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Abstract 

 

As a result of extensive inbreeding within small populations, cultivated barley 

(Hordeum vulgare subsp. vulgare) has come to have a narrow genetic base, especially 

with regard to disease resistance. Wild barley (Hordeum vulgare subsp. spontaneum) is 

known to be a diverse source of novel alleles for introgression of disease resistance into 

cultivated barley. Two wild barley accessions collected in Israel, Damon 11-11 and 

Shechem 12-32, were found to carry resistance to several economically important 

diseases. Two doubled haploid mapping populations were created from crosses between 

these two accessions and the two-rowed malting quality standard cultivar Harrington. A 

new set of wild barley-derived Diversity Arrays Technology (DArT) markers were 

developed and combined with the previously developed cultivated-derived barley 

markers to create a ‘comprehensive’ barley DArT array capable of more robust 

genotyping of both wild and cultivated barley germplasm. This array was utilized to 

genotype the Damon/Harrington (D/H) and Shechem/Harrington (S/H) populations and 

to create genetic linkage maps of these two populations as well as a synthetic map of the 

barley genome containing 3,542 markers. The D/H and S/H populations were phenotyped 

for resistance to seven economically important diseases, including powdery mildew, stem 

rust, stripe rust, leaf rust, net blotch, spot blotch, and Septoria speckled leaf blotch. 

Additionally, several aspects of heading date, inflorescence and leaf characteristics, plant 

height, and yield were assessed and all traits were subjected to quantitative trait loci 

(QTL) analyses. Significant QTL were detected for all traits. Identification of marker-

trait associations for loci controlling both disease resistance and morphological and 

agronomical traits should help limit linkage drag by allowing for simultaneous selection 

for and against desirable and undesirable alleles, respectively. These marker-trait 

associations will be utilized for implementing marker-assisted selection to introgress and 

maintain favorable alleles into elite breeding germplasm. 
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1. General Introduction 

 

The beginning and rise of agriculture over 10,000 years ago is well known to have 

occurred in a part of Southwest Asia known as the Fertile Crescent - a region that spans 

modern-day Israel, Jordan, Lebanon and western Syria, into southeast Turkey and, along 

the Tigris and Euphrates rivers, into Iraq and western Iran (Salamini et al. 2002). The 

Fertile Crescent’s Mediterranean climate was ideal for the evolution of large seeded 

annual plants. Of the world’s 56 largest seeded wild grass species, almost all of them are 

found in the Fertile Crescent or other similar Mediterranean zones (Diamond 1997). Of 

the 23 most palatable and largest seeded wild grasses still growing in the Fertile Crescent 

today, wild barley (Hordeum vulgare subsp. spontaneum) has the second largest seeds 

and is one of the four most abundantly found. It also has simple genetics with regard to 

traits controlling seed dispersal and germination inhibition. This was advantageous and 

allowed it to easily achieve the necessary evolutionary changes required for farming and 

made it an obvious candidate for domestication. There is still some debate as to whether 

barley was domesticated only once in the region of Israel-Jordan or in two independent 

locations, the second being east of the Fertile Crescent. Evidence for a single 

domestication event comes from analysis of amplified fragment length polymorphisms 

and haplotype data at the Bkn-3 gene (Badr et al. 2000), whereas polyphyletic origins 

have been proposed based upon sequence analysis of a locus closely linked to the brittle 

rachis genes Btr1 and Btr2 as well as haplotype structure based upon 196 single 

nucleotide polymorphisms (Azhaguvel and Komatsuda 2007; Morrell and Clegg 2007). 

Regardless of whether barley was domesticated at one or multiple sites, there are clear 

differences between Eastern- and Western-type cultivated barleys as there are distinct 

allelic differences between them (Azhaguvel and Komatsuda 2007; Morrell and Clegg 

2007).  

 

Domesticated barley (Hordeum vulgare subsp. vulgare) is one of the world’s 12 

major food crops, and one of the five major cereal grains, which together account for 

over half of all calories consumed by humans (Diamond 1997). The Upper Midwest 
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region of the United States and the central Prairie provinces of Canada comprise the 

largest barley production region in North America. Much of the barley produced in this 

region is used for malting; therefore, many of the traits that have been selected for by 

breeders revolve around malting quality as well as the important characters of yield and 

resistance to lodging. Aside from stem rust (SR; caused by Puccinia graminis Pers.: Pers 

f. sp. tritici Eriks. & E. Henn), spot blotch (SB; caused by Cochliobolus sativus [Ito and 

Kuribayashi] Drechs. ex Dastur [anamorph: Bipolaris sorokiniana (Sacc.) Shoem.]), and 

more recently Fusarium head blight (FHB; caused by Gibberella zeae [Schw.] Petch. 

[anamorph: Fusarium graminearum Schwabe]), breeding for disease resistance has been 

a lower priority. Barley is a self-pollinating crop, and as a result of numerous inbred 

pedigrees, six-rowed malting type cultivars in the Upper Midwest region have become 

extremely narrow in their genetic base (Rasmusson and Phillips 1997). This lack of 

genetic diversity has potential consequences as it leaves the barley crop vulnerable to 

widespread disease epidemics if current sources of resistance were to be suddenly 

overcome. 

 

There have been a few examples of host resistance breakdown reported over the 

past two decades. In 1989, a new race (QCCJ) of SR appeared that was virulent on barley 

cultivars carrying the Rpg1 gene. Although yield losses due to race QCCJ were limited, 

the vulnerability of a major crop protected by a single major resistance gene was evident 

(Steffenson 1992). TTKSK (also known as isolate Ug99), an extremely virulent stem rust 

race originating in eastern Africa, also is a threat to barley, but has not yet reached the 

Western Hemisphere (Brueggeman et al. 2009; Steffenson and Jin 2006). Stripe rust 

(StrR; caused by Puccinia striiformis Westend. f. sp. hordei) is a major disease of barley 

worldwide, and since its discovery in the United States in 1991 has become well 

established (Chen and Line 2001). Septoria speckled leaf blotch (SSLB; caused primarily 

by Septoria passerinii Sacc.), net blotch (NB; caused by Pyrenophora Drechs. teres f. 

teres Smedeg. [anamorph: Drechslera teres (Sacc.) Shoem.]), and SB commonly reduce 

yields by 5-35% in the Upper Midwest region (Steffenson et al. 1996; Toubia-Rahme and 

Steffenson 2004). Powdery mildew (PM), caused by Blumeria graminis (DC.) E. O. 
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Speer f. sp. hordei Ém. Marchal (anamorph; Oidium monilioides [Nees] Link), affects 

barley in many growing regions throughout the world, but is mainly a problem in the 

Mid-Atlantic region and California in the United States (Jorgensen 1994). Leaf rust (LR; 

caused by Puccinia hordei G. Otth) is a sporadic problem for growers in the Upper 

Midwest region, but has not caused any serious epidemics for a number of years. It is a 

greater problem, however, in areas where the crop matures late, such as in the eastern and 

western United States, North Africa, Europe, New Zealand, and Australia (Mathre 1997). 

More specific information for each of these barley diseases, including what is known 

about the genetics of disease resistance in the host, is outlined below. 

 

Powdery Mildew: The ascomycete fungus B. graminis f. sp. hordei is the casual 

organism of powdery mildew of barley. Though powdery mildew is not a problem in the 

barley growing regions of the Upper Midwest United States, it is commonly found in the 

Mid-Atlantic region and in California, as well as in many barley growing regions of the 

world (Jorgensen 1994). B. g. f. sp. hordei primarily reproduces by forming conidia; 

however, ascospores are produced within cleistothecia and can survive in a dry state for a 

long time and be released under humid conditions. Windborne ascospores and conidia are 

the primary source of inoculum, depending on the climate of the region and the time of 

year of infection (Mathre 1997). Disease symptoms begin as white spots of fungal 

mycelium and progress to causing a pale green to yellow discoloration of the surrounding 

tissue. Necrotic rings around sites of infection are commonly seen in older leaves. 

Infection by B. g. f. sp. hordei reduces functional green leaf area, which results in 

reductions in yield, kernel weight, grain protein, and number of tillers and spikes. Crop 

rotation and clean cultivation (destruction of host residue and volunteer barley) are cited 

as one method of control, but the benefits are generally negated by exogenous inoculum. 

Fungicides also have been widely used in Europe as an effective means for controlling 

powdery mildew; however, B. g. f. sp. hordei has adapted well and gained resistance to 

many chemical treatments. By far, the best means of control is the use of resistant 

cultivars; however, again many resistance genes deployed in the past have been 

overcome by the evolution of new virulent isolates. 
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The barley powdery mildew system is one of the most extensively studied plant 

pathogen interactions, and the genetics of resistance to powdery mildew has been 

reviewed (Jorgensen 1994). Many genes have been described for powdery mildew 

resistance, but none more extensively than the Mla locus for which there are at least 30 

known alleles (Wei et al. 1999). The first resistance gene to be released on a large scale 

was Mlg (chromosome 4H); however, both Mlg and the majority of Mla alleles have been 

successfully overcome by new pathotypes of B. g. f. sp. hordei (Mathre 1997). The 

recessive mlo allele, however, has proven to be more durable and many European barley 

cultivars depend on mlo-based resistance. Interestingly, several powdery mildew 

resistance genes, including mlo, mlhb, mlt, and Mlf, were originally identified in wild 

barley (H. v. subsp. spontaneum) or the related species, bulbous barley grass (Hordeum 

bulbosum). 

 

Stem rust: Stem rust of barley is caused by the basidiomycete fungus P. graminis. 

There are two formae speciales of P. graminis that can infect barley: f. sp. tritici (wheat 

stem rust) and f. sp. secalis (rye stem rust). Although stem rust has not been a problem in 

the Upper Midwest of the United States for quite some time, which has been in part due 

to the durability of the widely utilized resistance gene Rpg1, conditions are often 

favorable for new disease epidemics to occur if current sources of resistance are 

overcome (Steffenson 1992). As mentioned above, there are at least two new races of 

wheat stem rust that have recently emerged, QCCJ and TTKSK, that are virulent on 

current cultivars of barley grown in the Upper Midwest (Steffenson 1992; Steffenson and 

Jin 2006). P. graminis has a complex life cycle that includes five different spore stages 

and two different hosts. Because of large efforts to eradicate the alternate host, barberry 

(primarily Berberis vulgaris L., B. canadensis Mill., and B. fendleri A. Gray), from cereal 

production regions in the Upper Midwest, the primary source of inoculum is 

urediniospores, which are capable of long distance travel. Urediniospores are produced 

via repeating cycles of urediniospore production, which can go from spore to spore in as 

little as eight days (Mathre 1997). Stem rust can infect most above-ground parts of the 

plant, but primarily infects the stems and leaf sheaths. Rust-colored pustules form as 
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urediniospores break through the epidermis, though late in the season pustules turn black 

as the telial stage develops. Severe epidemics can result in considerable yield losses, 

whereas light and late season infection will be less damaging and only result in smaller 

and lighter kernels. The sole means of control for stem rust in the barley growing regions 

of the Upper Midwest has been the use of the resistance gene Rpg1, which has remained 

durable, for the most part, for over 60 years. The exception being the emergence of race 

QCCJ, which is virulent on barley containing Rpg1; however, the emergence of race 

QCCJ has not resulted in any severe epidemics and Rpg1 is still in use and effective. 

 

The genetics of stem rust resistance in barley is well documented; however, there 

are not many genes for resistance that have been described. There are five named genes 

for resistance to P. g. f. sp. tritici, and three that confer resistance to P. g. f. sp. secalis 

(Sun and Steffenson 2005; Jin et al. 1994). Both Rpg1 (chromosome 7H) and rpg4/Rpg5 

(tightly linked on chromosome 5H) have recently been cloned (Brueggeman et al. 2002; 

Brueggeman et al. 2008), whereas much less attention has been paid to Rpg2 and Rpg3, 

and therefore little information is available for those genes. Rpg1 was shown to have a 

novel structure for plant disease resistance genes, and encodes a receptor kinase-like 

protein with two tandem protein kinase domains (Brueggeman et al. 2002), whereas Rpg5 

is structured like more typical plant resistance genes and contains a nucleotide binding 

site, a leucine-rich repeat, and a serine threonine protein kinase (Brueggeman et al. 2008). 

The resistance gene rpg4, which provides resistance to race QCCJ, needs further 

validation, but the probable gene encoded an actin depolymerizing factor-like protein, 

which would be a novel structure for a protein involved in a gene-for-gene interaction. 

 

Leaf rust: The basidiomycete fungus P. hordei is the causal organism of barley 

leaf rust, which is referred to as brown rust in Europe. Leaf rust has only been a sporadic 

problem in the Upper Midwest region of the United States, but is particularly important 

in areas where the crop matures late, such as North Africa, Europe, New Zealand and 

Australia (Mathre 1997). Like P. graminis, P. hordei has a complex life cycle that 

involves two host species. The alternate host for P. hordei is mainly the Star-of-
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Bethlehem lily (Ornithogalum umbellatum L.), though other Liliaceae species also can be 

hosts. Though O. umbellatum is commonly found in barley growing regions of the world, 

aecial infection has rarely been reported. Therefore, the primary source of inoculum for 

leaf rust is also urediniospores. Signs of disease are again the emergence of pustules on 

the leaf sheaths and blades where urediniospores have erupted through the epidermis. For 

leaf rust, these are small, round, and light orange brown in color. Control of leaf rust is 

best obtained through the use of foliar fungicides or resistant cultivars. 

 

There have been 19 different genes described for resistance to leaf rust, 

designated Rph1-Rph19, as well as several others with temporary designations 

(http://www.ars.usda.gov/Main/docs.htm?docid=10342). Six of these resistance genes 

have been identified in accessions of H. v. subsp. spontaneum, indicating that wild barley 

is a diverse source of genes for resistance to leaf rust. There also has been extensive 

research into the control of leaf rust through partial resistance (slow rusting). At least 21 

different QTL for partial resistance to leaf rust have recently been identified across all 

barley chromosomes (Marcel et al. 2007; Marcel et al. 2008). Since many of the major 

genes for resistance to leaf rust have been overcome, it is thought that partial resistance 

may be a more durable means of controlling this disease. 

 

Stripe rust: Barley StrR, also known as yellow rust, is caused by the 

basidiomycete fungus P. striiformis f. sp. hordei. This pathogen was only recently 

introduced to the United States and has since caused severe epidemics and yield losses 

(Mathre 1997). Unlike P. g. f. sp. tritici and P. hordei, P. s. f. sp. hordei is not known to 

have an alternate host or sexual state; however, it has a wider host range than the leaf rust 

and stem rust fungi as it can infect many other genera of grasses. Urediniospores, either 

produced locally or carried in on wind from distant hosts, initiate the disease cycle and 

infection can occur at any time of the growing season. Infection occurs primarily on 

leaves and spikes, and the yellow uredinia form conspicuous stripes that can progress the 

length of the blade, as it is a systemic disease. Where disease potential or severity is high, 

application of foliar fungicides is utilized as a means of control. StrR also can be 
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controlled by the use of resistant cultivars; however, very few genes for resistance to P. s. 

f. sp. hordei have been described, and most cultivars grown in the United States are 

highly susceptible. 

 

Of the six genes that have been named for StrR resistance (Rps1-Rps6), only one 

(Rps4 – chromosome 1H) has been localized in the barley genome (von Wettstein-

Knowles 1992). Since its introduction into the United States though, considerable effort 

has gone into the discovery of QTL conferring StrR resistance (von Wettstein-Knowles 

1992; Chen et al. 1994; Thomas et al. 1995; Toojinda et al. 2000; Castro et al. 2002; 

Castro et al. 2003a; Castro et al. 2003b; Vales et al. 2005). Recent reports also revealed 

that the pyramiding of multiple StrR QTL together into one genotype may result in 

increased levels of disease resistance, suggesting that this may be an effective means for 

enhancing the level of StrR resistance in barley (Castro et al. 2003a; Castro et al. 2003b). 

 

Net blotch: The ascomycete fungus P. t. f. teres causes the net form of net blotch 

(NB) of barley. NB is one of the most widespread diseases of barley, but is most severe 

in temperate regions of high rainfall and humidity (Mathre 1997). Both the ascospores of 

P. t. f. teres and conidia of the anamorph, D. teres, can be significant sources of primary 

inoculum, as both are readily produced in nature. Inoculum also may persist from one 

growing season to the next as seedborne mycelium. Symptoms of NB begin as small 

circular to elliptical spots and progress to become larger, dark brown lesions with the 

longitudinal and transverse striations for which its name is characteristic. Chlorotic areas 

often extend away from the lesions; however, the lesions are frequently restricted in 

width by leaf veins in adult plants. Yield losses due to NB are typically in the 10-40% 

range, though losses in severely infected fields can be much greater. Clean cultivation 

practices (destruction of primary inoculum in host residue), the use of pathogen-free or 

fungicide-treated seed, crop rotation, and foliar fungicide applications can all help to 

control NB, though each has its own limitations. The most effective and environmentally 

sound means of controlling NB is though the use of resistance cultivars. 
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The genetics of resistance to NB is more complicated than it is for the biotrophic 

pathogens discussed above. There have been numerous studies recently that outline the 

complexity of resistance to P. t. f. sp. teres (Steffenson et al. 1996; Spaner et al. 1998; 

Richter et al. 1998; Manninen et al. 2000; Cakir et al. 2003; Raman et al. 2003; Ma et al. 

2004; Emebiri et al. 2005; Yun et al. 2005; Friesen et al. 2006; Afanasenko et al. 2007; 

Lehmensiek et al. 2007; Grewal et al. 2008). Depending on the study, resistance in some 

populations has ranged from being purely quantitative, with as many as nine QTL spread 

across the whole genome (Steffenson et al. 1996), to being qualitative in nature 

(Manninen et al. 2000; Ma et al. 2004). One recent study postulated, based on an analysis 

of both the genetics of resistance in barley and avirulence in P. teres f. sp. teres, that 

there are classic gene-for-gene interactions in this pathosystem (Afanasenko et al. 2007). 

Further adding to the complexity of resistance to NB is that locations of mapped QTL for 

resistance have been shown to be dependent upon the developmental stage at which 

disease is rated (Steffenson et al. 1996; Lehmensiek et al. 2007; Grewal et al. 2008). 

Perhaps highlighting the complexity of resistance to NB best is the fact that one study 

identified QTL on every chromosome (Lehmensiek et al. 2007), and there are at least five 

QTL that have been localized to different regions of chromosome 3H alone (Raman et al. 

2003). 

 

Spot blotch: Barley SB is caused by the ascomycete fungus C. sativus and is 

found in nearly every region where barley is grown, though more commonly a problem in 

warm, humid climates (Mathre 1997). The sexual form of C. sativus is rarely found in 

nature and therefore it is conidia of the anamorph B. sorokiniana that are the causal agent 

of SB. Inoculum may be present on seeds or arise from mycelium or conidia in previous 

crop plant residue or conidia in the soil. Disease symptoms are characterized by round to 

oblong brown lesions with chlorotic margins on leaves and leaf sheaths. Fungal 

sporulation can occur in older SB lesions causing olive black colorations. Both kernel 

size and weight are reduced in infected plants resulting in significant yield losses, 

especially when environmental conditions are favorable to disease. Methods of control 

include treating seed with fungicide, crop rotation with non-grass species, tillage 
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practices that remove plant residue, foliar fungicide applications, and the use of resistant 

cultivars.  

 

There are six named genes for resistance to SB designated Rcs1-Rcs6; however, 

the locations of some of these genes are based solely on their loose correlation to 

morphological markers (Bilgic et al. 2006). Six-rowed cultivars grown in the Upper 

Midwest of the United States have had durable resistance to SB for over 40 years 

(Steffenson et al. 1996). This resistance was originally derived from the breeding line ND 

B112. However, there are conflicting reports as to where in the genome loci conferring 

this resistance are located. Part of the reason for this is that resistance to SB is 

developmentally sensitive (Steffenson et al. 1996). Efforts to map this source of 

resistance utilizing a Steptoe × Morex (contains resistance present in ND B112) 

population that revealed the presence of a QTL on chromosome 1H that explained a 

majority of the phenotypic variation at the adult stage, and another on chromosome 7H 

that conferred resistance at the seedling stage (Steffenson et al. 1996). The chromosome 

7H QTL is likely the Rcs5 gene. However, further analysis conducted by Bilgic et al. 

(2005, 2006) utilizing several different populations (including the same Steptoe × Morex 

population) revealed that the chromosome 1H QTL, which is thought to be the source of 

resistance in six-rowed barleys bred for the Upper Midwest, was suppressed in more 

diverse two- and six-rowed genetic backgrounds. The QTL at the region of Rcs5 were 

consistently detected at both the seedling and adult plant stages in all populations studied, 

indicating that this gene is also likely as important as the chromosome 1H QTL in regard 

to resistance to SB in both two-rowed and six-rowed barley (Bilgic et al. 2005). 

However, two-rowed varieties are more variable in their resistance and are generally 

more susceptible to infection by C. sativus. Efforts to introgress the chromosome 1H 

QTL into two-rowed barleys have thus far failed to result in the levels of resistance 

present in six-rowed barley; therefore, more work is necessary to better understand the 

genetics of resistance to SB.  
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Septoria speckled leaf blotch: The primary causal organism of SSLB in the Upper 

Midwest region of the United States, is the ascomycete fungus S. passerinii (Mathre 

1997). Though it is found in most of the areas of the world where barley is grown, it is 

particularly important in areas with a cool, wet climate. The sexual stage of S. passerinii 

has not been found in nature and therefore asexually produced pycnidiospores and 

bacterial-like microspores are the primary sources of inoculum. Since pycnidia do not 

form until late in the season, pycnidiospores produced on the residue of the previous crop 

are the most important inoculum source, and as a result, secondary spread of infection is 

limited. Disease symptoms are characterized by grayish green lesions that later turn light 

tan. Pycnidia often appear on more advanced lesions as black specks. The main effect of 

SSLB on the barley crop is kernel shriveling, which reduces both yield and malt quality. 

Methods of control include destroying host residue via suitable tillage practices, crop 

rotation with non-susceptible crops, and the use of resistant cultivars.  

 

Compared to NB and SB, there have been relatively few studies investigating the 

genetics of resistance to SSLB (Rasmusson and Rogers 1963; 127 Metcalfe et al. 1970; 

Toubia-Rahme et al. 2003; Yun et al. 2005; Zhong et al. 2006; Lee and Neate 2007).  

Most of these investigations have focused on the mapping of qualitative genetic factors, 

while much less attention has been given to QTL mapping. To date, there are only four 

named genes for resistance to SSLB, designated Rsp1-Rsp4 (Zhong et al. 2006; St. Pierre 

et al. 2009, in press). 

 

Many resistance genes have been characterized and successfully deployed from 

within H. v. subsp. vulgare germplasm. However, the lack of genetic diversity in 

cultivated barley is a limiting factor for discovery of novel sources of disease resistance, 

and therefore searching for resistance in other germplasm is necessary. Appropriate for 

this purpose is the mining of resistance genes from within cultivated barley’s progenitor 

H. v. subsp. spontaneum. Wild barley is native to the Fertile Crescent, barley’s center of 

origin and diversity (Ellis et al. 2000; Fetch et al. 2003; Nevo 1992; Williams 2003). 

Several recent works have utilized intra-specific barley crosses to identify and/or transfer 



 11

novel traits including disease resistance, malting quality, and agronomic characters from 

H. v. subsp. spontaneum (Yun et al. 2005; Hori et al. 2005; von Korff et al. 2005; Pillen 

et al. 2004; Pillen et al. 2003; Backes et al. 2003). In order to find sources of resistance 

not previously reported, large collections of wild barley have recently been screened for 

resistance to a number of important diseases (Steffenson et al. 2007; Fetch et al. 2003). 

 

Fetch et al. (2003) evaluated one hundred and sixteen wild barley accessions from 

Israel and Jordan for resistance to six major barley pathogens. The six barley diseases 

included were SB, NB, SSLB, PM, SR, and LR, many of which are known to have 

limited genetic diversity for resistance in cultivated barley. Two accessions collected in 

Israel, Damon 11-11 and Shechem 12-32 (hereafter referred to as Damon and Shechem), 

exhibited resistance to all of the pathogens. This represents a potentially powerful tool for 

breeders as these accessions can be used in one cross to transfer resistance to all major 

diseases into cultivated barley. These two accessions were each crossed to Harrington, 

the industry standard for two-rowed malting varieties. Crossing to Harrington enabled 

straightforward genetic analysis of disease resistance as it is susceptible to most of these 

diseases, while also avoiding the complications inherent in a two-rowed by six-rowed 

barley cross. From the F1 progeny of those crosses, two doubled-haploid (DH) mapping 

populations were developed utilizing the H. bulbosum method (Kasha and Kao 1970). 

 

Linkage mapping is the first essential step in the identification of loci affecting 

quantitative traits such as yield, quality, and in some cases, disease resistance. The barley 

research community has worked assiduously to produce numerous linkage maps of the 

barley genome. Over the past 18 years, different maps have been generated with 

Restriction Fragment Length Polymorphism (RFLP; Graner et al. 1991; Heun et al. 1991; 

Kleinhofs et al. 1993), Amplified Fragment Length Polymorphism (AFLP; Qi et al. 

1998), and Simple Sequence Repeat-based markers (SSR; Ramsay et al. 2000). Many 

researchers also have integrated populations and/or marker types to produce consensus 

maps (Karakousis et al. 2003; Langridge et al. 1995; Marcel et al. 2007; Qi et al. 1996; 

Stein et al. 2007; Varshney et al. 2007; Wenzl et al. 2006). The recent trend, however, 
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has been to switch to more high-throughput and cost-efficient hybridization-based 

markers such as Single Nucleotide Polymorphism and Diversity Arrays Technology 

(DArT) markers (Rostoks et al. 2005; Wenzl et al. 2004; Wenzl et al. 2006, Hearnden et 

al. 2007).  

 

Although both SNP and DArT marker systems have been developed for 

genotyping barley, both marker types were developed from either sequence information 

or germplasm that had been derived almost entirely from cultivated barley, which places 

somewhat of a limitation on the use of these marker systems for wild barley specific 

genotyping applications. The limitations can include both a lack of polymorphism as well 

as ascertainment bias in marker scoring. The development of SNP-based marker systems 

specifically from sequences derived from wild barley would take considerable resources 

and effort, whereas the DArT marker system could quickly and easily be adapted for use 

in wild barley specific applications, as no prior sequence information is necessary for 

DArT marker development.  

 

Development and utilization of high-throughput molecular markers such as DArT 

markers to genotype the Damon/Harrington (D/H) and Shechem/Harrington (S/H) 

mapping populations will provide a platform from which the genetics of disease 

resistance can be characterized via quantitative trait loci (QTL) analysis. Markers 

associated with loci that confer disease resistance may then be utilized for marker-

assisted selection (MAS). However, the transfer of traits of interest from wild barley is 

not always easily accomplished, as the genes controlling these traits are often linked to 

genes controlling other traits that are either incongruous for cultivation, such as a brittle 

rachis, or at least inadequate to be considered for use within a breeding program, such as 

those associated with lower yield and quality (von Korff et al. 2006).  

 

This phenomenon, known as linkage drag, can be overcome (at least to some 

degree), by the advanced backcross-QTL method proposed by Tanksley and Nelson 

(1996), in which the simultaneous discovery and transfer of valuable QTL from 
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unadapted germplasm into elite breeding lines can be conducted. In lieu of this method, 

however, incorporation of loci controlling resistance to disease into cultivated barley via 

MAS could be facilitated if combined with selection on markers associated with loci 

controlling unfavorable morphological and agronomical traits. Though there are vast 

resources available on the locations of genes (and different markers associated with them) 

that control many morphological and agronomical traits (Franckowiak et al. 1996), very 

few of them have been mapped with DArT markers. Therefore, the coupling of 

genotyping the D/H and S/H populations with wild barley-derived DArT markers and 

QTL analyses of both disease resistance and morphological and agronomical traits, would 

not only be beneficial for determining whether traits of interest are linked to unfavorable 

ones, but it would allow for the simultaneous selection for/against favorable/unfavorable 

loci via high-throughput MAS. 

