complexity of 

multiple polymorphisms and the effect of population structure. In barley, int-C gene was 

characterized using genome-wide association followed by identification of candidate gene by 

searching the sequenced rice genome. Seventeen independent mutants were instrumental in 

revealing Teosinte Branched 1 as the candidate gene. These results fueled research in the 

genome-wide association in crop plants. In addition, some successful examples for gene 

discovery using LD approaches have revolutionized the QTL discovery.  

The fact that in some cases associated SNP can lead down to the candidate genes using 

syntenic information from already sequenced related species has further added value to the 

GWAS (Cockram et al. 2010; Houston et al. 2012).  

1.6 Agronomic traits in barley 

One of the most important objectives in plant breeding is to understand the genetic basis of 

complex agronomic and developmental traits. Those usually are under the control of major 

and minor quantitative trait loci (QTL). In barley several studies reported QTL for agronomic 

traits but often they are narrow to specific populations (Barley QTL workbook at Graingene 

http://wheat.pw.usda.gov/GG2/index.shtml). In several instances plant developmental genes 

like vernalization (Vrn-H1 and Vrn-H2), flowering time (Ppd-H1) and height (denso, uzu) has 

been reported to have direct affect on the agronomic traits (Backes et al. 1995; Hackett et al. 

1992; Li et al. 2005; Thomas et al. 1991; Thomas et al. 1995; Wang et al. 2010). Almost all 

agronomical important traits like yield and yield related component traits have strong 

environmental influence that also suggest identifying and dissecting these traits at molecular 

level is difficult. Thus needs good genotyping and robust phenotyping. With the availability 

of high throughput genotyping platforms genotyping is not difficult but phenotyping and 
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generation of high resolution mapping population is still cost intensive. Moreover most high 

resolution bi-parental mapping populations are segregating for few traits. On the other hand 

association mapping seems promising approach where several genotypes can be phenotyped 

and genotyped. The high genetic resolution based on LD decay has power to detect QTL from 

medium to high resolution depending upon extent of LD. Therefore it has wider applicability 

across genotypes. Recently association mapping has been successfully employed on 

agronomic traits in barley. Significant marker-trait association in several cases reported. In 

addition to major developmental genes population specific QTL were also located in these 

studies that needs further characterization to elucidate their role in plant development (Pasam 

et al. 2012; Ramsay et al. 2011; Stracke et al. 2009). 

1.7 Importance of Powdery mildew in barley 

More than 80 different diseases attack barley, but from them only a handful can cause 

economic losses (Mathre 1997). Among them, one of the major barley diseases is powdery 

mildew. It is caused by biotrophic pathogen Blumeria graminis f. sp. hordei (Bgh). It occurs 

in almost all barley production areas, but is most common and damaging in northern Europe, 

Japan and United States (Kiesling 1985; Mathre 1997). Its spread is favored in cool and 

humid weather conditions, but can also occur in warmer and semiarid environments (Mathre 

1997). Development and deployment of resistant cultivars is one of the major objectives in 

barley breeding. Many different resistant alleles have been identified in cultivated and wild 

barley (Dreiseitl and Dinoor 2004; Jørgensen 1994). Thus, easily followed R gene resistance 

introgression is mostly followed in breeding. More than 30 alleles of the barley Mla complex 

that specify resistance are found in cultivars, worldwide. Many of them are molecularly 

characterized and belong to the coiled-coil, nucleotide binding site, leucine-rich repeat (CC-

NBS-LRR) class of genes and they confer race specific resistance (Halterman et al. 2001; 

Jones 2001; Zhou et al. 2001).  However, the effectiveness of resistance genes can be easily 

overcome due to the appearance of new virulence type races (Brown 1994; Wolfe and 

McDermott 1994).  The other promising approach is to accumulate non-race specific (NR) 

durable resistant QTL but due to the complexity of QTL inheritance, it is difficult and less 

favored in practical breeding (Kou and Wang 2010). Moreover, in barley, interesting example 

is mlo11 allele that confers durable broad spectrum resistance against powdery mildew, for 

more than 30 years (Jørgensen 1992).  However, the mechanism of quantitative resistance that 

usually is slow but effective against broad range of races is yet not discovered. Recently, a co-

evolutionary model of race-specific resistance Vs non-race specific durable resistance was 
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proposed by Jones and Dangl (2006) and it has created interest among scientists to 

characterize NR resistance in crop plants. Also, powdery mildew infection in barley is one of 

the most studied host-pathogen infection systems. Some of the pioneering work on powdery 

mildew (Bgh) disease infection involved the identification of pathogen recognition factors, 

signal transduction and resistance responses (see review) (Schulze-Lefert and Panstruga 

2003). In addition, the genome of Bgh was sequenced recently and the effector proteins were 

discovered (Bindschedler et al. 2009; Godfrey et al. 2010; Spanu et al. 2010). Due to the close 

evolutionary relevance, it is also a model species for the Erysiphales clade that include  

important pathogen like Blumeria graminis f. sp. tritici that cause powdery mildew in wheat, 

resulting in yield loss (Spanu et al. 2010). These developments together with large body of 

knowledge assist in understanding the basics of quantitative disease resistance and have 

relevance across the species (Jones and Dangl 2006). QTL discovery based on GWAS is quite 

promising and can unravel the complexity of durable non-race specific resistance mechanism. 
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1.8 Objectives of the study 

In the light of the above mentioned successes and available genetic and genomic resources 

“Genome-wide association studies in diverse gene pools of barley” were carried out. The 

main objectives of this study were: 

1. To determine the extent of LD in cultivated (winter, spring), landrace and wild barley 

populations.  

As reported from different studies on barley, LD can vary and LD has to be determined before 

embarking on genome-wide association studies – mainly for two reasons. First the resolution 

of the GWAS is directly based on the LD decay and second, long range inter chromosomal 

LD between different chromosomes can lead to false positives in association studies. Also no 

extensive studies of LD comparing cultivated, landraces and wild barley have been published 

yet. In this study cultivated, landraces and wild barley were compared and their LD was 

determined. 

2. To study genome-wide association for powdery mildew disease resistance in different gene 

pools of barley under field and controlled detached leaf assay conditions. 

Among the yield reducing constrains on barley, powdery mildew disease caused by Blumeria 

graminis f. sp. hordei is considered one of the major pest that can cause heavy yield losses. In 

order to characterize the durable non-race specific quantitative resistance in barley, genome-

wide association scan was performed using poly-virulent isolates of Bgh. In addition, 

powdery mildew resistance under field grown condition was also characterized in the 

cultivated barley as it gives us more inside view of learning race specific and non-race 

specific resistance at genome-wide level in the natural barley populations. 

3. To study genome-wide association studies for agronomic and seed quality traits in 

cultivated winter and spring barley populations.  

Barley is cultivated in winter and spring season and its growth is orchestrated by a series of 

vernalization and photoperiod genes. In addition different breeding history resulted in 

different sets of QTL selected and are segregated in the cultivated barley. In order to study 

genome-wide association in the cultivated gene pool, European winter and spring barleys 
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were selected and phenotyped extensively in multi-environmental field trials. GWAS across 

the winter and spring barley were compared and discussed in detail in this study. 
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2. Materials and Methods 

2.1 Plant materials  

Three diverse barley gene pools were investigated in the “Exploitation of Barley Diversity” 

(EXBARDIV) project in the framework of European Research Area in Plant Genetics (ERA-

PG): cultivars (Hordeum vulgare L.), landraces (Hordeum vulgare L.) and wild barley 

accessions (Hordeum spontaneum (C. Koch.) Thell.). In addition, one association mapping 

panel was investigated from the GABI-GENOBAR project. These gene pools are described as 

following: 

2.1.1 Hordeum vulgare cultivar collection (HVCC) 

This HVCC gene pool consisted of 282 spring (HVCC_S) and 112 winter (HVCC_W) barley 

genotypes. These genotypes were selected from eighteen countries of Europe. Both two-

rowed and six-rowed spike genotypes were included in the study (Sup. Table S1). All 

genotypes were provided by the project partners and were single seed descended in order to 

remove the heterogeneity and ensure the purity of seeds. Seeds were later multiplied at CRA 

(CRA – Fiorenzuola d’Arda, Italy (project partner)) for multi-location field trials. Genotype 

descriptions their pedigree, country of origin, rowed type, growth habit, year of release and 

the marker type used in this study are provided as supplementary information (Sup. Table S1). 

For some genotypes, varietal characteristics like rowed-type, winter, spring growth habits 

found in our field trials did not match with the varietal release specifications of seed board of 

the genotypes. Therefore, these genotypes were written as unknown in Sup. Table S1. 

Nevertheless, these genotypes did not affect our GWAS, as DNA was sampled from the same 

plants that were multiplied and used in the experiments. 

2.1.2 Landraces gene pool (LRC) 

Landraces collected by Dr. Eva Welzien from Syria and Jordan (Weltzien 1988) were used in 

this study. These landraces are maintained at the International Center for Agricultural 

Research in the Dry Areas (ICARDA), Aleppo, Syria. From this landrace collection 238 

(LRC_S) genotypes from Syria and 79 genotypes (LRC_J) from Jordan were selected and 

used in the current study. They were selected from different parts of Syria and Jordan viz. 

South Jordan, North Jordan and South Syria, Central Syria, West Syria, Central Syria and 
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North east Syria. (modified from Russell et al. 2011 Sup. Table S2). These landraces were 

previously characterized using SSR and SNP markers by Russell et al. (2003, 2011). These 

were also multiplied in the field at CRA. 

2.1.3 Wild barley gene pool (HSC) 

Hordeum spontaneum the progenitor of cultivated barley was used in the study to represent 

the wild barley gene pool (referred as Hordeum spontaneum collection- HSC).  HSC consists 

of 216 wild barley accessions sampled and purified in Israel. These wild barley accessions 

sampled across different Eco-geographic and soil regimes were genotyped with 45 SSR 

markers by Hübner et al. (2009).  As these genotypes were well characterized and studied in 

different on-going projects, we considered the HSC gene pool for powdery mildew detached 

leaf assay screening. Genotype names, site code, their location and the regions coordinate in 

UTM (X and Y) are provided as Sup. Table S3 (modified from Hübner et al. (2009) Sup. 

Table S3). 

2.1.4 Additional association panel 

The GENOBAR collection of worldwide origin (224 cultivars; HVCC_Genobar) 

In addition, a well characterized association mapping panel comprising of a diverse 

worldwide collection of 224 spring barley is available at IPK. This collection was mainly used 

for powdery mildew resistance screening in this study. These genotypes were extensively 

genotyped and phenotyped in various other studies (Haseneyer et al. 2010b; Pasam et al. 

2012; Stracke et al. 2009). This collection represents a diverse set of spring barley genotypes 

and comprises of 127 two-rowed and 97 six-rowed barleys. These genotypes were from the 

different eco-geographical regions of the world, 109 accessions originated from Europe (EU), 

45 from West Asia and North Africa (WANA), 40 from East Asia (EA) and 30 from the 

Americas (AM) (see modified from Pasam et al. (2012) Sup. Table S4).  

2.2 Genotyping 

2.2.1 SNP genotyping by Illumina GoldenGate genotyping Assay 

Leaves from the single plants grown under greenhouse conditions were used for DNA 

extraction. Tepnel Nucleoplex plant DNA extraction kits (Tepnel Life Sciences PLC, 

Manchester, UK) were used to extract high quality DNA at James Hutton Institute (formerly 

SCRI, UK). Quality and quantity of DNA were checked and two micrograms were used for 

genotyping at the Southern California Genotyping Consortium facility at the University of 
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California, Los Angeles, USA. All gene pools were genotyped using the BOPA1 (Barley 

Oligo Pool Assay) that contained 1536 SNP markers (Close et al. 2009). Allele calls were 

made using the clustering algorithm GenTrain available in Bead-Studio 2.0 (Illumina Inc., 

http://www.illumina.com). The algorithm in BeadStudio was developed for outbreeders, 

where three clusters (two homozygotes and one heterozygote) are expected. However, in 

highly self pollinated barley we expected only two clusters therefore all SNPs were manually 

checked. Their relative performance was discussed in Moragues et al. (2010). The consensus 

map positions from Close et al. (2009) were used as genetic framework to place the SNP 

markers on seven barley chromosomes. 

2.2.2 SNP genotyping by iSelect SNP Chip 

The Illumina iSelect platform using 9k chip was used to genotype DNA sampled from the 

gene pools (HVCC_S, HVCC_W and HVCC_Genobar). This chip consists of SNPs detected 

by RNA sequencing of ten diverse barley cultivars, along with 1482 BOPA1, 1456 BOPA2 

SNP markers (Comadran et al. unpublished). All genotypes were genotyped at TraitGenetics 

GmbH Gatersleben, Germany. Allele calls were made and from the successful 7842 SNPs. 

SNPs with ≥ 0.05 minor allele frequency (MAF) (4923 SNPs in HVCC_W; 5753 SNPs in 

HVCC_S and 6461 SNPs in HVCCC_Genobar) were considered for further analysis. 

Primarily, the mapping information from Morex X Barke recombinant inbred lines (349 RIL) 

was used. Markers that were not placed on Morex X Barke RIL map were assigned genetic 

positions from BOPA1 and BOPA2 consensus map (Close et al. 2009) and in addition LD 

was used to place rest of the iSelect markers (Comadran et al. in preparation). 

2.3 Population structure and linkage disequilibrium (LD) 

BOPA1 SNP markers were used to determine the population structure and the extent of LD in 

all EXBARDIV gene pools. Principal component analysis (PCA) was used to plot the 

distribution of genotypes spatially and to estimate the population structure (Price et al. 2006). 

SNP markers (common 1356 SNP markers across gene pools) were used to perform PCA 

using TASSEL 2.1 software (http://www.maizegenetics.net/) and the significant component 

values were plotted using excel 2007 (Microsoft office 2007 package). Further separately for 

each gene pool Neighbour Joining (NJ) clustering using Euclidean distances and bootstrap N 

= 1000 was generated using PAST Software (http://folk.uio.no/ohammer/past/). LD between 

markers was calculated by the squared correlation coefficient (r
2
) (Weir 1979) method 

between mapped SNPs using HAPLOVIEW version 4.2 software (Barrett et al. 2005). SNPs 

with minor allele frequencies (< 0.05%) were removed from the analysis. LD heatmaps 
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depicting high and low LD regions of seven chromosomes for HVCC_S, HVCC_W, LRC and 

HSC were generated. Significant LD (r
2
 values, P < 0.001) were plotted against genetic 

distances (cM) in Excel 2007 (Microsoft Office package 2007). Unlinked r
2
 (genetic distance 

≥ 50cM) estimates were squared root transformed to approximate a normally distributed 

random variable and the parametric 95
th

 percentile of that distribution was taken as a critical 

value of  r
2
, beyond which LD is likely to be caused by genetic linkage (Breseghello and 

Sorrells 2006).  

2.4 Phenotypic analysis 

In order to generate robust phenotypic data, multi-environmental field trials were performed. 

The Randomized Complete Block (RCB) design was used to plant HVCC and LRC gene 

pools in two years (2008-09 and 2009-10) at four locations (CRA – Fiorenzuola d’Arda, Italy; 

JHI – Dundee, UK earlier SCRI; IPK – Gatersleben, Germany; UniHalle – Halle, Germany) 

under autumn and spring sown conditions. Seeds were sown in replicated trails with two 

replicates for each genotype with ~ 2 m
2
 plots and grown according to the local agronomic 

practice for sowing rate and other inputs. The enlisted grain yield, yield components, plant 

phenological, seed quality and powdery mildew resistance traits were recorded at each trial 

(Table 1).  
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Table 1: Phenotypic traits scored during 2009-10 in field trials for HVCC_W, HVCC_S and 

LRC gene pools. CRA, HAL, IPK and SCR are the location codes for CRA – Fiorenzuola 

d’Arda, Italy (CRA); JHI – Dundee, UK earlier SCRI (SCR); IPK – Gatersleben, Germany 

(IPK); UniHalle – Halle, Germany (HAL); 09 and 10 are the respective years of the field 

trials. Traits abbreviations are given in brackets. 

 

 

 

 

  

 

CRA09 

 

CRA10 

 

HAL09 

 

HAL10 

 

IPK09 

 

IPK10 

 

SCRI09 

 

SCRI10 

HVCC (Winter) 

1 Frost (Fr) X X X X X X X X 

2 Powdery Mildew (PMfld) 
    

X X 
  

3 Heading date (Hd) X X X X X X X X 

4 Height (Ht) X X X X X X X X 

5 Spike length (Sl) X X X X X X X X 

6 Grains / Ear (GEar) X X X X X X X X 

7 Yield (Yld) X X X X X X X X 

8 Thousand Grain Weight (TGW) X X X X X X X X 

9 Grain Area (Garea) X X X X X X X X 

10 Grain Length (Glength) X X X X X X X X 

11 Grain Width (Gwidth) X X X X X X X X 

12 Width / length (W_L) X X X X X X X X 

13 Protein content (PC) X 
 

X 
 

X 
 

X 
 

14 Starch content (SC) X 
 

X 
 

X 
 

X 
 

HVCC (Spring) 

1 Powdery Mildew (PMfld) 
    

X X 
  

2 Heading date (Hd) X X X X X X X X 

3 Height (Ht) X X X X X X X X 

4 Spike length (Sl) X X X X X X X X 

5 Grains / Ear (GEar) X X X X X X X X 

6 Yield (Yld) X X X X X X X X 

7 Thousand Grain Weight (TGW) X X X X X X X X 

8 Grain Area (Garea) X X X X X X X X 

9 Grain Length (Glength) X X X X X X X X 

10 Grain Width (Gwidth) X X X X X X X X 

11 Width / length (W_L) X X X X X X X X 

12 Protein content (PC) X 
 

X 
 

X 
 

X 
 

13 Starch content (SC) X 
 

X 
 

X 
 

X 
 

LRC 

1 Protein content (PC) 
      

X 
 

2 Starch content (SC) 
      

X 
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2.4.1 Phenological traits 

Frost damage (Fr) was scored for the winter (HVCC_W) barley gene pool in field trials. The 

percentage of leaf death due to frost damage was scored on a visual basis during and after 

melting of snow (Fig 1).  

 

 

Fig 1: Showing frost damage in the winter fields 2008-09. Frost damage score 1-4 is shown 

wherein 1 means no damage and 4 means complete damage of the plants 

 

Heading date (Hd) was scored in days from the date of sowing until 50 percent of the plants 

in the plot had reached growth stage @ GS53 (Lancashire et al. 1991). The growth stage at 

which a third of the ear emerges from the plant is considered as @ GS53. 

Height (Ht) was measured in centimeters (cm) from the soil to the ear tip excluding awns. 

Spike length (Sl) was measured in cm from the spike tip to the base of the spike excluding 

awns. 
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2.4.2 Grain traits 

After maturity plants were harvested with a combine harvester. Moisture content was 

measured and the harvested grains were dried to get the uniform moisture content. Then the 

grain yield (Yld) was measured in grams. Additionally, five spikes from randomly selected 

plants from the middle of each plot were harvested, dried, and manually threshed. Later, a 

seed analyzer “Marvin” (GTA Sensorik GmbH, Neubrandenburg, Germany) was used to 

measure grains per ear (GEar), thousand-grain weight (TGW), seed area (Garea), seed width 

(Gwidth), seed length (Glength) and Width / length (W_l). 

2.4.3 Grain quality traits 

Seed samples were ground and NIRS (Near Infrared Reflectance Spectrometer device (Multi 

Purpose Analyzer (MPA) from Bruker)) was used to estimate starch content (SC) and protein 

content (PC) of the samples. In order to calibrate and validate NIRS estimation, 160 samples 

were measured using Kjeldahl method and 200 samples were measured using polarimetric 

method for estimating starch and protein content. The estimation was highly correlated with 

the NIRS values from the same samples. Later, NIRS was used to estimate SC and PC for all 

samples. These traits were measured at the Julius Kühn-Institut (JKI) 

Bundesforschungsinstitut für Kulturpflanzen Institut für Resistenzforschung und 

Stresstoleranz OT Groß Lüsewitz Germany by Dr. Gisela Jansen and colleagues. 

2.4.4 Powdery mildew (PM) 

In order to characterize powdery mildew disease resistance two experiments were conducted 

under the field conditions (at location IPK) the percentage of leaf infection was scored for the 

HVCC_S and HVCC_W gene pool. In addition a PM detached leaf assay (PMdla) was 

conducted under controlled conditions for all gene pools (Table S1, S2,S3 and S4).  

For the PM detached leaf assay (PMdla), two poly-virulent pathotypes of Bgh (78P and 

D12/12; for the virulence spectrum see Table 2) were used to screen all gene pools. As the 

powdery mildew pathogen is biotrophic, two isolates were maintained on the susceptible 

barley variety “Golden Promise”. Scoring was performed using the resistant genotype (Ingrid 

Back-Crossed mlo5 containing genotype) and a susceptible control genotype (Morex) as 

controls. Seeds were sown in 96 well plates under disease free conditions in the green house. 

Two weeks old seedlings were used for the detached leaf assay. Second leaf from two weeks 

old plants was used for the detached leaf assay. Phytoagar gel plates were used in order to 
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maintain moisture and anti-senescent conditions for the detached leaves. The phytoagar plates 

were prepared by boiling 1% phytoagar in microwave oven, followed by adding 250µl of 

Benzimidazol (concentration 40mg Benzimidazole dissolved in 1ml Ethanol) after cooling to 

50
o
C. The solution was poured into the plates and left for some minutes for solidification. 

Leaf samples were cut into two halves and each half of the leaf was mounted on to two 

different plates using pins. One plate was inoculated with isolate 78P and the other plate with 

isolate D12/12.  Two individuals of each genotype were used as biological replicate. Each 

plate was carefully inoculated using conidia (from isolates maintained) under aseptic 

conditions under a hood. Different lab coats and gloves were used for inoculation with each 

isolate to avoid cross contamination. After cleaning with disinfectants, a second inoculation 

was performed. Difference of twenty minutes maintained between two inoculations. In order 

to monitor inoculation density, one microscopic slide was placed inside the plate that was 

later checked for the number of conidia spores/mm
2
 threshold of 5.0 spores / mm

2
 was set per 

inoculation. Subsequently the plates were incubated at room temperature for one week under 

disease free conditions. One week old plates showed visual leaf infection symptoms. These 

were scored on a scale from 0 to 3 (Fig 2). The scores were later converted into percent leaf 

infection as described in Fig 2. To confirm the repeatability and to avoid escapes of resistant 

scores, screening for powdery mildew resistance by detached leaf assay was repeated for the 

genotypes with resistance scores 0 and 1. Average leaf infection across the isolates was 

calculated outliers were removed and the infection score was used for the powdery mildew 

detached leaf assay association analysis. 
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Table 2: Virulence spectrum of the powdery mildew isolates 78P and D12/12. Depending 

upon the percent leaf infection with PM conidia was scored on a 0-4 scale. Wherein 0 is 

resistant, 1 moderate resistant, 2 moderate susceptible, 3 susceptible and 4 highly susceptible 

used as reference. A set of differential cultivars with known R-genes and uncharacterized (U) 

genes was used as reference. Highlighted columns (pink) are resistant and (yellow) are 

susceptible scores. (Source: Kerstin Flath, JKI Klein-Machnow). 