 

The objectives of this dissertation were to develop novel wild barley-derived 

high-throughput molecular markers for more robust genotyping of wild barley. To 

characterize loci that control disease resistance, morphological, and agronomical traits in 

the D/H and S/H populations, and to report marker-trait associations so that MAS can be 

incorporated into a breeding scheme that will allow for the introgression of novel disease 

resistance loci from the wild barley accessions Damon and Shechem into elite barley 

germplasm with limited linkage drag. To accomplish these goals, a new set of wild 

barley-derived DArT markers were developed and combined with the previously 

developed cultivated-derived barley markers to create a ‘comprehensive’ barley DArT 

array capable of more robust genotyping of both wild and cultivated barley germplasm. 

This array was utilized to genotype the D/H and S/H populations and to create genetic 

maps of these two populations. To further bolster the barley DArT genotyping platform 

for molecular barley breeding, the genetic maps of these two barley populations, along 

with two additional populations genotyped with the comprehensive barley DArT array 

(Albacete/Barbarrouse and TX9425/Naso Nijo), were merged with the previously 

published barley DArT consensus map (Wenzl et al. 2006) to create a synthetic map of 

the barley genome containing 3,542 markers. The D/H and S/H populations were 
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phenotyped for resistance to PM, SR, LR, StR, NB, SB, and SSLB, as well as various 

morphological and agronomical traits involving several aspects of heading time, 

inflorescence and leaf characteristics, plant height, and yield. QTL analyses were 

conducted for all these traits and marker-trait associations for all significant QTL were 

reported. These marker-trait associations can be utilized for implementing MAS in 

backcross populations that have elite recurrent parents. 
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CHAPTER 2 

 

 

Development of Wild Barley-Derived DArT Markers and their 

Integration into a Barley Consensus Map 
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2.1. Introduction 

Modern cultivated barley (Hordeum vulgare subsp. vulgare) is one of the world’s 

12 major food crops and one of the five major cereal grains, which together account for 

over half of all calories consumed by humans. The majority of barley grown for human 

consumption is used for malting and ultimately in the brewing process for beer 

manufacturing. Therefore, many of the selections made by breeders have been to increase 

malting quality and yield. Barley is a self-pollinating crop and as a result of numerous 

inbred pedigrees has come to have a very narrow genetic base (Rasmusson and Phillips 

1997).  This lack of genetic diversity creates limitations in breeding novel traits into 

cultivated germplasm. 

 

Much research has begun to emerge in the use of wild barley as a novel source of 

genetic diversity for improvement of cultivated germplasm (Pillen et al. 2003; Pillen et 

al. 2004; von Korff et al. 2004; von Korff et al. 2005; von Korff et al. 2006). To increase 

the genetic diversity for disease resistance in cultivated barley, we developed two 

doubled-haploid (DH) mapping populations from intra-specific wild × cultivated barley 

crosses. Two wild barley accessions, Damon 11-11 and Shechem 12-32 (hereafter 

referred to as Damon and Shechem), were previously identified as having resistance to 

six major diseases of barley (Fetch et al. 2003). Each of these accessions was crossed to 

the North American two-rowed malting quality standard cultivar Harrington, and two F1-

derived DH populations were developed using the Hordeum bulbosum method (Kasha 

and Kao 1970). These populations were used for the linkage mapping reported in this 

study and also as a tool in quantitative trait loci (QTL) analyses published in a separate 

work.  

 

Linkage mapping is the first essential step in the identification of loci affecting 

quantitative traits such as yield, quality, and in some cases, disease resistance. The barley 

research community has worked assiduously to produce numerous linkage maps of the 

barley genome. Over the past 18 years, different maps have been generated with 

Restriction Fragment Length Polymorphism (RFLP; Graner et al. 1991; Heun et al. 1991; 
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Kleinhofs et al. 1993), Amplified Fragment Length Polymorphism (AFLP; Qi et al. 

1998), and Simple Sequence Repeat-based markers (SSR; Ramsay et al. 2000). Many 

researchers also have integrated populations and/or marker types to produce consensus 

maps (Karakousis et al. 2003; Langridge et al. 1995; Marcel et al. 2007; Qi et al. 1996; 

Stein et al. 2007; Varshney et al. 2007; Wenzl et al. 2006). The recent trend, however, 

has been to switch to more high-throughput and cost-efficient markers such as Single 

Nucleotide Polymorphism (SNP) and Diversity Arrays Technology (DArT) markers 

(Rostoks et al. 2005; Wenzl et al. 2004; Wenzl et al. 2006, Hearnden et al. 2007). 

 

In order to tailor these high-throughput marker systems toward wild barley 

genotyping applications, wild barley-specific genomic libraries were developed in 

conjunction with Diversity Arrays Technology Pty. Ltd. to produce wild barley-derived 

DArT markers. These markers were combined with the previously described cultivated 

barley-derived DArT markers (Wenzl et al. 2004) for the purpose of creating a 

‘comprehensive’ genomic representation of the primary Hordeum genepool capable of 

more robust genotyping of barley. To enrich for wild barley-specific sequences in the 

DArT libraries, suppression subtraction hybridization (SSH) using cultivated barley as 

the subtraction driver and wild barley as the tester prior to cloning was performed. The 

efficacy of utilizing the subtraction technique to enhance the diversity of clones on the 

array and the use of wild and cultivated barley-specific DArT libraries to genotype wild 

and cultivated barley is discussed. We report the development of genetic maps of four 

DH populations genotyped with the comprehensive barley DArT array, including two 

from wild × cultivated crosses (Damon/Harrington and Shechem/Harrington) and two 

from cultivated × cultivated crosses (Albacete/Barbarrouse and TX9425/Naso Nijo). We 

also report the development of a synthetic map of barley that incorporates 607 additional 

DArT markers from these four populations into the barley DArT consensus map reported 

by Wenzl et al. (2006).  
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2.2. Materials and Methods 

2.2.1. Plant materials 

The wild barley accessions Damon and Shechem were both collected in Israel, 

Damon near the Haifa Peninsula and Shechem near the modern-day city of Nablus in the 

West Bank. Both carry resistance to six major diseases of barley (Fetch et al. 2003). The 

Damon/Harrington (D/H) and Shechem/Harrington (S/H) populations have 114 and 160 

progeny, respectively. The DH populations were developed from crosses between Damon 

and Shechem and the barley cultivar Harrington. F1 progeny of these two-rowed × two-

rowed crosses were then hybridized with Hordeum bulbosum to produce the DH 

populations via haploid embryo rescue and colchicine-induced chromosome doubling 

(Kasha and Kao 1970). These DH populations were provided by R. Pickering (New 

Zealand Institute for Crop & Food Research Ltd, Christchurch, New Zealand).  

 

For the purpose of incorporating wild barley-derived DArT markers into the 

barley DArT consensus map, we added mapping data for two additional populations that 

were genotyped with the comprehensive barley array. The Albacete/Barbarrouse (A/B) 

and TX9425/Naso Nijo (T/N) populations are both from crosses between H. vulgare 

subsp. vulgare cultivars. Albacete and Barbarrouse are both six-rowed winter feed 

barleys of European origin, whereas TX9425 and Naso Nijo are Chinese feed and 

Japanese malting cultivars, respectively. A/B and T/N are both DH populations produced 

by anther culture (Davies 2003) and have 224 and 188 progeny, respectively. 

 

2.2.2. Suppression subtraction hybridization (SSH) 

SSH was performed as previously described (James et al. 2008), using all the 

same restriction enzymes as well as adaptor and primer sequences. Two sets of 

suppression subtraction hybridizations were performed, both of which utilized cv. 

Harrington as the subtraction driver. Harrington was chosen as the driver in order to 

enrich for sequences that would be polymorphic in the D/H and S/H mapping 

populations. Of the two sets of tester DNA samples utilized, tester 1 contained a mixture 

of the two wild barley parents previously discussed (Damon and Shechem), and tester 2 
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contained a mixture of 31 H. vulgare subsp. spontaneum accessions from the Wild Barley 

Diversity Collection (Steffenson et al. 2007; Table 2.1). These 31 accessions were 

selected for maximum genetic diversity based on ten microsatellite markers (Steffenson 

et al. 2007) and included four accessions (Damon, Shechem, 41-1, and OUH602) used in 

various wild × cultivated barley mapping populations (Baum et al. 2003; Yun et al. 

2005). For each set of hybridizations, subtraction was carried out in either one or two 

stages. Amplification of subtraction products and subsequent cloning led to the 

production of four 384-well plates of wild barley-derived DArT clones (markers).  

 

2.2.3. Comprehensive barley DArT genomic representation 

The full comprehensive barley PstI/BstNI genomic representation (array) consists 

of 16 384-well plates of DArT markers. In addition to the four wild barley-derived plates 

produced by SSH described above, there were five additional plates of wild barley-

derived markers produced by Triticarte Pty. Ltd. with standard DArT protocols for 

PstI/BstNI digestion-based array development (Jaccoud et al. 2001; Wenzl et al. 2004). 

Of these five plates, two and three of them were produced from mixtures of accessions 

28-31 and 1-31, respectively (Table 2.1).  The remaining seven plates were widely 

utilized PstI/BstNI-derived markers (‘bPb’ markers) that originated from cultivated 

barley, six of which were enriched for polymorphic markers and the other of non-

polymorphic control clones (Wenzl et al. 2004; Wenzl et al. 2006). 

 

2.2.4. DArT marker analysis 

Genomic DNA was isolated from the progeny of each population for subsequent 

genotyping with DArT molecular markers. The FASTprep kit (Q-BIOgene, Irvine, CA) 

was used to extract DNA from young tillers of 5-week-old plants of the D/H and S/H 

populations. The DNeasy 96 Plant Kit (Qiagen, Valencia, CA) was used to extract DNA 

from young leaves of the A/B progeny, and a modified CTAB method was used to extract 

DNA from three week-old seedlings of the T/N population (Stein et al. 2001). All four 

populations and their respective parents were genotyped with the comprehensive barley 

genomic representation. DArT assays, including sample preparation, hybridization, 
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scanning, and marker scoring, were conducted by Triticarte Pty. Ltd. and performed as 

previously described (Wenzl et al. 2006). 

 

2.2.5. Linkage map development 

Linkage map construction for all populations was performed, and resultant maps 

provided, by Triticarte Pty. Ltd. utilizing purpose-built software for semi-automatic map 

construction (EasyMap; Diversity Arrays Technology P/L, Canberra, Australia). Briefly, 

this software combines pre-map quality filtering of markers/lines with several iterations 

of map construction followed by post-map quality-filtering of markers, lines and 

individual genotype calls. In each of these iterations, the whole set of markers is ordered 

using the RECORD algorithm (Van Os et al. 2005) and split into linkage groups based on 

a combination of criteria (recombination frequency, linkage group length, cM tension). 

The order of markers within each linkage group is then re-optimized, all possible pairs of 

linkage-group ends are tested for compatibility, compatible ends are joined and the 

marker order in the resultant larger linkage group(s) is re-optimized. Potential genotyping 

errors (LODerror > 4; Lincoln and Lander 1992) are then identified and substituted with 

missing data. Finally, the marker order of affected linkage groups is re-optimized again, 

and Kosambi cM distances are reported. 

 

A total of seven individuals and 117 markers were removed from the analysis of 

the D/H population due to data quality issues, which may have arisen from poor DNA 

quality and/or excessive (or highly variable) DNA concentrations of some samples (P. 

Wenzl, personal communication). Quality filtering of the S/H population removed 39 

markers, but did not result in the removal of any individuals. In the A/B and T/N 

populations, four markers but no individuals were removed due to poor quality. The maps 

generated by EasyMap were compared with a barley consensus map (Wenzl et al. 2006) 

to identify and rectify cases of pseudo-linkage and to orient linkage groups. The D/H and 

S/H populations resulted in seven linkage groups, whereas the A/B and T/N populations 

resulted in 11 and 10 linkage groups, respectively. There was more than one linkage 

group for some chromosomes in the A/B (1H, 2H, and 3H) and T/N (3H, 5H, and 6H) 
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populations. Albacete carries a reciprocal translocation with breakpoints at or near the 

centromeres of chromosomes 1H and 3H (Lacasa-Benito et al. 2005; Farre 2008). As the 

A/B population segregated for chromosome arrangement, standard and translocated, no 

attempt was made to generate single 1H and 3H linkage groups from the A/B mapping 

data. Rather, the linkage groups were independently determined at the individual arm 

level. With the exception of very few rearrangements of closely linked markers, common 

markers in all linkage groups from the four populations were ordered identically to those 

previously reported for the known seven chromosomes of barley (Figure 2.1). All 

component and synthetic map figures included in this manuscript were produced utilizing 

MapChart software (Voorrips 2002). 

 

2.2.6. Synthetic map development 

The positions of individual loci in the four maps genotyped with the 

comprehensive barley array, as well as those from the cultivated barley consensus map 

(Wenzl et al. 2006), were merged with PhenoMap software to create a synthetic map 

(GeneFlow Inc., Centreville, VA.). PhenoMap utilizes a multi-phase heuristic procedure 

to merge component maps and estimate the order and relative distance between markers. 

The integration is based upon markers found in common between linkage groups, which 

form the framework of the synthetic chromosome. The process begins with the selection 

of a base linkage group, often the one with the most common markers, which establishes 

the order of a subset of common markers. Following this step, two additional but separate 

phases are required to complete the process. The first establishes the order of all common 

markers, and the second integrates markers unique to each linkage group. To add the rest 

of the common markers (phase 1), the remaining linkage groups are processed in order 

such that those containing the highest number of remaining unordered common markers 

are processed first. Unordered common markers are placed (ordered) in the growing 

synthetic map in relation to the nearest common flanking markers. The distance between 

each adjacent pair of common markers is calculated as an average interval size from all 

maps containing those markers. Once all common markers have been added, unique 

markers are placed on the synthetic framework (phase 2). Distances of unique markers 
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from the component maps are calculated based on their relative distance to the nearest 

flanking common markers and scaled to the equivalent distance on the synthetic map.   

 

In the cases where there were multiple linkage groups per chromosome (A/B and 

T/N populations), the position for the first marker of the distal linkage groups was 

arbitrarily chosen, as each chromosome must be loaded into PhenoMap as one group. 

Since the relative distance between markers affects the outcome of the synthetic map, for 

these instances, the position of the first marker in each distal linkage group was 

established based on previously reported map positions (Wenzl et al. 2006). The position 

of the first marker in those secondary linkage groups that was in common with the 

consensus map (in four out of five cases this was the first marker in the group, in the 

other case it was the second) was taken from the consensus map and used as the position 

in the component map. The positions of the remaining markers in those groups were then 

adjusted accordingly based on their calculated intervals. 

 

2.3. Results 

2.3.1. Component DArT marker linkage maps 

From a total of 6,144 DArT markers on the comprehensive array surveyed for 

polymorphism, an average of 573.3 ± 31.6 (9.3 ± 0.5%) were polymorphic and mapped 

in the four component populations (Table 2.2). The map lengths of these populations 

ranged from 709.5 cM (T/N) to 1177.1 cM (A/B) with an average length of 988.2 ± 201.1 

cM. There were a number of redundant markers, i.e. those mapping to the same location 

in each population. Markers less than 0.005 cM apart were defined as mapping to the 

same location and therefore redundant. When the redundant markers were collapsed into 

bins, the number of unique bins per population ranged from 182 (T/N) to 240 (S/H) with 

an average of 219.8 ± 26.9 (Table 2.2). The distance between unique bins ranged from 

3.90 cM (T/N) to 4.95 cM (A/B) and on average was 4.47 ± 0.54 cM. Across all four 

populations, the average number of unique bins was 28.5 ± 4.7, 33.8 ± 7.7, 36.0 ± 5.2, 

16.3 ± 3.3, 39.3 ± 6.4, 27.5 ± 12.2, and 38.5 ± 5.9 for chromosomes 1H to 7H, 

respectively.  
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Of the markers mapped in the four component populations genotyped with the 

comprehensive genomic representation, at least 300 of them in any given population were 

also mapped in the barley DArT consensus map (Table 2.3). In pair-wise comparisons of 

the four component maps, the number of markers in common ranged from 119 (S/H and 

T/N populations) to 286 (D/H and S/H). With the exception of very few closely linked 

minor rearrangements, common markers in all linkage groups from all four populations 

and the barley consensus map were ordered identically (Figure 2.1). The number of 

markers unique to each map was 56, 81, 146, and 159 for the D/H, S/H, A/B, and T/N 

populations, respectively (Table 2.3). 

 

On average, 77.0 ± 5.7% and 23.0 ± 5.7% of the markers mapped in the four 

component populations were derived from cultivated and wild germplasm, respectively 

(Table 2.4). Of those markers derived from wild barley, 57.5 ± 11.9% and 42.5 ± 11.9% 

of them were produced via standard DArT and SSH methods, respectively. Of those 

markers produced via standard DArT methods, 37.7 ± 7.1% and 62.3 ± 7.1% of them 

were derived from wild barley accessions 28-31 and 1-31, respectively. Similarly, for 

those produced via SSH, 66.8 ± 8.1% and 33.2 ± 8.1% were derived from accessions 28-

29 and 1-31, respectively.  

 

Of the cultivated barley-derived markers mapped in the D/H and S/H populations, 

71.3 ± 2.4% were present (positive or greater hybridization on the array as compared to 

the other parent; scored a ‘1’) in the cultivated parent, cv. Harrington, and 28.7 ± 2.4% 

were present in the wild parents (Table 2.5). Of the markers derived from wild barley, 

33.2 ± 2.8% and 66.8 ± 2.8% were present in cv. Harrington and the wild parents, 

respectively. 

 

2.3.2. A synthetic map of barley 

Map synthesis was conducted for each chromosome five times, once utilizing 

each component map as the base or reference map, to determine the most optimal map to 

use as the reference for map synthesis. The most optimal map to use as the reference map 
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for synthesis was determined based upon which synthetic map resulted in the least 

number of incorrectly ordered loci in the four remaining component maps after synthesis, 

and to a lesser extent, the degree of map expansion in the resultant synthetic map as 

compared to the consensus map. Genome-wide, utilizing the consensus map as the base 

map resulted in the fewest number of incorrectly ordered markers and a moderate 

expansion of map length as compared to utilizing the other component maps as the base 

map (Table 2.6). Since the consensus map resulted in the fewest number of incorrectly 

ordered loci and also contained the greatest number of common markers between 

component maps, it was chosen as the base map for synthesis for all chromosomes.  

 

Mapping of the four component populations genotyped with the comprehensive 

barley array and their subsequent synthesis with the barley DArT consensus map led to 

the integration of 607 previously unincorporated DArT markers. The number of newly 

integrated markers ranged from 44 (4H) to 129 (7H) and on average was 86.7 ± 26.8 per 

chromosome (Table 2.7). The number of unique bins in the synthetic map increased as 

well, as compared to the consensus map, by 257. By chromosome, the increase in bins 

ranged from 23 (4H) to 53 (7H) and on average increased by 36.7 ± 11.1 bins. The 

overall length of the map increased by 77.4 cM. By chromosome, differences ranged 

from a decrease of 9.2 cM for chromosome 1H to an increase of 35.5 cM for 

chromosome 7H, and on average increased by 11.1 ± 17.6 cM per chromosome. The 

change in average inter-bin distance (IBD) ranged from a decrease of 0.2 cM (1H, 3H, 

4H, and 5H) to no change (2H and 7H), and the change in median IBD ranged from a 

decrease of 0.3 cM (1H) to no change (2H). Genome-wide, the synthetic map contains 

3,542 loci and is 1,236.4 cM in length. There are 1,410 unique bins with an 

average/median IBD of 0.9/0.6 cM. There are 489, 620, 552, 322, 474, 455, and 630 loci 

mapped on chromosomes 1H to 7H, respectively. 

 

2.4. Discussion 

We developed several new DArT marker libraries that were derived from a 

broader representation of the primary Hordeum genepool, thus increasing the diversity of 
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markers on the array and providing a platform for more robust genotyping of barley. The 

full comprehensive barley array consists of seven 384-well plates of clones derived from 

cultivated barley (Wenzl et al. 2004), as well as nine 384-well plates of clones derived 

from wild barley. The wild barley-derived DArT markers were developed using both 

standard DArT and SSH methods. Using four DH barley populations genotyped with the 

comprehensive DArT array, we incorporated novel wild barley-derived markers and 

produced maps of highly comparable order to the DArT consensus map. The integration 

of these maps with the consensus map led to an improved synthetic map with 20.7% 

more markers (3,542 in total). 

 

2.4.1. Suppression subtractive hybridization (SSH) for DArT marker development 

Of the 6,144 DArT markers present on the comprehensive DArT array, 56.3% 

were newly developed and derived from wild barley (Table 2.4). Despite that 

majority, 77.0% of the markers mapped in the four component populations were from the 

minority (43.8%) derived from cultivated barley. This is not surprising, however, as the 

cultivated barley-derived markers have been enriched for polymorphism over time 

(Wenzl et al. 2004). The number of wild barley-derived markers mapped in the four 

component populations and the methods from which they were developed are indicative 

of the effectiveness of those methods of marker development. 

 

It has been reported that as few as 40% of the alleles present in wild barley are 

also present in cultivated germplasm (Ellis et al. 2000). The SSH technique is designed to 

enrich for those sequences (markers) that are unique to wild barley and therefore 

theoretically should result in a higher percentage of mapped wild barley-derived markers 

than those produced via standard DArT methods. This should especially be the case for 

the D/H and S/H populations as the wild and cultivated parents of these two populations 

were utilized as tester and driver lines in the SSH process, respectively. Out of the 3,456 

wild barley derived-markers on the array, 55.6% and 44.4% of them were produced via 

standard DArT and SSH methods, respectively (Table 2.4). Therefore, it would be 

expected that the number of wild barley-derived markers developed via SSH that were 
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mapped in the four component populations, and especially the D/H and S/H populations, 

would be greater than 44.4% of the total of mapped wild barley-derived markers. Chi-

square analysis revealed that there was an interaction between method of marker 

development and number of polymorphic markers mapped per population (p=0.00001); 

however, there was a less than expected number of markers produced via SSH mapped in 

the four component populations (42.5%), and even fewer in the D/H and S/H populations 

alone (33.0%; Table 2.4). This indicates that the SSH process was not effective at 

enriching for DArT markers specific to our targeted input samples, which is contradictory 

to previously published results (James et al. 2008). However, there was a positive effect 

on the number of polymorphic markers obtained with the SSH process when a fewer 

number of accessions were utilized in the process. Of the 1,536 markers on the 

comprehensive genomic representation developed via SSH, 50% were derived from only 

two accessions (Damon and Shechem), with the remaining 50% derived from a mixture 

of 31 diverse wild barleys (that also included Damon and Shechem). Yet in all 

populations assayed for polymorphism, there was always a greater proportion of 

polymorphic markers (average 66.8 ± 8.1%) derived from accessions Damon and 

Shechem as compared to those produced from the full set of 31 wild barley accessions 

(Table 2.4). This indicates that the SSH process for DArT marker development may be 

more effective at enriching for polymorphic markers when a limited number of lines are 

used. One possible reason for this is that unique markers may get “diluted” when many 

genotypes are mixed in the tester for SSH. Only a small number of markers developed 

uniquely from the wild barley accessions used would segregate in the populations tested 

in this work. It is quite likely that the benefits of using subtraction from a larger pool of 

wild barleys would manifest themselves clearly in a broad diversity/association analysis 

of wild barley accessions  

 

2.4.2. Efficacy of genotyping diverse barley germplasm with the comprehensive 

representation 

Utilization of the comprehensive DArT array to genotype two DH wild × 

cultivated barley populations (D/H and S/H) enabled us to determine the efficacy of 
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utilizing wild and cultivated barley-derived DArT markers for genotyping wild and 

cultivated barley. Examining the number of markers derived from wild and cultivated 

barley that are polymorphic in wild × cultivated DH populations does not reveal as much 

information regarding the effectiveness of surveying wild and/or cultivated germplasm 

with either wild or cultivated-derived markers as does examining, for instance, whether 

any given marker derived from wild or cultivated barley was actually present (positive or 

greater hybridization on the array as compared to the other parent; scored a ‘1’) in wild or 

cultivated germplasm. To explain further, there are four possible outcomes for any given 

polymorphic marker: 1) the marker is derived from cultivated barley and present in the 

cultivated parent; 2) the marker is derived from cultivated barley and present in the wild 

parent; 3) the marker is derived from wild barley and present in the wild parent; and 4) 

the marker is derived from wild barley and present in the cultivated parent. Cases one and 

three represent what may be regarded as expected; that is, markers cloned from cultivated 

or wild germplasm are more likely to be present in the respective cultivated or wild 

genotype, respectively. Case two represents instances where a marker cloned initially 

from cultivated germplasm was actually present in the wild parent and is indicative of the 

effectiveness of using the cultivated DArT libraries to genotype wild barley. Similarly, 

case four type markers are indicative of the effectiveness of surveying cultivated 

germplasm with wild-derived DArT markers. 

 

Of all polymorphic markers mapped in the two wild × cultivated barley 

populations (D/H and S/H), 79.9 ± 0.1% and 20.1 ± 0.1% were derived from cultivated 

and wild barley germplasm, respectively (Table 2.5). Of the mapped cultivated-derived 

markers, 28.7 ± 2.4% were present in Damon and Shechem. Given the large number of 

cultivated-derived DArT markers available for screening, this indicates that a moderate 

number of polymorphic markers could be obtained by genotyping wild barley with the 

cultivated barley-derived markers. Although there are several reports of wild relatives 

being genotyped with DArT markers (Xia et al. 2005; Yang et al. 2006; Olivera 2008), in 

most cases both wild and cultivated germplasm were utilized during array development, 

and in the case where wild germplasm was not included there was an overrepresentation 
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of ‘0’ scores in the wild accessions (Wenzl et al. 2004). Therefore, broadening the 

diversity of materials used for marker/array development via the addition of wild barley-

derived markers serves to reduce ascertainment bias when genotyping wild and cultivated 

material. The presence of ascertainment bias in genotyping wild species should be 

considered in other genome profiling technologies that utilize standard SNP technology, 

as almost invariably the materials used for SNP marker discovery are cultivated and often 

representing very narrow sampling of diversity. Discovery of the majority of SNP 

markers in barley has come from the extensive expressed sequence tag (EST) resources 

that are available. However, of the over 500,000 H. vulgare ESTs in current databases, 

less than 5% are derived from the subspecies spontaneum. 

(http://www.ncbi.nlm.nih.gov/dbEST/dbEST_summary.html). Of the mapped wild 

barley-derived markers, 33.2% ± 2.8% were present in Harrington in the D/H and S/H 

populations. This is also indicative of the potential for increasing the number of 

polymorphic markers obtainable in a single array (regardless of whether it is cultivated or 

wild barley being genotyped) by assaying the wild barley-derived markers. Despite a 

large percentage of wild barley-derived markers present in Harrington, due to the limited 

overall number of polymorphic wild barley-derived markers, this did not equate to a large 

number of wild-derived markers present in Harrington (39.5 ± 6.4). However, since 

DArT marker development is an iterative process, whereby polymorphic markers are 

enriched on the array over time (Wenzl et al. 2004; Wenzl et al. 2006), efforts aimed at 

enrichment for polymorphism in the wild barley-derived markers would significantly 

increase the power of the array to produce polymorphic markers within any cultivated or 

wild barley germplasm. 

 

2.4.3. Individual component and synthetic maps 

Of the 573.3 ± 31.6 markers mapped in the four component populations (Table 

2.2), the number of markers in common between any two populations ranged from 119 

(S/H and T/N) to 286 (D/H and S/H) and on average was only 158.7 ± 63.7 markers 

(Table 2.3). This indicates that there is a considerable amount of genetic diversity within 

the parental germplasm used in these populations. Of particular interest is that out of over 
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550 polymorphic markers in the D/H and S/H populations (which share a common parent 

in cv. Harrington) only 286 of them were common to both. Damon and Shechem, the two 

H. vulgare subsp. spontaneum parental accessions used in those populations, were 

collected about 40 km apart in Israel. Nevo et al. (1998) reported high levels of diversity 

in wild barley from Israel, Iran, and Turkey, and determined that ecological factors such 

as temperature and water availability, rather than geographical origin, play a greater role 

in determining the extent of genetic diversity between different populations. Although 

Damon and Shechem were both collected in mesic environments where diversity was 

shown to be lower than in high-stress environments, there was still a high level of 

polymorphism between them. This indicates that the diversity present in wild barley, 

even from ecologically similar locations in close proximity, is sufficient to mine for novel 

loci conferring traits of economic importance. 

 

The addition of wild barley-derived markers to the comprehensive array 

significantly improved the power of discovery of polymorphic markers. The four 

populations genotyped with the comprehensive array were from both cultivated × 

cultivated and wild × cultivated crosses between diverse sets of parents. These parents 

included wild barley accessions (Damon and Shechem), a landrace (Albacete), and old 

(Barbarrouse) and modern (Harrington, TX9425, Naso Nijo) cultivars. They also were 

from divergent geographic regions (North America, Europe, and Asia) and differed for 

end use (feed/malting), row type (two-rowed/six-rowed), and habit (spring/winter). The 

increase in diversity on the array enabled us to obtain >550 polymorphic markers in each 

population, regardless of the genetic distance of the parents in the cross. However, there 

was still a tendency for a few regions of the genome to contain gaps in the component 

maps for each population. This was most apparent in the short T/N map (709.5 cM), as 

there were three chromosomes represented by two linkage groups (3H, 5H, and 6H), and 

two more (2H and 4H) that were markedly shorter and only covered a portion of the 

chromosome (Figure 2.1). The map of the A/B population also has regions that are 

underrepresented by markers. It has two chromosomes represented by two linkage groups 

(1H and 2H) and one chromosome represented by three linkage groups (3H). Though, 
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two of these breaks are due to the whole-arm reciprocal translocation present on 

chromosomes 1H and 3H in Albacete. Because of the translocation, chromosomes 1H 

and 3H in the A/B population were mapped as independent arms. However, it is also the 

longest of the four component maps, which is due, in part, to it having the highest 

number of gaps (31) over 10 cM. In contrast, the D/H and S/H component maps contain 

no chromosomes with multiple linkage groups and have adequate genome-wide 

coverage. Therefore, the lack of coverage in the T/N and A/B maps in certain regions of 

the genome is more likely due to the genetic similarity of the parents in those 

populations, which are all cultivated and of Asian and European origin, respectively, than 

the power of a single genotyping assay to provide adequate coverage of the genome. 

However, it does highlight the potential advantage of tailoring DArT marker 

development towards specific genotyping experiments. 

 

Regardless of the lack of coverage in certain regions of the genome in some 

populations, all of the component maps were ordered, with the exception of a few minor 

closely linked rearrangements, identically to the previously reported DArT consensus 

map (Wenzl et al. 2006). The ordering of closely linked markers within component maps 

is inherently difficult due to the limited resolution provided by the population sizes used 

for map construction. Therefore, it is unavoidable that there will be a small degree of 

incorrect ordering between very closely linked markers in some populations. This effect 

is reduced, however, upon synthetic map construction, as the order of the majority of 

markers is pre-determined in PhenoMap software upon selection of the consensus map as 

the reference map, which is already a merged map of ten populations and contains more 

markers assayed across a larger number of lines. For this reason, as well as to retain 

consistency within the synthetic map building process, the consensus map was chosen as 

the reference map for all chromosomes. Genome-wide, this resulted in the least number 

of incorrectly ordered loci in the four non-reference maps as compared to the synthetic 

map. On average, there were 20.75 incorrectly ordered loci genome-wide (3 per 

chromosome) in each component map (Table 2.6). Graphical genotypes for each 

population, ordered as determined by map synthesis, are presented in Supplemental 2.1. 
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Although choosing different component maps as the base for synthesis could have 

reduced the degree of map expansion somewhat, map expansion was deemed as a lesser 

qualifier for determining the optimal base map than marker order. The algorithm used to 

compute the Kosambi cM distances in the component and merged maps of the consensus 

map versus the four component maps of the synthetic map was slightly different. Marker 

distances in the consensus map and its component maps were calculated with the 

regression algorithm utilized in Joinmap 3.0 (Van Ooijen and Voorrips 2001; Wenzl et al. 

2006). However, map distances in the four populations used in this study were calculated 

by simply adding the cM distances between adjacent markers, an algorithm that tends to 

result in slightly larger distance estimates. Therefore, it is expected that chromosome 

lengths may increase upon integration of the component maps into the consensus map. 

 

There were a number of markers, both previously mapped and unique to the four 

component populations, which mapped to multiple loci. Within the four component 

maps, there were seven markers that mapped to two loci within the same chromosome 

(1H, 2H, 3H, 6H, and 7H). There also were 32 markers that mapped to multiple loci on 

different chromosomes, although one of these had already been identified as a multi-

locus marker (at the same two loci). Including the 22 previously identified multi-locus 

markers, the total number of multi-locus markers mapped within the ‘bPb’ DArT markers 

was 60 (2.8%); however, 36 of the multi-locus markers are redundant to at least one other 

multi-locus marker and may represent identical clones. Considering the overall 

redundancy within the ‘bPb’ DArT markers, this may still be a good estimate of the 

frequency of multi-locus DArT markers, which is considerably lower than the levels 

associated with the non-DArT markers included in the consensus/synthetic maps (8.8%).  

 

The synthetic map contains 3,542 markers, of which 2,935 (2,085 DArT and 850 

other loci) were from the barley consensus map and 607 from the newly incorporated 

DArT markers derived from the four component maps in this study (65% wild barley-

derived). A chart of the complete synthetic map, including marker names and a visual of 

the randomly distributed 607 integrated markers, is included in Supplemental 2.2. 
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Detailed information on all markers present in the map, including chromosome and 

position, is included in Supplemental 2.3. The order of markers in common between the 

barley consensus map and the synthetic map is identical, only the distances between 

markers and resolution of the map varied by chromosome (Figure 2.2).  

 

Wenzl et al. (2006) reported 1,629 unique bins (loci) in the barley consensus map; 

however, we used a slightly different method of collapsing loci into bins. Our method 

was based upon distances between markers, rather than segregation signatures, as was 

utilized in the construction of the consensus map (Wenzl et al. 2006). When calculating 

orders of closely segregating collapsed bins for consensus map construction, Wenzl et al. 

(2006) arbitrarily assigned a distance of 0.001 cM between such bins in order to maintain 

a fixed bin order. To be more conservative in our estimates of redundancy as well as be 

consistent across the consensus and synthetic maps for the sake of comparison, we 

calculated the number of bins based on the rule that any markers <0.005 cM apart would 

be considered cosegregating and therefore collapsed into bins. The number of bins in the 

consensus map calculated with these methods was 1,153 and the average/median IBD 

was 1.0/0.7 cM (Table 2.7). Therefore, synthesis of the consensus map with the four 

component maps resulted in a higher resolution map with 257 more bins and a decrease 

in average/median IBD of 0.1/0.1 cM. The degree to which map resolution changed 

varied by chromosome; however, for each chromosome, the average/median IBD never 

decreased, but rather at least stayed the same or improved. The greatest improvement in 

resolution was for chromosome 1H, for which the average/median IBD decreased by 

0.2/0.3 cM. On the other hand, for chromosome 2H, neither the average nor median IBD 

changed.  

 

Another useful determinant of map resolution is the number/size of gaps between 

markers (or bins) present in the map. There were no IBD’s in either the consensus or 

synthetic maps greater than 10 cM, and the number of 5-10 cM gaps present in each map 

did not change overall (9 each). However, some 5-10 cM gaps that were present in the 

consensus map were filled, while some were newly introduced upon introgression of the 
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four component maps during synthesis. This again varied by chromosome, with the 

overall result being that two 5-10 cM gaps were filled on each of chromosomes 3H and 

4H, and one introduced into each of four different chromosomes (2H, 5H, 6H, and 7H). 

Overall, in terms of saturation of markers, the coverage between the two maps did not 

vary significantly.  

 

A majority of the newly incorporated markers (57.7%) mapped to loci redundant 

to either previously mapped markers or other newly incorporated markers. Comparing the 

number of newly incorporated markers with the increase in bin number is useful for 

estimating the level of marker redundancy present within the ‘bPb’ DArT markers. 

Wenzl et al. (2006) reported an estimate of DArT marker redundancy in barley at 38%. A 

recent sequence analysis of all cultivated-barley markers combined with part of the wild-

barley markers produced a similar estimate (40%) (A. Kilian and P. Wenzl, personal 

communication). Estimates of DArT marker redundancy in other species are about the 

same or lower (Akbari et al. 2006; Wittenberg et al. 2005). These figures are much lower 

than the 57.7% redundancy found within the sample of newly incorporated markers. This 

is not surprising, however, for two reasons. One is that marker redundancy as measured 

by genetic mapping will always tend to be higher than redundancy measured by 

sequencing as a result of closely linked but physically different markers. Secondly, there 

will almost always be a higher frequency of marker redundancy as more DArT markers 

are developed. Despite the use of more diverse wild barley as the source, there is still a 

high degree of homology between H. vulgare subsp. vulgare and subsp. spontaneum, and 

therefore there is still the chance of randomly cloning sequences identical to those 

previously cloned. One way to keep redundancy stable during additional DArT marker 

development in barley would be to utilize additional combinations of restriction enzymes. 

Despite high levels of marker redundancy and no change in the number of 5-10 cM gaps, 

the synthetic map has an improved overall resolution, as there was an increase in the 

number of bins and a decrease in the average/median IBD. 
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The higher resolution of the synthetic map and the development and incorporation 

of wild barley-derived DArT markers significantly improved the power of the map to 

provide a reference for profiling genetic diversity within barley germplasm. Over the last 

few years, there have been several reports on the development of high-resolution 

consensus maps in barley (Marcel et al. 2007; Stein et al. 2007; Varshney et al. 2007; 

Wenzl et al. 2006). Breeding efforts in barley, from marker-assisted selection to potential 

association mapping (Steffenson et al. 2007), will benefit from these high-resolution 

maps with many precisely ordered loci. The incorporation of wild barley-derived markers 

and the ability to readily screen them in a high-throughput manner will facilitate the 

molecular improvement of cultivated barley via more precise introgression and 

manipulation of genomic fragments from H. vulgare subsp. spontaneum. Continual 

enhancement of the comprehensive barley DArT array--through polymorphism 

enrichment and/or removal of redundant sequences, development of new markers 

utilizing novel diverse germplasm, and/or the use of additional restriction enzyme 

combinations in marker development--could greatly improve the already powerful 

hybridization-based genotyping platform to the point of reasonably obtaining 1000-2000 

polymorphic markers in a single assay. 

 

In summary, the purpose of this study was to enhance the barley DArT 

genotyping platform by developing novel markers derived from wild barley, thus 

increasing the power of the barley DArT array to detect polymorphism in more diverse 

germplasm without bias in marker scoring. We utilized this ‘comprehensive’ array to 

genotype four DH barley populations. Utilizing PhenoMap software, which is an 

effective alternative approach to the commonly used Joinmap 4.0 software (Van Ooijen 

2006) for merging genetic mapping data (Wenzl et al. 2006), we merged the individual 

component maps with the barley DArT consensus map to create a new synthetic map of 

the barley genome, which incorporated 607 novel markers from the four component 

populations. The new synthetic map has 3,542 DArT, SSR, RFLP, and STS markers as 

well as many loci of agricultural importance. The improvement in the genotyping 

capability of the comprehensive DArT genomic representation and the higher resolution 
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of the synthetic map enables an even greater flexibility of DArT markers to be utilized as 

a fast, high-throughput platform for molecular barley breeding. 
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2.5. Tables 

Table 2.1. Accessions of the Wild Barley Diversity Collection (WBDC) utilized in the 

production of wild barley-derived DArT markers. 

 Identifier  Origin  

# Name 
Other 

Designator 

 
Country  City/Province Sourcea

 

1 WBDC008 38627  Jordan Irbid ICARDA 

2 WBDC025 38693  Pakistan Balochistan ICARDA 

3 WBDC052 39850  Jordan Mafraq ICARDA 

4 WBDC060 39891  Egypt Marsa Matruh ICARDA 

5 WBDC064 39914  Syria Idlib ICARDA 

6 WBDC071 39933  Libya Al Marj ICARDA 

7 WBDC077 39941  Russia Daghestan ICARDA 

8 WBDC101 40063  Jordan Tafila ICARDA 

9 WBDC102 40064  Jordan Ma'an ICARDA 

10 WBDC109 40090  Syria Sweida ICARDA 

11 WBDC121 40138  Iran Fars USDA 

12 WBDC123 40142  Iran Khorasan USDA 

13 WBDC140 40186  Lebanon Baalbek ICARDA 

14 WBDC145 40194  Lebanon Zahle ICARDA 

15 WBDC156 107425  Iraq Mosul ICARDA 

16 WBDC172 112673  Iran Hamadan IPK 

17 WBDC180 112847  Libya Tubruq IPK 

18 WBDC189 116105  Turkey Gaziantep ICARDA 

19 WBDC196 116125  Turkey Gaziantep ICARDA 

20 WBDC198 119402  Syria Homs ICARDA 

21 WBDC207 123949  Uzbekistan Fergana ICARDA 

22 WBDC217 126933  Armenia Yerevan ICARDA 

23 WBDC218 131375  Kazakhstan Dzhambul ICARDA 

24 WBDC227 132552  Azerbaijan Lankaran ICARDA 
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25 WBDC233 38668  Afghanistan Baghlan USDA 

26 WBDC335 135624  Turkmenistan Kazanjik ICARDA 

27 WBDC347 40152  Uzbekistan Surkhandar’ya USOU 

28 WBDC348 Damon 11-11b  Israel Damon U. of Haifa 

29 WBDC349 Shechem 12-32b  Israel Shechem U. of Haifa 

30 WBDC350 41-1c
  Israel Unknown ICARDA 

31 WBDC355 OUH602c
 

 Trans Caucasus 

Region 
Unknown 

Okayama 

U. 
a Source: ICARDA (International Center for Agricultural Research in the Dry Areas). 
USDA (United States Department of Agriculture), IPK (Institute of Plant Genetics and 
Crop Plant Research), USOU (School of Botanical Sciences, University of Southampton, 
UK) 
b More precise locations referenced in previous literature (Fetch et al. 2003) 
c Utilized in previous mapping studies (Baum et al. 2003; Górny 2001; Yun et al. 2005) 
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Table 2.2. Map features of the four component linkage maps created from populations 

genotyped with the comprehensive barley DArT genomic representation and used in 

synthetic map development. 

 Populationa Average ± SD 

Map Features D × H S × H A × B T × N  

Length (cM) 1077.5 988.8 1177.1 709.5 988.2 ± 201.1 

      

Number of markers 559 620 563 551 573.3 ± 31.6 

      

Number of unique bins 219 240 238 182 219.8 ± 26.9 

      

Inter-bin distance (cM) 4.92 4.12 4.95 3.90 4.47 ± 0.54 

a Population used to create linkage map: Damon/Harrington (D × H), 
Shechem/Harrington (S × H), Albacete/Barbarrouse (A × B), TX9425/Naso Nijo (T × N), 
and the average ± standard deviation. 
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Table 2.3. Pair-wise comparison of the number of common markers between and unique 

markers (shown in bold) in the four component maps and the barley DArT consensus 

map used in synthetic map development. 

 Component Mapa 

 Consensus D × H S × H A × B T × N 

Consensus 2005 419 453 329 302 

D × H - 56 286 142 125 

S × H - - 81 126 119 

A × B - - - 146 154 

T × N - - - - 159 
a Population used to create component linkage map: Damon × Harrington (D × H), 
Shechem × Harrington (S × H), Albacete × Barbarrouse (A × B) and TX9425 × Naso 
Nijo (T × N). 
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Table 2.4. Comparison of germplasm sources and methods of marker development of 

mapped DArT markers. 

 Populationa Total 

 D × H S × H A × B T × N Average ± SD Array e
 

       

Wild b
 20.0 20.2 20.2 31.6 23.0 ± 5.7 56.3 

       

via DArT c
 65.2 68.8 53.5 42.5 57.5 ± 11.9 55.6 

from 28-31d
 43.8 37.2 27.9 41.9 37.7 ± 7.1 40.0 

from 1-31d
 56.2 62.8 72.1 58.1 62.3 ± 7.1 60.0 

       

via SSHc
 34.8 31.2 46.5 57.5 42.5 ± 11.9 44.4 

from 28-29d
 71.8 59.0 75.5 61.0 66.8 ± 8.1 50.0 

from 1-31d
 28.2 41.0 24.5 39.0 33.2 ± 8.1 50.0 

       

Cultivatedb
 80.0 79.8 79.8 68.4 77.0 ± 5.7 43.8 

       

Total 100.0 100.0 100.0 100.0 100.0 100.0 
a Population used to create linkage map: Damon/Harrington (D × H), 
Shechem/Harrington (S × H), Albacete/Barbarrouse (A × B), TX9425/Naso Nijo (T × N), 
and the average ± standard deviation. 
b Percentage of mapped markers derived from wild or cultivated barley germplasm. 
c Percentage of mapped markers derived from wild barley developed via standard DArT 
procedures or with the additional step of suppression subtraction hybridization (SSH). 
d Percentage of mapped markers within each method of marker development that were 
derived from different mixtures of wild barley accessions (28-29, 28-31, or 1-31; Table 
1) 
e Breakdown of percentages of DArT markers present on the comprehensive genomic 
representation (array) used to genotype these populations by source of germplasm and 
method of marker development. 



 41

Table 2.5. Comparison of polymorphic DArT marker features in two wild × cultivated 

barley populations. 

 Populationa Average ± SD 

 D × H S × H  

    

Total 100.0 100.0 100.0 

    

From cultivatedb
 80.0 79.8 79.9 ± 0.1 

-Present in wild 30.4 27.1 28.7 ± 2.4 

-Present in cultivated 69.6 72.9 71.3 ± 2.4 

    

From wild b
 20.0 20.2 20.1 ± 0.1 

-Present in wild 68.8 64.8 66.8 ± 2.8 

-Present in cultivated 31.3 35.2 33.2 ± 2.8 
a Wild × cultivated population genotyped with the comprehensive barley DArT array: 
Damon/Harrington (D × H) and Shechem/Harrington (S × H) and average ± standard 
deviation (SD). 
b Percentage of polymorphic DArT markers derived from cultivated or wild barley, and 
of those, the percentage that were present (positive or greater hybridization on the array 
as compared to the other parent; scored a ‘1’) in the respective cultivated (Harrington) or 
wild (Damon or Shechem) barley parent. 
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Table 2.6. Comparison of resultant genome-wide incorrectly ordered loci and degree of 

map expansion during synthetic map development. 

Reference Mapa Incorrectly ordered Locib
 Map Lengthc (cM) 

D × H 33.50 70.7 

S × H 30.75 36.0 

A × B 31.50 155.5 

T × N 31.75 68.8 

Consensus 20.75 77.4 
a Reference map used for synthetic map construction: Damon/Harrington (D × H), 
Shechem/Harrington (S × H), Albacete/Barbarrouse (A × B), TX9425/Naso Nijo (T × N), 
and consensus maps 
b Average number of resultant incorrectly ordered loci in the remaining four non-
reference maps. 
c Difference in map length between the synthetic and consensus maps. 
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Table 2.7. Number of loci, unique bins, average/median inter-bin distance, and map length in the consensus and synthetic maps for 

chromosomes 1H through 7H. 

  1H 2H 3H 4H 5H 6H 7H Genome 

Number of loci 

Consensus 423 522 470 278 379 362 501 2,935 

Synthetic 489 620 552 322 474 455 630 3,542 

Differencea 66 98 82 44 95 93 129 607 

Number of bins 

Consensus 158 210 165 124 180 135 181 1,153 

Synthetic 184 241 204 147 228 172 234 1,410 

Differencea 26 31 39 23 48 37 53 257 

Average/median inter-bin distance (cM) 

Consensus 1.0/0.8 0.8/0.5 1.1/0.8 1.2/0.7 1.1/0.8 1.1/0.7 0.9/0.7 1.0/0.7 

Synthetic 0.8/0.5 0.8/0.5 0.9/0.6 1.0/0.6 0.9/0.6 1.0/0.6 0.9/0.6 0.9/0.6 

Differencea -0.2/-0.3 0/0 -0.2/-0.2 -0.2/-0.1 -0.2-/0.2 -0.1/-0.1 0/-0.1 -0.1/-0.1 

Map length (cM) 

Consensus 151.9 166.7 184.6 148.6 194.2 147.6 165.4 1,159.0 

Synthetic 142.7 200.1 184.8 147.1 198.0 162.8 200.9 1,236.4 

Differencea -9.20 33.40 0.20 -1.50 3.80 15.20 35.50 77.40 
a Values for the consensus map subtracted from the synthetic map. 
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2.6. Figures 

 

Figure 2.1. Colinearity of locus order in component maps. Loci in component maps are 

displayed schematically by horizontal lines across the bars representing chromosomes. 

Loci that are common between adjacent pairs of populations are depicted by dots and 

connected by lines. 
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Figure 2.2. Alignment of the synthetic and consensus maps. Comparison of positions of 

common loci between the consensus map (cons) and the synthetic map (syn) built with 

PhenoMap software using the consensus map as the reference map. The positions of 

homologous loci in the two maps are highlighted by a pair of dots and connected by lines. 
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Multiple Disease Resistance QTL Analysis of Two Wild x Cultivated 
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3.1. Introduction 

The Upper Midwest region of the United States and the central Prairie provinces 

of Canada comprise the largest barley (Hordeum vulgare subsp. vulgare) production 

region in North America. Much of the barley produced in this region is used for malting; 

therefore, many of the traits that have been selected for by breeders revolve around 

malting quality as well as the important characters of yield and resistance to lodging. 

Aside from stem rust (SR; caused by Puccinia graminis Pers.: Pers f. sp. tritici Eriks. & 

E. Henn), spot blotch (SB; caused by Cochliobolus sativus [Ito and Kuribayashi] Drechs. 

ex Dastur [anamorph: Bipolaris sorokiniana (Sacc.) Shoem.]), and more recently 

Fusarium head blight (FHB; caused by Gibberella zeae [Schw.] Petch. [anamorph: 

Fusarium graminearum Schwabe]), breeding for disease resistance has been a lower 

priority.  

 

Barley is a self-pollinating crop. As a result of numerous inbred pedigrees, six-

rowed malting type cultivars in the Upper Midwest region have become extremely 

narrow in their genetic base (Rasmusson and Phillips 1997). This lack of genetic diversity 

has potential consequences as it leaves the barley crop vulnerable to widespread disease 

epidemics if the limited sources of resistance were to be suddenly overcome. 

 

In 1989, a new race (QCCJ) of SR appeared that was virulent on barley cultivars 

carrying the Rpg1 gene. Although yield losses due to race QCCJ were limited, the 

vulnerability of a major crop protected by a single major resistance gene was evident 

(Steffenson 1992). Race TTKSK (aka isolate Ug99), an extremely virulent stem rust race 

originating in eastern Africa, also is a threat to barley, but has not yet reached the 

Western Hemisphere (Brueggeman et al. 2009; Steffenson and Jin 2006). Stripe rust 

(StrR; caused by Puccinia striiformis Westend. f. sp. hordei) is a major disease of barley 

worldwide, and since its discovery in the United States in 1991 has become well 

established (Chen and Line 2001). Septoria speckled leaf blotch (SSLB; caused primarily 

by Septoria passerinii Sacc.), net blotch (NB; caused by Pyrenophora Drechs. teres f. 

teres Smedeg. [anamorph: Drechslera teres (Sacc.) Shoem.]), and SB commonly reduce 
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yields by 5-35% in the Upper Midwest region (Steffenson et al. 1996; Toubia-Rahme and 

Steffenson 2004). Powdery mildew (PM), caused by Blumeria graminis (DC.) E. O. 

Speer f. sp. hordei Ém. Marchal (anamorph; Oidium monilioides [Nees] Link), affects 

barley in many growing regions throughout the world, but is mainly a problem in the 

Mid-Atlantic region and California in the United States (Jorgensen 1994). Leaf rust (LR; 

caused by Puccinia hordei G. Otth) is a sporadic problem for growers in the Upper 

Midwest region, but has not caused any serious epidemics for a number of years. It is a 

greater problem, however, in areas where the crop matures late, such as in the eastern and 

western United States, North Africa, Europe, New Zealand, and Australia (Mathre 1997). 

 

Many resistance genes have been characterized and successfully deployed from 

within H. v. subsp. vulgare germplasm. However, the lack of genetic diversity in 

cultivated barley is a limiting factor for discovery of novel sources of disease resistance 

and therefore searching for resistance in other germplasm is necessary. Appropriate for 

this purpose is the mining of resistance genes from within cultivated barley’s progenitor 

Hordeum vulgare subsp. spontaneum. Wild barley is native to the Fertile Crescent, 

barley’s center of origin and diversity (Ellis et al. 2000; Fetch et al. 2003; Nevo 1992; 

Williams 2003). Several recent works have utilized intra-specific barley crosses to 

identify and/or transfer novel traits including disease resistance, malting quality, and 

agronomic characters from H. v. subsp. spontaneum (Yun et al. 2005; Hori et al. 2005; 

von Korff et al. 2005; Pillen et al. 2004; Pillen et al. 2003; Backes et al. 2003; Dreiseitl et 

al. 2007). To find sources of resistance not previously reported, large collections of wild 

barley recently have been screened for resistance to a number of important diseases 

(Steffenson et al. 2007; Fetch et al. 2003). 

 

Fetch et al. (2003) evaluated one hundred and sixteen wild barley accessions from 

Israel and Jordan for resistance to six major barley pathogens. The six barley diseases 

included were SB, NB, SSLB, PM, SR, and LR, many of which are known to have 

limited genetic diversity for resistance in cultivated barley. Two accessions collected in 

Israel, Damon 11-11 and Shechem 12-32 (hereafter referred to as Damon and Shechem), 
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exhibited resistance to all of the pathogens. This represents a potentially powerful tool for 

breeders as these accessions can be used in one cross to transfer resistance to all major 

diseases into cultivated barley. These two accessions were each crossed to cultivar 

Harrington, a two-rowed malting quality standard. Crossing to Harrington enabled 

straightforward genetic analysis of disease resistance as it is susceptible to most of these 

diseases, while also avoiding the complications inherent in a two-rowed by six-rowed 

barley cross. From the F1 progeny of those crosses, two doubled-haploid (DH) mapping 

populations were developed.  