Differentials hosts Resistance gene(s) 78P D12/12 

Alexis mlo9 0 0 

Amazone Mlg, U 2 4 

Apex mlo11, Mlg, Ml(CP) 0 0 

Aura Mla6, Mla14, Mlg, Ml(CP) 3 0 

Banteng Ml(Ba) 4 4 

Borwina Ml(BW1,2) 2-3 2 

Camilla U 2 4 

Dura Ml(Dr) 4 3-4 

Goldi U, Mla12, MlLa 3-4 0 

Gunnar Mla3, Ml(Tu2) 0 2-3 

Hellas He 4 3-4 

Hordeum spontaneum Mla16 0 0 

Hordeum spontaneum Mla17 1-2 2 

Hordeum spontaneum Mla18 0 0 

Hordeum spontaneum Mla19 0 0 

Hordeum spontaneum Mla20 1-2 0 

Hordeum spontaneum Mla26 1-2 0 

Hordeum spontaneum Mla27 0 4 

Hordeum spontaneum Mla28 2-3 0 

Hordeum spontaneum Mlf 2 1 

Hordeum spontaneum Mlj 2-3 2-3 

Katharina U 3 4 

Kredit Ml(Kr) 4 2-3 

Lerche Mlg, Ml(CP), Mla7 3 2 

Lotta Ml(Ab) 3-4 3 

Maresi Mla12, Ml(AB), Mlg, Ml(CP) 2-3 3 

Marinka Mlg, Ml(CP), Mla7 4 2-3 

Meltan U, Mla13, Ml(Im9), Ml(Hu4) 3 0 

Olga U 4 0 

P01 Mla1 1-2 3 

P02 Mla3 1-2 3 

P03 Mla6, Mla14 4 0 

P04 B Mla7, U 4 4 

P06 Mla7, Ml(LG2) 4 0 

P08B Mla9 4 0 
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P09 Mla10, Ml(Du2) 4 0 

P10 Mla12 4 4 

P11 Mla13, Ml(Ru3) 4 0 

P12 Mla22 0 3 

P13 Mla23 2 2 

P14 Mlra 4 3-4 

P15 Ml(Ru2) 2-3 3 

P17 Mlk 4 2-3 

P18 Mlnn 4 3 

P19 Mlp 2-3 3-4 

P20 Mlat 2 3-4 

P21 Mlg, Ml(CP) 3 3 

P22 mlo5 0 0 

P23 MI(La) 4 3 

P24 MlH 4 3-4 

Sissy Mla12, Mlg, Ml(CP) 4 3-4 

Steffi Ml(St1,2) 1-2 3-4 

Teo Mla7, Mlg, Ml(CP), Mlk, MLa 3 1 

Thuringia Ml(St1,2), U 2 3-4 

Trumpf Mla7, Ml(AB) 4 3-4 
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Fig 2: Graphical representation of the powdery mildew detached leaf assay infection showing 

the pustule growth (dots) on the leaf surface. According to the PM pustules covering the leaf 

area, three classes are defined in the detached leaf assay viz. Class 0 with 0-5% (median 

2.5%); Class 1 with 6-25% (median 15.5%); Class 2 with 26-50% (median 38%)  and Class 3 

with 51-100% (median 75.5%) leaf covered with pustule. (Source: Dr. Patrick Schweizer, IPK 

Gatersleben Germany) 

 

2.5 Phenotypic and association analysis 

Phenotypic data was analyzed using Genstat 13
th

 Edition (Payne 2009). Restriction Estimate 

of Maximum Likelihood (REML) was used to generate genotypic means (BLUE -Balanced 

Linear Unbiased Estimate) from each field trial after removing the outliers. Corresponding to 

the year and the location, separated BLUEs were generated considering the best spatial model 

for each year and each location. Later all errors and models were considered in a meta-

analysis to generate BLUEs for each trait across year and location. Summary statistics of each 

trait viz. minimum, maximum, mean, standard deviation, variance, coefficient of variation and 

repeatability [genetic variance/ (genetic variance + residual variance)] range for each trait was 

generated. Narrow sense heritability is proportion of additive variation compared to the total 

genetic and error variation, whereas broad sense heritability is strictly proportion of total 

genetic effects compared to the total phenotypic variation. In this study broad sense 

heritability was used as traits were measured in muti-location trials and this reflects 
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repeatability of our data. As the data was analyzed using mixed model broad sense heritability 

was estimated using the formula (G + G.S + G.Y + G.Y.S)/(G + G.S + G.Y + G.Y.S + E) 

where G is genotypic, S is site, Y is year and E is error variance (. means interactions) 

estimated in REML using Genstat software. In order to estimate the relationship between 

traits, a correlation matrix was calculated between all traits. GWA could lead to spurious 

associations due to population structure. Different models were proposed to correct for 

population structure (Kang et al. 2008; Stich et al. 2008; Zhang et al. 2010; Zhu and Yu 

2009). In this study different models were compared. In most cases, mixed model using 

kinship matrix was performing better than any other model. As an example, (Sup. Fig S1) 

cumulative observed p-value of GWAS powdery mildew resistance in percentages for naïve 

model (without correction for population), general linear model (GLM) using Q matrix (Q 

matrix from Structure software (Pritchard et al. 2000)), mixed model using principal 

components and kinship matrix was plotted. A model that efficiently controls false positives 

should approximate to a uniform distribution of the p-value. A mixed model based on a 

kinship matrix and principal components was performing best as it approximated a straight 

uniform distribution of the p-values. Hence, only the kinship model will be applied and 

discussed in whole study. In this model markers were treated as fixed effects and a k matrix 

(kinship) generated from 362 uniformly distributed SNP markers (i.e., 1 informative SNP per 

3cM) across the seven chromosomes was fitted as a random effect in order to reduce false 

positives (Type I error). TASSEL version 2.1 was used to calculate the associations 

(http://www.maizegenetics.net/). In order to reduce further false positives, the conservative 

threshold of –log10 (P value) of 2 (P-value 0.01) was chosen in declaring significant 

associations. Additionally using more conservative approach, false discovery rate threshold 

based on multiple test hypothesis q values at α 0.05 significance was calculated for each trait 

and provided in the supplementary table (Storey and Tibshirani 2003) (Table S33, S34, S35, 

S36). The q value is similar to p value, but is measure of significance in terms of false 

discovery rate rather than false positive rate. The false discovery rate of a test is defined as the 

expected proportion of false positives among the declared significant results (Benjamini and 

Hochberg 1995). For an example 0.05 FDR means we expect 5 SNP are false positives from 

the 100 SNPs. 
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3 Results 

3.1 Population structure  

One of the pre-requisites for association mapping is determining the population structure of 

the collection used in GWAS. In order to estimate population structure principal component 

analysis was performed for all genotypes using BOPA1 SNP markers. Strong population 

structure was observed in the whole collection (Fig 3.1) with the first two principal 

components collectively explaining 30 percent of the variation. Principal component 1 (PC 1) 

explained 19.12 percent of the variation and separated the cultivated (HVCC) from the 

landraces (LRC) and wild barley (HSC) gene pools. Principal component 2 (PC 2) explained 

another 10.98 percent of the variation. Based on PC2, HVCC genotypes were majorly split 

into two-rowed and six-rowed types. Further spring and winter growth habit type genotypes 

clustered separately. Spring barley (HVCC_S_2) two rowed and winter barley (HVCC_W_2) 

two rowed were distinct from the spring (HVCC_S_6) six rowed and winter (W_6) six rowed 

genotypes. However, pronounced differences in structuring according to the row-type were 

observed in spring barley genotypes in comparison to the winter barley genotypes (Fig 3.1). 

This could be due to the lower number of winter (112) in comparison to spring barley (282) 

genotypes. Another probable reason might be that winter two rowed and six rowed were not 

bred separately. Landrace genotypes were more widely distributed across the axis in 

comparison to wild barley genotypes that look like a compact mass. Further, Jordanian and 

Syrian landraces (LRC_J and LRC_S) clustered separately. On Principal component 3 (PC 3) 

two-rowed and six-rowed types in spring and winter barley genotypes (HVCC_S_2, 

HVCC_S_6, HVCC_W_2 and HVCC_W_6) were showing split with wider split observed for 

spring two- and six-rowed genotypes (See Sup Fig S2 and S3). The wide distribution of 

cultivated (HVCC) barley gene pool on principal component axis reflects their diversity. On 

the other hand, low diversity was observed in wild (HSC) and landraces (LRC) gene pools 

although high diversity was reported in previous studies with the same LRC and HSC 

genotypes (Hübner et al. 2009; Russell et al. 2003). One of the major reasons of the 

differences in this study and the earlier study was the marker types and their informativeness. 

Most SNP markers in this study performed well in cultivated gene pool (Fig 3.2). On the other 

hand, around 19 percent of SNP markers in LRC and 12 percent in HSC gene pools were 

having minor allele frequency (MAF) ≤ 0.05. In addition, the polymorphic information 

content (PIC) was high in cultivars (HVCC) in comparison to the wild (HSC) and landraces 
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(LRC) gene pools (Fig 3.2).  It was quite clear from PCA that major structuring of the 

genotype was based on the population type viz. cultivars (spring: HVCC_S and winter: 

HVCC_W), landraces (LRC) and wild (HSC) barley, respectively. Thus, we considered them 

as separate populations and genome-wide association analysis was performed and discussed 

separately for each gene pool in this study. 

Further to investigate population structure in the respective gene pools, STRUCTURE 2.3.3 

software and  Neighbour joining cluster  analysis (based on Euclidean distances) was 

performed (Falush et al. 2003; Pritchard et al. 2000). For STRUCTURE 2.3.3, correlated 

allele frequency and admixture model was run assuming group k = 1 to 20 (hypothetical 

number of groups) and 5 run per k value was used. For robust analysis, initial burn-in period 

was set to 50000 followed by 1000000 Markov Chain Monte Carlo (MCMC) iterations. To 

determine the suitable k value “Ln P(D)” obtained from structure runs were plotted against 

the k and smallest k after which “Ln P(D)” reached plateau was considered as the best value 

to assign individuals to clusters (Pritchard et al. 2000). In this study, k plateaus after k=2 for 

winter and spring barley gene pools (Sup. Fig S4 and S5) although smaller increase in Ln 

P(D) value was observed. In addition, delta (k) method proposed by Evanno et al. (Evanno et 

al. 2005) was also used to confirm the observation. According to which, delta (k) is the mean 

of second order rate of change in Ln P(D) values of given k divided by the standard deviation 

and the curve shows upper delta (k) value at k= 2. In addition, Neighbour joining cluster 

analysis confirms existence of two major groups in cultivars (winter and spring types) (Sup 

Fig S6).  Major clustering in these two groups within cultivars was due to the spike 

morphology type (Fig 3.3). Two-rowed, six-rowed genotypes were clustered and group 

completely separate in winter, and spring barley gene pools except few admixture genotypes 

(Fig 3.3). In landraces (LRC), according to the origin Syrian and Jordanian landraces were 

observed clustering separately with few admixtures (Sup. Fig S7). Wild barley genotypes 

were somewhat clustered according to the sites of collection (Sup. Fig S8). 
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Fig 3.1: Population structure of different gene pools using BOPA1 SNP markers. Horizontal 

and vertical axis showing principal components (PC1 and PC2) explaining 19.12 and 10.98% 

variation.  Genotypes from different gene pools are shown with different color symbols. Blue 

round: spring two-rowed (HVCC_S gene pool), brown squares: spring six-rowed (HVCC_S 

gene pool), green triangles: winter two-rowed (HVCC_W gene pool), purple cross: winter 

six-rowed (HVCC_W gene pool), light blue cross: Jordanian landraces (LRC gene pool), light 

brown circles: Syrian landraces (LRC gene pool) and light blue plus: wild barley (HSC gene 

pool). 
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Fig 3.2: Summary statistics of the BOPA1 SNP markers across the gene pools. Polymorphic 

information content (PIC) of the winter barley (HVCC_W) (a); spring barley (HVCC_S) (b); 

landraces (LRC) (c); and wild barley (HSC) (d)) and minor allele frequencies (MAF) of winter 

barley (HVCC_W) (e); spring barley (HVCC_S) (f); landraces (LRC) (g); and wild barley (HSC) 

(h) are shown in the histogram plots. 
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Fig 3.3: Population structure based on model based STRUCTURE analysis. Genotypes are represented by a vertical bar which is 

portioned into 2 groups (k=2; blue and brown color represent groups) and horizontal axis is the proportion of membership of each 

genotype to these groups. The genotypes are ordered according to the row-type (two-rowed and six-rowed type); (a) and (b) are 

population structure of winter (HVCC_W) and spring barley (HVCC_S) gene pools 
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3.2 Linkage disequilibrium 

The extent of linkage disequilibrium (LD) in different gene pools was compared and found to be 

highly variable (Fig 3.4). In general, high LD regions near to the centromeres and lower LD at 

the telomeric end of the chromosomes were observed (Fig 3.5). Significant LD blocks were 

found near to the centromeric regions on chromosomes 3H and 5H in HVCC and LRC gene 

pools. Inter-chromosomal LD dispersal was observed across the chromosomes in cultivated 

spring, winter and landraces gene pools (Fig 3.5). This long range inter-chromosomal LD may be 

due to the complex history of the barley breeding. Inter-chromosomal LD can cause false 

positives in association mapping. Therefore, determining the LD pattern across the genome is 

very important to determine the efficiency and resolution of the association mapping population. 

In comparison to cultivated gene pool, the wild barley gene pool had no significant LD regions 

across seven chromosomes. However, few regions near to centromere on chromosome 3H, 5H 

and 7H in wild barley were having significant LD (Fig 3.5 c-d). 

Threshold r
2 

value for the background LD was determined for each gene pool. These values were 

0.145, 0.146, 0.142 and 0.08 for HVCC_W, HVCC_S, LRC and HSC gene pools, respectively 

(Fig 3.4 a-d).  When comparing across the gene pools, the extent of LD decay was different 

among the gene pools and in general LD decay was 10 cM in HVCC_S, 14 cM in HVCC_W, 6 

cM in LRC and < 1 cM in HSC gene pools (Fig 3.4 a-d). The extent and the pattern of LD were 

variable in these gene pools. Thus, marker trait association in these gene pools is expected to be 

of different resolution. In general, we expect high resolution of marker-trait association in 

landraces and wild barley gene pools due to their low LD. 
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Fig 3.4: LD decay graph of the gene pools. Intra-chromosomal LD decay of the gene pool is 

shown (a-d). The horizontal axis showing genetic distances (cM) and vertical shows the r
2
 values 

of the SNPs in LD. Horizontal black line and red line showing threshold and the loess curve 

(a) (b) 

(c) (d) 
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Fig 3.5: LD heatmap showing LD pattern across the chromosomes. High LD regions are 

depicted with grey and black colors across the gene pools [winter (HVCC_W) (a); spring 

(HVCC_S) (b) cultivars; landraces (LRC) (c) and wild barley (HSC) (d)] spanning seven 

chromosomes.
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3.3 Phenotypic analysis 

In order to perform GWAS, robust and reliable phenotypic data is important. Data generated in 

field trials was manually checked and the outliers were removed from analysis. Mean values 

were calculated for each phenotypic trait based on the best statistical model. Data was found to 

be variable across the gene pools for all traits. Minimum, maximum, standard deviation, 

variation, coefficient of variation and repeatability of the trait means were calculated and 

summarized in Table 3.1. Coefficient of variation for the thirteen traits scored for winter 

cultivars (HVCC_W) ranged from 1.798 to 58.54 and for twelve traits for spring cultivars 

(HVCC_S) gene pool ranged from 4.386 to 101.4 as shown in Table 3.1. In all cases, the 

repeatability of the traits was above 0.5 which reflects the robustness of phenotypic data. In 

general, repeatability values were high for most of the grain traits. Traits like frost tolerance and 

yield that are highly environmental dependent showed moderate repeatability values. 

Most of the traits measured were not independent from each other and high correlations and 

relationships was observed between the traits (see Bi-plot analysis Sup. Figs S8, S9). As 

expected, powdery mildew field infection and powdery mildew detached leaf assay phenotypes 

clustered together in both HVCC_W and HVCC_S gene pools. Similarly, rowed type and 

Grains/ Ear traits were clustered together. Further, all seed traits clustered together. Interestingly 

ear length and heading date clustered close to each other in both HVCC_W and HVCC_S gene 

pools (Sup. Figs S8, S9). Seed traits displayed highly significant correlation among themselves 

(Table 3.2 and 3.3). Total grain yield showed significant correlations with yield component traits 

like grains per ear (GEar), thousand grain weight (TGW), grain length (Glength), grain width 

(Gwidth) and ratio of grain width by length (W_l) traits. Starch (SC) and protein content (PC) 

showed high coefficient of variation in LRC than in HVCC_W and HVCC_S gene pools (Table 

3.1). Interestingly, heading date (Hd) was negatively correlated to GEar and positively correlated 

to Yld in the HVCC_S gene pool. This suggests that the late flowering cultivars have less GEar 

but still manage higher yield. However Yld and TGW were positively correlated also with Hd. 

This suggests spring barley cultivars that take more time to heading have increased yield because 

of increased TGW. Plant height (Ht) also showed negative correlation with the yield. This fits 

well with other cereals like wheat and rice, where plant architecture and yield was improved by 

reducing plant height. Powdery mildew under field and under controlled detached leaf assay 
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conditions showed positive correlation of 0.48 in HVCC_S gene pool.  Interestingly Hd showed 

positive correlation (0.53) with the Ht in the HVCC_W gene pool (Table 3.2, 3.3).  

Heritability values of 0.58 and 0.68 were observed for the powdery mildew field infection 

(PMfld) trait in HVCC_W and HVCC_S gene pools, respectively. Mean distribution of 

maximum leaf infection phenotype in powdery mildew detached leaf assay infection (PMdla) 

assay was highest in winter cultivars (54 %), followed by landraces (49 %) and was lowest in 

wild (8 %) barley gene pools (Pie Chart Fig 3.7). As expected, positive and negative controls 

(Ingrid BCmlo5 and Morex) of the experiments showed infection score of 0 and 3, respectively 

(Fig 3.6). Continuous phenotypic distribution of different infection classes (PMdlA) was 

observed in HVCC_S and in HVCC_Genobar collection (Fig 3.7).  
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Table 3.1: Summary statistics of traits in different gene pools. Minimum (Min.), maximum 

(Max.), mean, standard deviation (SD), variance (Vari.), coefficient of variation (C.V) and the 

heritability values of the traits are described. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

HVCC_W Min. Max. Mean S.D. Vari. C.V. Heritability 

Frost 3.79 7.20 4.56 0.75 0.55 16.31 0.60 

Heading 200.00 225.20 211.90 4.05 16.38 1.91 0.89 

Height 55.58 110.10 84.35 8.23 67.72 9.76 0.75 

Spike length 6.14 27.96 7.94 2.03 4.11 25.53 0.90 

Grains per Ear 19.73 57.79 35.57 12.49 156.00 35.11 0.87 

Yield 1.16 7.35 5.84 1.05 1.09 17.90 0.68 

Thousand Grain 

Weight 40.33 61.67 49.55 4.89 23.88 9.86 0.79 

Grain area 23.20 33.15 27.04 1.70 2.90 6.30 0.79 

Grain length 8.26 12.35 9.48 0.58 0.34 6.14 0.81 

Grain Width 3.46 4.30 3.80 0.18 0.03 4.72 0.81 

Grain Width/length 0.30 0.48 0.40 0.03 0.00 8.02 0.85 

Protein Content 8.85 11.69 9.77 0.54 0.30 5.57 0.56 

Starch Content 49.69 56.86 52.98 0.95 907.00 1.80 0.68 

Powdery Mildew field 2.50 75.50 28.19 15.09 227.60 53.52 0.59 

Powdery Mildew 

detached leaf assay 2.50 75.50 39.81 23.30 543.00 58.54 

 HVCC_S Min. Max. Mean S.D Vari. C.V Heritability 

Heading 64.83 85.71 77.51 3.40 11.56 4.39 0.83 

Height 59.83 119.50 78.73 9.43 89.00 11.98 0.76 

Spike length 3.96 10.37 7.49 1.15 1.32 15.34 0.68 

Grains per Ear 17.73 61.69 28.23 10.95 120.00 38.80 0.91 

Yield 2.61 6.62 5.11 0.68 0.46 13.22 0.57 

Grain area 18.54 30.73 26.25 1.55 2.40 5.91 0.80 

Thousand Grain 

Weight 33.00 54.72 45.30 4.08 16.66 9.01 0.86 

Grain length 6.31 11.26 8.85 0.43 0.19 4.88 0.81 

Grain Width 3.38 4.12 3.82 0.16 0.02 4.06 0.82 

Width/length 0.33 0.58 0.43 0.03 0.00 5.91 0.84 

Protein Content 8.27 11.60 9.48 0.44 0.19 4.61 0.65 

Starch Content 50.43 58.96 54.09 0.79 0.62 1.45 0.73 

Powdery Mildew field 2.50 75.50 37.57 22.79 519.30 60.65 0.66 

Powdery Mildew 

detached leaf assay 2.50 75.50 21.73 22.04 485.60 101.40   

LRC  Min. Max. Mean S.D Vari. C.V Heritability 

Starch Content 45.32 55.25 50.72 1.30 1.68 2.55 0.81 

Protein Content 7.80 12.59 10.12 0.70 0.49 6.91 0.54 

Powdery Mildew 

detached leaf assay 2.50 75.50 42.16 23.63 558.50 56.06   

HSC Min. Max. Mean S.D Vari. C.V Heritability 

Powdery Mildew 

detached leaf assay 2.50 75.50 9.90 13.67 186.80 138.10   

HVCC_Genobar Min. Max. Mean S.D Vari. C.V Heritability 

Powdery Mildew 

detached leaf assay 2.50 75.50 37.93 25.76 663.60 67.90   
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Table 3.2: Correlation matrix of the traits in HVCC_W gene pool.  Row type (Row), frost tolerance (Fr), heading date (Hd), height 

(Ht), spike length (Sl), grains per ear (GEar), thousand grain weight (TGW), grain area (Garea), grain length (Glength), grain width 

(Gwidth), ratio grain width/length (W_l), yield (Yld), starch content (SC), protein content (PC), powdery mildew resistance field 

(PMfld) and powdery mildew resistance (detached leaf assay, PMdla). 

*Significant at P< 0.05 

 

 

 

  

 

Row Fr Hd Ht Sl GEar TGW Garea Glength Gwidth W_l Yld SC PC PMfld PMdlA 

Row  1.00 

               
Fr 0.01 1.00 

              
Hd -0.31* -0.11 1.00 

             
Ht 0.04 -0.25* 0.53* 1.00 

            
Sl -0.37* 0.28* 0.16 -0.22* 1.00 

           
GEar 0.96* -0.08 -0.19* 0.15 -0.34* 1.00 

          
TGW -0.70* -0.13 0.28* 0.15 0.28* -0.67* 1.00 

         
Garea -0.26* -0.05 0.15 0.21* 0.19* -0.26* 0.76* 1.00 

        
Glength 0.46* 0.03 -0.15 0.13 -0.05 0.42* 0.02 0.64* 1.00 

       
Gwidth -0.77* -0.16 0.31* 0.15 0.23* -0.73* 0.92* 0.61* -0.19* 1.00 

      
W_l -0.78* -0.09 0.28* 0.00 0.16 -0.74* 0.51* -0.11 -0.82* 0.71* 1.00 

     
Yld 0.16 -0.64* 0.09 0.14 -0.36* 0.26* 0.16 0.16 0.12 0.11 -0.05 1.00 

    
SC -0.62* -0.22* 0.22* -0.10 0.15 -0.56* 0.18 -0.30* -0.72* 0.28* 0.68* -0.01 1.00 

   
PC -0.41* 0.36* 0.12 0.11 0.18 -0.48* 0.43* 0.31* -0.05 0.42* 0.30* -0.50* -0.15 1.00 

  
PMfld 0.12 0.16 -0.29* -0.26* -0.01 0.08 -0.22* -0.19* -0.04 -0.19 -0.08 -0.16 -0.08 -0.07 1.00 

 
PMdlA 0.20* -0.03 -0.15 -0.07 -0.14 0.20* -0.31* -0.32* -0.12 -0.24* -0.06 -0.07 -0.09 -0.10 0.08 1.00 
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Table 3.3: Correlation matrix of the traits in HVCC_S gene pool. Row type (Row), heading date (Hd), height (Ht), spike length (Sl), 

grains per ear (GEar), thousand grain weight (TGW), grain area (Garea), grain length (Glength), grain width (Gwidth), ratio grain 

width/length (W_l), yield (Yld), starch content (SC), protein content (PC), powdery mildew resistance field (PMfld) and powdery 

mildew resistance (detached leaf assay, PMdla) traits. 