 

To identify resistance loci for the major diseases of PM, SR, StrR, LR, NB, SB, 

and SSLB in H. v. subsp. spontaneum, we examined these two DH populations. We 

developed genetic maps of the barley genome exclusively with Diversity Arrays 

Technology (DArT) markers (Chapter 2), identified quantitative trait loci (QTL) 

conferring resistance to each of the diseases, compared the location of these QTL with 

previously identified disease resistance loci in wild and cultivated barley, and reported 

marker-trait associations for marker-assisted selection. 

 

3.2. Materials and Methods 

3.2.1. Plant material 

Two doubled-haploid (DH) populations were developed from crosses between 

each of the H. v. subsp. spontaneum accessions Damon and Shechem and the barley 

cultivar Harrington. F1 progeny of these crosses were then crossed with Hordeum 

bulbosum to produce the DH populations via haploid embryo rescue and colchicine-

induced chromosome doubling (Kasha and Kao 1970), and provided by R. Pickering 

(New Zealand Institute for Crop & Food Research Limited, Christchurch, New Zealand). 

The accessions Damon and Shechem were collected in Israel and previously shown to be 

resistant to SB, NB, SSLB, PM, SR, and LR (Fetch et al. 2003). The Damon/Harrington 

(D/H) and Shechem/Harrington (S/H) populations contain 107 and 161 progeny, 

respectively. 
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3.2.2. DArT genotyping and linkage map development 

DArT genotyping methods and linkage map development are as described in 

Chapter 2. For each population, the maps reported therein contained a number of 

redundant markers, i.e. those scored identically for all individuals. For the purpose of 

QTL analysis, one representative marker from each redundancy group was retained in the 

final map. The resulting non-redundant D/H map contains 220 markers, is 1077.5 cM in 

length, and has 29, 38, 41, 17, 34, 27, and 34 markers mapped to chromosomes 1H to 7H, 

respectively. The non-redundant S/H map contains 240 markers, is 988.8 cM in length 

and has 33, 42, 40, 16, 42, 32, and 35 markers mapped to chromosomes 1H to 7H, 

respectively. All linkage map and QTL figures were produced with MapChart software 

(Voorrips 2002). 

 

3.2.3. Experimental design, plant growth conditions, pathogen inoculation, and disease 

evaluation 

Experimental design: All disease phenotyping evaluations were carried out in a 

completely randomized design. In total, three separate experiments were conducted for 

each disease, except StrR and PM races 0024, 0331, 0574, 0666, and 7557 (all PM races 

except 2001), in the Plant Growth Facility or fields on the St. Paul campus of the 

University of Minnesota. The first two experiments included the complete set of lines, 

while the third was limited to those lines showing discrepancies between the first two 

experiments. The StrR evaluations were conducted at the University of California-Davis 

Agronomy Farm (Davis, CA). One experiment with two replications was conducted for 

each of the PM races 0024, 0331, 0574, 0666, and 7557. Those experiments were 

conducted at the Agricultural Research Institute Kroměříž Ltd., Kroměříž, Czech 

Republic. For all experiments, both sets of parents as well as the appropriate resistant and 

susceptible checks were included. Specific conditions for each disease assessment are 

described below. 

 

Powdery mildew: Both populations were screened against a naturally occurring 

greenhouse race of B. graminis f. sp. hordei as well as five well characterized races. The 
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naturally occurring isolate UM-BGH042 keyed to race 2001 as derived from its virulence 

pattern for 12 mildew resistance genes in coded triplets (Limpert et al. 1994) in the order: 

Mla1, Mla3, Mla6, Mla7, Mla9, Mla12, Mla13, Mlk, Mlg, MlLa, Mla7+MlAb, mlo. 

Reaction of isolate UM-BGH042 was recorded on 10 ‘Pallas’ near-isogenic lines (P-01, 

P-02, P-03, P-04 B, P-08 B, P-10, P-11, P-16, P-21, and P-23) (Kolster et al. 1986) and 

on the barley cultivars Triumph (PI 467826) and Alexis (PI 564487; Muller et al. 1996). 

Initially, a single pustule isolate was obtained. Then, inoculum of UM-BGH042 was 

increased and maintained on Larker (CIho 10648), a susceptible barley cultivar. New 

plants of Larker were inoculated each week to maintain a continuous source of inoculum 

during all of the experiments. For each evaluation, three seeds from each experimental 

line were planted in plastic cones filled with a 50:50 mixture of soil and Metro Mix 200 

(Sun Gro Horticulture CM Ltd., Canada;  vermiculite, Canadian sphagnum peat moss, 

perlite, and dolomitic limestone) and fertilized with Osmocote 14-14-14 (Scott’s Co., 

Marysville, OH; 1.4 g per cone) and Peters Dark Weather 15-0-15 (Scott’s Co.; 35 g per 

liter at 1/16 dilution). Cones were incubated at 4°C for a week immediately following 

planting to break possible seed dormancy and then transferred to a greenhouse (20–23°C 

with 14 h photoperiod provided by sunlight and supplemented with metal halide bulbs 

[530 to 710 µEm-2s-1]). Plants were inoculated by shaking mildew spores from Larker 

plants onto lines at the 1-2 leaf stage. Plants were scored approximately one week post 

inoculation according to the 0-4 rating scale described by Torp et al. (1978).  

 

Experiments with PM races 0024, 0031, 0666, 0574, and 7557 were conducted 

under natural light in the greenhouse. Before inoculation, each race was purified and 

verified for the correct virulence phenotype on standard barley lines. Race designations 

for the isolates were derived from their virulence patterns corresponding to the 12 

resistance genes in coded triplets (Limpert et al. 1994) in the order Mla1, Mla3, Mla6, 

Mla7, Mla9, Mla12, Mla13, Mlk1, MlLa, Mlg, Mlat, and Ml(Bw). Seeds of each DH line 

were sown in pots (80 mm diameter) filled with a 2:1 mixture of peat (peat moss 

substrate B, produced by Rašelina Soběslav, Czech Republic) and soil. Three 20 mm leaf 

segments from each line were removed from the central part of healthy, fully expanded 
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primary leaves and placed adaxial side up in glass Petri dishes (150 mm diameter) with 

0.8% water agar and 40 ppm benzimidazole. Leave segments were inoculated in a metal 

inoculation tower 420 mm high and 150 mm in diameter. Petri dishes with leaf segments 

from the experimental lines were placed at the bottom of the tower. Fresh inoculum of 

each isolate, increased on a leaf segment of the susceptible barley line B-3213 (Dreiseitl 

and Steffenson 1996), was shaken onto a square piece (40 x 40 mm) of black paper to 

control visually the amount of conidia and then blown through a hole of 13 mm diameter 

in the upper part of the inoculation tower. Inoculum density was ca. 8 conidia mm-2. The 

dishes with inoculated leaf segments were kept in an incubation room at a temperature of 

19.0 ± 0.5°C and under artificial light (cool-white fluorescent lamps providing 12 h light 

at 30±5 µEm-2s-1). The adaxial side of primary leaf segments were read twice, once nine 

days post-inoculation and again one or two days later, according to the 0-4 rating scale 

described by Torp et al. (1978). 

 

Rusts: Experiments with SR and LR were conducted in growth chambers. For 

those experiments (except SR race MCCF), three seeds from each experimental line were 

planted as described for PM race 2001, and once dormancy was broken, placed in a 

growth chamber (19-21°C with 14 h photoperiod). The incubation temperature for race 

MCCF was set to 22–25°C because this environment is more conducive for the 

separation of genotypes with and without the gene Rpg1 (Sun and Steffenson 2005). Both 

populations were screened against race MCJ (isolate ND8702) of P. hordei, races MCCF 

(isolate A-1) and QCCJ (isolate QCC-2) of P. graminis f. sp. tritici, and isolate 92-MN-

90 of P. graminis f. sp. secalis. Race designations for P. hordei and P. graminis f. sp. 

tritici are derived from their virulence pattern corresponding to 9 and 12 resistance genes, 

respectively, present in differential lines and in accordance with the system of 

designating physiological races of P. graminis f. sp. tritici described by Roelfs and 

Martens (1988). The race designation and virulence/avirulence formula of isolate 92-

MN-90 of P. graminis f. sp. secalis has not been determined. Specific information on 

resistance genes present in the stem rust and leaf rust differential lines as well as sources 

for all rust isolates are described by Steffenson et al. (2007).  
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Plants were inoculated with rusts when the first leaves were fully expanded, seven 

days after planting. Protocols for inoculation and the subsequent infection period for leaf 

rust and stem rust were as described by Fetch et al. (2003) and Sun and Steffenson 

(2005), respectively. The only difference in the methodology was that the rust 

concentration used in the present study was 0.025 mg per plant. Leaf and stem rust 

reactions were rated 12–13 days post-inoculation using scales modified from Levine and 

Cherewick (1952) and Miller and Lambert (1955), respectively. 

 

Disease evaluations with P. striiformis f. sp. hordei were conducted in 2006 and 

2008. Approximately 15-20 seeds (D/H population only) were sown in one meter rows in 

late fall of the previous year. Stripe rust evaluations were conducted under conditions of 

natural infection. Plants were assessed for disease twice each year on the following dates: 

May 11-12 and May 31 in 2006 and April 16-21 and May 6-9 in 2008. Plant maturity 

among the lines varied considerably, but terminal disease severity readings were made on 

all lines at the mid-dough stage of development. The nursery included all parents and 

progeny, appropriate resistant and susceptible checks, and spreader rows of the 

susceptible cv. ‘Max’. Disease severity was rated as a percentage of infection on the top 

three leaves according to the modified Cobb scale (Peterson et al. 1948). 

 

Net blotch, spot blotch, and Septoria speckled leaf blotch: All seedling disease 

assessments for NB, SB, and SSLB were conducted in the greenhouse. Five seeds from 

each experimental line were plated in Petri dishes with moistened filter paper and placed 

at 4°C for one week to break possible seed dormancy. Seeds were then transplanted into 

15.3 cm square plastic pots filled and fertilized as described above for PM race 2001, and 

transferred to a greenhouse (20–23°C with 14 h photoperiod provided by sunlight and 

supplemented with metal halide bulbs [530 to 710 µEm-2s-1]).  

 

Both populations were screened against pathotype 1-2-6-7-10-13-16-18 (isolate 

ND89-19) of P. teres f. teres, pathotype 1 (isolate ND85F) of C. sativus, and isolate 

Sp97-15 of S. passerinii. Pathotype designations for P. teres f. teres and C. sativus are 
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derived from their virulence pattern on the differential barley lines described by 

Steffenson and Webster (1992) and Zhong and Steffenson (2001), respectively. 

Currently, no system exists for distinguishing pathotypes of S. passerinii. Plants were 

inoculated with these pathogens at the two-leaf stage, 14 days after being placed in the 

greenhouse. Protocols for inoculum preparation, inoculation, and infection period were as 

previously described (Steffenson et al. 1996; Toubia-Rahme and Steffenson 2004). 

Disease reactions for NB were assessed 9-11 days post-inoculation on the second and 

third leaves separately with the 0-10 rating scale of Tekauz (1985). For each leaf, the two 

most common infection types (ITs) (if a second type was present) were recorded. For 

data analysis, the ITs for each experimental line were divided into two categories, the 

most common IT (mode) and an average of the two most common ITs (mean, if 

applicable). Data for NB QTL analysis for each experiment was an average of the mode 

and mean across both leaves. Disease reactions for SSLB were assessed on the second 

leaves of plants 20 days post-inoculation based on a 0-5 rating scale (Toubia-Rahme and 

Steffenson 2004). Only the most common IT was recorded and used for analysis. Spot 

blotch reactions were assessed on the second leaves of plants 9-11 days post-inoculation 

according to the 1-9 rating scale of (Fetch and Steffenson 1999). Data analysis for SB 

was conducted on the average of the mode and mean of ITs for each experiment. 

 

Adult plants also were screened against isolate ND85F of C. sativus in field plots 

on the St. Paul campus of the University of Minnesota. Plots were tractor cultivated prior 

to planting, and Bronate (herbicide; 0.5 L/4047 m2) and Di-Syston 8 (insecticide; 0.35 

L/4047 m2) were applied to plants approximately one month after planting. About 8-15 

seeds of each experimental line were planted in short rows at roughly 0.3 meter intervals. 

Two inoculations were made. The first inoculation was done by spreading infected straw 

from the previous season (about 10-15 culms) at the base of individual test entries and 

spreader rows (Fetch et al. 2008). The second inoculation was done by spraying a 

conidial suspension as described by Fetch and Steffenson (1999). Disease was assessed 

on both the flag minus one and flag minus two leaves, and data analyses were conducted 

on the average of both leaves. Disease was scored as percent severity on a 0-100 scale 
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(James 1971). Since the evaluations contained only one replicate per experiment, it was 

not possible to test for significant differences between lines. However, there was 

substantial variation within the populations for all traits and therefore it was still 

reasonable to perform QTL analyses. 

 

3.2.4. QTL analysis 

Composite interval mapping (CIM) and multiple interval mapping (MIM) were 

conducted by Windows QTL Cartographer, version 2.5 (Wang et al. 2007). Model 6 with 

a window size of 10 cM was used for CIM analysis. Cofactors were chosen with a 

combination of forward and backward step-wise regression with a threshold p-value of 

0.05. For each trait, a minimum LOD value of 3.0 was used for identification of 

significant QTL. A LOD value of 3.0 was considered sufficient for these analyses for 

several reasons. One is that a LOD value of 3.0 has been long considered a sufficient 

measure of statistical significance, especially with regard to qualitative genetic factors 

(for which most of the QTL in this study are mapping; Lander and Schork 2006). Another 

is that utilization of permutation tests to determine LOD threshold values is 

computationally intensive and rarely results in threshold values above LOD 3.0 

(Churchill and Doerge 1994). Also, all QTL analysis in this study were conducted for 

individual evaluations separately, as well as with averaged data, therefore reducing the 

likelihood that individual QTL were detected as a result of a false positive (because they 

were detected in multiple evaluations). Lastly, the overall aim of this study is to 

introgress disease resistance loci that will likely be highly effective, regardless of genetic 

background, and therefore selection will likely only be on major QTL (explaining >10% 

of the phenotypic variation) that were highly significant (LOD values much higher than 

3.0). For MIM analysis, initial models were based upon scans of the CIM result files with 

a threshold LOD value of 3.0 and a minimum distance between QTL of 10 cM. Models 

were then refined to search for and include new main effect QTL with a walk speed of 1 

cM and refined similarly again to search for and include additive × additive QTL 

interactions. Finally, the model was refined again to optimize and re-calculate QTL and 

QTL × QTL effects. 
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3.3. Results 

3.3.1. Disease response of parents and DH lines 

Damon and Shechem exhibited moderate to high levels of resistance to all races 

of PM, LR, StrR (Damon only), SR, NB, SSLB, and SB (Table 3.1). Harrington had a 

moderate to high level of resistance to all races of PM (except 0331 and 7557), NB, and 

SB at the seedling stage, but was moderate to highly susceptible to LR, all races of SR, 

StrR, SSLB and SB at the adult stage. There were four experimental lines in each 

population that were not included in the QTL analysis for adult SB as these lines either 

died or failed to progress sufficiently to the optimal growth stage for disease assessment 

in the field. Data from all experiments with biotrophic pathogens (PM, LR, SR, and StrR) 

for which infection types (ITs) were recorded (PM, LR and SR) were highly reproducible 

(Table 3.1A). When comparing ITs between the first two experiments (excluding all PM 

races except 2001 because only one experiment was performed), 83.2% of all lines were 

at least within one IT unit between the two experiments (lowest was S/H population 

screened against SR race MCCF). Excluding the S/H SR race MCCF experiments, all 

others exhibited greater than 92.5% of lines within one IT between experiments. 

Experiments with hemi-biotrophic or necrotrophic pathogens (NB, SB, and SSLB) for 

which ITs were recorded (NB, seedling SB, and SSLB) exhibited greater variability 

between experiments than the biotrophic pathogens (Table 3.1B). When comparing ITs 

between the first two experiments at least 76.9% of all lines were within one IT unit in 

any given set of experiments. Due to the variability in assessing reactions to some 

pathogens, QTL analyses were conducted separately by experiment as well as mean 

values across all experiments. All QTL were reported as averaged data only, as in most 

cases QTL were significant both in individual experiments as well as the averaged data 

from the combined experiments. A few QTL for resistance to hemi-biotrophic or 

necrotrophic pathogens were found significant in only one experiment as well as the 

averaged data from the combined experiments. These QTL are noted in the following 

section and also reported as averaged data only.  
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3.3.2. Disease resistance QTL 

Powdery mildew: Composite interval mapping detected from two to four QTL 

(Resistance to Blumeria graminis Rbg loci) conferring resistance to each of six PM races 

analyzed in the D/H and S/H populations (Table 3.2; Figure 3.1). In the D/H population, 

QTL mapped consistently to chromosomes 1H (all races), 2H (all races except 0024 and 

0666), and 4H (races 2001, 0024, and 0574; Table 3.2A). The chromosome 1H QTL 

mapped to BINs 2-4 and ranged from explaining 14.8% (race 0574) to 80.4% (race 7557) 

of the phenotypic variation. Analysis of PM resistance to races 0331 and 7557 with CIM 

detected QTL on chromosome 2H in BINs 1-2. Multiple interval mapping of resistance to 

races 2001 and 0574 detected the same main effect QTL on chromosome 2H not revealed 

by CIM. The amount of phenotypic variation explained by these QTL ranged from 1.6% 

(race 0574) to 10.7% (race 0331). Damon contributed the resistance allele for all 

chromosome 1H and 2H QTL. The chromosome 4H QTL mapped to BINs 5-6 and 

explained between 13.8% (race 0024) and 45.7% (race 0574) of the phenotypic variation. 

Harrington was the source of resistance for these chromosome 4H QTL. Two 

chromosome 5H QTL mapping to BINs 3-4 and 14 were detected in the analysis of PM 

race 0024 and explained 8.2% and 9.8% of the phenotypic variation, respectively. Damon 

contributed the resistance allele for these QTL.  

 

In the S/H population, CIM consistently detected QTL on chromosomes 1H (races 

2001, 0331, and 7557), 4H (races 2001, 0024, 0574, and 0666), and 7H (races 2001, 

0024, 0331, 0574, and 7557; Table 3.2B). As in the D/H population, the chromosome 1H 

QTL mapped to BINs 2-4 and ranged from explaining 4.6% (race 7557) to 22.3% (race 

0331) of the phenotypic variation. The chromosome 4H QTL mapped to BINs 6-7 and 

explained between 15.4% (race 0666) and 50.5% (race 2001) of the phenotypic variation. 

The range of phenotypic variation explained by the chromosome 7H QTL (BINs 1-2) was 

8.8% (race 0331) to 39.0% (race 7557). Shechem contributed the resistance alleles for the 

chromosome 1H and 7H QTL, whereas Harrington was the donor of the 4H alleles. 

Analysis of PM races 0331 and 0666 revealed QTL on chromosome 5H (BINs 11-12) for 

which Harrington was the donor of the resistance alleles. The amount of phenotypic 
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variation explained by these QTL ranged from 6.5%-18.0%. Analysis of resistance to 

race 7557 detected another QTL that mapped to chromosome 6H (BIN 14). Rbg-6H-14 

explained 11.5% of the variation, and Shechem was the resistance allele donor. Multiple 

interval mapping of resistance to PM races 0666 and 7557 revealed two additional main 

effect QTL not identified by CIM. One mapped to chromosome 2H in BINs 11-12 (race 

0666) and the other on chromosome 7H in BINs 11-12 (race 7557).  These QTL 

explained 7.1% and 3.4% of the phenotypic variation, respectively. Harrington 

contributed the resistance allele for Rbg-2H-11-12, whereas Shechem contributed the 

allele for Rbg-7H-11-12. 

 

Multiple interval mapping also detected several additive × additive QTL 

interactions between QTL identified for resistance to various races of PM (Table 3.3). In 

both populations, an interaction was detected between the chromosome 1H and 4H QTL. 

The percentage of phenotypic variation explained by this interaction ranged from 9.1% 

(S/H, race 2001) to 26.2% (D/H, race 2001). In the D/H population, there was an 

interaction between the chromosome 1H and 2H QTL identified in the evaluations 

against races 2001 and 0331 that explained 2.7% and 5.0% of the phenotypic variation, 

respectively (Table 3.3A). Likewise, there was significant interaction between the 

chromosome 2H and 4H QTL in races 2001 and 0574 that explained 3.2% and 3.0% of 

the variation, respectively. For race 0024, 8.0% of the phenotypic variation was explained 

by the interaction between Rbg-4H-6 and Rbg-5H-3-4. In the S/H population, a 

significant interaction between the chromosome 4H and 7H QTL was detected in tests 

against three races (2001, 0024, and 0574; Table 3.3B). The percentage of phenotypic 

variation explained by this interaction ranged from 8.2% to 11.9%. An interaction 

between Rbg-4H-6-7 and Rbg-5H-12 detected for resistance to race 0666 explained 9.8% 

of the phenotypic variation. 

 

Leaf rust: Four QTL for LR resistance (Rph loci) were identified in the D/H 

population (Table 3.2A). These QTL were located on chromosomes 4H (2) and 5H (2). 

The chromosome 4H QTL mapped to BIN 1 (Rph-4H-1) and BINs 8-11 (Rph-4H-8-11) 
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and explained 12.7% and 14.4% of the phenotypic variation, respectively. The 

chromosome 5H QTL Rph-5H-4 (BIN 4) and Rph-5H-11-12 (BINs 11-12) explained 

18.1% and 11.2% of the phenotypic variation, respectively. Damon contributed all four 

resistance alleles mapped in the D/H population. There were four QTL identified in the 

S/H population (Table 3.2B). They were located on chromosomes 4H (2), 6H (1), and 7H 

(1). The chromosome 4H QTL Rph-4H-1 and Rph-4H-8-10 mapped to BIN 1 and BINs 

8-10 and explained 40.7% and 4.5% of the phenotypic variation, respectively. The 

chromosome 6H QTL (Rph-6H-7-10) mapped to BINs 7-10 and explained 5.9% of the 

phenotypic variation, whereas the chromosome 7H QTL Rph-7H-6 mapped to BIN 6 and 

explained 6.5% of the phenotypic variation. Shechem contributed the resistance allele for 

all LR QTL. Multiple interval mapping identified a significant interaction in the S/H 

population between Rph-4H-1 and Rph-6H-7-10 that explained 5.4% of the phenotypic 

variation (Table 3.3).  

 

Stem rust: Analysis of resistance to wheat stem rust races MCCF and QCCJ and 

rye stem rust isolate 92-MN-90 consistently detected a large QTL conferring resistance 

(Rpg loci) on chromosome 5H in both populations (Table 3.2). This QTL mapped to 

BINs 12-14 and ranged from explaining 35.2% of the phenotypic variation (S/H 

population, rye SR) to 87.5% (D/H population, rye SR). Damon and Shechem contributed 

the resistance allele in all cases. In the D/H population, another QTL was identified on 

chromosome 5H, BINs 8-9 and explained 3.7% of the phenotypic variation. Multiple 

interval mapping revealed an additional QTL in the D/H population screened with SR 

race QCCJ on chromosome 7H (BIN 11) that explained 4.8% of the phenotypic variation. 

Harrington contributed the resistance alleles for Rpg-5H-8-9 and Rpg-7H-11. In the S/H 

population, analysis of wheat stem rust races MCCF and QCCJ both identified a QTL on 

chromosome 6H (BINs 12-14). The resistance alleles for the 6H QTL were contributed 

by Harrington and explained 1.8%-1.9% of the phenotypic variation. Analysis of rye 

stem rust also revealed a minor QTL that mapped to chromosome 1H in BINs 7-8 (Rpg-

1H-7-8) and explained 4.9% of the variation. Shechem contributed the resistance allele 

for this QTL. Multiple interval mapping detected significant additive × additive QTL 
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interactions between Rpg-5H-12-14 and four other QTL in different population/SR race 

combinations (Table 3.3). The amount of phenotypic variation explained by these 

interactions ranged from 2.3% (Rpg-6H-12-14, S/H, race MCCF) to 5.5% (Rpg-7H-11, 

D/H, race QCCJ). 

 

Stripe rust: Three QTL conferring resistance to StrR (Rps loci) were identified in 

the D/H population (Table 3.2A). The QTL mapped to chromosomes 3H (BINs 14-15), 

5H (BINs 4-5), and 7H (BINs 7-8). Damon contributed the resistance alleles for Rps-3H-

14-15 and Rps-5H-4-5, which explained 24.9% and 7.7% of the phenotypic variation, 

respectively. Rps-7H-7-8 explained 13.1% of the phenotypic variation and was 

contributed by Harrington. 

 

Net blotch: Composite interval mapping detected two QTL conferring resistance 

to NB (Rpt loci), in each mapping population (Table 3.2). In both populations, a QTL 

mapped to chromosome 3H in BINs 7-8. Rpt-3H-7-8 explained 19.3% and 8.2% of the 

phenotypic variation in the D/H and S/H populations, respectively. The wild barley 

parents contributed the resistance alleles for this locus. Analysis of the D/H population 

also revealed a QTL that mapped to chromosome 6H. This QTL (Rpt-6H-5-6) mapped to 

BINs 5-6, explained 13.4% of the phenotypic variation, and was contributed by 

Harrington. In the S/H population, another QTL was mapped to chromosome 1H. This 

QTL (Rpt-1H-2) explained 12.6% of the phenotypic variation, mapped to BIN 2, and was 

contributed by Shechem. Multiple interval mapping detected an additional QTL in both 

populations that mapped to chromosome 4H in BINs 5-7 for which the wild barley 

parents contributed the resistance allele. This QTL explained 9.1% and 7.7% of the 

phenotypic variation in the D/H and S/H populations, respectively. 

 

Spot blotch: There were two and three QTL conferring resistance to SB (Rcs loci) 

at the seedling stage in the D/H and S/H populations, respectively (Table 3.2). The D/H 

QTL both mapped to chromosome 7H in BINs 3-4 and 7 and explained 14.3% and 14.5% 

of the phenotypic variation, respectively. The three QTL identified in the S/H population 
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were mapped to chromosomes 3H, 5H, and 7H. Rcs-3H-1-2 mapped to BINs 1-2 and 

explained 10.3% of the phenotypic variation; Rcs-5H-11 mapped to BIN 11 and 

explained 7.1% of the variation; and Rcs-7H-3-4 mapped to BINs 3-4 and explained 

37.2% of the phenotypic variation. Damon and Shechem contributed the resistance alleles 

for all SB seedling QTL. 

  

Two QTL conferring resistance to SB (Rcs loci) at the adult plant stage were 

identified in both populations (Table 3.2). One common QTL mapped to coincident 

locations on chromosome 7H (BINs 2-3) in both populations and explained 49.5% and 

54.5% of the phenotypic variation in the D/H and S/H populations, respectively. The wild 

barley parents contributed the resistance allele for this major effect QTL. The other D/H 

QTL mapped to chromosome 2H (Rcs-2H-8) and explained 6.7% of the phenotypic 

variation. Harrington contributed the resistance allele for Rcs-2H-8. In the S/H 

population, another QTL for adult SB resistance was mapped to chromosome 3H. This 

QTL (Rcs-3H-1-2) mapped to BINs 1-2, explained 14.3% of the phenotypic variation, 

and was contributed by Shechem. Multiple interval mapping identified a significant 

interaction between Rcs-3H-1-2 and Rcs-7H-2-3 that explained 2.8% of the phenotypic 

variation (Table 3.3). 