 

 

Row Hd Ht Sl TGW GEar Garea Glength Gwidth W_l Yld SC PC PMfld PMdlA 

Row 1.00 
              

Hd -0.70* 1.00 
             

Ht 0.28* -0.22* 1.00 
            

Sl -0.71* 0.62* 0.02 1.00 
           

TGW -0.64* 0.31* -0.14 0.52* 1.00 
          

GEar 0.97* -0.62* 0.31* -0.67* -0.66* 1.00 
         

Garea -0.31* 0.08 -0.09 0.28* 0.83* -0.33* 1.00 
        

Glength 0.13 -0.19* 0.06 0.00 0.43* 0.08 0.83* 1.00 
       

Gwidth -0.72* 0.43* -0.25* 0.50* 0.88* -0.71* 0.64* 0.11 1.00 
      

W_l -0.54* 0.42* -0.22* 0.30* 0.21* -0.51* -0.27* -0.75* 0.55* 1.00 
     

Yld -0.66* 0.44* -0.40* 0.45* 0.58* -0.65* 0.39* 0.10 0.59* 0.27* 1.00 
    

SC -0.09 0.10 -0.31* 0.00 -0.06 -0.06 -0.24* -0.40* 0.07 0.36* 0.01 1.00 
   

PC 0.04 -0.03 0.35* -0.09 -0.16 0.02 -0.29* -0.28* -0.13 0.19* -0.45* -0.35 1.00 
  

PMfld 0.39* -0.27* 0.39* -0.31* -0.40* 0.40* -0.30* -0.09 -0.42* -0.21* -0.53* -0.06 0.26* 1.00 
 

PMdlA 0.30* -0.09 0.37* -0.19* -0.31* 0.31* -0.28* -0.14 -0.31* -0.09 -0.37 -0.06 0.28* 0.48* 1.00 

*Significant at P< 0.05
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Fig 3.6: Visual symptoms of powdery mildew infection under detached leaf assay condition. (a) 

78P and (b) D12/12 isolates infection on different genotypes of the gene pools. Different 

infection types are shown in the respective plates.  

 

Fig 3.7: Phenotypic distribution of powdery mildew disease infection under detached leaf assay 

condition across the gene pools. The colors blue, red, green and purple (2.5, 15.5, 38 and 75.5) 

represents leaf infection classes. The pie charts shows percentages of genotypes in the respective 

classes in different gene pools; winter gene pools  (HVCC_W), spring gene pool (HVCC_S), 

landraces gene pool (LRC), wild barley (HSC) and spring barley 224 genobar gene pool 

(HVCC_Genobar). 
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3.4 Genome-wide association analysis 

3.4.1 GWA analysis of phenological traits with BOPA1 SNP markers  

Frost tolerance (Fr) 

Thirty four SNP markers were found significantly associated in GWAS with frost tolerance in 

winter cultivar gene pool (HVCC_W) (Sup. Table S5, Fig 3.8). SNPs with highly significant 

association to the trait were mapped at ~108cM on chromosome 5H. This region corresponds to 

the chromosomal region harbouring the CBF (C-repeat binding factor) gene family 

chromosomal region (Choi et al. 2002). Similarly the cernalization gene VrnH2, chromosomal 

region on chromosome 4H was also significantly associated (Yan et al. 2004). In addition 

significantly associated regions on chromosomes 1H long arm, 5H long arm, 6H short arm and 

7H long arm were found. 

Heading date (Hd) 

GWAS for the heading date yielded twenty eight significantly associated SNPs in HVCC_W and 

twenty nine significantly associated SNPs in HVCC_S genepool (Sup. Table S6, Fig 3.9). No 

association was observed on chromosome 4H in HVCC_W gene pool and 1H and 6H in 

HVCC_S gene pool. Highly significant SNP markers in both gene pools (–log10 P = 6.4 in 

HVCC_W and –log10 P = 5.323 in HVCC_S) were from the 2H region near to the eam6 locus 

(Comadran et al 2009). In HVCC_W, SNPs corresponding to the genetic positions of major 

flowering time genes were found to be significantly associated with Hd. For instance SNPs from 

1H (~108cM) correspond to HvFT3, SNPs from 2H (~26cM) to PpdH1, SNPs from 2H (~52cM) 

to eam6 and SNPs from 5H (~63cM) to HvCo3 regions (Cuesta-Marcos et al. 2008; Faure et al. 

2007; Griffiths et al. 2003; Turner et al. 2005). In HVCC_S, SNPs corresponding to eam6, 

HvG1, HvFT1 and HvCo1 regions were significantly associated to Hd [viz., 2H (~52cM) 

corresponds to eam6, 3H (~54cM) to HvG1 7H (~41.85cM) to HvFT1 and 7H (~83cM) to 

HvCo1] (Cuesta-Marcos et al. 2008; Dunford et al. 2005; Griffiths et al. 2003; Kikuchi et al. 

2009) (Sup. Table S6). 
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Plant height (Ht) 

Forty nine and thirty one SNP markers were significantly associated with Ht in HVCC_W and 

HVCC_S gene pools, respectively (Sup. Table S7, Fig 3.10). In HVCC_W gene pool, no SNP 

markers were associated on chromosome 1H and highly significant SNP (–log10 P = 5.04) was 

near the Sdw3 region on chromosome 2H (~ 63.53cM) (Gottwald et al. 2004).  In HVCC_S gene 

pool, a highly significant SNP (–log10 P = 4.79) was observed on chromosome 3H (~126cM) 

near the sdw1/denso region (Jia et al. 2011).  

Spike length (Sl) 

In GWA scan, thirty five SNP markers for HVCC_W and forty one SNP markers for HVCC_S 

were significantly associated to spike length (Sup. Table S8, Fig 3.11). In HVCC_S gene pool, 

no association was observed on chromosome 6H, and  the most significantly associated SNP was 

from 4H (51.3cM) (–log10 P = 5.8). However, in HVCC_W gene pool, highly significant 

association was observed near eam6 on chromosome 2H (~53.53cM) (Cuesta-Marcos et al. 

2008). Chromosomal regions on 2H (Vrs1 ~ 82 cM) and 4H (int-C ~26.19cM) that have 

significance for row type were also found to be significantly associated with spike length trait 

(Komatsuda et al. 2007; Ramsay et al. 2011).  

 

 

 

 



Results 

 

45 
 

Fig 3.8: GWAS scan for the trait frost tolerance (Fr) in the HVCC_W gene pool. The X-axis 

shows seven chromosomes from short arm to long arm (left to right) and the Y-axis represents –

log10 (P) values of the SNP markers. The horizontal grey dotted line marks the threshold level (–

log10 (P) = 2)  

 

Fig 3.9: GWAS scan for the heading date (Hd) in (a) HVCC_W and (b) HVCC_S gene pools  
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Fig 3.10: GWAS scan for plant height (Ht) in (a) HVCC_W and (b) HVCC_S gene pools  

 

 

Fig 3.11: GWAS scan for spike length (Sl) in (a) HVCC_W and (b) HVCC_S gene pools 
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3.4.2 GWA analysis of grain traits with BOPA1 SNP markers  

Barley spike morphology (Row) 

Two-rowed and six-rowed spike type is the major classification of the spike in addition some 

intermediate types are also observed in natural populations. Five independent loci controlling 

row-type spike phenotype in barley are known and located on chromosomes 1H (Vrs3), 2H 

(Vrs1), 3H (Vrs4), 4H (Vrs5 also called int-C) and 5H (Vrs2). GWAS results have showed that 

97 SNPs were significantly associated to row type trait in HVCC_S and 37 SNPs in HVCC_W 

gene pools. (Sup. Table S9, Fig 3.12). No association was observed on chromosome 5H in 

HVCC_W gene pool. Segregation of Vrs3 (1H), Vrs1 (2H) and int-C (4H) was observed in both 

spring and winter gene pools (Pourkheirandish and Komatsuda 2007). In addition Vrs4 and Vrs2 

segregation was observed in HVCC_S gene pool. Most significant SNP markers association with 

significance of –log10 P = 96.86 and 36.84 were near to int-C region on chromosome 4H in both 

gene pools. The other significant (–log10 P = 20.86 and –log10 P = 21.20) SNP markers regions 

was near to Vrs1 chromosomal region on chromosome 2H (Komatsuda et al. 2007). Second 

highest significant SNP (–log10 P = 48) in HVCC_S was from the 1H region near 96 cM.  

Several other significant associations were detected across the chromosomes that have 

significant effect on row type (Sup. Table S9, Fig 3.12). 

Grains / ear (GEar) 

GWA scan for the GEar trait detected thirty two and eighty five significantly associated SNP 

markers in HVCC_W and HVCC_S gene pools, respectively (Sup. Table S10, Fig 3.13). Highly 

significant associations in both gene pools were found at the int-C region on chromosome 4H 

(26.19cM) and Vrs1 region on 2H (~82cM). Across the gene pools SNPs from chromosomal 

region on 1H at ~96cM had shown significant associations. No association was observed on 

chromosome 5H in HVCC_W gene pool. 

Thousand grain weight (TGW) 

Thirty one SNP markers in HVCC_W and sixty one SNP markers in HVCC_S gene pool were 

observed to be significant across the genome. Spike morphology controlling Vrs1 and int-C 
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genomic regions on chromosome 2H and 4H were highly associated with TGW (Sup. Table S11, 

Fig 3.14). As expected chromosomal region on 1H (96.92cM) that showed significant 

associations with traits GEar and row type was also significant in GWAS for TGW. Moreover 

this region was reported to be associated for TGW in a previous study by Pasam et al. (2012). 

Grain area (Garea) 

Significant marker-trait associations (47 SNPs in HVCC_W and 51 SNPs in HVCC_S) for Garea 

were observed across the gene pools (Sup. Table S12, Fig 3.15). Intermedium spike morphology 

determining int-C genomic region was significantly associated with Garea in both gene pools.  In 

HVCC_S, the Vrs1 region and genomic regions on chromosome 1H, 4H, 5H, and 6H were 

highly associated with Garea in both gene pools (Sup. Table S12). 

Grain length (Glength) 

In total thirty five SNP markers in HVCC_W and fifty eight SNP markers in HVCC_S gene 

pools were significantly associated with Glength. Highly significant association with -log10P = 

3.73 in HVCC_W gene pool was from chromosome 3H at ~78cM and in HVCC_S gene pool 

with significance level -log10P = 4.62 was from chromosome 4H (51.3cM), respectively (Sup. 

Table S13, Fig 3.16). Chromosome 4H genomic region ~51 cM was significantly associated to 

Glength in both the gene pools. 

Grain width (Gwidth) 

Across the chromosomes thirty six SNP markers in HVCC_W and forty seven SNP markers in 

HVCC_S were significantly associated to Gwidth trait. Row type gene Vrs1 and int-C regions 

were significantly associated with Gwidth trait in both gene pools (Sup. Table S14, Fig 3.17). 

Chromosomal region ~63.53 cM on 2H is interesting for trait Gwidth as this region had 

significant associations in both the gene pools.  

Grain ratio width/length (W_l) 

In total twenty eight SNP markers in HVCC_W and forty two SNP markers in HVCC_S were 

associated at genome-wide level (Sup. Table S15, Fig 3.18). Genomic region 74.37cM on 
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chromosome 2H in HVCC_W gene pool was most significantly associated with W_l trait. This 

region was also significantly associated with GEar, Gwidth and row type traits (Sup. Table S33).  

No association was observed on chromosome 7H in HVCC_W gene pool. In the HVCC_S most 

significant association was from chromosome 4H (59.37) (Sup. Table S15, Fig 3.16). 

Approximately eight genomic regions were commonly significant across the gene pools (Sup. 

Table S15). Gwidth and Glength associations often coincide with the W_L associations in both 

gene pools (Sup. Table S36, S37). 

Yield (Yld) 

One of the most complex agronomic traits is grain yield. Across the chromosomes twenty five 

SNP markers in HVCC_W and forty nine SNP markers in HVCC_S gene pools were 

significantly associated. Highly significant SNP marker in HVCC_W gene pool was from 

chromosome 3H (169.32cM) (Sup. Table S16, Fig 3.19). This genomic region was also 

significantly associated with Garea and Fr traits in HVCC_W gene pool (Sup. Table S36). 

Although no known QTL for yield coincides at this genomic region so probably this region is 

new and needs further characterization in future. In HVCC_S gene pool chromosome 7H 

(84.92cM) was significantly associated with Yld (Sup. Table S16, Fig 3.17). Associations for 

agronomic traits like Ht, Hd, Garea, Glength, SC, PC were found significantly associated at this 

chromosomal region (Sup. Table S37). In the literature three QTL viz. QHd.HaTr-7H, 

QHt.HaTr-7H and QHt.HaMo-7H were reported for this chromosomal region (QTL workbook 

graingenes). Several genomic regions associated with other yield component traits (TGW, Ht, 

GEar, Row type, Hd) were also associated significantly with Yld (Sup. Table S36, S37). 
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Fig 3.12:  GWAS scan for row type in (a) HVCC_W and (b) HVCC_S gene pools 

 

 

 

Fig 3.13:  GWAS scan for Grains per ear (GEar) in (a) HVCC_W and (b) HVCC_S gene pools 
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Fig 3.14: GWAS scan for thousand grain weight (TGW) in (a) HVCC_W and (b) HVCC_S gene 

pools 

 

 

 

 

 

 

 

 

 

 

Fig 3.15: GWAS scan for grain area (Garea) in (a) HVCC_W and (b) HVCC_S gene pools 
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Fig 3.16: GWAS scan for grain length (Glength) in (a) HVCC_W and (b) HVCC_S gene pools 

 

 

Fig 3.17: GWAS scan for grain width (Gwidth) in (a) HVCC_W and (b) HVCC_S gene pools 
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Fig 3.18: GWAS scan for ratio grain width/length (W_l) in (a) HVCC_W and (b) HVCC_S gene 

pools 

 

Fig 3.19: GWAS scan for grain yield (Yld) in (a) HVCC_W and (b) HVCC_S gene pools 
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3.4.3 GWA analysis of grain quality traits with BOPA1 SNP markers  

Starch content (SC) 

Twelve SNP markers located on chromosome 2H, 4H, 5H and 7H in HVCC_W gene pool were 

significantly associated with SC. Thirty three SNPs were significantly associated in HVCC_S.  

Highly significant marker-trait associations were found on chromosome regions 7H (110.99cM) 

in HVCC_W, 7H (84.92cM) in HVCC_S and 3H (114cM) in LRC gene pool (Sup. Table S17, 

Fig 3.20). Only nine SNP markers were able to surpass the –log10P =2 in LRC gene pool. These 

SNPs were located on chromosome 2H (3 SNPs), 3H (2 SNPs), 4H (1 SNP), 5H (2 SNPs) and 

6H (1 SNP). Chromosome 1H and 3H did not have any association in HVCC_W gene pool. On 

the other hand chromosome 5H did not have any association in HVCC_S gene pool. 

Protein content (PC) 

Grain protein content is an important seed quality trait. Low PC is desirable in malting barley for 

beer production. In the GWA scan across the gene pools, thirty SNP markers in HVCC_W, thirty 

nine SNP markers in HVCC_S and thirteen SNP markers in LRC gene pools were significantly 

associated with PC (Sup. Table S18, Fig 3.21). These SNPs were distributed across all the 

chromosomes. In HVCC_W gene pool no SNP marker association was observed on chromosome 

7H. As expected, genomic regions associated with PC were often significantly associated with 

SC (Sup. Table S36, S37).  
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Fig 3.20: GWAS scan for the starch content (SC) in (a) winter barley (HVCC_W), (b) spring 

barley (HVCC_S) and (c) landraces (LRC) gene pools.  The X-axis shows seven chromosomes 

from short arm to long arm and the Y-axis represents –log10 (P) values of the SNP markers. The 

horizontal grey dotted line shows the threshold level (–log10 (P) = 2) 

 

 

Fig 3.21: GWAS scan for the protein content (PC) in HVCC_W (a) and HVCC_S (b) and LRC 

(c) gene pools 
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3.4.4 GWA analysis of powdery mildew disease resistance with BOPA1 SNP markers  

Powdery mildew (PM) is one of the most economically devastating diseases of barley. One of 

the major genes, mlo is known to confer non-race specific durable resistance in barley 

(Freialdenhoven et al. 1996). In order to characterize PM resistance independent of mlo, 38 

HVCC_S barley genotypes and one accession BCC1411 from HVCC_Genobar were removed, 

as they were shown to carry mlo in their pedigree and the GWAS was performed excluding them 

(Sup. Table S40).  

Powdery mildew resistance under field condition (PMfld) 

In our GWA scan eighteen SNPs in HVCC_W and forty four SNPs in HVCC_S gene pools were 

significantly associated (Sup. Table S19, Fig 3.22) to PMfld. The most significant association 

was located on chromosome 5H (123cM) in HVCC_W and on 1H (3.75cM) in HVCC_S. 

Significant associations on short arm of chromosome 1H, around the resistance loci Mla was 

observed in HVCC_S gene pool. SNPs from chromosomal region near major genes Mlhb on 2H 

(26.53cM), Mlh on 6H (64.36cM) and Mlf on 7H (136.62cM) were significantly associated in 

HVCC_W gene pool. We also detected positive associations close to the major genes like MlLa 

on 2H (156.72cM), Mlg on 4H (65.05) and Mlf on 7H (136.62cM) (Comadran et al. 2009) (Sup. 

Table S19). Significant associations were observed both in winter and spring gene pools on 

chromosome 3H at 111.42 cM and 114 cM. Interestingly, a seedling resistance QTL Rbgq2b was 

located at this region (Aghnoum et al. 2009). Many significant marker trait associations were 

found across the chromosomes in our GWAS which are concurrent to positions of previously 

known disease resistance genes. 

Powdery mildew resistance under detached leaf assay condition (PMdla) 

Powdery mildew detached leaf assay was performed as an alternative approach to characterize 

the durable resistance of the Bgh infection. We identified seventeen SNP markers in HVCC_W, 

nineteen SNP markers in HVCC_S, seven SNP markers in LRC and nineteen SNP markers in 

HSC gene pools that were significantly associated across the genome (Sup. Table S19, Fig 3.23). 

In the HVCC_S gene pool and LRC gene pools, no SNP marker associations were observed on 

chromosome 1H and 6H. SNPs from chromosome 1H (88.23cM) in HVCC_W, 7H (77.85cM) in 
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HVCC_S, 2H (6.45cM) and 4HL (unmapped) in HSC gene pools were highly significant in 

GWAS (Sup. Table S19). Several genomic regions were significantly associated across the gene 

pools. Genomic region 2H (~50.49cM and ~137cM) in HVCC_S and HSC gene pools, 2H 

(~120cM), 6H (~65.03cM) in HVCC_W and HSC gene pools, 3H (~24cM), 7H (~74cM) in 

HVCC_S, LRC and HSC gene pools were found coinciding and significantly associated (Sup. 

Table S19). In addition, some of these significant associations were coinciding with the PMfld 

trait associations like SNP associations on genomic region 1H (88.23cM) was significant in the 

PMdla in HVCC_W and PMfld in HVCC_S gene pools  (Sup. Table S19). 

 

 

 

Fig 3.22: GWAS scan for the powdery mildew infection in field (PMfld) in (a) HVCC_W and 

(b) HVCC_S gene pools  
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Fig 3.23: GWAS scan for the powdery mildew detached leaf assay (PMdla) in (a) winter barley 

HVCC_W, (b) spring barley HVCC_S, (c) landraces (LRC) and (d) wild barley (HSC) gene 

pools 

 

3.4.5 Ascertainment bias of BOPA1 SNP markers 

The design of the BOPA1 array has unfavorable effects on its performance. They were 

inefficient in landraces and wild barley . As shown in Fig 3.2, Minor Allele Frequencies (MAF) 

and Polymorphic Information Content (PIC) of the BOPA1 in HVCC, LRC and HSC were 

different across these populations. Around 19 percent of SNP markers in LRC and 12 percent in 

HSC have minor allele frequency (MAF) ≤ 0.05 (Fig 3.2). The relative performance of the 

BOPA1 SNP markers in HVCC was considerably high. Most of the SNP markers were 

developed from cultivated genotypes and they performed well in cultivated (HVCC) gene pool. 

In comparison the BOPA1 SNPs performed badly in LRC and HSC gene pools. Relatively high 

MAF and PIC was observed in HSC then LRC gene pool. Nevertheless their performance in both 

LRC and HSC was bad in comparison to the cultivated barley populations. 
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This ascertainment bias of the SNP markers in LRC and HSC gene pool causes serious problems, 

while comparing the associations across the gene pool. In our study we removed SNP markers 

with ≤ 0.05 percent MAF as markers with low MAF causes spurious association. As a result 

many genomic regions were missed while comparing across the gene pools. In our association 

analysis, 984 SNP markers were used for HVCC_W, 1062 SNP markers for HVCC_S, 582 SNP 

markers for LRC and 813 SNP markers for HSC gene pools, respectively.  Decrease in marker 

density becomes aggravated by the decreasing extant of LD in LRC and HSC. This difference of 

the marker numbers was a major obstacle while comparing the genomic regions associated with 

the traits across different gene pools. Recently, high resolution genetic platform (iSelect SNP 

chip) was developed in barley that has ~7000 SNP markers. With multifold increase in marker 

coverage improvement in ascertainment issues was expected. For an example, GWAS for the 

grain yield successfully un-raveled high number of SNP associations using iSelect chip in 

comparison to the BOPA1 SNP markers (Fig 3.24).  In general, with high marker coverage 

several genetic positions were saturated with markers and when the region is significant all these 

markers become highly significant. Thus increasing marker coverage not only increased the 

significance level but several new regions were identified as an example Fig 3.24.  

 

 

 

Fig 3.24: GWA scan for grain yield (Yld) in the spring barley cultivar panel. Blue and red color 

represents iSelect and BOPA1 SNP markers significances across seven barley chromosomes 

(only markers mapped in Morex X Barke RIL map are shown) 
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3.4.6 Genome-wide association studies of phenological traits with iSelect SNP markers  

Frost tolerance (Fr) 

In HVCC_W gene pool, 206 SNP markers across the genome were significantly associated with 

Fr (Sup. Table S20, Fig 3.25). SNPs with significantly high association to Fr were observed  on 

chromosomal regions of 1H (~139.8cM) (mapped using LD with BOPA, Close et al. 2009, not 

shown in Fig 3.25) followed by 5H (99cM). SNPs corresponding to the vernalization gene 

regions on 4H (VrnH2)  and on 5H long arm  (VrnH1)  were also found to be significantly 

associated with frost tolerance  (Yan et al. 2004) (Sup. Table S20). 

Heading date (Hd) 

GWAS using iSelect SNPs for Hd revealed 112 and 282 SNPs to be significantly associated in 

HVCC_W and  HVCC_S gene pools, respectively (Sup. Table S21, Fig 3.26). Highly significant 

SNP markers (Bk_12, BK_14, Bk_15 and Bk_16) were detected at 26.6cM on chromosome 2H 

in HVCC_W gene pool. These markers in iSelect were derived from major heading date gene 

PpdH1 gene (Turner et al. 2005). In HVCC_S gene pool SNP from chromosomal region 7H was 

associated with high significance. This genomic region was co-localized with HvFT1 region 

(Faure et al. 2007). In both gene pools significant SNP markers associations were observed on 

2H near eam6 locus (~50cM) (Cuesta-Marcos et al. 2008). 

Plant height (Ht) 

Genome-wide scan for Ht using iSelect SNP markers yielded significant marker-trait 

associations across the gene pools (266 SNPs in HVCC_W and 159 SNPs in HVCC_S) (Sup. 

Table S22, Fig 3.27). Genomic region near Sdw3 on chromosome 2H (57.5cM) significantly 

associated with Ht in HVCC_W gene pool (Gottwald et al. 2004). In the HVCC_S gene pool, 

highly significant marker-trait associations were observed near the sdw1/denso on chromosome 

3H (111.1cM) (Sup. Table S22) (Jia et al. 2011). With BOPA1 SNPs also we observed that SNPs 

close to Sdw3 were highly significant in HVCC_W and SNPs close to sdw1 were highly 

significant in HVCC_S. Chromosome regions 2H (~39.1cM and ~70.50cM), 4H (~48.50cM and 



Results 

 

61 
 

~103.10cM), 5H (~18.0cM, ~66 cM, ~113cM, ~123cM and ~145 cM) and 7H (~88cM) were 

found significantly associated across the HVCC_W and HVCC_S gene pools. 

Spike length (Sl) 

Two hundred seven SNP markers in HVCC_W and one hundred thirty two SNP markers in 

HVCC_S were significantly associated in GWAS for Sl trait (Sup. Table S23, Fig 3.28). Highly 

significant association was near to eam6 genomic region on 2H (~59cM) in HVCC_W gene pool 

(Cuesta-Marcos et al. 2008). Chromosomal region 7H (79.6cM) in HVCC_S gene pool was 

highly significant with –log10P = 4.92 (mapped using LD with BOPA Close et al. (2009) not 

shown in Fig 3.28). Several genomic regions were significantly associated across the gene pools 

viz. 1H (~136cM), 2H (~2cM), 3H (~114cM, ~124cM and ~142cM), 4H (~96cM and ~101cM), 

5H (~84cM, ~113cM, ~145cM and ~160cM), 6H (~101cM) and 7H (~26cM) (Sup. Table S23).  

 

 

 

 

 

 

 

 

Fig 3.25: GWAS scan for the trait frost tolerance (Fr) in the HVCC_W gene pool. The X-axis 

shows seven chromosomes from short arm to long arm (left to right) and the Y-axis represents –

log10 (P) values of the SNP markers. The horizontal dotted line marks the threshold level (–log10 

(P) = 2). Blue and red color represents iSelect and BOPA1 SNP markers significances across 

seven barley chromosomes (only markers mapped in Morex X Barke RIL map are shown) 
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Fig 3.26: GWAS scan for the Heading date (Hd) in (a) HVCC_W and (b) HVCC_S gene pools. 

Blue and red color represents iSelect and BOPA1 SNP markers significances across seven barley 

chromosomes (only markers mapped in Morex X Barke RIL map are shown) 

Fig 3.27: GWAS scan for the Plant height (Ht) in (a) HVCC_W and (b) HVCC_S gene pools. 

Blue and red color represents iSelect and BOPA1 SNP markers significances across seven barley 

chromosomes (only markers mapped in Morex X Barke RIL map are shown) 
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Fig 3.28: GWAS scan for the Spike length (Sl) in (a) HVCC_W and (b) HVCC_S gene pools. 

Blue and red color represents iSelect and BOPA1 SNP markers significances across seven barley 

chromosomes (only markers mapped in Morex X Barke RIL map are shown) 

  

3.4.7 Genome-wide association studies of grain traits with iSelect SNP markers  

Barley spike morphology (Row) 

GWA scan for row type showed 383 SNPs in HVCC_W and 349 SNPs in HVCC_S were 

significantly associated with the row type trait (Sup. Table S24, Fig 3.29). SNP with significantly 

high association to row type was on chromosome 4H (28cM) near the int-C region in HVCC_W 

gene pool. In HVCC_S gene pool, SNPs with significantly high association to row type were 

observed on 1H (~94cM) and on 4H (28cM) near int-C region. Segregation of Vrs1 (2H), Vrs2 

(5H), Vrs3 (1H), Vrs4 (3H) and int-C (4H) genes on corresponding chromosomal regions were 

observed in both gene pools (Pourkheirandish and Komatsuda 2007). Highly significant 

associations were co-localized near int-C and Vrs1 chromosomal regions. Significant association 

of SNP with row type on chromosome 1H (~94cM) in HVCC_S gene pool is interesting as no 
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gene controlling row type is characterized in this region. Several other SNPs with significant 

association to row type were consistently present across the gene pools (Sup. Table S24, Fig 

3.29). These could be due to the genes with small effect that modify the row type phenotype. 

Grains / ear (GEar) 

In total, 223 SNP markers in HVCC_W were significantly associated to trait GEar. GWA scan in 

HVCC_S revealed 206 significant marker-trait associations for GEar (Sup. Table S25, Fig 3.30). 

Highly significant SNP marker association was observed near to int-C region on 4H (~28cM) in 

HVCC_W gene pool (Sup. Table S25). In HVCC_S gene pool, iSelect SNP located on 

chromosomal region 1H (94.3cM) was highly significant (Sup. Table S25). In addition, several 

other genomic regions associated to row type trait were also significantly associated to the trait 

GEar in both winter and spring gene pools (Sup. Table S25). 

Thousand grain weight (TGW) 

GWA scan with iSelect SNPs for TGW had found significant associations with 242 SNPs in 

HVCC_W and 216 SNPs in HVCC_S gene pools. Highly significant association in both winter 

and spring gene pools was close to int-C region on 4H (~29.7cM) (Sup. Table S26, Fig 3.31).  

Several regions across chromosomes were significantly associated in both the gene pools which 

provide an additional validation for these regions (Sup. Table S26, Fig 3.31). Chromosomal 

regions on 1H (~97cM, ~112cM and ~123cM), 2H (~22cM, ~26cM, ~74cM, ~80cM and 

~112cM), 3H (~73cM and ~135cM), 4H (~28cM, ~51.30cM, ~76cM and ~103cM), 5H 

(~49.50cM), 6H (~55.0cM, ~60.20cM and ~72.50cM) and 7H (~24cM, ~74cM and ~119cM ) 

were significantly associated across the gene pools (Sup. Table S23). 

Grain area (Garea) 

Significant associations (245 SNPs in HVCC_W and 253 SNPs in HVCC_S) for Garea were 

observed across the genome in both gene pools (Sup. Table S27, Fig 3.32). Highly significant 

associations were observed with iSelect SNP 11_20777 (4H; ~29.7cM) in both gene pools. 

Several associated regions were significant across both the gene pools like 2H (~56.09cM, 
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~77cM and ~139cM), 3H (~56.65cM, ~63cM, ~95cM and ~155cM), 5H (~31cM, ~49cM, 

~147cM and ~173cM), 6H  (~56.0cM) and 7H (~76cM and ~111cM) (Sup. Table S27, Fig 3.32). 

Grain length (Glength) 

Across the genome, 114 and 307 SNPs were significantly associated to Glength trait in 

HVCC_W and HVCC_S gene pools, respectively. On chromosome 6H at ~97.7cM highly 

significant associations for Glength were observed in HVCC_W gene pool (Sup. Table S28, Fig 

3.33). In HVCC_S highly significant SNP association was detected near rowed type gene int-C 

on 4H (29.7cM). Many genomic regions were significantly associated to trait Glength across the 

gene pools viz. 1H (~50cM), 2H (~58.90cM, and 130cM), 3H (83cM, ~95cM and ~104cM), 4H 

(~61cM, ~112cM), 5H (~46cM, ~129cM, ~145cM, ~176cM), 6H (~53cM, ~97cM) and 7H 

(~34cM and ~74cM) (Sup. Table S28).  

Grain width (Gwidth) 

Genome-wide significant associations for the trait Gwidth (329 SNPs HVCC_W and 184 SNPs 

in HVCC_S) were observed across the gene pools (Sup. Table S29, Fig 3.33). SNPs close to 

spike morphology determinant row-type gene int-C was most significantly associated with 

Gwidth trait. Significant marker-trait associations were observed across winter and spring gene 

pools viz. 1H (~5.09cM and ~86cM), 2H (~22.93cM, ~68cM, ~74cM, ~79cM, ~98cM 

and~139cM), 3H (~61cM and ~73cM), 4H (~28.66cM and ~69.50cM), 5H (~4.0cM, ~140cM 

and ~172cM), 6H (~54cM and ~61cM) and 7H (~64.36cM and ~144cM) , respectively. 

Grain ratio width/length (W_l) 

In total, 163 SNP markers in HVCC_W and 172 SNP markers in HVCC_S were significant in 

GWAS using iSelect SNPs for W_L trait (Sup. Table S30, Fig 3.34). Chromosome region 

138.8cM on 2H and 88.2cM on 1H were highly significant in HVCC_W and HVCC_S gene 

pools. As expected, several chromosomal regions that were significant in GWAS for traits 

Gwidth and Glength were also significant with ratio of grain Width/length trait (Sup. Table S38, 

S39, Fig 3.34). Many genomic regions were significantly associated in both the gene pools like 

1H (~52.61cM and ~108cM), 2H (~55cM, ~66cM, ~112cM and ~145cM), 3H (~83cM), 4H 
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(~28cM, ~43cM, ~51cM and ~112cM), 5H (~151cM) and 6H (~52.23cM and ~74.50cM) , 

respectively. 

Yield (Yld) 

Significant associations were found in HVCC_W (119 SNPs) and HVCC_S (105 SNPs) gene 

pools for grain yield trait across the genome (Sup. Table S31, Fig 3.35). Highly significant 

associations were on chromosome 5H (~99cM) in HVCC_W and on 3H (~55cM) in HVCC_S 

gene pools. Many significant SNP marker associated regions were coinciding in both the gene 

pools like 1H (~53.91cM), 2H (~2.10cM and ~100cM), 3H (~55cM, ~59cM, ~136cM), 4H 

(~115cM), 5H (~48.99cM, ~144.80cM and ~158cM), 6H (~81.90cM) and 7H (~0.0cM, ~46.65, 

~78cM, ~115cM and ~125cM) , respectively  (Sup. Table S31, Fig 3.35). 

 

 

 

Fig 3.29: GWAS scan for the row-type (Row) in (a) HVCC_W and (b) HVCC_S gene pools. 

Blue and red color represents iSelect and BOPA1 SNP markers significances across seven barley 

chromosomes (only markers mapped in Morex X Barke RIL map are shown) 
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Fig 3.30: GWAS scan for the Grains per ear (GEar) in (a) HVCC_W and (b) HVCC_S gene 

pools. Blue and red color represents iSelect and BOPA1 SNP markers significances across seven 

barley chromosomes 

Fig 3.31: GWAS scan for the thousand grain weight (TGW) in (a) HVCC_W and (b) HVCC_S 

gene pools. Blue and red color represents iSelect and BOPA1 SNP markers significances across 

seven barley chromosomes 
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Fig 3.32: GWAS scan for the grain area (Garea) in (a) HVCC_W and (b) HVCC_S gene pools. 

Blue and red color represents iSelect and BOPA1 SNP markers significances across seven barley 

chromosomes

 

Fig 3.33: GWAS scan for the grain length (Glength) in (a) HVCC_W and (b) HVCC_S gene 

pools Blue and red color represents iSelect and BOPA1 SNP markers significances across seven 

barley chromosomes 
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Fig 3.34: GWAS scan for the grain width (Gwidth) in (a) HVCC_W and (b) HVCC_S gene 

pools. Blue and red color represents iSelect and BOPA1 SNP markers significances across seven 

barley chromosomes 

Fig 3.35: GWAS scan for the grain ratio width by length (W_l) in (a) HVCC_W and (b) 

HVCC_S gene pools. Blue and red color represents iSelect and BOPA1 SNP markers 

significances across seven barley chromosomes 
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Fig 3.36: GWAS scan for the Grain yield (Yld) in (a) HVCC_W and (b) HVCC_S gene pools. 

Blue and red color represents iSelect and BOPA1 SNP markers significances across seven barley 

chromosomes 

 

3.4.8 Genome-wide association studies of grain quality traits with iSelect SNP markers  

Starch content (SC) 

GWAS for trait SC using iSelect SNPs revealed 85 significant associations in HVCC_W and 173 

significant associations in HVCC_S (Sup. Table S32, Fig 3.37). Highly significant associations 

were on chromosome 1H (91.6cM) in HVCC_W and on 7H (89cM) in HVCC_S gene pool. 

Genomic regions on 1H (~50.44cM), 2H (~58cM, ~71cM, ~83cM and ~144cM), 3H (~99cM), 

4H (~51.30cM and ~81.70cM), 5H (~32cM and ~151cM) and 7H (~81.76cM) were found 

significantly associated in both gene pools (Sup. Table S32, Fig 3.37). 

Protein content (PC) 

In HVCC_W gene pool, 144 SNPs were significantly associated to PC and in HVCC_S 148 

SNPs showed significant association to PC trait (Sup. Table S33, Fig 3.38). SNP from 

chromosome 2H at 87.1cM in HVCC_W and from 2H at 18.7cM in HVCC_S were highly 

significant (Sup. Table S33, Fig 3.38). Several genomic regions were significant across the gene 
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pools like like 1H (~53.91cM, ~65.90cM), 2H (~10.90cM, ~58.90cM, ~68cM, ~70.50cM and 

~86.60cM), 3H (~127cM and ~141cM), 5H (~18.0cM and ~166cM), 6H (~60.20cM) and 7H 

(~133cM) (Sup. Table S33). 

Fig 3.37: GWAS scan for the starch content (SC) in (a) HVCC_W and (b) HVCC_S gene pools 

Fig 3.38: GWAS scan for the protein content (PC) in (a) HVCC_W and (b) HVCC_S gene pools 
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3.4.9 Genome-wide association studies of powdery mildew disease resistance with iSelect 

SNP markers  

Powdery Mildew Field (PMfld) 

Genome-wide scan for powdery mildew resistance under field condition resulted in a total of 79 

and 320 SNPs significantly associated in HVCC_W and HVCC_S gene pools, respectively (Sup. 

Table S34, Fig 3.39). Chromosomal region near the Mla genomic region on short arm 1H 

(~5cM) was significantly associated in the HVCC_S gene pool. Most significant association was 

on chromosome 5H (130cM) in HVCC_W and 2H (150cM) in HVCC_S. Many significant 

associations were commonly present in both gene pools like 1H (~55cM), 3H (~69.60cM), 4H 

(~96.60cM and ~103cM) and 5H (~47.02cM, ~126.50cM, ~134cM, ~155cM) and 7H (~132cM) 

(Sup. Table S34, Fig 3.39). 

Powdery Mildew resistace under detached leaf Assay in different gene pools (PMdla) 

In total 62, 121 and 190 SNPs in HVCC_W, HVCC_S, and HVCC_Genobar gene pools were 

significantly associated to the trait PMdla (Sup. Table S35, Fig 3.40). Highly significant 

associations were observed on chromosome 3H (123.7cM) in HVCC_W, 2H (150cM) in 

HVCC_S and 5H (43.8cM) in HVCC_Genobar gene pools (Sup. Table S35, Fig 3.40).  

Interestingly, some of the associated genomic regions had significance across three gene pools 

viz. 3H (~25cM, ~78cM, and ~114cM), 5H (~62.10cM, ~135cM and ~143cM) and 7H 

(~74.0cM) , respectively (Sup. Table S35, Fig 3.40).  
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Fig 3.39: GWAS scan for the powdery mildew resistance under field condition (PMfld) in (a) 

HVCC_W and (b) HVCC_S gene pools 

Fig 3.40: GWAS scan for the powdery mildew resistance under detached leaf assay (PMdla) in 

(a) HVCC_W (b) HVCC_S and (c) Genobar_224 gene pools 
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3.5 Coincidence of genome-wide associations across traits  

In this study several genomic regions were found significantly associated across traits (Fig 3.41, 

3.42, 3.43). Majority of the traits were found to have significant correlations at phenotypic level 

(Table 3.2 and Table 3.3). The positive and negative correlations observed among the traits at 

phenotypic level indicated that these traits are not independent. The effects of the 

interdependency of these traits and their overlapping pathways have resulted in multiple trait 

associations at some of the genomic regions and often this pleiotropic effect is reported from 

major genes (Sup. Table S36, S37, S38 and S39, Fig 3.42, Fig 3.43). For example Sdw1 gene on 

3H in HVCC_S gene pool was significant with yield and protein content traits (Fig 3.43). 

Chromosomal region 3H (~50-60cM) was significant to row type, yield, TGW, grain area, grain 

width, grain length, frost and Protein content traits in winter barley (Fig 3.42). Interestingly in 

winter barley chromosomal region on 1H at ~90cM significant associations were observed with 

heading date, height, yield, frost and starch content, similarly heading date and yield association 

were observed at 104cM (1H). SNPs from heading date PpdH1 region on chromosome 2H 

(~26cM) showed strong association with grain width, TGW and ratio of grain width by length 

traits in winter barley gene pool (Sup. Table S36, S37, S38 and S39). In spring barley gene pool 

height, spike length and yield showed association at 54cM on chromosome 3H. Also eam6 

chromosomal region showed significant association on chromosome 2H at ~ 60cM for heading, 

grains per ear, yield, grain length and ratio of width by length traits. In addition row-type 

associated regions mostly showed significant association with grains per ear, thousand grain 

weight, grain width and protein and sometimes with starch content in both winter and spring 

gene pools.  

In order to see the pattern in associations of different traits, principal component analysis was 

performed across all the traits using associated SNPs. PCA showed that grain traits clustered 

together in both gene pools. In HVCC_W gene pool PC1 captured 13.33 percent of the variation 

of the data using BOPA1 SNP associations. On this axis grain traits like TGW, Garea, Glength 

and W_L were grouped differently from rest of the traits (Fig 3.41, 3.42, 3.43). Another 12.25 

percent of variation was captured on PC2 and further clustering of the traits was observed. 

Interestingly traits like protein content, yield, powdery mildew field, frost, heading and height 

were clustered closer to each other. Spike morphology related trait like rowed type and grains per 

ear were clustered together. PCA of the SNP trait associations with iSelect SNPs did not alter the 
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structuring of the traits. PCA with iSelect results explained same proportion of variation, only the 

resolution of the separation of traits from each other changed (Fig 3.41, 3.42, 3.43). 

Similarly PCA was performed with GWAS results using BOPA1 SNPs in HVCC_S gene pool. 

PC1 explained 15.11 percent of variation (Sup. Fig S10). Traits like rowed type, GEar, Gwidth 

and TGW clustered separately from the all other traits (Sup. Fig S8, S9). PC2 explaining 12.5 

percent of variation, separates traits like Glength, W_L, Gwidth, TGW, GEar and row type. 

Traits like yield, starch content, spike length, heading, height, protein and PM field and PM 

detached leaf assay were clustered together (Sup. Fig S8, S9). Similar structuring of the traits 

was observed with PCA constructed using results of GWAS with iSelect SNPs (Sup Fig S10). 

Only exception observed was for the traits spike length and plant height. (Sup. Fig S8, S9). 
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(a) 

(b) 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3.41: Principal component analysis of the associations in winter barley. Significant principal 

components (PC1 and PC2) are shown using (a) BOPA1 and (b) iSelect SNP markers 
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Fig 3.42: Genome-wide association of all traits in winter 

(HVCC_W) barley gene pool using BOPA1 SNP 

markers. Chromosome 1H-7H are shown along with the 

associated chromosomal regions highlighted as bars of 

various color according to the traits. Short abbreviations 

for traits are shown viz. Frost (Fr), row type (Row), 

height (Ht), heading (Hd), spike length (Sl), grains per 

ear (GEar), thousand grain-weight (TGW), grain area 

(Garea), grain length (Glength), grain width (Gwidth), 

grain width / length (W_l), starch content (SC), protein 

content (PC), powdery mildew resistance in field (PMfld) 

and powdery mildew detached leaf assay resistance 

(PMdla). Significant associated regions are shown (-log10 

P ≥ 2) as bars of different colors 
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               7H 

 

Fig 3.43: Genome-wide association of all traits in spring 

(HVCC_S) barley gene pool using BOPA1 SNP markers. 

Chromosome 1H-7H are shown along with the associated 

chromosomal regions highlighted as bars of various color 

according to the traits. Short abbreviations for traits are 

shown viz. row type (Row), height (Ht), heading (Hd), 

spike length (Sl), grains per ear (GEar), thousand grain-

weight (TGW), grain area (Garea), grain length 

(Glength), grain width (Gwidth), grain width / length 

(W_l), starch content (SC), protein content (PC), 

powdery mildew resistance in field (PMfld) and powdery 

mildew detached leaf assay resistance (PMdla). 

Significant associated regions are shown (-log10 P ≥ 2) as 

bars
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4 Discussion 

Genome wide association (GWA) is a powerful approach to dissect and unravel the genetic 

architecture of complex agronomic traits. The direct utilization of available natural variation for 

QTL discovery in GWAS has many inherent advantages. LD mapping saves time required for 

establishment of mapping population which is several years in case of biparental mapping 

populations. However association mapping populations has to be purified by single seed descent 

method (SSD) and requires also time. Nevertheless association mapping has more advantage 

over the biparental mapping as it can be immediately adopted using pure lines. High genetic 

resolution can be obtained using LD mapping approaches (Rafalski 2010). It is based on many 

generations of recombination in the ancestral population in comparison to only few 

recombination events in biparental mapping. The LD decay is variable in different germplasm 

sets and can be exploited in discovering the QTL at minimum to high resolution (Aranzana et al. 

2005; Brachi et al. 2010; Cockram et al. 2010; Morrell et al. 2005; Pasam et al. 2012; Stracke et 

al. 2007). GWAS in crop plants is challenging as in many cases phenotyping large collections is 

limiting due to the long life cycle of crop plants. Barley with large and highly repetitive genome 

is difficult crop to work with at genomic level. However, the recent advances in barley genomics 

and the establishment of vast genetic resources has opened up the feasibility of gene cloning both 

by employing mixed strategies map based approaches that include the use of information from 

sequenced model and crop genomes and GWAS (Close et al. 2009; Komatsuda et al. 2007; 

Mayer et al. 2011; Ramsay et al. 2011; Sato et al. 2009). The availability of a large number of 

SNPs from exonic regions and the recently developed parallel SNP genotyping platforms in 

barley has incited several GWAS both for gene cloning and QTL detection (Cockram et al. 2010; 

Comadran et al. 2011a; Pasam et al. 2012; Schmalenbach et al. 2011). Barley is a predominantly 

self pollinating diploid species and has high LD blocks and few hundred markers in LD are 

enough to cover all the barley genome (Brown et al. 1978; Rostoks et al. 2006). Conversely, 

QTL discovered in high LD germplasm have low genetic resolution as the causal gene could be 

far from the associated SNP marker. In recent studies, different gene pools of barley were shown 

to have different LD pattern and the discriminatory LD can be used to fine map QTL and locate 

candidate genes (Comadran et al. 2011a; Morrell et al. 2005; Russell et al. 2011). 
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In the present study, different gene pools were investigated at a genome wide level to discover 

marker associations for agronomic and biotic stress related traits. The discriminatory LD pattern 

of these gene pools was exploited in marker associations for the studied traits. Although several 

marker trait associations were detected in the gene pools, the idea of exploiting the 

discriminatory LD of gene pools to discover candidate gene has not worked as anticipated in the 

beginning of the study. Ascertainment bias of the SNP markers was the major problem while 

comparing associations across the gene pools.  Furthermore, in some cases phenotyping of 

agronomic traits was not possible in all gene pools e.g. wild barley was not studied for the 

agronomic traits as it was very difficult and time consuming to propagate and work on it. 

Similarly landraces from Syria and Jordan were not adapted to the growing conditions of Europe. 

As a result only powdery mildew resistance under detached leaf assay was scored on wild barley 

and landraces under green house growing conditions. Although they were planted twice in the 

field but they turn out to be complete failures. During the year 2009 LRC were planted during 

spring but were unable to flower in two locations in Germany (IPK and Halle) (Fig 4.1a). We 

thought they need vernalization as they originated from Syria and Jordan where they need cold 

environment during their development. In order to have uniform growth and heading all LRC 

were planted in winter in the subsequent year 2010. It was too cold for them and most of them 

were unable to survive under extreme cold conditions of 2010 (Fig 4.1b). 
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Fig 4.1: LRC field plots from IPK location; (a) shows heading in Jordanian genotypes and only 

vegetative growth in Syrian landraces from spring sowing in year 2009 IPK (b) shows complete 

frost damage during winter in year 2010 IPK 

4.1 Population structure and linkage disequilibrium (LD) 

A structured population is an inherent character of most of the crop plants which is the outcome 

of the complex history of domestication and breeding. In plants the population structure is 

influenced by the genetic bottlenecks, mutation, genetic drift, and migration histories.  Many 

crops have experienced severe bottlenecks during domestication and plant breeding (Hyten et al. 