 

Septoria speckled leaf blotch: Three and two QTL conferring resistance to SSLB 

(Rsp loci) were detected by CIM in the D/H and S/H populations, respectively (Table 

3.2). The three D/H QTL mapped to chromosomes 1H, 6H, and 7H. Rsp-1H-1-2 mapped 

to BINs 1-2 and explained 34.7% of the phenotypic variation; Rsp-6H-2 mapped to BIN 

2 and explained 26.1% of the variation; and Rsp-7H-7 mapped to BIN 7 and explained 

11.3% of the phenotypic variation. The two QTL identified in the S/H population were 

located on chromosomes 3H and 6H. Rsp-3H-1-2 mapped to BINs 1-2 and explained 

28.0% of the phenotypic variation, and Rsp-6H-2 mapped to BIN 2 and explained 15.6% 

of the phenotypic variation. Analysis of SSLB resistance in the S/H population with MIM 

revealed two additional QTL located on chromosomes 4H (BINs 1-4) and 7H (BIN 6) 

that explained 5.1% and 4.5% of the phenotypic variation, respectively. Damon and 
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Shechem contributed the resistance alleles for all SSLB QTL. Multiple interval mapping 

also identified two significant interactions between Rsp-6H-2 and the other identified 

QTL. The interaction between Rsp-6H-2 and Rsp-1H-1-2 in the D/H population 

explained 14.1% of the phenotypic variation, whereas the interaction between Rsp-6H-2 

and Rsp-3H-1-2 in the S/H population explained 9.8% (Table 3.3). 

 

3.4. Discussion 

Using two H. v. subsp. spontaneum accessions, QTL were mapped for resistance 

to PM, LR, SR, StrR, NB, SSLB, and SB. These results allowed for a comparison of 

genetic relationships for resistance to these diseases both between wild and cultivated 

barley as well as between two accessions of wild barley with close proximity of origin in 

Israel. We also were able to characterize the distribution of disease resistance loci in the 

barley genome and report marker-trait associations for marker-assisted selection. 

 

3.4.1. Disease resistance QTL in the D/H and S/H populations 

Most of the resistance QTL we identified in this study mapped to regions of the 

genome that were coincident with previously identified QTL or major genes for 

resistance. Of the 21 and 24 unique QTL (excluding coincident QTL mapped within one 

population in multiple isolates/races of PM/SR or seedling/adult SB) identified in the 

D/H and S/H populations, respectively, 11 of them were at coincident loci in both 

populations. Detecting this many coincident QTL is substantial and signifies the 

importance of these coincident QTL, considering the inherent difficulties of mapping and 

validating identical QTL, even within two similar mapping populations, when population 

sizes are small (Bernardo 2002). However, this number may be inflated because many of 

these QTL are coincident with known major genes for resistance (8 in each population), 

which are more easily detected in QTL analyses. 

  

Powdery mildew: Composite interval mapping for PM resistance consistently 

detected QTL on chromosomes 1H and 4H in both populations. The 1H QTL derived 

from the wild barley parents in each population are coincident with the complex Mla 
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resistance locus for which there are at least 30 known alleles (Wei et al. 2002). Damon 

and Shechem were included in a set of 318 Wild Barley Diversity Collection (WBDC) 

accessions that were screened with 40 PM races with varying virulence spectrums. 

Damon was at least moderately resistant (0-2 IT) to all races, and Shechem was at least 

moderately resistant to all but six of them (A. Dreiseitl, unpublished). QTL were detected 

at the region of the Mla PM resistance locus in analyses of all six PM races evaluated on 

the entire D/H population. Thus, Damon carries broad-spectrum resistance to PM. 

Included in the suite of races for which the whole populations were evaulated, were races 

that together were virulent on all differential lines, indicating that the Mla allele present 

in Damon and Shechem is not one included in the differential set (i.e. Mla1, 3, 6, 7, 9, 12, 

13, and t). Damon was only moderately resistant (2 to 2-3 IT) to the six races that were 

virulent on Shechem, and these races were extremely virulent on most WBDC 

accessions. Of these six races, 0024 and 0666 were used to phenotype the D/H and S/H 

mapping populations. Analysis of resistance to both of these races, as well as to race 

0574, in the S/H population failed to detect the presence of a QTL at the Mla locus, 

which suggests that the Mla alleles present in Damon and Shechem are different.  

 

The only other QTL consistently detected across several races in the D/H 

population that contributes to this broad spectrum of resistance in Damon was Rbg-2H-1-

2, which is coincident to the Mlhb powdery mildew resistance locus initially introgressed 

into cultivated barley from Hordeum bulbosum (Pickering et al. 1995). However, the 

effect of Rbg-2H-1-2 was always minor as compared to those contributed by QTL at the 

Mla locus, indicating that the resistance present in Damon is most likely conferred by loci 

at or near the Mla locus. There also was a significant interaction detected between the 

Mla and Mlhb QTL with two races, which indicates their functions are somewhat 

redundant (Table 3.3). Rbg-2H-1-2 was identified in response to all races, except the two 

highly virulent on H. v. subsp. spontaneum (0024 and 0666), the two to which Damon 

was the least resistant. Therefore, the moderate resistance Damon possesses to those races 

is likely due to the effect of the Mla locus, or in the case of race 0024, to the two QTL 

identified on chromosome 5H as well. These two QTL, Rbg-5H-3-4 and Rbg-5H-14, 
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were both coincident to previously reported PM QTL (Heun 1992; Maroof et al. 1994; 

Spaner et al. 1998).  

 

The chromosome 4H QTL consistently detected in both populations is derived 

from Harrington and is coincident to the Mlg PM resistance locus that has been 

previously reported in Harrington (Steffenson et al. 1997; Falak et al. 1999). 

Interestingly, the two races highly virulent on H. v. subsp. spontaneum are avirulent on 

lines containing Mlg; however, the percentage of phenotypic variance explained by Mlg 

was significantly lower with those races in both populations (mean=17.1%) as compared 

to the other races (42.4%). In fact, analysis of the D/H population screened against race 

0666 failed to detect a significant QTL at the Mlg locus. There was, however, a 

significant interaction between the Mlg and Mla QTL against two races (2001 in both 

populations and 0574 in the D/H population) that indicates resistance is increased by the 

combination of these loci. Therefore, backcross introgression of the Mla locus from 

Damon into Harrington, or simultaneous selection for markers associated with both loci 

in crosses between any elite barley and a D/H progeny line containing both Mla and Mlg 

resistance alleles, could potentially provide a high level and broad spectrum of resistance 

to PM.  

 

Consistently identified in the S/H population was QTL Rbg-7H-1, which is 

coincident with the mlt resistance locus (Schonfeld et al. 1996; Repkova et al. 2006). This 

resistance locus has only been reported in accessions of H. v. subsp. spontaneum and 

therefore represents a new potential source of resistance to PM in cultivated barley. There 

was a significant interaction between the QTL at the Mlg and mlt loci in three races that 

varied in their effect (Table 3.3). With regard to resistance to races 2001 and 0574, the 

effect of the interaction was to increase the level of resistance, whereas this was not the 

case against race 0024. In general, mlt explained much less of the phenotypic variation 

than Mla and Mlg except in the case of race 7557 (virulent on Mlg), where the QTL at mlt 

and the chromosome 6H and 7H QTL explained most of the variation (53.9%). The large 

effect QTL Rbg-6H-14 for resistance to race 7557 also was coincident to previously 
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reported QTL for PM resistance (Backes et al. 2003) and the 7H QTL detected by MIM 

is coincident to the Mlf gene for PM resistance that also was originally identified in H. v. 

subsp. spontaneum (Schonfeld et al. 1996; Backes et al. 2003; Repkova et al. 2006), 

making this the fourth segregating QTL in the S/H population to map to regions 

containing known qualitative resistance loci.  

 

With many loci conferring resistance to PM, Shechem also has great potential for 

use as germplasm for introgression of PM resistance into elite barley. However, the 

potential for problems with linkage drag increases dramatically upon selection for an 

increasing number of loci (Brown et al. 1989). The QTL for PM resistance against races 

0331 and 0666 donated from Harrington was mapped to chromosome 5H and has not 

previously been identified, despite several QTL studies that utilized populations 

containing Harrington as a parent (Spaner et al. 1998; Falak et al. 1999; Yun et al. 2005). 

Finally, MIM also detected a minor effect QTL on chromosome 2H in the S/H population 

screened against race 0666 that was not detected by CIM. The chromosome 2H QTL is 

located at a novel location on the long arm in BIN 11-12 between the Rar1 gene (BIN 10) 

that is required for some alleles of Mla-based resistance and the qualitative resistance 

gene MlLa (BIN 15; Giese et al. 1993; Lahaye et al. 1998). 

 

 Leaf rust: There are at least 19 known major genes for resistance to P. hordei 

located on every chromosome but 4H, and at least 21 more identified QTL spread across 

all chromosomes (Marcel et al. 2007; Marcel et al. 2008). The positive alleles of all eight 

of the QTL for LR resistance identified in this study came from the wild barley parents. 

Of the four QTL identified in each population, two of them, both mapping to 

chromosome 4H, were found at coincident locations in both populations. Rph-4H-1 maps 

to a location close to QTL Rphq10 reported by Qi et al. (1999, 2000). However, the QTL 

identified in the S/H population has a >3-fold larger effect (R2=40.7) than the 

corresponding QTL in the D/H population (R2=12.7). The other chromosome 4H LR 

QTL, Rpg-4H-6-7, may be coincident to LR QTL Rphq5 reported by Qi et al. (1999) or at 

a novel location distal to it. Due to a lack of common markers between the D/H and S/H 
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maps and those reported by Qi et al. (1999), it is not possible to gauge the range of the 

QTL overlap. Conversely to Rph-4H-1, Rpg-4H-6-7 had a >3-fold larger effect in the 

D/H population (R2=14.4%) than the S/H population (R2=4.5%). Of the other two QTL 

identified in the D/H population, both mapped to loci coincident to known qualitative 

genes for LR resistance. Rph-5H-11-12 is at a coincident location with the major genes 

Rph9.i and Rph9.z (formerly Rph9 and Rph12) characterized by Borovkova et al. (1998) 

and Rph-5H-4 is coincident to Rph2, which was mapped near the centromere on 

chromosome 5H (Borovkova et al. 1997). There are several reported alleles in cultivated 

barley at the complex Rph2 locus; however, this is the first report of LR resistance at this 

locus to have originated from wild barley. The isolate ND8702 of P. hordei used in this 

study is avirulent on differential lines containing Rph9.i, Rph9.z and Rph2, confirming 

the likelihood of the presence of an allele at these loci in Damon (Steffenson et al. 2007). 

In total, the four QTL for LR resistance mapped in the D/H population explained 56.4% 

of the phenotypic variation, and there were no significant interactions among QTL. All 

four QTL from Damon contributed roughly equivalent effects to the percentage of 

phenotypic variation explained (ranged from 11.2%-18.1%); therefore, Damon is a good 

source of multiple loci for resistance to LR. The two minor QTL identified solely in the 

S/H population were not as reliably detectable as the other QTL (only significant in one 

replication). However, both of them mapped to chromosomal locations previously 

reported to contain LR resistance loci. Rph-6H-7-10 is in the vicinity of the qualitative 

resistance gene Rph11 and a QTL reported to confer resistance to P. hordei in the field 

(Collins et al. 2001; Fetch et al. 1998; Backes et al. 2003), whereas Rph-7H-6 is 

coincident to the previously reported QTL Rphq1 (Qi et al. 1998).  

 

It is interesting to note that we detected a minor QTL for resistance at the Rph11 

locus as isolate ND8702 is virulent on the differential line containing Rph11. It is 

possible that Shechem contains a different gene/allele at this locus; however, it is also 

possible that this represents a case of a “defeated” resistance gene acting in a quantitative 

fashion (Brodny et al. 1986). This has been shown before in rice, where Li et al. (1999) 

detected QTL at the locus of the Xa4 gene for resistance in a population screened against 
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a virulent avrXa4 mutant strain of Xanthomonas oryzae pv. oryzae. Although the 

majority of the phenotypic variation in the S/H population was explained by Rph-4H-1, 

there was a significant interaction between Rph-4H-1 and the QTL at the Rph11 locus 

that increased the level of disease resistance (Table 3.3B). If it is the case that Shechem 

contains a “defeated” copy of the Rph11 gene, the presence of a QTL at that locus and its 

interaction with the QTL that accounts for the bulk of the phenotypic variance, indicates 

that there may be value in retaining resistance genes that have been overcome in lines 

whose resistance is mediated from a different locus. Regardless, marker-assisted selection 

with markers associated with the large effect QTL Rph-4H-1 from Shechem may be a 

means of introgressing LR resistance into cultivated barley. Screening of Damon and 

Shechem with an array of P. hordei races differing in their virulence spectrum is 

necessary to determine the extent of the resistance to leaf rust present in these H. v. 

subsp. spontaneum accessions. 

 

 Stem rust: The D/H and S/H populations were evaluated against P. g. f. sp. tritici 

races QCCJ and MCCF as well as isolate 92-MN-90 of P. g. f. sp. secalis. To all three 

rusts, and in both populations, composite interval analysis detected a major effect QTL 

(mean=70.6%) at the SR resistance complex rpg4/Rpg5 on chromosome 5H. Low ITs in 

response to wheat SR race MCCF is indicative of the presence of either the durable 

resistance gene Rpg1 on chromosome 7H, the recessive gene rpg4, or possibly other 

unknown genes. However, low ITs in response to wheat SR race QCCJ, which is virulent 

on Rpg1, indicates only the presence of rpg4/Rpg5, supporting the findings of the QTL 

analysis of a major resistance locus at the region of rpg4/Rpg5 (Sun and Steffenson 

2005). It is unlikely that Damon or Shechem contain a functional Rpg1 allele as 

sequencing of this locus in several resistant and susceptible accessions of H. v. subsp. 

spontaneum failed to detect a functional Rpg1 gene (Mirlohi et al. 2008).  

 

Resistance to rye stem rust culture 92-MN-90 is indicative of a functional Rpg5 

allele, and provides further support that Shechem and Damon have functional alleles at 

the rpg4/Rpg5 locus. It has recently been shown that both rpg4 and Rpg5 may provide 
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resistance to the new virulent race TTKSK (aka isolate Ug99) of SR that recently 

emerged out of eastern Africa (Brueggeman et al. 2009). Preliminary evaluations showed 

that Shechem has resistance to race TTKSK; however, Damon was moderately 

susceptible (data not shown), which confuses the effect of the rpg4/Rpg5 locus on 

resistance to TTKSK since both Damon and Shechem seem to possess alleles at this 

locus. It may be that they both contain variants of rpg4/Rpg5 that vary in their 

effectiveness against rye SR and wheat SR race TTKSK, as the QTL at this locus in the 

S/H population explained much less of the phenotypic variation in rye SR resistance 

(35.2%) than the corresponding QTL in the D/H population (87.5%). Since the complex 

rpg4/Rpg5 locus was recently cloned, resequencing this region in Damon and Shechem 

could reveal allelic differences between these lines if present.  

 

We have begun introgression of the rpg4/Rpg5 locus, among other disease 

resistance loci, into elite barley germplasm via backcrossing. All other QTL detected in 

these analyses were mapped to regions of the genome not previously reported to contain 

resistance to SR in barley, though they were minor (<4.9%) and not reliably detected (not 

detected in both experiments, with the exception of Rpg-7H-7-8), suggesting that their 

value for incorporating novel stem rust resistance into cultivated barley is suspect. 

Significant interactions between some of these minor QTL and the QTL at the rpg4/Rpg5 

locus occurred in several cases, but never with a positive effect on disease resistance, 

indicating that the majority of the resistance to these SR races present in Damon and 

Shechem is due to alleles at the rpg4/Rpg5 locus (Table 3.3). 

  

Stripe rust: Damon and Shechem were both screened in an initial experiment, and 

it was determined that only Damon possessed resistance to P. s. f. sp. hordei under 

natural epidemic conditions in California. Therefore, we chose to only screen the D/H 

population for the purpose of QTL mapping. Considerable effort has gone into the 

discovery of loci conferring StrR resistance, as this is a devastating disease that was 

recently introduced into the United States (von Wettstein-Knowles 1992; Chen et al. 

1994; Thomas et al. 1995; Toojinda et al. 2000; Castro et al. 2002; Castro et al. 2003; 
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Castro et al. 2003; Vales et al. 2005). All three QTL identified in this study were 

positioned in regions of the genome previously reported to confer quantitative resistance 

to barley StrR (Thomas et al. 1995; Vales et al. 2005). The most significant QTL, Rps-

3H-14-15, which explained 24.9% of the phenotypic variation, was located in a similar 

region of chromosome 3H as a QTL for StrR resistance reported by Vales et al. (2005). 

However, due to a lack of common markers, it is difficult to determine whether these 

QTL are coincident. Damon contributed the positive alleles for this QTL as well as for 

Rps-5H-4-5. However, the chromosome 5H QTL was not reliably detected (only one 

year). These are the first StrR resistance QTL to have originated from H. v. subsp. 

spontaneum. Harrington was the source of the significant QTL that mapped to 

chromosome 7H. It is interesting that this QTL was detected, as disease infection on 

Harrington was quite variable between years. Since these trials were conducted under 

natural epidemic conditions, it is possible that the races of StrR present in the nursery 

varied between years and that this had an effect on variability of disease phenotypes in 

Harrington. Regardless, this QTL was detected in both years and represents a potential 

source of resistance to StrR. There were no significant interactions between QTL for StrR 

resistance detected. 

 

Net blotch: The genetics of resistance to NB is more complicated than it is for the 

biotrophic pathogens discussed above. There have been numerous studies recently that 

outline the complexity of resistance to P. teres f. sp. teres (Steffenson et al. 1996; Spaner 

et al. 1998; Richteret al. 1998; Manninen et al. 2000; Cakir et al. 2003; Raman et al. 

2003; Ma et al. 2004; Emebiri et al. 2005; Yun et al. 2005; Friesen et al. 2006; 

Afanasenko et al. 2007; Lehmensiek et al. 2007; Grewal et al. 2008). Depending on the 

study, resistance in some populations has ranged from being purely quantitative, with as 

many as nine QTL spread across the whole genome (Steffenson et al. 1996), to being 

qualitative in nature (Manninen et al. 2000; Ma et al. 2004). One recent study postulated, 

based on an analysis of both the genetics of resistance in barley and avirulence in P. teres 

f. sp. teres, that there are classic gene-for-gene interactions in this pathosystem 

(Afanasenko et al. 2007). Further adding to the complexity of resistance to NB is that 
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locations of mapped QTL for resistance have been shown to be quite dependent upon the 

developmental stage at which disease is rated (Steffenson et al. 1996; Lehmensiek et al. 

2007; Grewal et al. 2008). Perhaps highlighting the complexity of resistance to NB best is 

the fact that one study identified QTL on every chromosome (Lehmensiek et al. 2007), 

and another found at least five QTL localized to different regions of chromosome 3H 

alone (Raman et al. 2003).  

 

Of the three NB resistance QTL identified in each population in this study, two 

were identified in both populations, indicating that there may be some overlap in 

resistance mechanisms to NB in H. v. subsp. spontaneum. These loci for resistance to NB 

were detected on chromosomes 3H and 4H. Due to a lack of common markers used for 

genotyping, it is difficult to tell whether the chromosome 3H QTL, whose resistance 

alleles were contributed by Damon and Shechem, are in the vicinity of those identified by 

Raman et al. (2003) and Lehmensiek et al. (2007); however, they do not appear to be 

coincident to other QTL identified on chromosome 3H (Steffenson et al. 1996; Spaner et 

al. 1998; Richter et al. 1998; Cakir et al. 2003; Yun et al. 2005; Grewal et al. 2008). The 

chromosome 4H QTL identified in both populations, also derived from Damon and 

Shechem, were localized to a region previously reported to contain QTL for NB 

resistance, including one study that reported a QTL in this region from H. v. subsp. 

spontaneum accession OUH602 (Yun et al. 2005). The other QTL identified in the D/H 

population, Rpt-6H-5-6, came from Harrington and was only detected in one experiment, 

but was in a region previously reported to contain QTL for NB resistance in several 

studies (Steffenson et al. 1996; Richter et al. 1998; Manninen et al. 2000; Cakir et al. 

2003; Ma et al. 2004; Emebiri et al. 2005; Grewal et al. 2008). In some studies, this QTL 

was quite large in its effect and postulated to be a major gene for resistance (Ma et al. 

2004; Emebiri et al. 2005; Grewal et al. 2008). However, this QTL was not detected in 

the OUH602/Harrington population reported by Yun et al. (2005). In the S/H population, 

QTL Rpt-1H-2-3 explained 12.6% of the phenotypic variation and was associated with a 

region of chromosome 1H that has only once been associated with NB resistance 

(Lehmensiek et al. 2007).  
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There were no significant interactions among QTL for NB resistance detected in 

this study, and none of the QTL detected explained more than 20% of the phenotypic 

variation, indicating that major QTL (genes) are either not present or fixed in these 

populations. However, the detection of major genes for NB resistance depends on the 

pathotypes used for detection (Afanasenko et al. 2007). Since only one isolate was used 

for NB phenotyping, we cannot be sure there are no major genes present in Damon and 

Shechem, nor can we comment on the extent to which these accessions may be resistant 

to other known isolates. Further testing with multiple pathotypes of P. teres. f. teres will 

be necessary to describe in more detail the genetics of resistance to NB present in these 

accessions. It is apparent that extensive work has gone into identification of loci for 

resistance to NB, but much less attention has been paid to their validation. Several studies 

have indicated that QTL for NB resistance may remain effective after introgression into 

different genetic backgrounds (Raman et al. 2003; Cakir et al. 2003; Yun et al. 2006; 

Grewal et al. 2008). Therefore, marker-assisted selection is likely still an effective 

strategy for pyramiding multiple QTL together to obtain broad spectrum and durable 

resistance to NB in barley. 

  

Spot blotch: The genetics of SB resistance is similar to NB in its complexity as it 

has been shown to be both quantitative and qualitative in nature as well as 

developmentally regulated (Steffenson et al. 1996; Bilgic et al. 2005; Bilgic et al. 2006). 

In addition to this, loci for resistance to SB are expressed differentially in different 

genetic backgrounds. Bilgic et al. (2005) reported three different major effect QTL 

derived from cv. ‘Morex’ in crosses with three different susceptible genotypes. Morex 

contains a source of SB resistance, originally derived from line NDB112, that has 

remained durable in the Upper Midwest region of the United States for over 40 years 

(Steffenson et al. 1996). Due to the fact that spot blotch resistance has been shown to be 

controlled by different loci at different developmental stages, we phenotyped SB at both 

the seedling and adult stages in both populations.  
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Composite interval analysis detected major QTL for resistance (R2=14.3%-

54.5%) to SB at coincident loci on chromosome 7H (BINs 2-4) at both developmental 

stages and in both populations. This locus is coincident to the major SB resistance gene 

Rcs5 as well as other QTL for SB identified in both wild and cultivated barley 

(Steffenson et al. 1996; Bilgic et al. 2005; Yun et al. 2005). There are conflicting reports 

about the developmental stage at which resistance provided by Rcs5 is most effective. 

This locus explained a larger percentage of the phenotypic variation at the adult plant 

stage in both populations. However, in contrast to this, Steffenson et al. (1996) reported a 

much greater percentage of phenotypic variation explained by this locus at the seedling 

stage (71.0%) versus the adult stage (9.0%) in a Steptoe/Morex (S/M) DH population. 

Although Bilgic et al. (2005) had similar results in the same S/M population, they found 

roughly equal levels of phenotypic variation explained at both developmental stages by 

this locus in three other populations, two of which contained Harrington as the 

susceptible parent. Our results corroborate those found by Bilgic et al. (2005), albeit also 

in a Harrington genetic background, in that this locus seems at least, if not more, effective 

at the adult plant stage. This further highlights the complexity of expression of SB 

resistance at this locus. More work is needed to clarify the effectiveness of this locus at 

different developmental stages. However, unlike the major effect QTL Rcs-1H-6-8, 

which was identified as the source of durable resistance in Morex by Steffenson et al. 

(1996), and subsequently confirmed and shown to be completely suppressed in two-

rowed genetic backgrounds, Rcs-7H-2-4 is effective in both two-rowed and six-rowed 

genetic backgrounds (Bilgic et al. 2005).  

 

The other QTL (Rcs-7H-7) identified at the seedling stage in the D/H population 

also lies on chromosome 7H and is coincident to the QTL identified by Bilgic et al. 

(2005) at the seedling stage. However, in this analysis Damon donated the resistance 

allele, whereas Harrington donated it in the Harrington/TR306 (H/T) population (Bilgic 

et al. 2005), indicating complexity at this minor-effect QTL as well. One of the other two 

QTL (Rcs-3H-1-2) identified at the seedling stage in the S/H population was confirmed at 

the adult plant stage as well. Bilgic et al. (2005) identified a QTL nearby to this one on 
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the short arm of chromosome 3H at the adult plant stage in two populations (with varying 

effectiveness), although the donor of the resistance allele was cv. ‘Steptoe’ in the 

Steptoe/Morex population and Morex in the Dicktoo/Morex population. Bilgic et al. 

(2005) also reported a coincident QTL to Rcs-5H-11, the last QTL identified at the 

seedling stage in the S/H population. However, once again, the donor of the resistance 

allele was Harrington in the H/T population and Shechem in the S/H population. Finally, 

QTL Rcs-2H-8-9, identified in the D/H population at the adult stage, also was coincident 

to a QTL reported by Bilgic et al (2005), and in both cases Harrington contributed the 

resistance allele.  

 

There are eight characterized pathotypes of C. sativus, and they are particularly 

important with regard to two-rowed genotypes, which are more vulnerable to shifts in 

pathogen virulence (Valjavec-Gratian and Steffenson 1997; Zhong and Steffenson 2001; 

Ghazvini and Tekauz 2007). Since we only tested these populations against pathotype 1 

of C. sativus, screening the D/H and S/H populations against pathotype 2 would provide 

further insight as to the genetics and extent of resistance present in Damon and Shechem. 

Because of the complexity of expression of SB loci in different genetic backgrounds, it is 

important to characterize other sources of resistance to SB, to perform proper allelism 

tests (when possible) to determine whether reported QTL are in fact novel, and to 

incorporate effective QTL into elite germplasm for further analysis.  

 

Septoria speckled leaf blotch: Compared to NB and SB, there have been relatively 

few studies investigating the genetics of resistance to SSLB (Rasmusson and Rogers 

1963; 127 Metcalfe et al. 1970; Toubia-Rahme et al. 2003; Yun et al. 2005; Zhong et al. 

2006; Lee and Neate 2007).  Most of these investigations have focused on the mapping of 

qualitative genetic factors, while much less attention has been given to QTL mapping. 

Although SSLB can be caused by both S. passerinii and Stagonospora avenae Bisset f. 

sp. triticea T. Johnson (teleomorph: Phaeosphaeria avenaria (G.F. Weber) O. Eriksson f. 

sp. triticea T. Johnson), the former is the most common pathogen isolated from barley in 

the Upper Midwest region; therefore, we chose to screen the D/H and S/H populations 
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against S. passerinii. Toubia-Rahme and Steffenson (2004) reported a high correlation 

between SSLB resistance at the seedling and adult plant stages; therefore, we utilized a 

seedling greenhouse assay to screen our populations.  