2006; Kilian et al. 2006; Reif et al. 2005). Population structure is serious problem in association 

studies as division of the population into distinct subgroups related by kinship is the source of 

false positives (Rafalski 2010). If a certain trait is common in one subgroup but rare in another 

then any markers distributed unevenly in these groups can be positive in association test. This 

type of association can be located on any genomic location. In order to control false positives, 
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population structure has to be determined and structure should be accounted in the statistical 

model for association analysis. 

In this study, PCA of the all available collections together has shown that the genotypes were 

structured according to the gene pool classification. Cultivated gene pools (HVCC_W and 

HVCC_S) clustered separately from landraces (LRC) and wild barley (HSC). Further, HVCC_S 

and HVCC_W gene pool were indicating higher degree of genetic diversity in comparison to the 

HSC and LRC gene pool (Fig 3.1). In addition using STRUCTURE and Neighbour Joining (NJ) 

tree cultivated gene pools (HVCC_W and HVCC_S) were majorly structured according to the 

row-type (Fig 3.3, Fig S6). As barley breeding follows separately on two-rowed and six-rowed 

types, the observed differences on molecular basis confirms the genetic differentiation of two 

and six-rowed barley types. Interestingly in PCA axis spring two vs. six rowed separation was 

wider in comparison to the winter two vs. six rowed barley. This probably suggests plant 

breeding between row-type employed more frequently in winter barley in comparison to the 

spring type although there is no literature to prove this point. Similarly based on the NJ cluster 

analysis landraces were clustered based on their geographic origin (Fig S7). The LRC gene pool 

was reported to be diverse and structured according to their geographical origins using SSRs and 

chloroplast SSR data (Russell et al. 2011; Russell et al. 2003). In current study sub-structuring of 

the landraces according to the geography (Syrian and Jordanian landraces) was observed but the 

relative differentiation was comparably small in comparison to the cultivated gene pools (Fig 

3.1, S7). The wild barley gene pool (HSC) appears as small cluster in the PCA (Fig 3.1) whereas 

high genetic diversity and further sub-structuring of the wild barley was reported using SSR 

markers (Hübner et al. 2009). Also NJ cluster analyses showed that wild barley have sub-

structuring according to their origin (Fig S7). 

These observed differences signified that the interpretation of relative genetic diversity (based on 

PCA) of the gene pools is not straight forward.  Ascertainment bias of the BOPA1 SNP markers 

is the major reason that explained the discrepancy in estimating the diversity of HSC and LRC 

gene pool (Fig 3.1). Although the LRC and HSC gene pools were reported to be diverse in 

earlier studies in the current study using BOPA1 SNP markers their diversity is underestimated 

(Hübner et al. 2009; Russell et al. 2003). A large number of SNP markers were not segregating 

in these gene pools. These SNPs were either monomorphic or with a very low MAF (see Fig 
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3.2). Discrete haplotype structuring (less randomly assorted haplotype) in the cultivated gene 

pool in comparison to the landraces and wild barley gene pool could have attributed to the 

observed differences in ordination plot (Russell et al. 2004; Russell et al. 2011). 

Few cultivars were found in close proximity to the HSC gene pool and some to the LRC (see Fig 

3.1). The HVCC_S genotype Orza clustered close to the LRC genotypes (SLB_66-71, SLB_05-

076 and SLB_45-021. In the pedigree this genotype originated from the cross of cultivar Tokak 

and landrace 4857. The HVCC_S genotype Rondo (naked six-rowed) clustered close to the wild 

barley cluster. This genotype is known to have good salt tolerance and closeness of the genotype 

to the wild barley gene pool means probably it carries wild introgressions. The wild barley 

accessions B1K-22-06 and B1K-22-03 were divergent from the major cluster of HSC gene pool 

(see Fig 3.1). These genotypes were collected from Ramat David in the Northern part of Israel 

and their deviation from wild gene pool may be due to their local adaption and proximity to 

cultivated barley in this region. This probably means they are the admixtures of cultivated gene 

pool. These examples showed that except occasional admixtures, these gene pools are distinct 

from each other. The landraces and wild barley gene pools were sampled from geographically 

distinct areas so admixture of the genotypes is not naturally possible. Although introgression of 

these gene pools is almost impossible but admixture during propagation of the genotypes cannot 

be ignored. Limited degree of secondary contact was reported in landraces and wild barley using 

the geographically matched genotypes sampled from Jordan and Syria (Russell et al. 2011). In 

this study, the associations for each gene pool were separately analyzed and compared. In almost 

all recent association studies, kinship matrix is used in controlling population structure and was 

reported to perform superior compared to other models (Kang et al. 2008a; Pasam et al. 2012; 

Stich and Melchinger 2009; Yu et al. 2006). In general it is also obvious that genetic relatedness 

correction had adverse effect on the number of significant associations.  In this study for almost 

all traits, as expected, significant marker surpassing the –log10P = 2 reduced dramatically using 

stringent mixed model analysis using kinship matrix. However further markers surpassing false 

discovery threshold for almost all traits were reduced drastically when stringent conservative 

false discovery rate (FDR) was used (Table 4.1). In few cases no SNP marker was able to 

surpass the threshold (Table 4.1) (Storey and Tibshirani 2003). Nevertheless, still the discovered 

associations above threshold –log10P = 2 were congruent to the published literature. Thus 
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although less stringent in terms of the statistics but the –log10P = 2 threshold in declaring 

significance makes sense and thus used in this study. 

Population history, mutations, natural selection and chance events in small populations (genetic 

drift) are the forces that affect the level of LD (Stumpf and McVean 2003). Effective short 

distance LD is mainly impacted by recombination, on the other hand long distance LD/ inter-

chromosomal LD may be due to the population structure or epistasis or trans-acting regulators 

(Kouyos et al. 2007; Slatkin 2008). Inter-chromosomal LD was observed in HVCC and LRC 

gene pools and this long range LD should be accounted in order to control false positives. The 

extent of LD increased in HVCC_W and HVCC_S gene pools in comparison to the LRC and 

HSC gene pools (Fig 3.4, 3.5). Level of LD decay in spring and winter barley gene pool in this 

study is comparable to other genome-wide studies but high in comparison to the world-wide 

spring barley collection where average LD level was reported 5-10cM (Comadran et al. 2011a; 

Comadran et al. 2009; Pasam et al. 2012). One of the reasons for high LD could be all these 

cultivars are from Europe and are diverse in terms of the phenotypic values but still closely 

related to each other.  Morrell et al. (2005) found a low level of LD similar to the outcross 

species maize using re-sequencing of 18 loci in wild barley. The extent of LD decay is variable 

across the gene pools (see Fig 3.4). In this study extreme LD decay observed in wild barley gene 

pool (<1cM) and is comparable to the low LD observed in earlier studies on wild barley. This 

highlights the potential of wild barley associations as SNP associations could be in close 

proximity to the causal genes. The low LD in HSC gene pool means thousands of SNP markers 

are required to cover the genome for GWAS. We used the BOPA1 (1536 SNPs) and after 

removing the SNPs with low MAF only 813 SNPs were considered for GWAS. However, due to 

handling and phenotyping difficulties involved in large multi-environmental field experiments 

with wild barley, we did not consider wild barley for GWAS with agronomic traits. The GWAS 

studies in HSC were done for the trait powdery mildew detached leaf assay, which allowed us to 

compare the results across all the gene pools.  
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4.2 Comparing associations of BOPA1 and iSelect 

GWAS in barley using 1536 BOPA1 SNPs resulted in significant associations for all the traits. 

However, considering the large genome size of barley (<5 Gbp) the BOPA1 marker coverage is 

still inadequate.  The SNP coverage across the genome is not uniform with several gaps and all 

the regions are not uniformly covered as the BOPA1 is designed with only 1 SNP per EST 

(Close et al. 2009). Consequently, several genomic regions are not included into BOPA1 assay 

and we might have missed many genomic regions as the SNPs included in the study could be 

mono-morphic or with low MAF (Fig 3.2). In order to increase the marker number and achieve 

better coverage across the genome, cultivar collections and Genobar collection were genotyped 

with recently developed iSelect assay (Comadran et al. unpublished). The final successful iSelect 

SNPs after excluding low MAF SNPs varied among different collections (4923 SNPs in 

HVCC_W; 5753 SNPs in HVCC_S and 6461 SNPs in HVCC_Genobar). GWAS were 

performed using these iSelect SNPs for all the traits in these gene pools.  

GWAS with iSelect SNPs resulted in more significant associations across the collections for all 

the traits in comparison to the BOPA1. The significances of the associations were also improved 

in almost all the traits (Fig 3.25-3.40, Sup. Table S38, S39). The redundancy of iSelect SNPs 

from the same genomic region has added advantage. Association of the genomic region is 

function of allele frequency and with BOPA1 few hundred markers (around 984 and 1026 were 

used for HVCC_W and HVCC_S) were successfully used for association analysis. Thus there is 

high chance of missing significant genomic regions when the SNP is with MAF. However seven 

fold increase in marker number in iSelect chip can easily overcome this problem of excluding 

SNPs. In the iSelect redundancy of the markers from the same regions has advantage as the 

probability of uniformly covering the genome is increased. For each trait using iSelect markers 

multifold increase in number of markers surpassing the P-value threshold (P-value < 0.01) was 

observed. However, the associations observed were not exclusive as 1482 BOPA1 SNPs (from 

the 1536 BOPA1 SNPs) were included in iSelect design. SNP marker associations using iSelect 

chip were distributed across the genome (Sup. Table 36, 37, 38, 39). Across all traits significant 

increase in number of SNP trait associations were observed by increasing the number of SNPs 

from BOPA1 (~1200 SNPs) to iSelect (~7000 SNPs) (Table 4.1).  
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The same chromosomal regions were found significantly associated with BOPA1 and iSelect 

SNP markers. The best associated SNPs from BOPA1 assay remained significant across both 

genotyping platforms. For an instance significantly associated SNPs for row type in HVCC_W 

and HVCC_S gene pools were significant across the genotyping platforms. The SNP markers 

from BOPA1 (SNP 11_20606) at the region near to the int-C region on chromosome 4H, and 

Vrs1 (SNP 11_10287) on chromosome 2H were still significant in GWAS with iSelect assay. 

Thus both marker systems are robust and reliable.  Sometimes, the significance of associations 

changed across the platforms. For example, in the HVCC_W gene pool SNP marker 11_20606 

on chromosome 4H associated with -log10 P of 36.85  in BOPA1 and with 39.91(-log10 P) in 

iSelect platform for trait row type. Another example on 2H near Vrs1 region, SNP marker 

11_10287 significance level (-log10 P) in BOPA1 and iSelect platforms is 13.51 and 17.27 

respectively. These differences in significance level of same SNPs across the genotyping 

platforms could be the result of variable numbers of genotype assayed in both the platforms 

(Sup. Table S1). The other reason was that some of the SNP markers were not successful across 

the genotyping platforms e.g. 11_10213 SNP marker was significantly associated with row-type 

in HVCC_W gene pool in BOPA1 platform but this SNP failed in iSelect SNP assay. In powdery 

mildew resistance in winter, spring and Genobar gene pool significant number of associations 

surpassing –log10 P = 2 increases e.g. four to three fold and seven to six fold  in winter and 

spring barley gene pools for PM resistance under field and detached leaf assay (Table 4.1). Thus 

relative increase of significant SNP association was observed among all populations that clearly 

suggest that even though LD was variable in these gene pools still iSelect perform comparably 

better than BOPA1. Six fold increase of marker (iSelect) number has successfully captured 

majority of segregating QTL in this study.  
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Table 4.1: Summary of associations found using BOPA1 and iSelect SNP markers in winter and 

spring barley gene pools. Significant (log10 P ≥ 2) number of SNPs are shown. In brackets 

number of SNPs surpassing false discovery rate α 0.05 are shown (Storey and Tibshirani 2003). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

HVCC_W HVCC_S 

Traits BOPA1 iSelect BOPA1 iSelect 

Row type (Row) 37 (21)  383 (174) 97 (50) 349 (153) 

Frost (Fr) 34 (9) 206 (67) 

  Heading (Hd) 28 (15) 112 (45) 29 (3) 282 (58) 

Spike length (Sl) 35 (5) 207 (6) 41 (9) 132 (1) 

Height (Ht) 49 (16) 266 (102) 31 (2) 159 (25) 

Grains per Ear (GEar) 32 (15) 223 (29) 85 (68) 206 (73) 

Thousand grain weight (TGW) 31 (5) 242 (13) 61 (25) 216 (22) 

Grain width (Gwidth) 36 (18) 329 (182) 47 (12) 184 (21) 

Grain length (Glength) 35 (-) 114 (19) 58 (11) 307 (86) 

Ratio of grain Width/length 

(W_l) 78 (2) 163 (24) 42 (8) 172 (-) 

Yield (Yld) 25 (5) 119 (14) 49 (20) 305 (70) 

Grain area (Garea) 47 (6) 245 (27) 51 (19) 253 (58) 

Starch Content (SC) 12 (-) 85 (-) 33 (3) 163 (19) 

Protein Content (PC) 30 (5) 144 (2) 39 (-) 148 (14) 

PM resistance under field 

(PMfld) 18 (-) 79 (-) 44 (5) 320 (27) 

PM resistance under detached 

leaf assay (PMdla) 17 (-) 62 (-) 19 (-) 121 (2) 
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4.3 GWAS for agronomic and quality traits 

With the development of the high-throughput SNP genotyping platforms, genome-wide 

association studies were conceived in barley (Close et al. 2009; Waugh et al. 2009). The success 

and potential of genome-wide association studies in barley germplasm collections is published 

recently (Cockram et al. 2010; Comadran et al. 2011b; Comadran et al. 2009; Roy et al. 2010; 

Wang et al. 2011; Waugh et al. 2010). In the present study GWAS in different gene pools were 

performed and significant associations are found across the gene pools. Some of the significantly 

associated SNPs are close to the known QTL and major gene regions. Multiple trait associations 

at many chromosomal regions have been observed in this study (see Fig 3.42, 3.43). 

In present GWAS, significant marker-trait associations for agronomic and quality traits were 

observed across the genome in different gene pools. Several seed traits SNP associations were 

found located near known rowed-type genes Vrs3 on chromosome 1H, Vrs1 on chromosome 2H 

and int-C region on chromosome 4H (Pourkheirandish and Komatsuda 2007) (Sup. Table S36, 

S37, S38, S39). Even though population structure was controlled by using kinship in the 

association analysis, row type genes were significantly associated with several traits. 

Interestingly row-type associated regions showed significant association with grains per ear, 

thousand grain weight, grain width and sometimes with starch and protein content but not with 

grain yield. This means row-type can change the spike morphology hence some grain traits like 

grains per ear were significant but cannot influenced the grain yield. This is perhaps, because of 

the complex breeding history of two rowed and six rowed barley that significant associations 

were observed. In order to see thousand grain weight association independent from row-type, 

genomic regions for Vrs associated regions were used as cofactors in the analysis. The results 

were similar and as expected highly significant region on chromosome 2H and 4H Vrs1 and int-

C were not significant. However, the other associated regions remain significant. Thus TGW 

associations other then row-type regions are more promising and needs further analysis like 1H 

long arm. 

SNP associations for trait barley spike morphology (row type) at int-C (4H) is much more 

pronounced than the associations near the major rowed type related gene Vrs1 on 2H. In the 

recent past, the candidate gene of int-C was identified as HvTB1 (Teosinte Branch1) and showed 
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to have effects on size and fertility of the lateral spikelets and tillering. For the European / 

Western barley germplasm int-C has more effect on quantitative variation for the grain traits in 

comparison to major row type Vrs1 gene (Komatsuda et al. 2007; Ramsay et al. 2011; Waugh et 

al. 2010). Our HVCC collections majorly comprised of European barley and hence associations 

close to int-C were more prominent. Furthermore, the resolution of associations is also based on 

how the traits are classified. In the current study row type phenotype is scored only as two-rowed 

and six-rowed barley and used for GWAS. The Vrs1 gene has series of alleles and deficiens 

types are controlled by a third allele but still considered as two-rowed (Saisho et al. 2009). 

Therefore, scoring of barley merely as two-rowed and six-rowed would dilute the exact 

phenotyping and hence the effects of each locus are not accurately estimated in the analysis.  

Exploiting the syntenic relationships between barley, rice and Brachypodium information we 

were able to identify the candidate gene for the major rowed type gene Vrs1. The detected 

candidate gene (HvHox1) for this association is previously cloned and characterized by 

Pourkheirandish et al. 2007 (Pourkheirandish and Komatsuda 2007). Significantly associated 

SNPs (12_30896 and 12_30897) on 2H are from the syntenic region of rice locus 

LOC_Os07g39320 that corresponds to the Oshox14 candidate gene of Vrs. However SNPs 

associated for the rowed-type trait in our gene pools near to the int-C region were thirteen gene 

models away in rice from the candidate int-C gene on chromosome 4H (Comadran et al. 2011b). 

Although further refined phenotyping into two-rowed, six-rowed and deficiens spikes as reported 

from Comadran et al. (2011) improved the resolution. Similarly, several of the seed traits showed 

significant associations at int-C and Vrs1 regions. Nevertheless, these candidate genes in these 

cases have been cloned recently and can only validate already cloned genes. On the other hand 

genome-wide association has been successful in plants but relatively few studies were fortuitous 

in identifying causative variant when underlying gene was not known a priori. One such example 

is from maize for oleic acid where 553 inbred lines and 8590 loci were used to identify fatty acid 

desaturase, fad2, candidate gene that was 2 kb from the associated genetic marker (Beló et al. 

2008).  In barley recently causative variant for the anthocyanin pigmentation was identified using 

GWA combined with comparative analysis (Cockram et al. 2010). Re-sequencing the putative 

anthocyanin pathway gene HvbHLH1 identified a deletion resulting in a premature stop codon 

upstream of the basic helix-loop helix domain which was confirmed both in association and 

biparental mapping population.   
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Many of the significant associations for row type in HVCC_W and HVCC_S gene pools were 

coinciding with the known row type gene positions (Pourkheirandish and Komatsuda 2007). In 

addition, several significant associations were observed which did not coincide with the map 

positions of the previously known row type genes (Fig 3.12, 3.29, Sup. Table S9, S24, S36, S37, 

S38, S39). The discovered novel associations might have indirect effect on the row type 

morphology or they are trans-acting regulators that control the spike morphology. This also 

means that all these genes have escaped decades of mutagenesis efforts in barley. With genome-

wide scan on natural populations novel regions can be identified that probably was not possible 

with mutant screening.  

Interestingly, unmapped SNP (BK_01) from the gene alcohol dehydrogenase 2 (Adh2) had 

strong association with row type, heading date, grains per ear, thousand grain weight, grain 

width, grain length, ratio grain width/ length and starch traits in HVCC_W gene pool. Although 

the role of Adh2 in aleurone layer was reported (Hanson et al. 1984), their significance on spike 

morphology and grain traits is not known yet. In our analysis this gene was significantly 

associated in the HVCC_W gene pool. This indicates that either Adh2 gene has indirect role in 

grain traits or some other unknown gene placed near to Adh2 is affecting these phenotypes. 

The SNPs from 4H (~113cM) and 5H long arm (~153cM) were found to be significantly 

associated with frost tolerance (Sup. Table S20). These regions correspond to VrnH2 and VrnH1 

vernalization genomic regions (Yan et al. 2004). Another interesting unmapped iSelect SNP 

(BK4) from the dehydrin gene Dhn9 was found to be significantly associated with grain 

width/length, frost and starch content traits (Choi et al. 1999). Dhn9 gene was previously 

mapped to 5H in a different biparental population (Choi et al. 1999). Another BOPA2 SNP 

marker 12_31050 derived from Dhn9 gene which is included into iSelect assay is mapped at 5H, 

151 cM. Several other SNPs in this region were significantly associated to the trait frost 

tolerance (Sup. Table S5, S20). The role of dehydrin genes for cold tolerance and the drought 

was reported in earlier studies (Kosová et al. 2011; Van Zee et al. 1995; Zhu et al. 2000). 

However, significant associations with traits like starch content and the ratio W_L are probably 

pleiotropic effects of dehydrin genes (Ismail et al. 1999; Marzin et al. 2008). Moreover, for frost 

tolerance, SNP (12_30850) derived from the CBF gene on chromosome 5H was significantly 

associated in the HVCC_W gene pool. This chromosomal region was reported to play significant 
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role for frost and cold tolerance in barley (Campoli et al. 2009; Fricano et al. 2009; Stockinger et 

al. 2007). Number of SNPs associated with frost tolerance and their significances in GWAS 

improved with iSelect assay compared to BOPA1 (Sup. Table S20). Genomic regions 2H 

(~58cM) and 5H (~144) were previously known to affect the frost tolerance (Chen et al. 2009b). 

These regions were significantly associated with genome-wide association of frost tolerance in 

our study (Sup. Table S20).  

Associations for Heading date were coinciding with the major known flowering time gene 

PpdH1 (2H) and HvFT3 (1H) in HVCC_W gene pool. However, no associations were found in 

HVCC_S gene pool at this region. Although functional SNPs were considered for the iSelect 

development, these SNPs were monomorphic for the HVCC_S gene pool. Considering PpdH1 as 

the major photoperiodic gene, we assumed that this region was fixed in the European spring 

barleys. The mutated photoperiod insensitive allele ppdH1 is present in most of the European 

spring barleys studied (Jones et al. 2008; Turner et al. 2005). Interestingly PpdH1 was reported 

as strongly associated flowering time gene in the world-wide spring barley panel across four 

environments from Germany (Stracke et al. 2009). These differences could be due to the origin 

of genotypes as in  224 world-wide panel 109 genotypes are from Europe and rest are from East 

Asia, West Asia, North Africa and America. It suggests that majority of European spring barley 

have no variation at this locus and other collections like 224 world-wide collection have 

variation but due to the genotypes from other geographical areas. Associations with heading date 

were significantly improved using iSelect at the PpdH1 region in HVCC_W gene pool. 

Significant associations were observed with SNPs (BK_12, BK_14, BK_15 and BK_16) derived 

from PpdH1 gene on chromosome 2H in HVCC_W gene pool for heading date, grain width and 

grain width/length traits. PpdH1 is a major heading date gene and has pleiotropic effect on yield 

and yield component traits which described why strong associations observed for heading and 

grain traits in this study (Li et al. 2005; Turner et al. 2005; Wang et al. 2010). 

The flowering time gene HvFT1 region on chromosome 7H showed high significance in the 

spring barley HVCC_S gene pool (Faure et al. 2007). However underlined SNP marker has low 

MAF that means few cultivars in our spring collection are segregating at this locus. Association 

of eam6 genomic region on chromosome 2H in both spring and winter barley gene pool 

emphasized the relevance of this gene in European barley cultivars (Comadran et al. in prep.). 
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The chromosomal region near the eam6 on 2H in HVCC_S gene pool was also significantly 

associated with many grain traits (Sup. Table 38, 39). This region was also significantly 

associated in the genome-wide association study of Comadran et al. (2011b). The SNPs 

corresponding to the genomic regions of heading date candidate genes viz. PpdH1, HvCo1, eam6 

were found significantly associated in HVCC_S gene pool (Comadran et al. 2011b; Cuesta-

Marcos et al. 2008). One more strong associated chromosomal region on 5H (~138cM) in 

HVCC_S gene pool co-localized near the  phytochrome C  genomic region that is candidate of 

Sgh2 rice gene homologues (Szucs et al. 2006; Szucs et al. 2007). Often significantly associated 

SNPs were found to have minor effects. This signifies the importance of minor effect QTL for 

local adaptation to different European environmental conditions in winter and spring growth 

habit. Flowering time is under the control of complex genetic architecture as revealed from the 

studies of maize (Buckler et al. 2009) and from the model plant Arabidopsis thaliana (Brachi et 

al. 2010; Ehrenreich et al. 2009; Salomé et al. 2011). In this study, in addition to the known QTL 

regions involved in flowering time many other QTL regions were found significant (Sup. Table 

S6, S21). These results emphasizes that flowering time in barley is complex and is explained by 

many small effect QTL. 

The plant height associations on chromosome 3H are near to the candidate gene Sdw1/denso (Jia 

et al. 2009) in HVCC_S gene pool (Sup. Table S4). The plant height semi-dwarfing genes are 

well exploited in cereals like wheat and rice (Hedden 2003; Peng et al. 1999). On the other hand 

there was no report of widely exploited plant height genes in barley. Although denso seems to be 

the strongest and probably used widely in barley as it was highly significant in this study. In 

barley, many QTL for plant height have been described that have role in plant height differences 

(Barley QTL workbook in Graingene). Interestingly, in HVCC_S gene pool highly associated 

SNP was co-localized near candidate gene Sdw1/denso. The significantly associated BOPA1 

SNP (11_11172) and iSelect SNP (12_31238) are 28 and 19 gene models away from GA20 

oxidase candidate gene in syntenic comparisons with rice. GA20 oxidase candidate gene in rice 

was known as green revolution causing gene and also reported recently in barley affecting yield 

related traits (Jia et al. 2009; Jia et al. 2011). This genomic region showed significant 

associations with multiple traits like yield, starch content, protein content and powdery mildew 

scored under field conditions in this study (Sup. Table S37, S39). Multiple agronomic and 
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quality traits in barley were co-localized in this region and reported by other studies (Jia et al. 

2011; Pasam et al. 2012).  

Highly significant SNPs from the iSelect were co-localized near to uzu and Sdw1 genomic 

regions on 3H for plant height trait (Chono et al. 2003; Jia et al. 2009) (Sup. Table S22, S39). 

The significance level of the association on chromosomal region 5H (~47cM) for height in the 

HVCC_W gene pool improved using iSelect SNP chip. Fourteen significant SNPs placed at 5H 

(~47cM) were significantly associated at this genomic region (Sup. Table S7, S22). This 

genomic region association was also reported to have significantly associated in the GWAS 

study of Pasam et al (2012). The significance of associations for plant height on chromosome 3H 

region (~111cM) has improved with iSelect SNPs in HVCC_S gene pool (Sup. Table S7, S22). 

SNPs from genomic region 2H (~130cM) was significantly associated for the trait height in 

HVCC_S gene pool. This region was reported to have associations with height in other studies 

(Chen et al. 2009a; Comadran et al. 2011b). 

Most of the associated genomic regions for starch content were also significant in GWAS of 

Pasam et al 2012 like 2H (~71cM), 4H (~65cM), 5H (~47cM), 7H (~77cM) and 7H (~140cM). 

In addition, chromosome 2H (~52cM) and 7H (~84cM) coincides with QTL region of 

QStr.StMo-2H and QSch7 (Abdel-Haleem et al. 2010; Pasam et al. 2012). For protein content 

several associations found were coinciding with GWAS of Pasam et al 2012 viz. 1H (~47cM and 

~112cM), 2H (~58cM and ~82cM), 3H (~58cM and ~127cM), 5H (~89.38cM and ~176cM), 6H 

(~49.4cM) and 7H (~34cM) respectively (Sup. Table S18, Fig 3.21). 

Grain yield is the most important but complex trait. In this study one of the strongest associations 

for grain yield genomic region was on 7H (~84.92cM). This region showed significant 

associations to height and starch content traits in HVCC_S gene pool (Sup. Table S16, S31). The 

associated SNP (11_11445) at this chromosomal region showed significance level up to 6.32 (-

log10P). Interestingly, the same SNP was also reported significant from the association study in 

Mediterranean barley by Comadran et al. 2011 (Comadran et al. 2011b). This region is 

promising and robust as many contiguous set of markers showed significant association. Another 

interesting region on chromosome 1H at 76.2cM had significantly associated SNP (11_20121) 

for the TGW, Garea, Gwidth, GEar traits in HVCC_W gene pool (Sup. Table S36, S37, S38, 
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S39). Genomic region on 3H at ~59cM in HVCC_W gene pool significantly associated with 

yield and this region co-localized with known QTLs regions of QYld.StMo-3H.1 (Romagosa et 

al. 1999; Romagosa et al. 1996). On 6H significant (11_21404) association was observed at 

82.56cM in HVCC_S gene pool for TGW, Garea, Glength and Gwidth traits.  QTL for yield is 

co-localized (QYld.BlKy-6H) at this genomic region (Bezant et al. 1997). Another QTL on long 

arm near 129cM in HVCC_S barley had significance for TGW, Garea, Gwidth, Glength and row 

type. QTL for spike grain weight QSgw.BlKy-6H.2 lies near to the associated region (Bezant et 

al. 1997). 

SNPs at 1H (~100.69cM) were significantly associated with several traits in both winter and 

spring gene pools viz. row type, grains per ear, grain width by length and protein content in 

HVCC_W and row type, ear length, grains per ear and ratio of grain width by length in HVCC_S  

gene pools (Sup. Table S36, S37, S38, S39). Significant positive association in this region is 30 

gene model away from the rice flowering time locus homologue of barley HvFT3  that is known 

to affect flowering (Faure et al. 2007). Our field trials (spring barley) were conducted under long 

days condition in Europe and HvFT3 affect flowering under short days condition (Kikuchi et al. 

2009). Therefore we did not detect any associations in this region with the heading date 

phenotype in spring barley but in winter barley. As winter barley experienced short days before 

flowering this region has influence in winter barley. However this region was also significantly 

associated with several grain traits. Earlier, HvFT3 was reported to be involved in heading of 

barley as an indirect flowering inducer. (Kikuchi et al. 2009). It indicates HvFT3 possibly have 

major role in grain traits and heading date is indirectly affected. In addition, other possibility that 

a gene located close to HvFT3 is influencing the grain traits cannot be ignored. Multiple traits 

were significantly associated on several genomic regions spanning chromosomes (Fig 3.42, 3.43) 

(Sup. Table S36, S37, S38, S39). One of these chromosomal regions on 1H (~75.45cM), in 

HVCC_W gene pool, coincided with thousand grain weight, grain area, grain width and powdery 

mildew detached leaf assay traits. In the HVCC_S gene pool, the same region coincided with 

rowed type, grains per ear and grain length traits. This region was also significantly associated 

with grains per spike trait in the recent association studies of Comadran et al (2011b) in 

Mediterranean barley (Comadran et al. 2011b). Significant associations for row-type, grains per 

ear, thousand grain weight, grain width and grain length trait were observed on chromosome 1H 
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(96.92cM) in HVCC_S gene pool. Co-localizing of multiple traits in some genomic regions may 

be because of epistatic or pleiotropic effects of major genes. Many genes in barley have been 

reported to have strong pleiotropic effect on many agronomic like Gpert, denso and int-C 

(Comadran et al. 2011b; Ramsay et al. 2011; Thomas et al. 1991). In the current studies apart 

from the above mentioned loci, several other genomic regions affecting multiple traits were 

detected across the genome (Fig 3.42, 3.43). Associations observed in this study have high 

significance in comparison to the world-wide spring barley collection (Pasam et al. 2012) (Pasam 

et al. unpublished). One of the reasons could be that the extensive LD and less structuring has 

been seen in the present study as compared to sub-structuring observed in the world-wide 

collection due to geography and row-type. 

4.4 GWAS for powdery mildew resistance  

In this study, powdery mildew resistance was characterized under field and under controlled 

conditions using the detached leaf assay in the laboratory. The powdery mildew infection was 

moderate to high under field conditions as reflected from the repeatability of the traits that is 

affected by environment (0.59 and 0.69 in HVCC_W and HVCC_S gene pools). In comparison 

to the cultivars few land races were resistant in the PM under detached leaf assay (Fig 3.7). The 

plausible reason could be that isolates (78P and D12/12)  used in this study were from Europe 

and the Syrian and Jordanian land races probably had not experienced the hyper-virulent races of 

powdery mildew in their distribution range. Thus LRC were not selected in their target 

environment against the powdery mildew resistance. On the other hand significantly high 

numbers of accessions in HSC were resistant under PMdla.  Wild barley is known as the rich 

source of resistance against powdery mildew  and thus the relatively high number of resistant 

accessions found in this study is not astonishing (Dreiseitl et al. 2006; Jahoor and Fischbeck 

1987; Kintzios and Fischbeck 1996). As it is well known from different studies, powdery mildew 

resistance is complex and controlled by many QTL. We found associations spanning all the 

chromosomes and across the genepools. Many SNPs were found to be significantly associated 

with PMfld in HVCC_W (79 SNPs) and HVCC_S (320 SNPs) gene pools (Sup. Table 19, 34, 

35).  
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At some genomic regions associations coincided across the gene pools (Sup. Table 19, 34, 35). 

However, variable LD decay and ascertainment bias in the gene pools caused problems when 

comparing the associations across the gene pools (Fig 3.2, 3.4). Nevertheless, some genomic 

regions had significant associations across two or more gene pools: 1H (~55cM), 3H 

(~69.60cM), 4H (~96.60cM and ~103cM) and 5H (~47.02cM, ~126.50cM, ~134cM, ~155cM) 

and 7H (~132cM) for the powdery mildew field infection. Detection of the associations at same 

genomic regions in more than one genepool already provides validation for the detected marker 

trait association. SNPs from the genomic region near Mla cluster genes on chromosome 1H short 

arm were significantly associated in the HVCC_S gene pool. This signifies the importance of 

Mla alleles in European spring barley cultivars. Also recently Comadran et al. (2009) in genome-

wide association study using Mediterranean barley germplasm has reported Mla genomic region 

as significantly associated. This highlights that cultivated barley germplasm at the Mla locus was 

quite often used in barley breeding. Most significant associations in the HVCC_W gene pool for 

the powdery mildew field trait were at the long arm of chromosome 5H (123cM). This region 

corresponds to powdery mildew disease resistance QTL Rbgq3 (Aghnoum et al. 2009; Schweizer 

and Stein 2011) (Sup. Table S19, Sup. Table S34). The same region was found significantly 

associated to powdery mildew detached leaf assay resistance in the LRC gene pool. Incidentally, 

another major locus Ml(TR) is also co-localized in the same region on 5H  as reported by Maroof 

et al. (1994). Thus this region is important and needs further evaluation in order to discover the 

candidate gene at this associated region.  

Another interesting and highly significant association in HVCC_S gene pool was at ~150cM on 

chromosome 2H. This region had significant associations for both powdery mildew under field 

as well as under detached leaf assay conditions. Moreover, this region was significantly 

associated in the HVCC_Genobar gene pool. This region corresponds to the resistance Rbgq9 

QTL which was reported from different populations and was detected to confer resistance both at 

seedling and adult plant stage (Aghnoum et al. 2009). Major gene MlLa also reported from the 

same chromosomal region. However it was highly susceptible with the virulent isolates used in 

this study (see Table 2). Thus the observed resistance plausibly originated from the QTL and 

most probably Rbgq9 QTL.  Nevertheless still the possibility of new MlLa allele more effective 

against the virulent isolates cannot be excluded. 
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Associations found for powdery mildew detached leaf assay (PMdla) screening condition did not 

coincide to any known major powdery mildew gene. This agrees well with the design of the 

powdery mildew detached leaf assay experiment as this assay was solely designed to allow 

screening of non-race specific basal resistance. However slightly significant associations 

observed at the Mla genomic regions in HVCC_S gene pool. Even though virulent isolates used 

in this study showed susceptibility with Mla containing differentials (see Table 2).  Thus the 

significance showed at this region of chromosome 1H could be due to some un-described QTL 

or Mla loci from this region. 

LD declines within 1cM interval in the HSC gene pool (Fig 3.4) and thus relatively more 

markers are required to cover all the regions and detect significant associations. Despite the fact 

that wild barley gene pool had significantly reduced LD we still were able to detect significant 

associations for trait PMdla in wild barley gene pools using BOPA1 SNPs. These associations 

with BOPA1 SNPs could be the result of the strong LD between the causal or functional SNPs 

present near to the associated chromosomal regions. The observed significant associations in 

wild barley could be very near to the candidate genes or else the associated genomic region is 

itself a candidate gene as visually no significant LD was observed in the wild barley populations. 

In the current GWAS for PMlda with BOPA SNPs in wild barley collection (HSC) revealed 19 

significant marker trait associations. Recently Roy et al (2010) also reported high number of 

QTL (13) for spot blotch resistance using 318 wild barley using DArT and SNP markers. 

Interestingly, some associated SNPs in wild barley (HSC) for the PMdla were significant across 

the gene pools. For instance, SNPs at genomic regions 2H (~54cM), 2H (~139cM), 6H 

(~65.03cM), 7H (~79cM) were significant in both HSC and HVCC_S; SNPs from genomic 

regions 2H (129cM) are commonly significant in HSC and HVCC_W; and SNPs from genomic 

regions 3H (28cM), 7H (74cM) are significant across HSC and LRC  gene pools (see Sup. Table 

S19). These associated regions can be used to identify the candidate genes. Furthermore, 

increasing SNP markers or re-sequencing of the genes near to the physical interval could be 

investigated to get closer to the candidate genes. 

Powdery mildew resistance under field and detached leaf assays yielded several significant 

associations across the gene pools using iSelect chip. On chromosome 1H at the telomeric end 

(~2-10cM) significant associations were observed for both traits (PMfld and PMdla) in the 
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HVCC_S gene pool. The same region was found significantly associated with powdery mildew 

detached leaf assay condition in HVCC_Genobar gene pool. Mla gene cluster is located at this 

hot spot and is known to confer approximately 30 distinct resistance specificities against barley 

Bgh interactions (Jørgensen 1994; Schulze-Lefert and Vogel 2000; Wei et al. 1999). This region 

was known to confer complete resistance to intermediate resistance (such as Mla7, Mla10, and 

Mla12) (Boyd et al. 1995; Caldo et al. 2004). As discussed earlier virulence of the isolates to the 

Mla containing differentials means possibly not known Mla gene but some QTL at this locus 

could impart resistance in PMdla  (See Table 2). Still significant association observed in this 

study could be due to the qualitative and quantitative resistant locus RMo1 that confers multiple 

pathogen resistance as reported recently (Inukai et al. 2006). However this chromosomal region 

was significantly associated with field powdery mildew infection. This means Mla alleles are 

effective to unknown isolates of Bgh which are probably widespread under field conditions at 

IPK. Effectiveness of Mla under field condition but not in detached leaf assay confirms that race 

specific and non-race specific condition resistance are under control of different genetic 

mechanisms. Significant marker trait associations for the powdery mildew resistance under field 

conditions were observed on chromosome region 1H (~50cM) in HVCC_W, HVCC_S gene 

pools. This region was also significant in the HVCC_S and the HVCC_Genobar gene pools with 

the detached leaf screening (PMdla). Ror1 gene and Rbgq6 basal resistance QTL are located 

nearby at this genomic region on 1H (Aghnoum et al. 2009; Freialdenhoven et al. 1996).  

In the HVCC_W gene pool, significant marker trait associations were observed under both 

PMfld and PMdla on 1H (~95cM). This region was also significantly associated in 

HVCC_Genbar gene pool in PMdla condition. The Mlga resistance gene coinciding at this 

genomic region  and could be plausible candidate for this association (Jørgensen 1994). 

Significant marker trait associations were found under the powdery mildew field trait screening 

at the telomeric region of 2H in the HVCC_W and the HVCC_S gene pools. This region 

corresponds to the meta-QTL for PM disease resistance located on the telomeric end of the 2H 

short arm (Schweizer and Stein 2011). One of the most interesting associations in HVCC_S gene 

pool was on chromosome 2H (~150cM) under PMfld and PMdla conditions (Sup. Table S19, 

S34, S35). The same region was significantly associated in HVCC_Genobar gene pool. This 

region co-localized near to the QTL Rbgq9 that was found as a QTL controlling basal resistance 
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in seedling and adult plant stages (Aghnoum et al. 2009). This genomic region also corresponds 

near to the meta-QTL position on 2H long arm (Schweizer and Stein 2011).  

On chromosome 3H at ~25cM, significant SNP association was observed in the HVCC_W gene 

pool for both PMdla and PMfld (Sup. Table S19, S34, S35). The region remained significant for 

powdery mildew screening under detached leaf assay in HVCC_S and the HVCC_Genobar gene 

pools. This region co-localized to the QTL Rbgq10 that was known to confer basal seedling 

resistance (Aghnoum et al. 2009). Significant marker trait associations on the same chromosome 

3H at ~74cM were observed for both powdery mildew traits in the HVCC_S gene pool. In 

addition, this genomic region was significantly associated in the HVCC_Genobar under powdery 

mildew detached leaf assay. The QTL Rbgq2b is co-localized at this region and confers basal 

resistance (Aghnoum et al. 2009). On the long arm of 3H at ~140cM significant SNP marker 

association for PMdla was observed in the HVCC_S and the HVCC_Genobar gene pools.  QTL 

for powdery mildew resistance under seedling and adult plant stage was reported form this 

region (Backes et al. 2003).  

Significant association was detected on chromosome 4H (~54cM) for PMdla in HVCC_S and 

HVCC_Genobar gene pools. Powdery mildew resistance QTL Rbgq12  and Mlg were known 

from this region of genome (Aghnoum et al. 2009). However in our study Mlg resistance can be 

excluded as PM isolates was known to break this resistance (Table 2), so most probably the other 

QTL conferred the resistance. On the long arm on chromosome 4H (~108cM), significant marker 

trait association in HVCC_S gene pool for both powdery mildew traits was observed.  Also for 

PMdla in HVCC_W gene pool this genomic region was found significantly associated. This 

region co-localized within the interval of QTL reported from von Korff et al. (2005) study using 

wild barley introgression. On chromosome 5H at position ~46cM, significant associations were 

found for both traits in HVCC_S gene pool. This region was significantly associated for PMdla 

trait in HVCC_Genobar gene pool. This chromosomal region co-localized with the QTL Rbgq14 

that caused adult plant resistance (Aghnoum et al. 2009). Additionally in many QTL studies this 

region is reported to co-segragate and is interesting hot-spot for powdery mildew resistance 

(Schweizer and Stein 2011). On the long arm of chromosome 5H (~165cM) in HVCC_S gene 

pool significant SNP associations were observed for both powdery mildew traits.  Additionally in 

HVCC_Genobar gene pool this region was significantly associated for PMdla. The basal 
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resistance QTL Rbgq16 co-localized at near to this chromosomal region on 5H (Aghnoum et al. 

2009). The Ror2 loci that mediated mlo basal resistance was also reported from this region of 

genome (Collins et al. 2003; Freialdenhoven et al. 1996).  However in the study of Aghnoum et 

al. (2009) Ror2 was considered as candidate for the basal resistance but the resistance found in 

their study did not co-segregate with Ror2 candidate gene. Nevertheless, in our study associated 

genomic regions can extend to the larger cM distances depending upon the LD decay so we 

cannot exclude the Ror2 gene as candidate for this region. It is not still clear, if the associations 

observed at this location are due to Ror2 or some un-known gene in near vicinity on the 

chromosome 5H at this region. Chromosomal region on 6H (~123cM) in the HVCC_W gene 

pool was significantly associated under field and powdery mildew detached leaf assay condition. 

Also significant association was observed at this genomic region in HVCC_Genobar gene pool 

under powdery mildew detached leaf assay condition. This region is co-localized near to the 

basal resistance QTL Rbgq19 that conferred resistance at seedling stage (Aghnoum et al. 2009).  

Interestingly, some associated SNPs in wild barley (HSC) for the PM detached leaf assay were 

significant across the gene pools. For instance, SNPs at genomic regions 2H (~54cM), 2H 

(~139cM), 6H (~65.03cM), 7H (~79cM) were significant in both HSC and HVCC_S; SNPs from 

genomic regions 2H (129cM) are commonly significant in HSC and HVCC_W; and SNPs from 

genomic regions 3H (28cM), 7H (74cM) are significant across HSC and LRC  gene pools(see 

Sup. Table S19). Recently Roy et al (2010) also reported thirteen QTL for spot blotch resistance 

using 318 wild barley using DArT and SNP markers. The observed significant associations in 

wild barley could be very near to the candidate genes as visually no significant LD was observed 

in the wild barley populations (Fig 3.4). 



Conclusions and Outlook 

 

107 
 

4.5 Conclusions and Outlook 

The discovery of Quantitative Trait Loci (QTL) has been revolutionized using Genome-Wide 

Association Scans (GWAS). The multifold advantage of association mapping over traditional bi-

parental mapping, like high resolution and use of natural populations, has added great advantage 

over traditional bi-parental mapping. However, the power to capture the common variant of the 

phenotype at moderate to high resolution depends upon the extent of linkage disequilibrium (LD) 

in the population. In the present study, diverse barley panels were analyzed. The extent of LD 

found in these panels was variable. LD ranged between <1cM in wild barley to 14cM in the 

winter barley panel. In total, 16 traits were scored in winter barleys and 15 traits in spring barleys 

and significant marker-trait associations were identified by GWAS. Co-localization of multiple 

marker-trait associations at major genes genomic regions indicated pleiotropic effects of these 

associations. Associations of several agronomic traits at the major row-type loci, Vrs1 and int-C 

suggested that breeding efforts were mostly confined to row-type and growth habit. Statistical 

inclusion of kinship estimates should correct for population structure related associations at these 

loci. However significant marker-trait associations at these loci indicate the use of different 

sources of row-type in the breeding germplasm. The discovery of segregating significant 

associations, specific to different gene pools, reflected the allelic diversity at these genomic 

regions in the barley gene pools. In most cases, several significant marker-trait associations were 

observed over all seven barley chromosomes. This result suggested that yield and yield related 

traits are under the control of several QTL as expected for quantitative traits. 

Another interesting finding was the low LD in wild barley and landraces. This observation has 

great potential and can be exploited in candidate gene discovery. High marker coverage is 

required in wild barley and landraces considering such a low LD pattern. However, only a set of 

1536 SNP markers were used in this study. During the analysis, significant numbers of SNPs 

were excluded from the analysis because of their low minor allelic frequencies (MAF). 

Therefore, only an inadequate amount of SNP markers comprising 582 SNPs in LRC and 813 

SNPs in HSC were considered for genome-wide association analysis. This led to ascertainment 

bias of the BOPA1 markers in determining the associations at the genome-wide level. Based on 

such biased marker coverage, the intended comparison of associated regions across the gene 

pools was not feasible any more. Ascertainment bias evidently affected the results as 
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significantly associated SNP markers were eliminated from the analysis due to their low MAF. 

Several association studies have emphasized that the favorable alleles are mostly rare and regular 

SNP genotyping methods are prone to miss these allele effects as rare alleles tends to be with 

low MAF (≤ 0.05). In order to remove such biasness, a relatively high number of SNP markers is 

needed to cover the genome in order to identify candidate genes in populations with extremely 

low LD like wild barley. Considering the total genetic distance of the seven chromosomes of 

1085.77cM and taking into account the LD decay of < 1cM in wild barley - approximately 2170 

equally spaced polymorphic SNP markers would be required in order to identify all significant 

marker-trait associations in wild barley. 

Using iSelect SNP markers (in total 7842 SNPs on the array) in winter and spring barleys 

significantly increased the number of associations and the significance level of marker-trait 

associations. Thus high marker coverage using iSelect was advantageous in identifying marker-

trait associations at genome-wide level. The marker-trait associations observed in this study 

showed a high level of significance compared to the findings in the world-wide spring barley 

collection. Reasons could be I) more extensive LD, and II) less population structure in the 

present study - as compared to extensive sub-structuring due to geographic origin and row-type 

observed in the world-wide spring collection. 