 

The resistant H. v. subsp. spontaneum parents contributed all of the QTL for 

resistance to SSLB identified in this study. We detected two QTL for resistance to SSLB 

on chromosomes 6H and 7H at coincident loci in both populations. Both of these QTL, 

Rsp-6H-2 (D/H = 26.1%, S/H = 15.6%) and Rsp-7H-6-7 (D/H = 11.3%, S/H = 4.5%), as 

well as the minor-effect QTL on chromosome 4H (Rsp-4H-1-4; 5.1%) identified only in 

the S/H population, are located in regions of the genome not previously reported to 

contain SSLB resistance, though Rsp-6H-2 maps 10-20 cM proximal to a recently 

described gene for SSLB resistance designated Rsp4 (St. Pierre et al. 2009, in press). The 

major QTL Rsp-1H-1-2 (34.7%), identified in the D/H population, is at a coincident 

location to the major SSLB resistance locus containing Rsp2/Rsp3 (Zhong et al. 2006; 

Lee and Neate 2007). The major QTL on chromosome 3H (28.0%) identified in the S/H 

population is coincident to the major SSLB resistance gene Rsp1 (Lee and Neate 2007). 

Lee and Neate (2007) also utilized DArT markers for genotyping and because of this, we 

were able to place these two QTL with a high degree of certainty to the same locations 

reported for Rsp1 and Rsp2/Rsp3; therefore, it is likely that Damon and Shechem contain 

alleles at those loci. However, allelism tests would be necessary to rule out the possibility 

that they are instead closely linked genes in the same region, as was shown to be the case 

for the genes Rsp2 and Rsp3. The QTL at the Rsp2/Rsp3 locus in the D/H population and 

the QTL at the Rsp1 locus in the S/H population both interacted significantly with the 

novel chromosome 6H QTL identified in both populations (Table 3.3). However, the 

effect of these interactions was not to increase the level of disease resistance.  

 

The number of novel QTL for resistance to SSLB identified in these two wild 

barley accessions may be indicative of a lack of research on the genetics of resistance to 

S. passerinii in barley or that there is a high level of diversity for resistance to SSLB in 

wild barley. These loci represent a significant novel source of resistance to SSLB 
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available for introgression into cultivated barley. Validation of QTL for resistance to 

SSLB is not well studied. However, Yun et al. (2006) reported validating the 

effectiveness of two SSLB QTL introgressed from H. v. subsp. spontaneum into 

Harrington in an advanced backcross population, indicating that these QTL may be 

effective if introgressed, at least into other two-rowed germplasm. 

 

 Resistance gene complexes: In order to more easily compare positions of identified 

resistance QTL in the two populations, as well as between this and other past or future 

QTL analyses, we also diagrammed all QTL from both populations on a synthetic map of 

barley with 3,542 markers (Chapter 2) and provided the map as Supplemental 2.1. Both 

of the D/H and S/H maps were utilized in the development of this synthetic map and 

therefore direct comparison of marker positions was possible. For simplicity, only one 

representative QTL was diagrammed for diseases in which coincident QTL were 

identified for multiple races/isolates. These QTL were presented as an average of both 

their peak and one-LOD positions in both Figure 3.1 and Supplemental 3.1.  

 

 It is well known that plant disease resistance genes evolve via duplication and 

expansion to create clustered gene families (Richter and Ronald 2000). Evidence for such 

resistance gene complexes in barley has been widely documented (Williams 2003). We 

have identified regions on all chromosomes except 2H associated with resistance to 

multiple pathogens (Figure 3.1). The region on chromosome 1H is at the locus of the Mla 

PM resistance gene cluster, a region known to contain 15 genes predicted to be associated 

with plant defense responses (Wei et al. 1999). This region is closely linked to genes 

mapped for LR (Rph4), SSLB (Rsp2/Rsp3), leaf scald (Rrs14), and rice blast (on barley; 

RMo1) resistance (Williams 2003; Inukai et al. 2006). We also identified QTL in this 

region for resistance to NB and SSLB. Interestingly, we also detected a QTL for NB 

resistance in the region on chromosome 4H containing the PM resistance gene Mlg, 

which also has been theorized to be a gene complex, along with PM resistance genes 

Mlhb and Mlf (both associated with QTL for PM in this study) by Inukai et al. (2006) 

based on the co-localization of QTL for resistance to rice blast disease with these PM 
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genes. The PM resistance gene Mlhb also maps to the same position on chromosome 2H 

as Rph.Hb, a major gene conferring leaf rust resistance (Pickering et al. 1998). Backes et 

al. (2003) also reported an association of PM and LR resistance on the long arms of 

chromosomes 2H and 6H. We found an association between PM and LR QTL in two 

other regions on chromosome 5H (BINs 4 and 11-12) as well as several associations 

between PM and SR QTL on chromosomes 5H (BINs 11-12), 6H (BIN 14), and 7H (BIN 

11; Figure 3.1).  

 

 Finding an abundance of loci for resistance to various biotrophic pathogens such as 

PM, LR, and SR in association with one another is not surprising, as the mechanisms for 

response to infection by these pathogens is likely similar and based upon hypersensitive 

cell death. However, we also found associations between QTL for PM and NB 

(mentioned above) as well as between PM/LR and SB (chromosomes 5H and 7H) and 

PM/LR and SSLB (1H and 4H; Figure 3.1). This is more surprising as the mechanisms of 

response to these hemi-necrotrophic/necrotrophic pathogens do not likely involve 

hypersensitive cell death, except possibly in the early stages of infection. It has been 

shown that resistance to PM conferred by the mlo gene, which is a negative regulator of 

cell death (hypersensitive response), is associated with increased susceptibility to SB 

(Király et al. 2002). It may be that QTL associated with resistance to both biotrophic and 

necrotrophic pathogens are involved in generalized defense responses, i.e. pathogenesis-

related (PR) genes, papilla/cell wall formation, or signal transduction, which are effective 

against both classes of pathogen. The PR protein β-1,3-glucanase has been shown to 

accumulate in barley leaves upon infection with both PM and SB (Muthukrishnan et al. 

2001). However, little work has been done in the identification of chromosomal locations 

for the PR genes in barley and therefore it is not possible to determine whether regions of 

the genome identified in this study that are associated with resistance to both biotrophic 

and necrotrophic pathogens are also associated with PR genes. Co-localizations of QTL 

conferring resistance to both biotrophic and necrotrophic pathogens, however, could be 

merely due to random associations between loci involved in different defense response 

mechanisms, as although both resistance genes and PR genes may have arisen through 
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gene duplication and consist of multi-gene families, both have been found scattered 

throughout the genome. Therefore it is likely that just by chance some are closely linked 

in some regions. Further work is necessary to resolve whether these QTL are closely 

linked genes for resistance to each pathogen type or loci that confer resistance to both. 

 

Diversity of disease resistance in Damon and Shechem: Recently, we 

demonstrated the molecular marker diversity present within H. v. subsp. spontaneum 

accessions Damon and Shechem (Chapter 2). We can now corroborate this with 

phenotypic diversity based on QTL for disease resistance mapped in two doubled-haploid 

populations containing these accessions and the common parent Harrington. Although we 

identified a large number of QTL at coincident loci in both populations, there were a 

significant number of QTL unique to each population (10 in D/H, 13 in S/H – not 

counting StrR). Therefore, it appears that Damon and Shechem, despite being collected 

only 40-50 km apart in Israel, contain a relatively large amount of diversity in resistance 

to many common diseases of barley.  

 

Even in some cases where QTL were identified at coincident loci in both 

populations, we were able to ascertain that there are most likely different alleles at these 

loci. For instance, despite finding QTL for PM resistance at the Mla region of 

chromosome 1H in both populations, mapping this QTL with multiple PM races revealed 

that in fact Damon and Shechem likely contain different alleles at this locus. Likewise, 

QTL for SR resistance were identified at the rpg4/Rpg5 locus in both populations; 

however, experiments with different SR races suggest that there may indeed be 

differences at this locus between Damon and Shechem. There also were several instances 

where we identified QTL that localize to regions known to contain major genes for 

resistance that differed in each population. Damon contributed resistance alleles for QTL 

that mapped to major genes for resistance that were not identified in the S/H population 

(mlhb, Rph2, Rph9.i/z, and Rsp2/Rsp3), and vice versa for Shechem contributing 

resistance alleles not detected in the D/H population (mlt, mlf, Rph11, Rsp1). All this data 

together indicates that Damon and Shechem are both diverse sources of multiple disease 
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resistance loci, despite their close proximity of origin, and signifies the importance of 

preserving the diversity present in wild species, especially H. v. subsp. spontaneum, 

without regard to the geographical association of accessions. 

 

D/H and S/H populations for future genetics and breeding applications: Damon 

and Shechem are sources of resistance to many economically important diseases. Further 

genetic studies are necessary to determine allelism at particular major resistance loci 

detected by QTL analysis. The DArT-based genetic map and QTL analyses will facilitate 

the incorporation of the resistance alleles from Damon and Shechem, allowing for the 

efficient improvement of disease resistance in cultivated barley. Already underway are 

pre-breeding efforts to introgress novel and/or important loci detected in this study (and 

others utilizing these accessions) via marker-assisted selection.  

 

Parallel to this study, an association-mapping project analyzing the WBDC 

collection was conducted to identify marker trait associations in a large collection of H. v. 

subsp. spontaneum, including accessions Damon and Shechem (Roy et al. 2009, 

unpublished data). This is a novel approach in barley that bypasses using standard bi-

parental crosses and molecular mapping to determine the number and chromosomal 

location of resistance loci (Steffenson et al. 2007). With association mapping (also 

referred to as linkage disequilibrium [LD] mapping), statistical assessments are made for 

associations between genotypes (i.e. molecular markers) and phenotypes in reference 

germplasm sets (Buntjer et al. 2005). The marker trait associations reported in this study 

will serve as validation of this approach in barley by comparing marker trait associations 

found in these bi-parental DH populations with those found via association mapping of 

the WBDC. 
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3.5. Tables 

Table 3.1. Disease reactions (infection types; ITs) in Damon/Harrington (D/H) and Shechem/Harrington (S/H) doubled haploid 

populations to six powdery mildew (PM) races (race designations in parenthesis), leaf rust (LR), wheat stem rust (SR), rye stem rust 

(RYE), stripe rust (StrR), net blotch (NB), spot blotch seedling (SB-S) and adult (SB-A), and Septoria speckled leaf blotch (SSLB).  

     2Population  3Experimental Reproducibility 

Trait Population Harrington 1Wild Parent   Mean Range Error MS   0 1 2 3 4+ 
PM (2001) D/H 0.0 0.0  0.70 0.0-4.0 0.078  83.8 16.2 0.0 0.0 0.0 
 S/H 0.0 1.0  0.88 0.0-3.5 0.102  80.1 19.3 0.6 0.0 0.0 
PM (0024) D/H 0.0 2.0  1.04 0.0-4.0 0.030    N/A   
 S/H 0.0 2.0  2.11 0.5-4.0 0.002    N/A   
PM (0331) D/H 3.0 1.0  2.32 0.5-4.0 0.031    N/A   
 S/H 2.0 0.0  2.11 1.0-4.0 0.021    N/A   
PM (0574) D/H 0.0 0.5  1.32 0.0-4.0 0.026    N/A   
 S/H 0.0 1.0  0.93 0.0-4.0 0.015    N/A   
PM (0666) D/H 1.0 2.0  2.38 0.0-4.0 0.027    N/A   
 S/H 1.0 2.0  2.05 0.0-3.5 0.006    N/A   
PM (7557) D/H 3.0 0.5  1.77 0.0-4.0 0.031    N/A   
 S/H 2.0 0.0  0.03 0.0-4.0 0.019    N/A   
LR D/H 3.0 0.0  1.14 0.0-3.0 0.320  55.6 37.6 6.8 0.0 0.0 
 S/H 3.0 1.0  2.15 0.5-3.0 0.339  49.1 47.2 3.1 0.6 0.0 
SR (QCCJ) D/H 3.0 1.5  1.93 0.0-3.0 0.198  67.5 29.9 1.7 0.9 0.0 
 S/H 2.8 1.0  1.44 0.0-3.0 0.284  72.7 19.9 5.6 1.9 0.0 
SR (MCCF) D/H 3.0 0.8  2.13 0.0-3.0 0.378  52.1 32.5 11.1 4.3 0.0 
 S/H 3.0 1.6  2.05 0.0-3.0 0.332  54.0 29.2 16.1 0.6 0.0 
SR RYE D/H 3.0 0.0  1.19 0.0-3.0 0.309  66.7 25.6 5.1 2.6 0.0 
 S/H 2.8 0.2  1.02 0.0-3.0 0.216  68.9 23.6 7.5 0.0 0.0 
StrR D/H 15.0 11.7  33.54 0-100 841.439    N/A   
NB D/H 3.3 2.1  2.42 0.9-5.3 0.261  6.8 70.9 21.4 0.9 0.0 
 S/H 3.1 1.5  2.31 0.9-5.8 0.365  9.3 69.6 18.0 1.2 1.9 
SB-S D/H 5.3 2.5  3.80 1.9-5.6 0.401  8.5 68.4 22.2 0.9 0.0 
 S/H 4.6 1.9  3.78 1.9-5.8 0.356  10.8 69.6 19.0 0.6 0.0 
SB-A D/H 71.0 26.0  48.90 16-81 117.645    N/A   
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 S/H 68.0 25.0  46.45 11-85 171.770    N/A   
SSLB D/H 4.0 0.0  1.80 0.0-5.0 0.429  38.3 42.6 19.1 0.0 0.0 
  S/H 4.0 0.0   1.61 0.3-4.5 0.369   37.5 52.1 10.4 0.0 0.0 
1Damon and Shechem in the D/H and S/H populations, respectively. 
2Mean and range of ITs in progeny and mean squared error for two experiments as calculated by ANOVA. 
3Percentage of progeny that have differences between 0 to 4 IT units between two experiments. Powdery mildew races (except 2001) 
were not included as only one experiment was conducted. Stripe Rust and adult stage spot blotch were recorded as percent severity 
and therefore also not included. 
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Table 3.2. Data for quantitative trait loci (QTL) from composite interval mapping and multiple interval mapping for resistance to six 

races (designations in parenthesis) of powdery mildew (PM), leaf rust (LR), wheat stem rust (SR) races MCCF and QCCJ, rye stem 

rust (RYE), stripe rust (StrR), net blotch (NB), spot blotch seedling (SB-S) and adult (SB-A), and Septoria speckled leaf blotch 

(SSLB) in the Damon/Harrington (A) and Shechem/Harrington (B) doubled haploid populations.  

 

A. Damon × Harrington 

    Interval  LOD   Gene/ 
Trait QTL 1 Chromosome Associated Marker(s)2 Size3 BIN4 Peak αααα

5 R2(%) 6 QTL 7 
PM (2001) Rbg-1H-2-4 1H bPb-7137 14 2-4 12.6 -0.62 26.8 Mla 
 *Rbg-2H-1 2H bPb-7354 1 1 5.2 -0.17 2.1 Mlhb 
 Rbg-4H-5-6 4H bPb-6640 - bPb-3684 3 5-6 11.8 0.62 27.2 Mlg 
PM (0024) Rbg-1H-2-3 1H bPb-8973 - bPb-9337 9 2-3 7.2 -0.46 22.6 Mla 
 Rbg-4H-6 4H bPb-1826 12 6 5.3 0.36 13.8 Mlg 
 Rbg-5H-3-4 5H bPb-6363 13 3-4 3.3 -0.28 8.2 QTL 
 Rbg-5H-14 5H bPb-1719 14 14 3.9 -0.33 9.8 QTL 
PM (0331) Rbg-1H-2-3 1H bPb-8973 6 2-3 30.5 -0.68 65.3 Mla 
 Rbg-2H-1-2 2H bPb-7354 1 1-2 9.1 -0.38 10.7 Mlhb 
PM (0574) Rbg-1H-2-3 1H bPb-8973 - bPb-9337 15 2-3 7.7 -0.53 14.8 Mla 
 *Rbg-2H-1 2H bPb-7354 1 1 4.9 -0.19 1.6 Mlhb 
 Rbg-4H-6 4H bPb-1826 3 6 19.5 0.92 45.7 Mlg 
PM (0666) Rbg-1H-2-3 1H bPb-8973 - bPb-9337 14 2-3 5.1 -0.28 18.9 Mla 
PM (7557) Rbg-1H-2-3 1H bPb-8973 - bPb-9337 6 2-3 38.9 -1.15 80.4 Mla 
 Rbg-2H-1-2 2H bPb-7354 1 1-2 11.0 -0.42 10.5 Mlhb 
LR Rph-4H-1 4H bPb-7534 4 1 7.4 -0.33 12.7 QTL 
 Rph-4H-8-11 4H bPb-0610 - bPb-1166 18 8-11 7.8 -0.36 14.4 Novel 
 Rph-5H-4 5H bPb-8589 5 4 10.0 -0.40 18.1 Rph2 
 Rph-5H-11-12 5H bPb-8319 7 11-12 6.7 -0.31 11.2 Rph9.i/z 
SR (MCCF) Rpg-5H-8-9 5H bPb-3246 10 8-9 3.2 0.19 3.7 Novel 
 Rpg-5H-12-14 5H bPb-0171 - bPb-5854 3 12-14 33.5 -0.85 75.4 rpg4/Rpg5  
SR (QCCJ) Rpg-5H-12-14 5H bPb-0171 - bPb-5854 3 12-14 24.7 -0.94 62.1 rpg4/Rpg5  
 *Rpg-7H-11 7H bPb-9104 8 11 3.3 0.26 4.8 Novel 
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SR (RYE) Rpg-5H-12-14 5H bPb-0171 - bPb-5854 2 12-14 51.0 -1.20 87.5 rpg4/Rpg5  
StrR Rps-3H-14-15 3H bPb-1481 3 14-15 9.4 -16.40 24.9 QTL 
 Rps-5H-4-5 5H bPb-5506 19 4-5 3.2 -9.04 7.7 QTL 
 Rps-7H-7-8 7H bPb-8396 - bPb-2073 20 7-8 4.7 12.00 13.1 QTL 
NB Rpt-3H-7-8 3H bPb-8871 - bPb-4602 12 7-8 7.3 -0.35 19.3 QTL 
 *Rpt-4H-5-6 4H bPb-3684 13 5-6 3.3 -0.24 9.1 QTL 
 Rpt-6H-5-6 6H bPb-9017 7 5-6 5.7 0.29 13.4 QTL 
SB-S Rcs-7H-3-4 7H bPb-8660 - bPb-1360 13 3-4 5.8 -0.30 14.3 Rcs5 
 Rcs-7H-7 7H bPb-9753 - bPb-1447 12 7 5.5 -0.31 14.5 QTL 
SB-A Rcs-2H-8 2H bPb-9992 11 8 5.1 4.01 6.7 QTL 
 Rcs-7H-3 7H bPb-8660 4 3 23.6 -11.01 49.5 Rcs5 
SSLB Rsp-1H-1-2 1H bPb-2862 - bPb-7137 5 1-2 16.7 -0.77 34.7 Rsp2/Rsp3  
 Rsp-6H-2 6H bPb-6510 6 2 14.1 -0.67 26.1 Novel 
 Rsp-7H-7 7H bPb-2379 17 7 7.0 -0.44 11.3 Novel 
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B. Shechem × Harrington 

    Interval  LOD   Gene/ 
Trait QTL 1 Chromosome Associated Marker(s)2 Size3 BIN4 Peak αααα

5 R2(%) 6 QTL 7 
PM (2001) Rbg-1H-2-3 1H bPb-8973 7 2-3 11.9 -0.35 9.9 Mla 
 Rbg-4H-6 4H bPb-1826 3 6 39.2 0.79 50.5 Mlg 
 Rbg-7H-1-2 7H bPb-5816 3 1-2 11.5 -0.45 9.5 mlt 
PM (0024) Rbg-4H-6-7 4H bPb-6640 - bPb-6632 10 6-7 10.3 0.27 22.2 Mlg 
 Rbg-7H-1-2 7H bPb-0714 16 1-2 5.6 -0.18 10.3 mlt 
PM (0331) Rbg-1H-2-3 1H bPb-8973 5 2-3 12.1 -0.30 22.3 Mla 
 Rbg-5H-11-12 5H bPb-2960 - bPb-8319 24 11-12 3.7 0.17 6.5 Novel 
 Rbg-7H-1-2 7H bPb-5816 6 1-2 5.3 -0.19 8.8 mlt 
PM (0574) Rbg-4H-6-7 4H bPb-6632 3 6-7 34.3 0.80 46.3 Mlg 
 Rbg-7H-1-2 7H bPb-5816 3 1-2 14.9 -0.44 14.8 mlt 
PM (0666) *Rbg-2H-11-12 2H bPb-8039 13 11-12 4.2 0.15 7.1 Novel 
 Rbg-4H-6-7 4H bPb-6632 6 6-7 9.4 0.23 15.4 Mlg 
 Rbg-5H-12 5H bPb-8319 - bPb-8809 4 12 10.4 0.25 18.0 Novel 
PM (7557) Rbg-1H-2-4 1H bPb-7137 - bPb-8973 11 2-4 5.5 -0.20 4.6 Mla 
 Rbg-6H-14 6H bPb-2940 15 14 12.9 -0.32 11.5 QTL 
 Rbg-7H-1-2 7H bPb-5816 1 1-2 31.4 -0.59 39.0 mlt 
 *Rbg-7H-11-12 7H bPb-9104 - bPb-8644 14 11-12 3.4 -0.17 3.4 Mlf 
LR Rph-4H-1 4H bPb-7534 2 1 22.5 -0.48 40.7 QTL 
 Rph-4H-8-10 4H bPb-5408 - bPb-1325 22 8-10 3.2 -0.16 4.5 Novel 
 Rph-6H-7-10 6H bPb-6477 - bPb-4020 32 7-10 3.8 -0.19 5.9 Rph11 
 Rph-7H-6 7H bPb-4541 - bPb-1447 20 6 4.3 -0.19 6.5 QTL 
SR (MCCF) Rpg-5H-12-14 5H bPb-2794 - bPb-3138 1 12-14 64.5 -0.98 81.0 rpg4/Rpg5  
 Rpg-6H-12-14 6H bPb-6316 8 12-14 3.6 0.15 1.9 Novel 
SR (QCCJ) Rpg-5H-12-14 5H bPb-1719 - bPb-9868 3 12-14 44.3 -1.22 82.6 rpg4/Rpg5  
 Rpg-6H-12-14 6H bPb-4020 19 12-14 3.0 0.18 1.8 Novel 
SR (RYE) Rpg-1H-7-8 1H bPb-8960 8 7-8 8.8 -0.26 4.9 Novel 
 Rpg-5H-12-14 5H bPb-3138 2 12-14 39.3 -0.90 35.2 rpg4/Rpg5  
NB Rpt-1H-2 1H bPb-8973 8 2 7.1 -0.33 12.6 QTL 
 Rpt-3H-7-8 3H bPb-6765 - bPb-1511 15 7-8 4.6 -0.27 8.2 QTL 
 *Rpt-4H-6-7 4H bPb-6640 - bPb-6632 18 6-7 3.2 -0.25 7.7 QTL 
SB-S Rcs-3H-1-2 3H bPb-0663 3 1-2 9.2 -0.28 10.3 QTL 
 Rcs-5H-11 5H bPb-1661 14 11 6.6 -0.25 7.1 QTL 
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 Rcs-7H-3-4 7H bPb-2373 3 3-4 25.7 -0.54 37.2 Rcs5 
SB-A Rcs-3H-1-2 3H bPb-6978 - bPb-0663 11 1-2 13.3 -7.19 14.3 QTL 
 Rcs-7H-2-3 7H bPb-3624 - bPb-8660 4 2-3 35.7 -14.28 54.5 Rcs5 
SSLB Rsp-3H-1-2 3H bPb-0563 5 1-2 18.9 -0.59 28.0 Rsp1 
 *Rsp-4H-1-4 4H bPb-7534 - bPb-2476 16 1-4 3.9 -0.25 5.1 Novel 
 Rsp-6H-2 6H bPb-3807 5 2 11.8 -0.47 15.6 Novel 
 *Rsp-7H-6 7H bPb-4541 - bPb-1447 27 6 3.1 -0.23 4.5 Novel 
1The QTL were named after the conventional nomenclature: Resistant (R) to the disease (first letters of the scientific name of the 
pathogen causing the disease in lowercase) followed by the chromosome and BIN number. QTL highlighted with an asterisk were 
identified only with multiple interval mapping. 
2The nearest marker(s) at or flanking the QTL LOD peaks. 
3Interval (cM) around the QTL with a LOD fall off of 1.0 from maximum. 
4Estimated BIN based on the chromosome BIN location of barley markers (http://barleygenomics.wsu.edu/). 
5Average effect of substituting the Harrington allele with the corresponding Damon (A) or Shechem (B) allele. 
6Partial R2 x 100. 
7Genes (represented with gene name) or QTL (represented with QTL) that have previously been identified at coincident loci to these 
QTL. Specific references for each locus are given in the text. 
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Table 3.3. Percentage of phenotypic variation (R2) and average effect of a gene 

substitution (α) for powdery mildew (PM; race designations in parenthesis), leaf rust 

(LR), wheat stem rust (SR) races MCCF and QCCJ, rye stem rust (RYE), spot blotch 

seedling (SB-S) and adult (SB-A), and Septoria speckled leaf blotch (SSLB) additive × 

additive quantitative trait loci (QTL) interactions from multiple interval mapping for the 

Damon/Harrington (A) and Shechem/Harrington (B) doubled haploid populations. 

 

A. Damon × Harrington 

      LOD         
Trait QTL i QTL j  Peak   αααα

1   R2(%) 2 
PM (2001) Rbg-1H-2-4 Rbg-2H-1 7.0  0.19  2.7 
 Rbg-1H-2-4 Rbg-4H-5-6 34.6  -0.60  26.2 
 Rbg-2H-1 Rbg-4H-5-6 7.4  -0.21  3.2 
PM (0024) Rbg-4H-6 Rbg-5H-3-4 3.5  0.27  8.0 
PM (0331) Rbg-1H-2-3 Rbg-2H-1-2 4.8  0.18  5.0 
PM (0574) Rbg-1H-2-3 Rbg-4H-6 18.3  -0.48  12.3 

 Rbg-2H-1 Rbg-4H-6 7.2  -0.24  3.0 
SR (MCCF) Rpg-5H-8-9 Rpg-5H-12-14 3.4  0.20  4.4 
SR (QCCJ) Rpg-5H-12-14 Rpg-7H-11 3.7  0.28  5.5 
SSLB Rsp-1H-1-2 Rsp-6H-2 8.6   0.43   14.1 
 

B. Shechem × Harrington 

      LOD         
Trait QTL i QTL j  Peak   αααα

1   R2(%) 2 
PM (2001) Rbg-1H-2-3 Rbg-4H-6 29.4  -0.33  9.1 

 Rbg-4H-6 Rbg-7H-1-2 29.0  -0.31  8.2 
PM (0024) Rbg-4H-6-7 Rbg-7H-1-2 6.2  0.18  11.2 
PM (0574) Rbg-4H-6-7 Rbg-7H-1-2 15.5  -0.39  11.9 
PM (0666) Rbg-4H-6-7 Rbg-5H-12 6.8  -0.18  9.8 
LR Rph-4H-1 Rph-6H-7-10 3.7  -0.17  5.4 
SR (MCCF) Rpg-5H-12-14 Rpg-6H-12-14 4.9  0.16  2.3 
SR (RYE) Rpg-1H-7-8 Rpg-5H-12-14 7.1  0.22  3.7 
SB-A Rcs-3H-1-2 Rcs-7H-2-3 3.1  -3.12  2.8 
SSLB Rsp-3H-1-2 Rsp-6H-2 10.6   0.16   9.8 
1Average effect of the QTL × QTL interaction. 
2Partial R2 x 100. 
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3.6. Figures 

 

Figure 3.1. continued on the next page 
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Figure 3.1. continued on the next page 
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Figure 3.1. Comparison of marker and QTL positions of the Damon/Harrington (D/H) 

and Shechem/Harrington (S/H) mapping populations. QTL positions are represented by 

bracketed lines (one LOD interval) surrounding a black bar (peak position). Markers in 

common between maps are marked with dots and connected by lines. 
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CHAPTER 4 

 

Morphological and Agronomical Trait QTL Analysis of  Two Wild x 

Cultivated Barley Populations 
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4.1. Introduction 

The Upper Midwest region of the United States and the central Prairie provinces 

of Canada comprise one of the major barley (Hordeum vulgare subsp. vulgare) 

production regions of North America. Though selection for resistance to a few important 

diseases is incorporated into breeding programs, disease resistance has generally been a 

lower priority than malting quality and yield. As a result of numerous inbred pedigrees, 

diversity of disease resistance loci in barley is low, especially in the six-rowed cultivars 

currently being grown in the Upper Midwest region of the United States (Rasmusson and 

Phillips 1997; Fetch et al. 2008). This lack of genetic diversity has potential 

consequences as it leaves the barley crop vulnerable to widespread disease epidemics if 

the limited sources of resistance were to be suddenly overcome. 

 

Although many resistance genes have been successfully transferred from H. v. 

subsp. vulgare germplasm, the lack of genetic diversity necessitates searching for 

resistance in other germplasm. Cultivated barley’s wild progenitor, Hordeum vulgare 

subsp. spontaneum, which is native to the Fertile Crescent (barley’s center of diversity), 

is a rich source of diversity that is aptly suited for the mining of novel sources of disease 

resistance (Ellis et al. 2000; Fetch et al. 2003; Nevo 1992; Williams 2003). Several 

recently published reports have utilized intra-specific barley crosses to identify and/or 

transfer novel traits including disease resistance, malting quality, and agronomic 

characters from H. v. subsp. spontaneum (Yun et al. 2005; Hori et al. 2005; von Korff et 

al. 2005; Pillen et al. 2004; Pillen et al. 2003; Backes et al. 2003). To find sources of 

resistance not previously reported, large collections of wild barley have recently been 

screened for resistance to a number of agronomically important diseases (Steffenson et al. 

2007; Fetch et al. 2003). Two wild barley accessions, Damon 11-11 and Shechem 12-32 

(hereafter referred to as Damon and Shechem), were found to be resistant to six different 

diseases of barley. Using two doubled haploid populations developed from crosses 

between Damon and Shechem and the two-rowed malting quality standard cultivar 

Harrington, QTL analyses were conducted and marker-trait associations have been 

reported for marker-assisted selection of disease resistance (Chapter 3).  
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However, introgression of disease resistance loci from wild barley into cultivated 

germplasm is often plagued by the simultaneous introgression of unfavorable alleles 

linked to the target loci (linkage drag; von Korff et al. 2006). Therefore, it would be 

helpful to simultaneously select against certain unfavorable characteristics of wild barley 

such as a brittle rachis (head shattering), rough (barbed) awns, and various characteristics 

that lead to lower yields (e.g. thin seeds and fewer kernels per spike). Now that high-

throughput marker systems such as Diversity Arrays Technology (DArT; Wenzl et al. 

2004) have become more cost effective for use in marker-assisted selection, it has 

become possible to characterize marker-trait associations for markers associated with the 

loci controlling these unfavorable traits, as well as for those favorable traits targeted for 

introgression.  

 

In order to utilize marker-assisted introgression of disease resistance loci with 

limited linkage drag, it would be beneficial to utilize the Damon/Harrington (D/H) and 

Shechem/Harrington (S/H) populations for QTL analysis of various morphological and 

agronomical characteristics (especially for those traits that may be unfavorable). 

Identification of DArT markers associated with those characteristics would allow for 

simultaneous selection both for favorable disease resistance QTL and against unfavorable 

morphological/agronomical QTL. To accomplish this goal, the D/H and S/H populations 

were phenotyped for morphological and agronomical traits that included aspects of 

heading time, inflorescence and leaf characteristics, plant height, and yield. We utilized 

previously reported genetic maps of these populations made exclusively with DArT 

markers (Chapter 2), identified QTL for all of these traits, compared the location of these 

QTL with previously identified loci, and reported marker trait associations for marker-

assisted selection. Marker-trait associations detected in this study will also serve as 

validation of marker-trait associations detected in ongoing association mapping studies 

utilizing wild barley germplasm. 
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4.2. Materials and Methods 

4.2.1. Plant material 

The accessions Damon and Shechem were both collected in Israel and previously 

characterized for resistance to several economically important diseases (Fetch et al. 2003; 

Chapter 2). Two doubled-haploid (DH) populations were developed from crosses 

between each of the H. v. subsp. spontaneum accessions Damon and Shechem and the 

barley cultivar Harrington. F1 progeny of these crosses were then crossed with Hordeum 

bulbosum to produce the DH populations via haploid embryo rescue and colchicine-

induced chromosome doubling (Kasha and Kao 1970) and provided by R. Pickering 

(New Zealand Institute for Crop & Food Research Limited, Christchurch, New Zealand). 

The D/H and S/H populations contain 107 and 161 progeny, respectively. 

 

4.2.2. DArT genotyping and linkage map development 

DArT genotyping methods and linkage map development are as described in 

Chapter 2. For each population, the maps reported therein contained a number of 

redundant markers, i.e. scored identically in all individuals. For the purpose of QTL 

analysis, one representative marker from each redundancy group was retained in the final 

map. The resulting non-redundant D/H map with 220 markers is 1077.5 cM in length and 

has 29, 38, 41, 17, 34, 27, and 34 markers mapped to chromosome 1H to 7H, 

respectively. The non-redundant S/H map with 240 markers is 988.8 cM in length and 

has 33, 42, 40, 16, 42, 32, and 35 markers mapped to chromosomes 1H to 7H, 

respectively. 

 

4.2.3. Morphological/Agronomical trait evaluations 

The morphological and agronomic traits evaluated on the D/H and S/H 

populations included several aspects of flowering time, inflorescence and leaf 

morphology, plant height, and yield. Flowering time was assessed as days to heading in 

both vernalized (DHV) and non-vernalized (DHNV) plants. Inflorescence traits included 

the brittle rachis trait (BR), awn morphology (AM; rough/smooth awns), number of 

rachis nodes (kernel rows; KN), the length of the awns (AL), and composition of 
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epicuticular wax on the spike (glossy spike; GSP). We also assessed several leaf 

characteristics, such as the area of the penultimate (PLA) and flag (FLA) leaves, 

presence/absence of hairs on the sheaths (HS), and wax composition on the sheaths 

(glossy sheath; GS). Plant height measurements included both the overall height of the 

plant (PH) as well as the length of the exposed peduncle (PL), and yield characteristics 

included the number of fertile tillers (TL) and 50-seed weight (SW). Details outlining the 

specifics for each trait measurement are described in Table 4.1.  

 

All trait phenotyping evaluations were carried out in a completely randomized 

design. Each evaluation included the complete set of experimental lines as well as both 

sets of parents. The majority of trait evaluations (all except DHNV) were carried out in 

the Plant Growth Facility (20–23°C with 14 h photoperiod provided by sunlight and 

supplemented with metal halide bulbs [530 to 710 µEm-2s-1]) on the St. Paul campus of 

the University of Minnesota during the winters of 2004/5 and 2006/7. Five seeds from 

each experimental line were plated in Petri dishes with moistened filter paper and placed 

at 4°C for a four-week vernalization period. Seeds were then transplanted into 6 inch 

plastic pots filled with a 50:50 mixture of soil and Metro Mix 200 (Sun Gro Horticulture 

CM Ltd., Canada; vermiculite, Canadian sphagnum peat moss, perlite, and dolomitic 

limestone) and fertilized with Osmocote 14-14-14 (Scott’s Co., Marysville, OH: 1.4 g per 

cone) and Peters Dark Weather 15-0-15 (Scott’s Co., Marysville, OH: 35 g per liter at 

1/16 dilution). Additionally, some traits were evaluated under the same conditions in the 

winters of 2002/3 (BR only) and 2003/4 (DHV, BR, AM, GSP, and GS). The six DHNV 

evaluations were conducted in field trials on the St. Paul campus of the University of 

Minnesota during the summers of 2004 and 2005. The fields were tractor cultivated prior 

to planting, and Bronate (herbicide; 0.5 L/4047 m2) and Di-Syston 8 (insecticide; 0.35 

L/4047 m2) were applied approximately one month after planting. Three replications 

were planted in each year, two were evaluated concurrently for spot blotch resistance as 

described in chapter 3. In those evaluations, approximately 8-15 seeds of each 

experimental line were planted in short rows at roughly 0.3-meter spacing. The third 
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evaluation in each year was part of a larger seed increase trial. In these trials, 

approximately 4-5g of seed for each experimental line were sown in 1.5-meter rows.  

 

Measurements for AL, KN, PLA, FLA, PH, and PL were assessed on the primary 

tillers. All of these traits were taken from three randomly selected plants from each pot 

and the score for each of the plants was averaged for QTL analysis. For the purpose of 

QTL analysis, AM, GSP, GS, HS, and BR were scored as a ‘0’ for lines whose phenotype 

was like that of the wild parent and as a ‘1’ for those whose phenotype was like that of 

Harrington. Data for these traits were highly reproducible between evaluations; therefore 

the QTL analysis for these traits was run on consensus data only. For example, 79.2% 

and 87.1% of the lines in the D/H and S/H populations, respectively, were scored 

identically in all four evaluations (Table 4.2). However, if a given line was scored as 

having a brittle rachis in three out of four evaluations, it was scored as brittle for the QTL 

analysis. Lines that were scored differently in an equal number of evaluations (i.e. brittle 

in two evaluations and tough in two evaluations), and therefore were unable to be put to 

consensus, were left as missing data. In the D/H population, there were four lines that 

were scored as missing data for HS and BR, but none for AM, GSP, and GS. In the S/H 

population, there was one line scored as missing data for GSP and HS, six lines for BR, 

and none for AM. Since all evaluations contained only one set of experimental lines, it 

was not possible to test for significant differences between lines. However, there was 

substantial variation within the populations for all traits and therefore it was still 

rasonable to perform QTL analyses. 

 

4.2.4. QTL analysis 

Composite interval mapping (CIM) and multiple interval mapping (MIM) were 

conducted by Windows QTL Cartographer version 2.5 (Wang et al. 2007). Model 6 with 

a window size of 10 cM was used for CIM analysis. Cofactors were chosen with a 

combination of forward and backward step-wise regression with a threshold p-value of 

0.05. For each trait, a minimum LOD value of 3.0 was used for identification of 

significant QTL. A LOD value of 3.0 was considered sufficient for these analyses for 
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several reasons. One is that a LOD value of 3.0 has been long considered a sufficient 

measure of statistical significance, especially with regard to qualitative genetic factors 

(for which most of the QTL in this study are mapping; Lander and Schork 2006). Another 

is that utilization of permutation tests to determine LOD threshold values is 

computationally intensive and rarely results in threshold values above LOD 3.0 

(Churchill and Doerge 1994). Also, all QTL analysis in this study were conducted for 

individual evaluations separately, as well as with averaged data, therefore reducing the 

likelihood that individual QTL were detected as a result of a false positive (because they 

were detected in multiple evaluations). Lastly, the overall aim of this study is to 

introgress disease resistance loci that will likely be highly effective, regardless of genetic 

background, and therefore selection will likely only be on major QTL (explaining >10% 

of the phenotypic variation) that were highly significant (LOD values much higher than 

3.0). For MIM analysis, initial models were based upon scans of the CIM result files with 

a threshold LOD value of 3.0 and a minimum distance between QTL of 10 cM. Models 

were then refined to search for and include new main effect QTL with a walk speed of 1 

cM and then refined again to search for and include additive × additive QTL interactions. 

Finally, the model was refined again to optimize and re-calculate QTL and QTL × QTL 

effects. Since MIM did not detect any novel QTL not already detected by CIM, we report 

only the results of the CIM analysis in regard to QTL effects; however, QTL × QTL 

interaction effects detected by MIM analysis are reported herein. 

 

4.3. Results 

4.3.1. Morphological and agronomical traits of parents and DH lines 

Damon and Shechem have many morphological characteristics that distinguish 

them from the cultivated parent Harrington (Tables 4.2 and 4.3). They are winter-type 

barleys, flowering much sooner than Harrington when vernalized, but much later without 

vernalization. They have smaller, glossy spikes with a brittle rachis and fewer kernel 

rows, and rough awns that are longer than those of Harrington. Harrington’s spikes have 

a glaucous wax, as do the leaf sheaths, which also are hairy. The leaf sheaths of Damon 

and Shechem are hairless, and Damon’s leaf sheaths have a non-glaucous wax, but 
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Shechem’s have a glaucous wax like Harrington; therefore, this trait was not polymorphic 

in the S/H population. The kernels are thinner, but longer in Damon and Shechem as 

compared to Harrington, and therefore 50-seed weight did not significantly differ 

between the parents. Damon and Shechem are both taller and have long exposed 

peduncles, whereas Harrington’s spikes rarely come out of the boot far enough to expose 

the peduncle. Harrington has larger penultimate and flag leaves and produces more tillers 

than Damon and Shechem.  

 

Data for all qualitative traits (AM, BR, GS, GSP, and HS) were highly consistent 

between evaluations (Table 4.2). Therefore, for these traits, QTL analyses were run on 

consensus data only. Chi-square analyses were conducted for each of these traits to test 

for Mendelian inheritance. For AM, GS, and GSP, chi-square values were consistent with 

a 1:1 segregation ratio in at least one population, indicating that a single gene may control 

these traits (Table 4.2). For all qualitative traits, the segregation ratios either did not fit a 

1:1 ratio, or if it did, it was inconsistent between populations (fit 1:1 in one population 

but not in the other). For this reason, we considered all these traits as quantitative traits in 

the QTL analysis.  

 

All other traits were quantitative (AL, DHNV, DHV, PLA, FLA, KN, PH, PL, 

SW, and TL), and data were not quite as highly consistent between evaluations. The 

correlation coefficients, as well as the median, mean, and standard deviations of absolute 

differences in trait scores between evaluations (across all progeny) were calculated and 

are reported in Table 4.3. For the most part, differences between evaluations were 

insubstantial; however, ANOVA tests for main effect of evaluation were significant for 

many traits (Table 4.3). Due to the variability in data between evaluations, QTL analyses 

were conducted separately for each evaluation as well as with data averaged across all 

evaluations. All QTL reported herein are from averaged data only, but QTL were only 

considered significant if found significant (LOD ≥ 3.0) with the averaged data and at 

least one individual evaluation. The number of evaluations for which each QTL was 

detected (out of the total number of evaluations for which that trait was scored) is 



 97

reported in Table 4.4. The majority of QTL (54.8%) were significant in every evaluation 

as well as the averaged data. There were missing data for between 4 and 49 progeny lines 

(mean = 25.7) in each evaluation for the trait DHNV as these lines failed to progress to 

heading without vernalization. However, there were only five experimental lines (four in 

the D/H and one in S/H population) that were not included in the QTL analysis of 

averaged data for DHNV as these lines were the only ones to fail to progress to heading 

in all six DHNV evaluations. 

 

For all quantitative traits (AL, DHV, PLA, FLA, KN, PH, PL, SW, and TL) that 

were phenotyped in the same two greenhouse evaluations (2004/5 and 2006/7), 

correlation coefficients were calculated within and between all trait combinations and 

reported in Table 4.5. With the exception of PLA and TL, all traits were highly 

significantly correlated between evaluations (p < 0.01). PLA was significantly correlated 

(p < 0.05) between evaluations in the S/H population only, but the correlation was 

negative (-0.18) indicating that there is a substantial environmental effect on this trait. 

For TL, there was a significant positive correlation (p < 0.01) between evaluations in the 

D/H population, but not in the S/H population. Significant correlations between different 

traits were numerous in both evaluations and in both populations, indicating a clear 

relationship between many of these traits. The traits DHV, PLA, FLA, KN, and PH were 

highly correlated with one another, whereas PL and SW were moderately correlated to 

other traits, and AL and TL tended not to be significantly correlated with other traits 

(Table 4.5). The high correlation between phenotypic data observed in these evaluations 

suggests that genetic control of these traits is conferred by the same or closely linked loci. 

Our results supported this as QTL for multiple traits detected in this study often mapped 

to the same regions of the genome. 

 

4.3.2. Morphological/Agronomical trait QTL 

Time to heading: Composite interval mapping (CIM) consistently detected a 

major QTL on chromosome 2H (BIN 3-5) in both populations for days to heading in both 

non-vernalized (DHNV) and vernalized (DHV) plants (Table 4.4; Figure 4.1). The 
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amount of phenotypic variation explained by these QTL was greater for vernalized plants 

than for those not vernalized. The chromosome 2H QTL for DHNV explained 43.4% and 

20.9% of the phenotypic variation in the D/H and S/H populations, respectively, whereas 

the chromosome 2H QTL for DHV explained 64.5% and 74.1% of the phenotypic 

variation. For DHV, QTL also were detected on chromosome 1H (BIN 14) and 

chromosome 2H (BIN 8) in both populations. The chromosome 1H QTL explained 

11.8% and 15.9% and the chromosome 2H QTL explained 1.9% and 2.0% of the 

phenotypic variation in the D/H and S/H populations, respectively. The wild parents 

Damon and Shechem donated the allele conferring a shorter time to heading for all 

chromosome 1H and 2H QTL. CIM also detected several QTL for which the alleles 

conferring shorter time to heading came from Harrington. Chromosome 4H QTL were 

detected in BIN 11 in the D/H population and BIN 12-13 in the S/H population for both 

vernalized and non-vernalized plants. The 4H QTL in the D/H population explained 8.6% 

and 3.1% of the phenotypic variation for DHNV and DHV, respectively. In the S/H 

population, the chromosome 4H QTL explained 14.3% and 2.9% of the phenotypic 

variation for DHNV and DHV, respectively. Significant QTL also were detected on 

chromosome 7H (BINs 3 and 4) for DHNV and DHV in the D/H population. These QTL 

explained 5.2% (DHNV) and 3.8% (DHV) of the phenotypic variation. There also were 

QTL detected on chromosome 5H in both populations (BIN 11) for DHNV and in the 

S/H population (BIN 9) for DHV. The QTL detected for DHNV explained 15.5% and 

13.6% of the phenotypic variation in the D/H and S/H populations, respectively, whereas 

the chromosome 5H (BIN 9) QTL for DHV in the S/H population explained 5.3%. There 

was a significant (LOD > 3.0) additive x additive interaction between the chromosome 

4H and 5H QTL in both populations for DHNV that explained 8.3% and 12.7% of the 

phenotypic variation in the D/H and S/H populations, respectively (Table 4.6). 

 

Inflorescence characteristics: Composite interval mapping of AM detected a 

major QTL in both populations that mapped to chromosome 5H in BIN 9-11 (Table 4.4; 

Figure 4.1). These QTL explained 32.8% and 25.1% of the phenotypic variation in the 

D/H and S/H populations, respectively. Another QTL that explained 6.9% of the 
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phenotypic variation was mapped on chromosome 7H in BIN 6-7 in the S/H population 

only. Damon and Shechem donated the allele conferring rough awns for all AM QTL. 

Composite interval mapping of the BR trait consistently detected several QTL in the 

region of BINs 4 to 5 on chromosome 3H in both populations. In the D/H population, two 

QTL were detected, one in BIN 4 and the other in BIN 5 that explained 10.8% and 65.5% 

of the phenotypic variation, respectively. In the S/H population, three QTL were detected, 

one in BIN 4-5, and two about 6 cM apart in BIN 5. These QTL explained 15.8%, 68.3%, 

and 7.3% of the phenotypic variation. Damon and Shechem contributed all of the alleles 

conferring a brittle rachis. For AL, three QTL were detected in both populations that 

mapped to chromosomes 3H (BIN 6), 5H (BIN 9-11), and 7H (BIN 6-8) (Table 4.4). The 

alleles from Damon and Shechem for the chromosome 3H QTL conferred shorter awns 

and explained 15.2% and 3.9% of the phenotypic variation in the D/H and S/H 

populations, respectively. Harrington donated the alleles conferring shorter awns for the 

chromosome 5H and 7H QTL. The chromosome 5H QTL explained 6.5% and 20.4% of 

the phenotypic variation in the D/H and S/H populations, respectively, whereas the 

chromosome 7H QTL explained 13.2% and 9.8% of the variation. There were three other 

QTL for AL detected in the S/H population that mapped to chromosomes 1H (BIN 8), 3H 

(BIN 1-2), and 4H (BIN 7), which explained 5.0%, 10.8%, and 6.2% of the phenotypic 

variation, respectively. Shechem donated the allele conferring shorter awns for the 

chromosome 3H QTL, whereas Harrington donated them for the chromosome 1H and 4H 

QTL. There were three QTL consistently detected for KN on chromosomes 1H (BIN 14) 

and 2H (BINs 3-5 and 8) in both populations. The largest effect QTL mapped to BINs 3-

5 on chromosome 2H and explained 49.0% and 58.5% of the phenotypic variation in the 

D/H and S/H populations, respectively. The chromosome 1H QTL and the other QTL 

that mapped to chromosome 2H in BIN 8 explained 7.1% and 10.4%, respectively, in the 

D/H population and 9.2% and 11.4% in the S/H population. There were two additional 

minor effect QTL identified in the S/H population that mapped to chromosomes 5H in 

BIN 11 (2.5%) and 7H in BIN 4 (4.9%). Damon and Shechem contributed the alleles for 

lower kernel number for all QTL, except the chromosome 5H (BIN 11) QTL mapped in 

the S/H population. For GSP, a major QTL was detected by CIM in both populations that 
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mapped to chromosome 1H (BIN 1-3). These QTL explained 34.5% and 83.3% of the 

phenotypic variation in the D/H and S/H populations, respectively. There also was a 

major GSP QTL identified only in the D/H population that mapped in BIN 9-12 of 

chromosome 3H and explained 34.9% of the phenotypic variation. 

 

Leaf characteristics: For GS, three QTL were detected in the D/H population and 

all mapped to chromosome 3H, one of which is located 6 cM proximal (BIN 9) to the 

chromosome 3H QTL identified for GSP and explained 17.3% of the phenotypic 

variation (Table 4.4; Figure 4.1). The other two QTL mapped to BINs 8-9 and 12-13 and 

explained 7.8% and 4.6% of the phenotypic variation, respectively. The wild parents 

contributed all alleles that confer the glossy trait in both the spike and sheath; however, 

the GS trait was not segregating in the S/H population and was therefore not included in 

the QTL analysis. For HS, major effect QTL were found only on chromosome 4H in both 

populations. In the D/H population, the QTL mapped to BIN 8-10 and BIN 11, 

explaining 20.5% and 77.1% of the phenotypic variation, respectively. In the S/H 

population, only one QTL was detected. It mapped to BIN 12-13 and explained 97.5% of 

the phenotypic variation. Damon and Shechem contributed the alleles that control the 

production of hairs on the leaf sheath for all HS QTL. There were three and one QTL 

detected for FLA and PLA, respectively, in both populations. Major effect QTL were 

detected on chromosome 2H (BIN 3-5) for both traits. In the D/H population, these QTL 

explained 24.9% and 20.9% of the phenotypic variation for FLA and PLA, respectively. 

Likewise, in the S/H population, these chromosome 2H QTL explained 31.3% and 16.9% 

of the phenotypic variation for FLA and PLA, respectively. The two other QTL detected 

for FLA in the D/H population mapped to chromosomes 2H (BIN 12) and 5H (BIN 12) 

and explained 15.0% and 13.7% of the phenotypic variation, respectively. In the S/H 

population, the remaining QTL identified for FLA were mapped to chromosomes 1H 

(BIN 14) and 2H (BIN 6-8) and explained 4.8% and 10.0% of the phenotypic variation, 

respectively. Damon and Shechem contributed the alleles that conferred a reduced leaf 

area for all QTL, except the one that mapped to chromosome 2H (BIN 12) in the D/H 

population.  
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Plant height: Composite interval mapping detected three QTL for PH that mapped 

to chromosomes 1H (BIN 14), 2H (BIN 3-5), and 5H (BIN 9-11) that explained 6.9%, 

39.8%, and 10.0% of the phenotypic variation, respectively, in the D/H population, and 

4.4%, 46.2%, and 10.4% in the S/H population (Table 4.4; Figure 4.1). Another QTL 

detected only in the S/H population mapped to chromosome 4H in BIN 5-6 and explained 

5.5% of the phenotypic variation. Harrington contributed the allele that conferred shorter 

plants for this QTL as well as the chromosome 5H QTL mapped in both populations, 

whereas Damon and Shechem contributed the alleles conferring shorter plants for all 

other PH QTL. There were two QTL for PL identified in close proximity to one another 

on chromosome 1H in BIN 10-11 in the D/H population and BIN 12 in the S/H 

population. These QTL explained 11.9% and 6.5% of the phenotypic variation for PL in 

the D/H and S/H populations, respectively. Another QTL was detected at coincident loci 

in both populations and mapped to BIN 6-7 of chromosome 3H. The amount of 

phenotypic variation explained by this QTL was 9.2% in the D/H population and 12.3% 

in the S/H population. A QTL unique to the D/H population that explained 9.6% of the 

phenotypic variation was mapped to BIN 8 of chromosome 7H. There also were two 

QTL identified solely in the S/H population. These QTL explained 7.5% and 7.3% of the 

phenotypic variation and were mapped to chromosomes 3H (BIN 12-13) and 5H (BIN 

11), respectively. For all PL QTL, Harrington contributed the alleles that confer a shorter 

peduncle.  

 

Yield characteristics: Only three QTL were detected for TL, one in the D/H 

population and two in the S/H population (Table 4.4; Figure 4.1). The TL QTL identified 

in the D/H population mapped to chromosome 4H in BIN 8-11 and explained 19.3% of 

the phenotypic variation. Harrington contributed the allele that conferred a decrease in 

number of tillers for this QTL. Shechem contributed the allele that conferred a decrease 

in number of tillers for the two QTL identified in the S/H population. These QTL mapped 

to chromosomes 2H (BIN 3-5) and 3H (BIN 9) and explained 11.2% and 7.4% of the 

phenotypic variation, respectively. Composite interval mapping detected three and four 

QTL for SW in the D/H and S/H populations, respectively. Two of the QTL mapped to 
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coincident loci in both populations. One of them mapped to chromosome 2H in BIN 6-8 

and explained 9.7% and 11.4% of the phenotypic variation in the D/H and S/H 

populations, respectively. The other QTL mapped to chromosome 4H in BIN 5 in the 

D/H population and in BIN 6 in the S/H population. This locus explained 26.9% and 

8.0% of the phenotypic variation in the D/H and S/H populations, respectively. In the 

D/H population, another significant QTL was mapped to BIN 6 of chromosome 3H that 

explained 7.8% of the phenotypic variation. Two other SW QTL that were identified only 

in the S/H population mapped to chromosomes 1H (BIN 5-6) and 6H (BIN 6) and 

explained 6.6% and 12.3% of the phenotypic variation, respectively. Damon and 

Shechem contributed the alleles conferring a decreased seed weight for all QTL, except 

those mapping to chromosome 4H.  

 

4.4. Discussion 

Using two H. v. subsp. spontaneum accessions, we mapped QTL for the 

morphological and agronomical traits AM, BR, GS, GSP, HS, AL, DHNV, DHV, PLA, 

FLA, KN, PH, PL, RL, SW, and TL. Our results allowed us to compare genetic 

relationships for these traits both between wild and cultivated barley as well as between 

two accessions of wild barley with close proximity of origin in Israel. We also were able 

to characterize the distribution of morphological and agronomical trait loci in the barley 

genome and report marker-trait associations for marker-assisted selection. 