With the availability of next generation sequencing platforms and high throughput multiplexing 

of genotypes, the cost of sequencing reduced several fold in comparison to Sanger sequencing 

(Metzker 2010). In addition, improvement in enrichment techniques and massively parallel 

sequencing approaches will make genotyping by sequencing an cost effective and powerful 

approach (Mamanova et al. 2010). Such technologies definitely increase the power of detection 

in low LD gene pools. Few successful examples from the sequenced Arabidopsis and rice 

genome elucidated recently that genotyping by sequencing has the power to unravel complex 

quantitative traits  also in cereals (Atwell et al. 2010; Cao et al. 2011; Huang et al. 2010b; Huang 

et al. 2011). 

In the future, associations discovered in this study could be validated through carefully generated 

bi-parental mapping populations. Then the underlined candidate gene(s) can be characterized 

using mutants and transgenic approaches. In several instances, candidate genes can be discovered 
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using syntenic and colinearity information from sequenced grass genomes like rice, 

Brachypodium and Arabidopsis. 

As shown in this study, the extent of LD differs significantly in the gene pools. Such information 

can be used to zoom in at the candidate genes. For example, low LD in wild barley gene pools 

could be exploited if the phenotype is also segregating in wild barley. Genotyping and detailed 

phenotype data generated for cultivars in this study can be used for genomic selection of related 

germplasm in plant breeding. Moreover, from the breeding perspective it is important to identify 

the genomic regions that significantly contribute to the phenotype of interest. Studies at the 

genome-wide level uncovered several gene pool specific associations that provide the gateway in 

order to the efficient use of genetic resources for breeding that were not tapped yet. Diversity in 

the studied gene pools can be used for allele mining strategies as shown by (Bhullar et al. 2009). 

In addition, re-sequencing of wild barley and cultivated populations and comparing their 

sequences can discover candidate genes that are diverse in wild but are fixed in cultivated 

germplasm due to genetic bottlenecks (Tenaillon et al. 2004; Wright et al. 2005; Xu et al. 2012; 

Yamasaki et al. 2005). Sequence-informed conservation and utilization approaches of Genbank 

accessions can be applied to identify novel alleles for sustainable crop improvement (Kilian and 

Graner 2012). The future of the crop improvement relies on the re-sequencing and comparing 

different related plant genomes and developing new genetic mapping strategies and evolutionary 

analysis to discover the genetic variation (Morrell et al. 2012). As the barley genome remains un-

sequenced, high resolution genetic platforms like Illumina 9K iSelect array are one of the best 

alternatives that can be used for GWAS. However, custom made SNP markers from wild barley 

populations could be much more effective in the future - as they may not have low MAF 

problems. In addition, the physical map of barley is envisioned (International Barley Sequencing 

Consortium) and will be available soon. This will definitely improve the candidate gene 

discovery and marker development in barley.  
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5 Summary 

Genome-wide association scan (GWAS) is a powerful new tool for investigating the genetic 

architecture of complex traits in crops. The basic strategy of GWAS includes extensive 

phenotyping, genotyping (genome-wide) and statistical analyses - to relate genotype and 

phenotype. Despite this promising and straightforward approach, one of the major concerns in 

association mapping is population structure that is inherent in almost all natural populations and 

the extent of LD. Population structure, if not addressed properly, causes false positives. The 

extent of LD estimates the resolution of associations and is mostly population dependent. 

The present study was conducted at the genome-wide level to identify marker-trait associations 

of agronomic traits with a special focus on powdery mildew disease resistance in barley. In this 

study, diverse barley gene pools were selected comprising of cultivars from Europe [winters (112 

genotypes) and springs (282 genotypes)], landraces from Syria and Jordan (238) and wild barleys 

(216) from Israel. These genotypes were genotyped using a set of 1536 biallelic SNP markers 

(BOPA1) spanning all seven chromosomes. To study population structure, the principal 

component analysis (PCA) was used (among others) for all genotypes of all populations. The 

major clustering was based on the population type (viz. cultivars, landraces and wild barley). 

Furthermore, landraces and wild barley were well separated from cultivars. Within the cultivars, 

further clustering was observed based on growth habit and spike morphology (row type). In 

addition, within landraces (comprising only two-row type) sub-structuring was evident due to the 

origin (viz. Syria and Jordan). Wild barleys were completely distant from all other panels. Only 

low diversity within the wild barley panel was detected using the BOPA1 array. This observation 

is in contrast to the level of diversity found in this panel using microsatellite markers. 

Ascertainment bias of SNP markers is expected to be the main reason. 

The resolution of association mapping is based on the extent of LD within the panel. Population 

structure, selection, drifts, or physical linkages are the major forces that determine the nature and 

extent of LD. In the cultivated gene pool, high LD was observed in comparison to landraces and 

wild barleys. Interestingly, trends of high LD near centromeres and low LD at the telomeric 

regions of the chromosomes were observed. In comparison to the cultivars (winter and spring), 

lower LD was observed in landraces, reaching values below <1cM in wild barley. Significant 

inter-chromosomal LD was observed in cultivated and landraces that could affect the association 
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results and can cause false positives if not accounted for. Thus, comparatively robust and reliable 

mixed model analysis using kinship estimates from markers was used for association analysis. 

Phenotypic data was generated in multi-environmental field trials that were conducted at four 

locations (CRA – Fiorenzuola d’Arda, Italy; JHI – Dundee, UK foremerly SCRI; IPK – 

Gatersleben, Germany; UniHalle – Halle, Germany) with two replications - in two consecutive 

years (2008-09 and 2009-10). In total, 16 traits in winter and 15 traits in spring barley gene pools 

were scored. High variation and moderate to high heritability was observed for the measured 

traits that showed the robustness of the phenotype. Initially, GWAS were performed using 1536 

SNP markers (BOPA1) that yielded significant marker-trait  associations. In a second step the 

iSelect array was applied for association scans (in total 7842 SNPs on the chip). Significant 

associations were observed for row-type at the Vrs3, Vrs1 and int-C genomic regions on 

chromosome 1H, 2H and 4H. In addition to the previously known Vrs loci, highly significant 

associations were observed on chromosome 3H (long arm), 1H (long arm) and 7H (long arm). 

Associations at Vrs loci specifically at Vrs1 and int-C were also highly significant for the traits 

grains per ear, thousand grain weight, grain area, grain width, protein content and starch content 

- but not for total yield. Chromosomal regions near CBF genes (5H) showed significant 

associations for frost tolerance in winter barleys. Highly significant marker-trait associations for 

heading date were observed at the Ppd-H1 locus in winter barley. This region also showed 

significant associations with grain related traits like grain width and ratio of grain width and 

length traits. Another interesting region near HvFT3 on 1H was significantly associated with 

heading date and several grain traits in winter barley. Interestingly, several SNPs at PpdH1 were 

monomorphic in spring barley and thus Ppd-H1 was not showing any significance here. This 

indicates that the mutated (insensitive) ppd-H1 allele is fixed in the European spring barley gene 

pool studied here. Interestingly, the HvFT1 chromosomal region on 7H was highly significant 

although the associated marker showed low allele frequency. This indicates that few cultivars in 

our panel were segregating at this locus. Another highly significant association in spring barley 

was found at ~ 108cM on 7H using iSelect SNP markers. This region was not significant using 

BOPA1 SNP markers. The number of significantly associated SNPs increased using iSelect 

markers and in most cases also the level of significance increased. Thus highly dense marker 

coverage (using iSelect) was quite successful in identifying significant associations at several 

chromosomal regions that we missed during genome-wide scan using 1536 BOPA1 markers. 
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The significance level near centromere on chromosome 2H for heading date increased at the 

genomic region of eam6 in spring barley. One highly significant associated region for height was 

located near the Sdw3 region on 2H (~ 63.53cM) in winter barley and 3H (~126cM) near to the 

sdw1/denso genomic regions. One highly significant association for grain yield, height and spike 

length was observed on chromosome 3H at ~54cM in spring barley. 

Powdery mildew is a major barley disease that causes severe yield losses worldwide. Breeders 

often deployed race specific resistance genes in breeding but these are not durable. However, the 

less studied race non specific basal resistance is durable, has quantitative inheritance and cannot 

be overcome easily by pathogens. In order to characterize the powdery mildew basal resistance 

at a genome-wide level, we screened 282 spring and 112 winter barley cultivars, 317 landraces, 

216 wild barleys and a world-wide collection of 224 spring barleys. In order to detect basal 

resistance in a robust manner, a detached leaf assay was performed using two poly-virulent races 

having overcome 44 major resistance genes. More resistant genotypes were observed in spring 

(54%) and wild (82%) barley gene pools than in the winters (18%), landraces (20%) and the 224 

world-wide springs (27%). In addition, powdery mildew resistance was monitored under field 

conditions in two years at IPK. A number of significant associations (P-value ≤ 0.01) was found 

on all seven chromosomes across the gene pools using BOPA1 SNPs – thus suggesting a 

complex genetic set-up of broad-spectrum basal resistance. In some cases, associated 

chromosomal regions mapped in proximity to known QTL for disease resistance - underlining 

the accuracy of the association mapping approach for basal resistance. Interestingly, wild barley 

yielded significant associations even though LD was extremely low but the associated regions 

were with low significance level. In some regions, the denser SNP coverage led to increased 

significances of the associations. On chromosome 2H (~149cM) one significant association in 

spring barley under field and detached leaf assay conditions was found. This region also showed 

marker-trait significance in the 224 world-wide spring barley panel. Finally, genome-wide 

associations in diverse gene pools of barley were successfully performed and population specific 

significant associations were observed. In several cases, candidate genes underlying the 

association can be identified using comparative syntenic information from sequenced grass 

genomes like rice and Brachypodium. In future, several of the identified regions can be dissected 

in detail using e.g. re-sequencing or mutant screening approaches. 
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6 Zusammenfassung 

Genomweite Assoziationsstudien (GWAS) stellen einen neuen, leistungsstarken Ansatz dar, die 

genetische Architektur komplexer Merkmale in Kulturpflanzen zu untersuchen. Die Basis der 

GWAS besteht aus der extensiven Phänotypisierung und Genotypisierung (genomweit) sowie 

der statistischen Analyse, um Genotyp und Phänotyp miteinander zu korrelieren. Die 

vielversprechenden GWAS beinhalten aber auch zwei bedeutende und wichtige 

Herausforderungen – die Populationsstruktur sowie das Ausmaß des Linkage Disequilibriums 

(LD). Wird die Populationsstruktur nicht adäquat einbezogen, kann sie bei GWAS Falsch-

Positive verursachen. Das Ausmaß des LD wiederum bedingt die Auflösung der Assoziationen 

und ist größtenteils populationsabhängig. 

Die vorliegende Studie enthält die Identifizierung von Marker-Merkmals-Assoziationen für 

agronomische Merkmale mit speziellem Focus auf die Mehltauresistenz in Gerste. Hierfür 

wurden verschiedene Genpools ausgewählt, die europäische Sorten (112 Wintergenotypen), 

Sommergersten (282), Landrassen aus Syrien und Jordanien (238) sowie Wildgersten aus Israel 

(216) umfassen. Diese Genotypen wurden mit 1536 biallelischen SNP-Markern (BOPA1) 

genotypisiert. Die Hauptkomponentenanalyse (PCA) wurde angewandt, um die 

Populationsstruktur innerhalb der Gesamtheit an Genotypen und in den verschiedenen Genpools 

zu untersuchen. Die Trennung basiert demnach hauptsächlich auf dem Populationstyp (Sorten, 

Landrassen und Wildgerste). Innerhalb der Sorten wurde eine weitere Differenzierung beruhend 

auf dem Wuchstyp und der Ährenmorphologie (Zeiligkeit) beobachtet. Die Wildgersten waren 

von allen anderen Populationen am weitesten entfernt. Bei ihnen wurde nur eine geringe 

genetische Diversität mit dem BOPA1-Array detektiert. Diese Beobachtung steht im Gegensatz 

zum Ausmaß der Diversität, die in demselben Panel mit Mikrosatellitenmarkern gefunden 

wurde. Der Hauptgrund für diese geringe Diversität liegt im sog. ‚ascertainment bias’ der SNP-

Marker in den Wildgersten. 

Die Auflösung bei GWAS hängt ab vom Ausmaß des LD im ausgewählten Panel. 

Populationsstruktur, Selektion, Drift oder echter physischer Kopplung sind die Hauptkräfte, die 

die Natur und das Ausmaß des LD bestimmen. Im Genpool der Sorten war ein hohes LD im 

Vergleich zu Landrassen und Wildgerste vorhanden. Dabei wurde ein Trend zu hohem LD in 

den Centromer- und in den Telomerregionen der Chromosomen festgestellt. Im Vergleich zu 

Kultursorten wurde in den Landrassen ein geringeres LD beobachtet, in Wildgerste erreichte es 
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Werte <1cM. In Landrassen und Sorten wurde signifikantes inter-chromosomales LD detektiert, 

welches die Ergebnisse der Assoziation beeinflussen und ebenfalls zu Falsch-Positiven führen 

könnte. Deshalb wurde die robuste Methode der gemischten Modelle mit Einbezug der 

Verwandtschaftsbeziehungen (‚kinship’), basierend auf den Markerinformationen, zur Analyse 

der Assoziationen genutzt. 

Die phänotypischen Daten wurden in Feldversuchen an vier Standorten (Fiorenzuola d’Arda, 

Italien; Dundee, UK; Gatersleben, Deutschland; Halle, Deutschland) in zwei 

aufeinanderfolgenden Jahren (2008-09 und 2009-10) erhoben. Insgesamt wurden 16 Merkmale 

im Winter- und 15 im Sommergenpool untersucht. Es war eine hohe Variation und eine 

moderate bis hohe Heritabilität für die untersuchten Merkmale zu beobachten. Als Erstes wurden 

die GWAS mit 1536 SNP Markern (BOPA1) berechnet, was signifikante Marker-Merkmals-

Assoziationen ergab. In einem zweiten Schritt wurden die SNPs des iSelect-Arrays für die 

GWAS genutzt (insgesamt 7842 SNPs). Signifikante Assoziationen für Zeiligkeit wurden für die 

Vrs3, Vrs1 und int-C Genomregionen gefunden. Zusätzlich zu den schon bekannten Vrs-Loci, 

wurden hochsignifikante Assoziationen auf 3HL, 1HL und 7HL gefunden. Assoziationen an den 

Vrs Loci und speziell für Vrs1 und int-C waren ebenfalls hoch signifikant für das Korngewicht 

der Ähre, Tausendkorngewicht, Kornfläche und –breite, Protein- und Stärkegehalt, nicht jedoch 

mit dem Ertrag an sich. Regionen nahe den CBF-Genen (5H) zeigten signifikante Assoziationen 

für Frosttoleranz in Wintergerste. Hoch signifikante Assoziationen für den Zeitpunkt des 

Schossens wurden für den Ppd-H1-Locus in Wintergerste gefunden. In dieser Region gab es 

weitere signifikante Assoziationen zu Kornmerkmalen wie Kornbreite und das Verhältnis Breite 

zu Länge. Eine weitere interessante Region nahe HvFT3 auf 1H war signifikant mit dem 

Zeitpunkt des Schossens und mehreren Kornmerkmalen in Wintergerste assoziiert. 

Interessanterweise waren verschiedene SNPs von PpdH1 in Sommergerste monomorph, weshalb 

Ppd-H1 in dieser Population nicht signifikant assoziiert war. Das weist darauf hin, dass das 

insensitive ppd-H1-Allel in den hier untersuchten europäischen Sommergersten fixiert ist. 

Weiterhin war auch die Region um HvFT1 auf 7H hochsignifikant assoziiert, obwohl der Marker 

nur eine geringe Allelfrequenz aufwies. Daraus lässt sich schlussfolgern, dass nur wenige Sorten 

in diesem Material für diesen Locus segregierten. In Sommergerste wurde mit den iSelect SNPs 

eine weitere hochsignifikante Assoziation bei ~ 108cM auf 7H detektiert. Mit den BOPA1 SNPs 

konnten dort keine signifikanten Assoziationen gefunden wurden. Die Zahl signifikant 
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assoziierter SNP-Marker erhöhte sich durch die Nutzung des iSelect-Arrays und in den meisten 

Fällen auch das Signifikanzniveau. Die hohe Markerabdeckung mit iSelect erwies sich somit als 

sehr erfolgreich für die Identifikation signifikanter Assoziationen. Für den Zeitpunkt des 

Schossens erhöhte sich z.B. das Signifikanzniveau in der Sommergerstenkollektion nahe des 

eam6 Locus‘s. Eine mit der Pflanzenhöhe hochsignifikant assoziierte Region wurde in der Nähe 

der Sdw3-Region auf 2H (~ 63.53cM) in Wintergerste lokalisiert, eine weitere auf 3H (~126cM) 

nahe der sdw1/denso-Genomregion. Für die Merkmale Korngewicht, Pflanzenhöhe sowie 

Ährenlänge wurde eine hochsignifikante Assoziation auf 3H bei ~54cM gefunden.  

Mehltau ist in Gerste eine bedeutende Krankheit, die weltweit zu hohen Ernteverlusten führt. 

Züchter führten oft rassespezifische Resistenzgene in den Zuchtprozess ein, die jedoch nicht 

dauerhaft sind. Die weniger untersuchte nicht-rassespezifische Basalresistenz ist dagegen 

dauerhaft, hat eine quantitative Vererbung und kann von den Pathogenen nur schwer 

überwunden werden. Für die genomweite Charakterisierung der Basalresistenz wurden 282 

Sommer- und 112 Wintergerstensorten, 317 Landrassen, 246 Wildgersten sowie eine weltweite 

Kollektion von 224 Sommergersten untersucht. Um die Basalresistenz verlässlich zu 

untersuchen, wurde ein sog. ‚detached leaf assay’ mit zwei poly-virulenten Rassen genutzt, 

welche bereits 44 Hauptresistenzgene überwunden haben. Dabei erwiesen sich die Sommertypen 

der Kultivare (54%) und die Wildgersten (82%) am resistentesten. Weiterhin wurde die 

Mehltauresistenz unter Feldbedingungen in zwei Jahren am Standort IPK untersucht. 

Signifikante Assoziationen (P-Wert≤ 0,01) wurden auf allen sieben Chromosomen innerhalb der 

Genpools mit den BOPA1 Markern detektiert, was die komplexe genetische Struktur der breiten 

Basalresistenz zeigt. Auch wenn das LD in Wildgerste nur sehr gering war, konnten auch hier 

signifikante Assoziationen detektiert werden, diese hatten allerdings nur ein geringes 

Signifikanzniveau. 

Abschließend lässt sich sagen, dass genomweite Assoziationen in diversen Genpools erfolgreich 

detektiert wurden und oft populationsspezifische Assoziationen erhalten wurden. In vielen Fällen 

können die dahinterliegenden Kandidatengene durch vergleichende Syntänie-Informationen 

sequenzierter Grasgenome wie Reis und Brachypodium identifiziert werden. Zukünftig können 

viele der identifizierten Regionen im Detail genau untersucht werden, z.B. durch Re-

sequenzierung oder dem Screening von Mutanten.  
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Fig S1: Model comparison with powdery mildew detched leaf assay.Cumulative observed p-

values in percentages for naïve model in blue color (without correction for population), general 

linear model (GLM) using Q matrix in red color, mixed model (MLM) in green color (using 

principal components for population structure control), purple color MLM using kinship matrix 

to control population structure are shown. Model that control false positive should approximate 

to a uniform distribution of the p-value 
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Fig S2: Population structure of barley gene pools with BOPA1 SNP markers. PC1 and PC3 show 

the distribution of the genotypes. Different colors are assigned to groups of genotypes. 

HVCC_Spring_2 (spring two rowed varieties); HVCC_Spring_6 (spring six rowed varieties); 

HVCC_Winter_2 (winter two rowed varieties); HVCC_Winter_6 (winter six rowed varieties); 

LRC_J (landraces from Jordan); LRC_S (landraces from Syria) and HSC (Wild barley) gene 

pool are shown 
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Fig S3: Population structure of barley gene pools using BOPA1 SNP markers. PC2 and PC3 are 

shown. Different colors are assigned to groups of genotypes. HVCC_Spring_2 (spring two 

rowed varieties); HVCC_Spring_6 (spring six rowed varieties); HVCC_Winter_2 (winter two 

rowed varieties); HVCC_Winter_6 (winter six rowed varieties); LRC_J (landraces from Jordan); 

LRC_S (landraces from Syria) and HSC (Wild barley) gene pool are shown 
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Fig S4: STRUCTURE results in winter barley. On top Delta k vs. k (number of assumed 

populations) plotted as proposed by Evanno et al. (2005) and graph showing maximum change 

of delta k at k=2; as an alternative approach on down log probability data (LnP(D) mean ± SD) 

as function of k (number of clusters) from the STRUCTURE run plotted for each structure run 

and the graph plateau at k 2 (proposed by Pritchard et al. 2000)  
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Fig S5: STRUCTURE results in spring barley. On top Delta k vs. k (number of assumed 

populations) plotted as proposed by Evanno et al. (2005) and graph showing maximum change 

of delta k at k=2; as an alternative approach on down log probability data (LnP(D)) as function 

of k (number of clusters) from the STRUCTURE run plotted for each structure run and the graph 

plateau at k 2 (proposed by Pritchard et al. 2000)
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Six-rowed Winter Barley 

Cultivars 

Two-rowed Winter Barley 

Cultivars 

Six-rowed Spring 

Cultivars 

Two-rowed Spring Barley Cultivars 

 

 

(a) 
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Fig S6: Neighbour Joining (NJ) clustering of the cultivars (HVCC) (a) Two-rowed and six-rowed winter barley (HVCC_W) are 

shown (b) Two-rowed and six-rowed spring barley (HVCC_S) are shown 
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Landraces from Jordan Landraces from Syria 

Wild Barley from Israel 

 

 

(a) 

 

 

 

 

 (b) 

 

 

 

 

 

 

 

 

Fig S7: Neighbour Joining (NJ) clustering of the landraces and wild barley (a) Jordanian (LRC_J) and Syrian (LRC_S) landraces are 

shown (b) Wild barley (HSC) from Israel are shown

B
1
K

-3
7
-0

9
B

1
K

-3
7
-1

1

99

B
1
K

-3
7
-1

5
B

1
K

-3
7
-1

9

97

100

B
1
K

-2
7
-1

5

21

B
1
K

-3
6
-0

5
B

1
K

-3
6
-1

5

52

B
1
K

-3
6
-0

2

57

58

B
1
K

-2
8
-0

6
B

1
K

-2
8
-1

0

100

B
1
K

-2
9
-1

3

48

B
1
K

-2
8
-1

5
B

1
K

-2
8
-1

7

67

26

B
1
K

-2
8
-0

4
B

1
K

-4
3
-0

1

32
11

B
1
K

-4
6
-0

7

6
0

B
1
K

-3
3
-0

9
B

1
K

-3
3
-0

9

100

B
1
K

-3
3
-1

9

61

0

B
1
K

-2
7
-0

2
B

1
K

-2
7
-1

1

58

B
1
K

-4
6
-1

5

7

B
1
K

-4
6
-1

2

6

B
1
K

-2
9
-0

4
B

1
K

-4
6
-0

3

66

B
1
K

-2
9
-2

0

29

04

B
1
K

-4
3
-1

4
B

1
K

-4
3
-1

9

100

9

B
1
K

-4
3
-0

5

3

B
1
K

-4
1
-1

1
B

1
K

-4
1
-1

3

100

B
1
K

-4
6
-2

0

14
5

B
1
K

-4
5
-0

2
B

1
K

-4
5
-0

8

63

B
1
K

-4
5
-0

8

100

B
1
K

-3
3
-1

3

60

4

B
1
K

-4
5
-0

9
B

1
K

-4
5
-1

4

100

B
1
K

-2
7
-1

9

29

0

B
1
K

-2
7
-0

8

0

B
1
K

-3
8
-0

1
B

1
K

-3
8
-1

4

55

B
1
K

-4
2
-0

7

20

B
1
K

-4
2
-1

0
B

1
K

-4
2
-1

6

85

7

B
1
K

-4
1
-0

8
B

1
K

-4
1
-1

8

98

B
1
K

-4
0
-0

2

40

0

B
1
K

-4
4
-0

3
B

1
K

-4
4
-0

9

100

B
1
K

-4
2
-0

1

100

B
1
K

-4
0
-0

8
B

1
K

-5
1
-0

1

39

15

0

B
1
K

-4
4
-1

3
B

1
K

-5
1
-0

7

22
00

B
1
K

-2
1
-0

8
B

1
K

-2
1
-1

1

68

B
1
K

-2
1
-2

0

100

B
1
K

-2
4
-1

0

68

B
1
K

-3
0
-0

7

35

B
1
K

-4
2
-1

7

5

B
1
K

-4
0
-1

6
B

1
K

-4
1
-0

3

39

B
1
K

-3
0
-2

0

6
0

0

B
1
K

-3
0
-0

3
B

1
K

-3
0
-1

1

79

B
1
K

-3
0
-0

9

100

B
1
K

-2
0
-1

7
B

1
K

-2
1
-0

2

100

25
0

B
1
K

-1
4
-0

6
B

1
K

-1
4
-1

3

43

B
1
K

-1
5
-1

9

57

B
1
K

-1
4
-1

0

81

B
1
K

-1
5
-0

7
B

1
K

-1
5
-1

2

94

37

B
1
K

-2
6
-1

6
B

1
K

-2
6
-1

7

100B
1
K

-2
6
-1

1

53

7

B
1
K

-1
3
-2

0
B

1
K

-1
4
-0

4

100

B
1
K

-1
3
-0

6

70

B
1
K

-1
3
-0

1
B

1
K

-1
3
-1

4

32
19

B
1
K

-1
3
-1

0

55

20

B
1
K

-3
9
-0

2
B

1
K

-3
9
-2

0

42

B
1
K

-1
9
-0

1

91

B
1
K

-3
6
-2

0
B

1
K

-3
7
-0

3

73

B
1
K

-3
8
-1

2

88

B
1
K

-3
1
-1

1

89

0

B
1
K

-1
5
-1

5
B

1
K

-2
6
-0

4

50

1

B
1
K

-2
2
-0

3
B

1
K

-3
2
-0

9

98

B
1
K

-2
2
-0

6

100

B
1
K

-0
8
-1

8
B

1
K

-2
2
-1

8

56
39

B
1
K

-3
2
-0

2

52

B
1
K

-2
6
-0

8
B

1
K

-3
2
-1

3

52

20
2

0

B
1
K

-3
3
-0

3
B

1
K

-5
0
-0

8

92

7

B
1
K

-2
5
-0

9
B

1
K

-2
5
-2

0

40

B
1
K

-2
5
-1

5

78

B
1
K

-2
5
-0

1
B

1
K

-2
5
-0

5

100

73

B
1
K

-2
4
-0

2
B

1
K

-2
4
-1

3

36
48

B
1
K

-2
4
-0

5
B

1
K

-2
4
-1

8

59

99

5

B
1
K

-0
5
-1

7
B

1
K

-0
5
-1

8

51

B
1
K

-0
5
-1

1

100

B
1
K

-1
2
-0

1
B

1
K

-1
2
-1

0

68

24

B
1
K

-0
5
-1

3

22

B
1
K

-1
2
-0

6
B

1
K

-1
2
-1

7

45

39

B
1
K

-0
4
-1

2
B

1
K

-0
4
-1

3

100

B
1
K

-0
4
-0

4
B

1
K

-0
4
-0

8

4084

79
B

1
K

-0
6
-0

9
B

1
K

-0
6
-1

4

85

28
B

1
K

-0
6
-0

7
B

1
K

-0
6
-2

0

63

31

B
1
K

-1
6
-0

7
B

1
K

-1
6
-1

9

26

B
1
K

-1
6
-0

1

45

B
1
K

-1
6
-1

0
B

1
K

-1
6
-1

5

2719
17

B
1
K

-0
8
-0

6
B

1
K

-0
8
-0

7

100B
1
K

-0
7
-0

2
B

1
K

-0
8
-1

3

39
30

B
1
K

-0
7
-1

1
B

1
K

-0
7
-1

7

67

25

B
1
K

-0
8
-1

0

24
28

B
1
K

-3
4
-1

0
B

1
K

-3
4
-1

4

43

B
1
K

-3
4
-0

9

54

B
1
K

-3
4
-0

4

100

B
1
K

-0
2
-0

2
B

1
K

-0
2
-0

8

100

B
1
K

-0
2
-0

5

100

B
1
K

-1
1
-1

1

78

86

B
1
K

-0
2
-1

0
B

1
K

-0
2
-1

8

100

B
1
K

-3
2
-0

8

80

58

B
1
K

-1
1
-1

9

26

B
1
K

-1
1
-0

3

17

B
1
K

-3
1
-1

5
B

1
K

-3
1
-1

9

61

B
1
K

-5
0
-1

4

61

B
1
K

-3
1
-0

5

100B
1
K

-1
1
-0

5

89

B
1
K

-3
1
-0

1
B

1
K

-3
4
-0

6

46
22

B
1
K

-3
4
-2

0

67

87

44

5

B
1
K

-2
3
-0

2
B

1
K

-2
3
-0

6

99

B
1
K

-2
3
-1

2
B

1
K

-2
3
-1

4

96

64

B
1
K

-4
9
-0

8

46
7

B
1
K

-2
0
-1

0
B

1
K

-2
0
-1

3

97

B
1
K

-2
0
-0

2

58

16

B
1
K

-0
3
-0

4
B

1
K

-0
3
-0

9

100

B
1
K

-0
3
-0

7

99

1

B
1
K

-1
7
-1

3
B

1
K

-1
7
-1

7

56

B
1
K

-1
7
-1

0

86

B
1
K

-1
7
-0

3

58

B
1
K

-1
7
-0

7

59

B
1
K

-1
0
-0

1
B

1
K

-1
0
-1

3

100

B
1
K

-1
0
-0

5

98

B
1
K

-1
0
-1

0

100

13

B
1
K

-1
8
-0

3
B

1
K

-1
8
-0

5

100

B
1
K

-1
8
-1

7

83

B
1
K

-1
8
-1

6

79

B
1
K

-1
8
-0

9

44
60

B
1
K

-0
9
-0

3
B

1
K

-1
0
-1

8

27

B
1
K

-0
9
-1

0

34

B
1
K

-0
9
-1

6

15

B
1
K

-3
5
-0

4
B

1
K

-3
5
-1

6

59

B
1
K

-3
5
-1

9

56

3
0

B
1
K

-4
4
-0

7
B

1
K

-4
4
-2

0

100

B
1
K

-4
9
-1

3

24

B
1
K

-3
5
-0

8
B

1
K

-4
7
-1

2

20

B
1
K

-4
7
-0

4

40

B
1
K

-4
7
-2

0
B

1
K

-4
9
-0

4

47

B
1
K

-4
7
-1

3

900

B
1
K

-0
9
-0

7
B

1
K

-0
9
-1

8

100

B
1
K

-1
9
-1

5

10

B
1
K

-1
9
-2

0
B

1
K

-4
7
-0

8

28
1

B
1
K

-4
9
-1

1
B

1
K

-4
9
-1

8

21
0

B
1
K

-3
0
-1

3
B

1
K

-4
8
-1

6

100

B
1
K

-4
8
-1

1

85

B
1
K

-4
8
-0

6

41

B
1
K

-4
8
-0

3
B

1
K

-4
8
-1

9

50
17

B
1
K

-3
5
-1

1

30100

J
L
B

_
0
6
-0

3
7

J
L
B

_
3
8
-0

9
8

36

J
L
B

_
0
6
-0

0
5

24

J
L
B

_
0
6
-0

1
3

28

J
L
B

_
0
8
-0

6
7

28

J
L
B

_
3
6
-0

1
1

28

J
L
B

_
3
7
-0

1
5

39

J
L
B

_
3
8
-0

7
5

37

S
L
B

_
4
5
-0

1
8

28

S
L
B

_
6
7
-0

1
6

50

S
L
B

_
0
9
-0

2
3

100

J
L
B

_
0
7
-0

2
0

J
L
B

_
0
8
-0

6
2

90

J
L
B

_
3
7
-0

6
8

86

S
L
B

_
0
9
-0

0
2

100

83

J
L
B

_
3
6
-0

0
9

J
L
B

_
3
6
-0

1
0

100

80

J
L
B

_
0
7
-0

6
0

79

J
L
B

_
0
7
-0

1
6

J
L
B

_
3
8
-0

2
4

95

75

S
L
B

_
0
5
-0

6
6

J
L
B

_
3
8
-0

4
8

100J
L
B

_
0
6
-0

1
1

75

J
L
B

_
3
8
-0

2
2

44

J
L
B

_
3
8
-0

4
7

21

J
L
B

_
3
7
-0

1
8

7

J
L
B

_
0
8
-0

7
9

J
L
B

_
3
6
-0

9
7

24

J
L
B

_
3
6
-0

0
7

12
1

J
L
B

_
0
8
-0

1
8

J
L
B

_
3
7
-0

1
0

81

J
L
B

_
0
8
-0

5
9

J
L
B

_
3
7
-0

0
8

36
25

0

J
L
B

_
3
6
-0

2
3

J
L
B

_
3
8
-0

0
1

18

J
L
B

_
3
6
-0

6
5

23
0

0

J
L
B

_
3
6
-0

4
5

J
L
B

_
3
6
-0

9
3

7
0

J
L
B

_
3
8
-0

1
9

J
L
B

_
3
8
-0

2
7

100

J
L
B

_
3
6
-0

3
1

65
S

L
B

_
0
9
-0

2
8

53

J
L
B

_
0
6
-0

0
7

J
L
B

_
0
6
-0

0
8

100

11

J
L
B

_
0
6
-0

6
9

J
L
B

_
3
7
-0

2
3

37
8

J
L
B

_
0
8
-0

2
8

J
L
B

_
0
8
-0

5
1

54

06
S

L
B

_
4
2
-0

2
1

J
L
B

_
3
6
-0

0
6

26

S
L
B

_
0
5
-0

3
7

34

S
L
B

_
6
7
-0

2
0

33

J
L
B

_
0
6
-0

0
2

33

J
L
B

_
0
7
-0

4
9

19

J
L
B

_
0
7
-0

5
1

19

J
L
B

_
0
7
-0

5
4

19

J
L
B

_
0
7
-0

5
8

19

J
L
B

_
0
7
-0

6
1

19

J
L
B

_
0
7
-0

6
9

19

J
L
B

_
0
7
-0

7
3

19

J
L
B

_
0
7
-0

9
1

19

J
L
B

_
0
8
-0

0
2

27

J
L
B

_
3
6
-0

1
2

27

J
L
B

_
3
7
-0

1
4

15

J
L
B

_
3
7
-0

1
6

15

J
L
B

_
3
7
-0

2
2

15

J
L
B

_
3
7
-0

9
6

18

S
L
B

_
6
7
-0

1
9

19

J
L
B

_
3
6
-0

7
5

29

J
L
B

_
3
6
-0

4
6

47

J
L
B

_
0
7
-0

2
2

100

J
L
B

_
0
7
-0

7
5

97

S
L
B

_
0
9
-0

0
7

88

J
L
B

_
0
6
-0

0
3

J
L
B

_
0
6
-0

6
2

100

31
15

J
L
B

_
0
8
-0

8
3

J
L
B

_
3
6
-0

0
2

61
15

J
L
B

_
0
8
-0

1
9

J
L
B

_
0
8
-0

6
4

100

62

J
L
B

_
0
8
-0

1
1

J
L
B

_
3
7
-0

2
9

99

J
L
B

_
3
7
-0

1
2

3957

S
L
B

_
0
5
-0

9
4

J
L
B

_
3
6
-0

0
8

100

60

S
L
B

_
0
9
-0

0
1

S
L
B

_
0
9
-0

1
3

96

S
L
B

_
1
0
-0

0
7

37

S
L
B

_
1
0
-0

1
3

S
L
B

_
3
9
-0

1
3

48
4447

S
L
B

_
0
5
-0

5
4

S
L
B

_
1
9
-0

0
4

66

S
L
B

_
2
2
-0

1
1

99

S
L
B

_
3
4
-0

8
5

99

S
L
B

_
3
0
-0

3
6

99

S
L
B

_
5
8
-0

8
7

99

S
L
B

_
6
6
-0

0
4

99

J
L
B

_
0
6
-0

1
5

99

S
L
B

_
3
9
-0

0
8

63

S
L
B

_
3
9
-0

1
2

63

S
L
B

_
3
9
-0

1
5

63

S
L
B

_
3
9
-0

3
3

39

S
L
B

_
3
9
-0

3
5

39

S
L
B

_
3
9
-0

3
9

39

S
L
B

_
3
9
-0

4
9

39

S
L
B

_
3
9
-0

5
8

39

S
L
B

_
3
9
-0

6
0

39

S
L
B

_
3
9
-0

6
9

40

S
L
B

_
3
9
-0

1
8

40

S
L
B

_
3
9
-0

6
3

63

J
L
B

_
3
8
-0

4
9

100

S
L
B

_
1
0
-0

1
1

S
L
B

_
1
0
-0

1
5

66

S
L
B

_
1
0
-0

1
9

S
L
B

_
1
0
-0

2
1

6666

S
L
B

_
1
0
-0

1
4

88

S
L
B

_
0
9
-0

1
0

100

55

S
L
B

_
1
0
-0

1
7

55

J
L
B

_
0
6
-0

3
8

100

79

S
L
B

_
0
9
-0

2
1

33

J
L
B

_
3
7
-0

5
6

J
L
B

_
3
8
-0

4
6

100

S
L
B

_
0
5
-0

5
5

97

J
L
B

_
3
8
-0

2
5

91

49

S
L
B

_
3
4
-0

1
8

S
L
B

_
4
0
-0

5
2

84

S
L
B

_
3
0
-0

3
1

93

S
L
B

_
4
0
-0

5
3

87

S
L
B

_
4
0
-0

4
5

100

S
L
B

_
4
0
-0

4
9

77

S
L
B

_
6
6
-0

5
8

S
L
B

_
6
6
-0

5
9

100

41

S
L
B

_
4
0
-0

2
7

S
L
B

_
4
0
-0

2
9

100

S
L
B

_
4
0
-0

8
9

100

S
L
B

_
1
2
-0

2
0

S
L
B

_
3
2
-0

9
8

100

15
4

S
L
B

_
3
2
-0

4
7

1

S
L
B

_
1
2
-0

0
3

S
L
B

_
1
2
-0

1
8

85

S
L
B

_
1
2
-0

1
0

53

S
L
B

_
1
2
-0

9
3

80

S
L
B

_
5
8
-0

0
1

S
L
B

_
5
8
-0

1
2

100

S
L
B

_
4
0
-0

7
9

100

S
L
B

_
5
8
-0

1
9

42
0

S
L
B

_
3
0
-0

0
8

S
L
B

_
0
9
-0

4
9

88

S
L
B

_
3
0
-0

2
0

100

S
L
B

_
3
4
-0

4
6

S
L
B

_
3
4
-0

5
7

100

35
0

S
L
B

_
1
0
-0

1
6

S
L
B

_
3
9
-0

1
9

33

S
L
B

_
1
0
-0

1
0

57

S
L
B

_
1
0
-0

0
3

50

S
L
B

_
0
9
-0

5
1

S
L
B

_
1
0
-0

1
8

76

95

0

S
L
B

_
3
0
-0

1
7

S
L
B

_
3
0
-0

4
6

50

S
L
B

_
3
0
-0

4
8

50

S
L
B

_
3
0
-0

1
4

100

S
L
B

_
4
2
-0

5
2

98

S
L
B

_
3
2
-0

8
8

S
L
B

_
6
6
-0

9
3

87

S
L
B

_
3
2
-0

4
9

60

S
L
B

_
3
0
-0

0
9

S
L
B

_
4
0
-0

3
8

100

42

7

S
L
B

_
3
2
-0

2
0

S
L
B

_
6
7
-0

1
3

94

S
L
B

_
3
0
-0

0
2

33

S
L
B

_
3
0
-0

1
9

S
L
B

_
0
9
-0

2
2

72

21
0

S
L
B

_
6
6
-0

7
9

0

S
L
B

_
0
9
-0

4
7

S
L
B

_
1
0
-0

1
2

55

S
L
B

_
3
0
-0

1
0

6
0

S
L
B

_
1
2
-0

1
5

S
L
B

_
3
2
-0

7
3

75

S
L
B

_
6
6
-0

1
4

62

S
L
B

_
1
2
-0

1
3

S
L
B

_
1
2
-0

1
4

64

S
L
B

_
3
2
-0

9
2

62

100

S
L
B

_
6
6
-0

3
0

95

S
L
B

_
4
0
-0

4
1

100

S
L
B

_
6
7
-0

1
1

2

S
L
B

_
6
7
-0

1
5

100

S
L
B

_
3
2
-0

2
2

S
L
B

_
6
6
-0

1
6

100

S
L
B

_
6
6
-0

2
3

61

S
L
B

_
6
6
-0

9
0

100

S
L
B

_
3
2
-0

4
5

100

S
L
B

_
6
7
-0

1
7

51

0

S
L
B

_
3
4
-0

6
4

S
L
B

_
1
2
-0

0
6

72

S
L
B

_
0
9
-0

5
9

27

0
0

S
L
B

_
3
0
-0

7
1

S
L
B

_
6
7
-0

1
8

99

S
L
B

_
5
8
-0

2
3

21

S
L
B

_
3
0
-0

0
7

S
L
B

_
3
2
-0

9
7

99

2

S
L
B

_
5
8
-0

6
5

S
L
B

_
6
7
-0

2
1

76

S
L
B

_
5
8
-0

4
0

69

S
L
B

_
6
7
-0

1
4

51

1

S
L
B

_
5
8
-0

0
9

S
L
B

_
5
8
-0

2
7

63

S
L
B

_
5
8
-0

0
7

100

S
L
B

_
6
6
-0

0
9

65

0
13

S
L
B

_
5
8
-0

2
1

S
L
B

_
6
7
-0

0
6

38

S
L
B

_
4
5
-0

8
4

2523

S
L
B

_
0
3
-0

3
5

S
L
B

_
0
9
-0

1
6

100

S
L
B

_
0
5
-0

3
5

100

S
L
B

_
0
5
-0

3
1

S
L
B

_
4
0
-0

3
4

69
93

S
L
B

_
4
5
-0

4
6

87

S
L
B

_
0
5
-0

9
7

S
L
B

_
4
5
-0

7
6

70

S
L
B

_
3
4
-0

0
7

83

70

S
L
B

_
0
5
-1

0
0

S
L
B

_
4
5
-0

8
2

98

100

S
L
B

_
0
5
-0

7
6

S
L
B

_
4
5
-0

2
1

100

S
L
B

_
6
6
-0

7
1

J
L
B

_
0
8
-0

6
0

100

100

57
45

S
L
B

_
1
9
-0

1
0

S
L
B

_
2
2
-0

0
9

99

25

S
L
B

_
3
4
-0

4
1

S
L
B

_
4
5
-0

2
6

100

31

S
L
B

_
0
3
-0

9
5

S
L
B

_
2
2
-0

7
3

100

S
L
B

_
2
2
-0

9
5

S
L
B

_
1
2
-0

1
1

100100

S
L
B

_
0
5
-0

3
4

S
L
B

_
4
9
-0

0
3

100

99

S
L
B

_
0
3
-0

6
7

85

S
L
B

_
0
3
-0

7
1

S
L
B

_
4
9
-0

6
1

97

S
L
B

_
1
9
-0

0
6

81

94

5

S
L
B

_
4
9
-0

3
1

S
L
B

_
4
0
-0

3
3

42

S
L
B

_
0
3
-1

0
0

25

S
L
B

_
0
3
-0

5
1

33

S
L
B

_
4
9
-0

2
1

33

S
L
B

_
4
9
-0

2
7

100

S
L
B

_
1
9
-0

0
7

91

S
L
B

_
0
3
-0

4
3

89

S
L
B

_
4
0
-0

4
7

36

S
L
B

_
4
9
-0

4
8

S
L
B

_
4
9
-0

7
3

100

S
L
B

_
1
9
-0

9
4

77

23

1

S
L
B

_
4
5
-0

6
4

S
L
B

_
4
9
-0

7
9

100

S
L
B

_
4
2
-0

8
9

86

S
L
B

_
1
9
-0

8
7

55

S
L
B

_
4
9
-0

5
3

60

S
L
B

_
0
3
-0

4
7

S
L
B

_
0
3
-0

6
1

99

8
0

S
L
B

_
0
3
-0

6
8

S
L
B

_
0
3
-0

8
8

100

S
L
B

_
1
9
-0

4
2

S
L
B

_
3
4
-0

9
0

6363

S
L
B

_
1
9
-0

5
5

100

S
L
B

_
0
3
-0

9
6

S
L
B

_
4
2
-0

0
1

100

100

S
L
B

_
1
9
-0

5
9

75

S
L
B

_
0
5
-0

0
9

S
L
B

_
1
9
-0

0
9

100

S
L
B

_
2
2
-0

1
2

98

S
L
B

_
2
2
-0

1
3

100

S
L
B

_
4
9
-0

2
9

40
40

S
L
B

_
4
2
-0

4
0

S
L
B

_
4
9
-0

1
0

81

S
L
B

_
3
4
-0

6
3

S
L
B

_
1
0
-0

2
0

38

S
L
B

_
3
4
-0

7
4

13

S
L
B

_
0
5
-0

4
2

S
L
B

_
4
5
-0

9
6

18

000

S
L
B

_
0
3
-0

5
4

S
L
B

_
2
2
-0

6
2

57

S
L
B

_
4
0
-0

3
5

71

S
L
B

_
4
5
-0

3
3

36

S
L
B

_
4
2
-0

2
3

15

S
L
B

_
0
5
-0

5
3

S
L
B

_
4
9
-0

1
1

29
8

S
L
B

_
4
2
-0

6
4

S
L
B

_
4
5
-0

5
6

41

S
L
B

_
4
2
-0

2
8

100

S
L
B

_
2
2
-0

0
1

46

S
L
B

_
4
2
-0

1
5

22

0

S
L
B

_
0
5
-0

2
8

S
L
B

_
1
9
-0

1
2

100S
L
B

_
1
9
-0

0
8

S
L
B

_
1
9
-0

1
1

76

33

S
L
B

_
1
9
-0

1
4

S
L
B

_
4
5
-0

3
9

39

29

S
L
B

_
4
2
-0

8
5

S
L
B

_
4
2
-0

8
8

100

S
L
B

_
4
2
-0

1
1

S
L
B

_
4
2
-0

1
2

100

59

23
1

0

S
L
B

_
3
4
-0

6
5

S
L
B

_
4
5
-0

7
4

100

S
L
B

_
2
2
-0

0
7

S
L
B

_
3
4
-0

9
3

98

13

0

S
L
B

_
2
2
-0

0
8

S
L
B

_
2
2
-0

1
4

100S
L
B

_
4
2
-0

2
9

68

S
L
B

_
3
4
-0

8
1

27

S
L
B

_
4
9
-0

1
7

22

S
L
B

_
0
3
-0

7
9

S
L
B

_
2
2
-0

1
6

26

S
L
B

_
4
0
-0

3
0

9
0

S
L
B

_
4
9
-0

8
2

S
L
B

_
1
2
-0

1
9

61

0

S
L
B

_
0
3
-0

5
9

S
L
B

_
1
9
-0

0
5

67

S
L
B

_
2
2
-0

7
4

34

0100



Supplementary Information 

 

145 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig S8: Bi-plot analysis of the phenotypic traits in HVCC_W gene pool. Component 1 explained 

32.63 percent and component 2, 17.74 percent of the total variation 
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Fig S9: Bi-plot analysis of the phenotypic traits in the HVCC_S gene pool. Component 1 

explained 38.97 percent and component 2 explained 18.94 percent of the total variation 
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Fig S10: Principal component analysis using associations values from all traits in spring barley. 

Significant principal components (PC1 and PC2) are shown using (a) BOPA1 and (b) iSelect 

SNP markers

(a) 

(b) 
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