 

4.4.1. Morphological and agronomical trait QTL in the D/H and S/H populations 

Most of the QTL we identified in this study mapped to regions of the genome that 

were coincident with previously identified QTL or major genes. Of the 42 and 48 unique 

QTL identified in the D/H and S/H populations, respectively, 29 of them mapped to 

coincident loci in both populations (Figure 4.1). Detecting this many coincident QTL is 

substantial and signifies the importance of these coincident QTL, considering the inherent 

difficulties of mapping and validating identical QTL, even within two similar mapping 

populations, when population sizes are small (Bernardo 2002). However, this number 
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may be inflated because many of these QTL are coincident to known major genes (30 in 

each population) that are more easily detected in QTL analyses. 

 

 Time to heading: The genetics of flowering in barley, including the photoperiod 

and vernalization pathways, have been well characterized (von Zitzewitz et al. 2005; 

Turner et al. 2005). H. v. subsp. spontaneum accessions Damon and Shechem are winter 

habit barleys and therefore have a strong vernalization response and show a strong 

promotion of heading in response to long days. Harrington is a spring habit barley and 

has no vernalization requirement. Therefore, it is not surprising that many of the QTL for 

days to heading detected in this study map to loci coincident to genes involved in 

vernalization and photoperiod response in barley.  

 

Composite interval mapping consistently detected QTL on chromosome 5H for 

DHNV and on chromosome 4H for DHNV and DHV in both populations (Table 4.4; 

Figure 4.1). These QTL on chromosomes 4H and 5H map to loci coincident to the 

vernalization requirement genes Vrn-H2 and Vrn-H1, respectively (von Zitzewitz et al. 

2005). There was a significant interaction detected between these two loci, which was 

expected as Vrn-H2 negatively regulates Vrn-H1 and HvFT (Vrn-H3; Table 4.6). HvFT is 

a promoter of flowering that is up-regulated by long days, and positively regulates the 

meristem identity gene Vrn-H1. Exposure to extended periods of low temperature 

permanently down regulates Vrn-H2, and thus no longer represses the development of 

flowers after vernalization (Yan et al. 2006). CIM detected QTL for both DHNV and 

DHV in the region of HvFT on chromosome 7H; however, only in the D/H population. It 

is possible that the effect of this locus, which in the D/H population was small, was just 

not detectable in the S/H population. In the S/H population only, a second QTL was 

detected just proximal to the one coincident to Vrn-H1 on chromosome 5H for DHV. 

This region was previously reported to contain QTL for heading date, but due to a lack of 

markers and large QTL intervals in those studies, it was unclear whether this was the 

same QTL as the one coincident to Vrn-H1 or rather two different linked loci (Hayes et 
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al. 1993; Pan et al. 1994). Based on the data from this study, it is likely that there are two 

independent loci that are linked on chromosome 5H controlling time to heading.  

 

Composite interval mapping of DHNV and DHV also consistently detected a 

major QTL on chromosome 2H in both populations. These QTL map to the region of the 

genome containing the PPd-H1 gene, which is the major determinant of photoperiod 

response in barley (Turner et al. 2005), and is therefore likely the gene underlying this 

QTL. The dominant PPd-H1 allele is thought to be the ancestral form in barley as it is 

present in accessions of H .v. subsp. spontaneum, which have a greater response to long 

days and therefore flower earlier (when vernalized). This allele was effective at 

shortening time to heading in both vernalized and non-vernalized plants, although the 

effect was smaller in plants not vernalized. The effect of substituting the Harrington allele 

with the Damon or Shechem allele was to decrease time to heading by about five days in 

plants not vernalized and ten days in vernalized plants (Table 4.4). CIM also detected a 

major QTL on chromosome 1H for DHV in both populations. The long arm of 

chromosome 1H has been associated with both the photoperiod response gene PPd-H2 

and the early maturity gene Eam8, which have been suggested to be allelic (Borner et al. 

2002). Utilizing the barley synthetic map (Chapter 2), which contains markers used in the 

previous mapping of both PPd-H2 and Eam8, we determined that the location of PPd-H2 

described by Laurie et al. (1995) maps about 20 cM proximal to the location of Eam8 

mapped by Borner et al. (2002), indicating that these two genes are linked and not allelic 

as suggested by Sameri et al (2006).  

 

The QTL mapped in this study are coincident to Eam8. Further support that this 

locus is not PPd-H2 is that PPd-H2 causes the greatest difference in flowering time under 

short-day conditions, and our experiments were conducted under long-day conditions 

only. The recessive mutant eam8 is photoperiod insensitive, and has only been found to 

naturally occur in a few Japanese cultivars (Franckowiak et al. 1997); therefore it is 

unlikely that Damon and Shechem carry the eam8 mutation, but rather alternate Eam8 

alleles from Harrington that still result in a shortened time to flowering. Another smaller 
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effect QTL also was mapped in BIN 8 of chromosome 2H in both populations for DHV 

only. These QTL are coincident to the Early maturity 6 (Eam6) gene first described by 

Woodward (Woodward 1957). The dominant Eam6 allele has been shown to narrowly 

shorten time to heading in barley (by about two to five days) in several different 

environments (Franckowiak and Konishi 2002; Cuesta-Marcos et al. 2008). The allele 

symbol Eam6.h has been suggested for the dominant allele present in the six-rowed 

spring cv. Morex (CIho 15773), and this allele is thought to be common in barley 

cultivars bred for the Upper Midwest of the United States (Franckowiak and Konishi 

2002), the majority of which are six-rowed spring varieties. However, the origin of this 

mutant is not well documented and is thought to be naturally occurring in spring six-

rowed barleys. This allele was mapped as a QTL for heading date in two other 

populations containing Harrington as a parent (Marquez-Cedillo et al. 2001; Tinker et al. 

1996); thus, our results confirm the presence of an allele conferring longer flowering time 

in Harrington. However, the presence of an Eam6 allele in Damon and Shechem suggests 

that this is the ancestral wild-type state, and that perhaps instead Harrington carries a 

recessive mutation (eam6) that causes an increase in time to flowering. Regardless of the 

state of the alleles present in these parents, there is clearly variation affecting heading 

date at this locus as QTL have been mapped at the location of eam6 in crosses of both 2- 

and six-rowed, and spring and winter type barleys (Sameri and Komatsuda 2004; Horsley 

et al. 2006; Tinker et al. 1996; Moralejo et al. 2004; Tohno-oka et al. 2000). Knowledge 

of the marker associations with the loci controlling flowering time, including those 

involved in vernalization and photoperiod response, will greatly facilitate genotypic 

selection for or against the winter habit and time to flowering when introgressing H. v. 

subsp. spontaneum into cultivated barley. 

 

Inflorescence characteristcs: There are several distinct inflorescence 

characteristics that tend to differ between cultivated and wild barley, including a 

brittle/tough rachis, and rough/smooth awns, the number of kernel rows, and length of the 

awns. Harlan (1920) first characterized smooth-awned barley mutants as recessively 

acting in the early 20th century. Since then, one of the genes controlling this trait, Raw1, 
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has been renamed (formerly the R gene) and mapped to chromosome 5H (Franckowiak et 

al. 1996). It is not surprising that the major QTL detected for AM in the D/H (32.8%) and 

S/H (25.1%) populations mapped to coincident loci as the Raw1 gene on chromosome 5H 

(Table 4.4; Figure 4.1). The other QTL (6.9%) detected in the S/H population, however, 

mapped to a region of chromosome 7H that has not previously been associated with awn 

structure.  

 

The two genes (Btr1 and Btr2) controlling the brittle rachis trait in barley are 

tightly linked on the short arm of chromosome 3H. Wild barley is known to carry both 

dominant alleles, causing the rachis to disarticulate (shatter) when mature, whereas 

cultivated barley will have the recessive allele at only one of the two loci and will thus be 

non-brittle (Komatsuda et al. 2004). The btr1 gene controls non-brittle rachis in most 

occidental barley lines, whereas most oriental barley lines are controlled mainly by btr2. 

Despite efforts to fine map the btr1/btr2 region, attempts to produce recombinants 

between the two genes have thus far been unsuccessful (Komatsuda et al. 2004; Senthil 

and Komatsuda 2006). It has even been suggested that the btr1btr1/btr2btr2 genotype, 

which has not been found in barley, may be lethal (Komatsuda et al. 2004). Since the 

only gene segregating for non-brittle rachis in the D/H and S/H populations should be 

btr1, it would be expected that we would find a single QTL for BR on chromosome 3H. 

However, two lines of evidence point to the fact that there may be two genes segregating 

for non-brittle rachis in these populations, both closely linked on chromosome 3H. One is 

that the segregation ratio for tough:brittle rachis in these populations does not fit a 1:1 

ratio as would be expected if it were a single gene controlling the trait (Table 4.2). The 

other line of evidence supporting a two-locus model is the fact that we have mapped two 

closely linked QTL in the region of btr1/btr2 on chromosome 3H in both populations. In 

the S/H population, there were actually three QTL for BR in this region. However, it is 

possible that the two most distal QTL represent the same locus, as although their one-

LOD intervals do not overlap, this may be because they are very small (due to their high 

significance - LOD 43.1 and 10.6 for the two QTL). We also cannot discount the 

possibility that other factors that commonly plague QTL analyses, including errors in 
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phenotyping, small population size, and marker density, have contributed to a false 

detection of two closely linked QTL at a locus actually controlled by a single gene. The 

most proximal QTL in each population, however, clearly map >10 cM away from the one 

(D/H) or two (S/H) other QTL that mapped to chromosome 3H. This could be due to low 

marker density in the region or to there being two distinct loci for the non-brittle trait. If 

these two QTL do indeed represent the btr1 and btr2 genes, it is both interesting and 

substantial that they were both detected. It is clear that the more distal QTL in each 

population explained a much greater percentage of the phenotypic variation than the more 

proximal QTL, indicating that this is likely the location of btr1. However, since both 

Harrington and the wild barley parents all likely possess the dominant Btr2 allele, one 

would not expect to detect a QTL for BR at Btr2. It is possible that the dominant Btr2 

allele in Harrington is different from the ones that the wild parents possess, making the 

contribution of the Btr2 alleles in the wild parents to the brittle rachis trait still detectable. 

The idea that wild and cultivated barleys may possess different dominant alleles has been 

suggested by Senthil and Komatsuda (2006). However, further characterization of the 

btr1/btr2 region is necessary to determine the exact relationship between btr1 and btr2 as 

well as different btr1 and btr2 alleles.  

 

Interestingly, we also detected a QTL for AL in both populations that mapped to 

the region of chromosome 3H that contains Btr1. Although other genes controlling 

aspects of spike morphology, including uzu1 (semi brachytic 1), dsp1 (dense spike 1), and 

vrs1 (six-rowed spike 1), have been shown to have a pleiotropic effect on AL (Sameri et 

al. 2006), this has not previously been demonstrated to be the case for Btr1. We also 

detected QTL for AL that mapped to the same region as the dsp1 gene in both 

populations, confirming that dsp1 may have a pleiotropic effect on AL. However, spike 

density (rachis internode length) did not vary in these populations as might be expected if 

the dsp1 allele were present in these wild barley accessions. Therefore, it is possible that 

there is another locus controlling AL closely linked to dsp1 rather than a pleiotropic 

effect on AL from dsp1. Further evidence that this may be the case is that the dsp1 gene 

has been shown to have an effect on plant height and the brittle rachis trait (Komatsuda et 



 108

al. 2004; Shahinnia et al. 2006), yet we did not detect any QTL for BR or PH in the 

region of dsp1. We did, however, detect QTL in both populations for AL in BIN 11 of 

chromosome 5H near the vernalization response gene Vrn-H1--another region that has 

previously been associated with the BR trait (Kandemir et al. 2000; Komatsuda et al. 

2004). Therefore, we have detected three QTL for AL in both populations that are 

coincident to known loci for BR, indicating that there may be a relationship between 

these two traits. We detected three additional QTL for AL in the S/H population on 

chromosomes 1H, 3H, and 4H in regions not previously associated with AL. Harrington 

contributed the alleles that conferred shorter awns for two of these QTL (1H and 4H) not 

detected in the D/H population, indicating that there are distinct genetic differences 

between Shechem and Damon in regard to AL. This is not surprising, however, as 

Damon and Shechem have been previously shown to be genetically and phenotypically 

distinct (Chapters 2 and 3).  

 

The number of kernel rows also has been mapped in several populations (Sameri 

et al. 2006; Bezant et al. 1997; Kjær and Jensen 1996; Zhu et al. 1999). The most 

significant QTL detected for KN in both populations mapped to the region of the 

photoperiod response gene Ppd-H1, which has previously been shown to be associated 

with number of kernel rows (Sameri et al. 2006). It is likely that the shorter time to 

flowering induced by the Ppd-H1 gene generally results in smaller stature plants, 

including being shorter as well as having smaller leaves and fewer kernel rows. In 

support of this, we also detected QTL for PH, FLA, PLA, and KN in the region of Ppd-

H1 in both populations, and as mentioned above, there was a high level of correlation 

between these traits. The idea that genes controlling flowering time, such as Ppd-H1, can 

have a pleitropic effect on the size of plants also can be extended to the early maturity 

genes (i.e. Eam6 and Eam8) and the vernalization response gene Vrn-H1, as we also 

detected QTL for KN in the region of these three genes in both populations, as well as 

QTL for AL, PH, FLA, and SW in at least one population. There also was a significant 

interaction between the QTL that map to the Ppd-H1 and Eam6 loci in the S/H 

population, where the effect of the interaction was to increase the number of kernels on 
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the spike, which further signifies the importance of heading date loci on this trait (Table 

4.6). In the S/H population, an additional QTL for KN was detected on chromosome 7H. 

This QTL is in a region not previously associated with KN.  

 

The presence of epicuticular waxes on various barley organs is controlled by at 

least 85 eceriferum (Cer) and eight glossy sheath (Gsh) genes (King and von Wettstein-

Knowles 2000; Franckowiak et al. 1996), one of which is the Cer-yy gene, which causes 

the spike to be non-glaucous (glossy), and also results in glaucous (waxy) leaf sheaths 

and blades. In the S/H population, one major QTL was detected for GSP that mapped to 

the region of chromosome 1H containing Cer-yy. Further support that this QTL is Cer-yy 

is that the leaf sheaths of the S/H population all contained a glaucous wax. In the D/H 

population, two QTL were detected for GSP, one of which also mapped to the same 

region of chromosome 1H that contains Cer-yy. The other QTL affecting the GSP trait 

mapped to chromosome 3H in the region of the glossy sheath gene gsh2 (a QTL for GS 

also was detected in this region). The presence of both Cer-yy and gsh2 in Damon results 

in a glossy phenotype in both the leaf sheaths and spikes. The large interaction found 

between these two QTL indicates that the function of these two genes is somewhat 

redundant (Table 4.6). 

 

Leaf characteristics: Several leaf characteristics were variable in the D/H and S/H  

populations, including the area of the blades, and the presence of hairs and a glaucous 

wax on the sheaths. As mentioned above, the presence of a glaucous wax on the leaf 

sheaths, or lack there of, is likely partially controlled in Damon by the gsh2 gene. 

However, we detected three QTL for GS, all of which are closely linked on the long arm 

of chromosome 3H (Table 4.4; Figure 4.1). The QTL that mapped to BIN 8-9 is in a 

similar region as the eceriferum gene cer-zn (Franckowiak et al. 1996); therefore, the cer-

zn allele conferring a non-glaucous leaf sheath may be present in Damon. Due to a lack 

of common markers between our synthetic map and the maps used to position cer-zn, it is 

difficult to precisely compare the positions of this QTL and the cer-zn gene. The QTL 

mapping to BIN 12-13 is in a region of chromosome 3H not previously associated with 
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Gsh or Cer genes and therefore may be a novel locus affecting the composition of the 

epicuticular wax. However, a large number of Cer genes have not been mapped and thus 

comparison to those genes is not possible at this time.  

 

The dominant hairy sheath 1 gene (Hsh1) on chromosome 4H controls the 

development of hairs on the leaf sheath (Franckowiak et al. 1996). In both populations, 

we detected a major QTL controlling the HS trait in this region of chromosome 4H, 

which presumably is the Hsh1 gene. This QTL explained 97.5% of the phenotypic 

variation in the S/H population. In the D/H population, however, some of the phenotypic 

variation for HS was explained by an additional QTL that mapped 20.0 cM proximal to 

the putative Hsh1 QTL on chromosome 4H. As was the case for the Btr1/Btr2 genes, it is 

possible that other factors that plague QTL analyses, including errors in phenotyping, 

small population size, and low marker density have contributed to a false detection of two 

closely linked QTL at a locus actually controlled by a single gene. In this case though, 

false detection is not very likely as phenotypic scoring of the HS trait was very 

reproducible, and the segregation ratio in the D/H population did not fit a 1:1 segregation 

ratio. This suggests that there is more than one locus on chromosome 4H controlling the 

development of hairs on the leaf sheaths in Damon (Table 4.2). Another gene, Hln1, 

controls hair development on lemma nerves. Hln1 also is closely linked to Hsh1 on 

chromosome 4H. Therefore there may be at least three genes in this region of 

chromosome 4H that control the development of hairs on various barley organs.  

 

Because leaf area is dependent on the developmental stage at which the phenotype 

is measured (Yin et al. 1999), we chose to only measure the leaf area when all plants 

were at the same developmental stage (at heading). Also, since the penultimate and flag 

leaves contribute a large percentage of the photosynthate used in floral and seed 

development and hence contribute greatly to the yield potential of the genotype, we chose 

to measure them for QTL analysis. The approximate size of the leaf blades appears to be 

due in part to genes affecting time to heading, as early heading plants tend to be smaller 

in regard to height as well as leaf size. As mentioned above, we detected QTL for FLA 
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and PLA in both populations in the region of PPd-H1, and two QTL for FLA in the S/H 

population in the regions of Eam6 and Eam8, all of which affect time to heading. In the 

D/H population, there were two additional QTL detected that mapped to regions not 

previously associated with leaf area, one in BIN 12 of chromosome 2H and one about 10 

cM distal to Vrn-H1 on chromosome 5H. There was a significant interaction between 

both of these QTL and the QTL that mapped to the region of Ppd-H1 (Table 4.6), 

indicating that these loci could possibly function in photoperiod sensitivity. 

 

Plant height: Damon and Shechem are only slightly taller than Harrington. Yet, 

clear transgressive segregation for PH was found in both populations, including 

individuals much shorter and much taller than either parent (Table 4.2). Harrington also 

has a unique characteristic in that its spikes rarely fully emerge from the boot, and 

therefore it has no exposed peduncle. In contrast, the spikes of Damon and Shechem fully 

emerge from the boot and have long peduncles. Therefore, we chose to separate plant 

height into two distinct measurements, the overall height of the plant (PH) and the length 

of the exposed peduncle (PL). As discussed above, most of the variation in PH can be 

attributed to loci that function to alter the timing of heading. There were three QTL for 

PH detected at coincident loci in both populations that map to regions of the genome 

associated with time to heading (Table 4.4; Figure 4.1). These QTL mapped to 

chromosomes 1H, 2H, and 5H in the regions of Eam8, Ppd-H1, and Vrn-H1, 

respectively. An additional (and less reliably detectable) QTL for PH was detected on 

chromosome 4H in the S/H population only. Despite being shorter, Harrington 

contributed the higher value allele for this QTL. This region of chromosome 4H has 

previously been associated with a PH QTL in a Harrington/Morex population in which 

Harrington also donated the higher value allele despite being the shorter parent 

(Marquez-Cedilo et al. 2001).  

 

Since Harrington does not have an exposed peduncle, the wild parents, as 

expected, contributed the higher value allele for all PL QTL detected in both populations 

(Table 4.4). One QTL, detected in the S/H population, mapped to the region of Vrn-H1 
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on chromosome 5H, but other than that, no other PL QTL mapped to regions known to 

control time to heading. Two of the QTL for PL were detected at coincident loci in both 

populations. One of these QTL mapped to chromosome 1H in a region that has not 

previously been associated with PL or PH and likely represents a novel locus for this trait 

that is specific to PL. The other mapped to chromosome 3H near the Btr1 locus, though it 

is unclear whether this is a pleiotropic effect of the Btr1 locus on PL or the effect of 

another closely linked gene. Two additional QTL for PL, one detected only in the S/H 

population also on chromosome 3H, and the other detected in the D/H population on 

chromosome 7H, were located in regions of the genome not previously associated with 

PL, but rather PH (De la Pena et al. 1999; Thomas et al. 1995). It is apparent from these 

results that loci controlling the degree to which the spike emerges from the boot are 

distinct from the loci controlling plant height as only one QTL (in the region of Vrn-H1) 

was found in common to both traits, and this only occurred in one population. Although 

overall PH is clearly influenced by loci controlling heading date, this does not seem to be 

the case for PL. Therefore, selection on PL should not have a significant effect on days to 

heading or any other traits influenced by loci controlling the timing of heading. 

 

Yield characteristics: Similar to PH, there was little difference between the 

parents with regard to number of tillers (Harrington has a few more tillers than the wild 

parents). However, again there was wide variation among the progeny. Yet unlike PH, 

the high level of variation among the progeny for TL did not lead to the detection of very 

many QTL for this trait. Instead, there were only three QTL detected between the two 

populations, and none was detected in more than one environment (Table 4.4; Figure 

4.1). This is likely due to the strong influence of the environment on tillering (Bezant et 

al. 1997). Again, a lack of common markers makes it difficult to determine precisely, but 

two of the QTL for TL detected on chromosomes 3H (S/H only) and 4H (D/H only) 

mapped to similar regions described by Teulat et al. (2001) for TL in a cross of two 

Mediterranean barleys. Both QTL mapped by Teulat et al. (2001) also were not reliably 

detected and likely are strongly influenced by the environment. Like several traits 

mentioned above, the other QTL for TL detected in the S/H population mapped to the 
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region of the photoperiod sensitivity gene Ppd-H1. Again, it is not surprising that early 

heading will not only lead to smaller plants, but also to the inability to produce as many 

fertile tillers.  

 

For SW, there again was some influence of loci controlling heading date as QTL 

were detected in both populations in the region of Eam6 on chromosome 2H. However, 

the earliness conferred by Eam6 has previously been shown to be associated with 

increased yield (Moralejo et al. 2004), which is contradictory to our results. We also 

detected a QTL for SW on chromosome 4H in both populations that maps to a coincident 

region as several previously mapped QTL for yield (Backes et al. 1995; Kjær and Jensen 

1996; Marquez-Cedillo et al. 2001). In previous studies utilizing a Harrington/Morex 

population, Harrington donated the favorable allele for test weight at this locus, but 

Morex donated the favorable allele for yield (Marquez-Cedillo et al. 2001). In this study, 

however, this was the only SW QTL for which the wild parents donated the favorable 

allele. Therefore, the effect of this locus on yield characteristics is dependent on genetic 

background and may not be successfully transferred to elite germplasm. Harrington 

donated the favorable allele for the final QTL detected in the D/H population, which 

mapped to the region of Btr1 on chromosome 3H. Since selection against the brittle 

rachis trait is necessary when introgressing wild germplasm into elite lines, any effect of 

this locus on yield will be automatically included in the selection. Harrington donated the 

favorable alleles for the two remaining QTL detected in the S/H population 

(chromosomes 1H and 6H) and both are in regions previously associated with yield 

characteristics (Hayes et al. 1993; Bezant et al. 1997; Marquez-Cedillo et al. 2000). 

Selection for markers associated with these QTL may help to alleviate the negative 

linkage drag that often accompanies the transfer of genes from unadapted material into 

breeding germplasm. 

 

Diversity in Damon and Shechem: Recently, we demonstrated the molecular 

marker and disease resistance diversity present within H. v. subsp. spontaneum 

accessions Damon and Shechem (Chapters 2 and 3). Despite the high level of diversity 
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present in these two accessions of wild barley, the underlying genetics that control many 

of the morphological traits examined in this study are very similar. A large proportion of 

the QTL mapped in this study were found at coincident loci in both populations, 

indicating that the same major genes are responsible for many of the morphological 

characters that were examined. Although it is likely that there is allelic variation at many 

of these loci between these two accessions, the effect of these genes on their respective 

phenotypes are very similar. That is not to say that there were no unique characteristics to 

each of these two accessions with regard to morphological characters. For instance, we 

were able to determine that the hairy sheath trait is controlled by two loci in the D/H 

population and only one in the S/H population, and that the composition of epicuticular 

waxes on the leaf sheaths differed between Damon and Shechem; however, an 

overwhelming majority of the traits were controlled by the same loci in both populations.  

 

Ppd-H1 may have a pleiotropic effect on many traits: The results of this study 

indicate that the major photoperiod response gene Ppd-H1 not only affects the timing of 

flower induction, but also may have a pleiotropic effect on several other traits. Days to 

heading was highly correlated with the traits PLA, FLA, KN, and PH, and the QTL that 

explained the greatest amount of phenotypic variation for those traits mapped to the 

region of Ppd-H1 in both populations. Although it is possible that some of these traits are 

controlled by loci closely linked to Ppd-H1, it is more likely that the effect observed in 

these other traits is due to influence from Ppd-H1. It is well documented that the reduced 

response to photoperiod conferred by the recessive ppd-H1 mutation likely present in 

Harrington (as it is a barley selected for the long growing seasons of North America) 

allows for the additional accumulation of the biomass necessary to support higher yields 

(Turner et al. 2005). This effect has clearly manifested itself in several of the traits 

representative of higher biomass examined in this study, as substitution of alleles from 

Harrington at this locus leads to taller plants with larger leaves and more kernel rows. In 

addition to this, several other QTL for these traits also mapped to other regions of the 

genome containing genes that affect the timing of heading, including the early maturity 

genes Eam6 and Eam8, and the vernalization response gene Vrn-H1. Therefore, the large 
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increases in yield obtained in barley since it was domesticated have likely been due to 

selection on loci affecting time to heading to one degree or another. Since the use of high 

throughput marker systems such as DArT markers have become more cost effective for 

use in marker-assisted selection, it is beneficial to barley breeders that marker 

associations for these loci be characterized. 

 

Introgression of favorable alleles from Damon and Shechem: Damon and 

Shechem are sources of resistance to many economically important diseases, and DArT 

markers associated with these disease resistance loci have previously been reported 

(Chapter 3). However, incorporation of the loci controlling resistance to these diseases 

into cultivated barley via marker-assisted selection would be greatly facilitated if 

combined with selection on markers associated with loci controlling morphological and 

agronomic traits such as brittle rachis, rough awns, and most importantly, those 

associated with lower yield and quality, as linkage drag is a common problem when 

introgressing genes from wild barley (von Korff et al. 2006). The DArT-based genetic 

map and QTL analyses conducted in this and other studies (Chapter 3) will facilitate the 

incorporation of the resistance alleles from Damon and Shechem while limiting potential 

linkage drag, allowing for the efficient improvement of disease resistance in cultivated 

barley. The complete DArT marker synthetic map (Chapter 2) with all disease resistance 

and morphological/agronomical trait QTL detected in the D/H and S/H populations in 

this and previous investigations (Chapter 3) can be viewed in Supplemental 4.1. Already 

underway are pre-breeding efforts to introgress novel and/or important loci detected in 

these accessions via marker-assisted selection. 
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4.5. Tables 

Table 4.1. Morphological and agronomical traits scored on the Damon/Harrington and Shechem/Harrington doubled-haploid 

populations used in this study. 

Category Trait Abbreviation Description Sample size 
Heading date Days to heading - 

vernalized 
DHV Number of days after planting 

(after a four week vernalization 
period - see text) when 50% of 
the spikes had emerged 50% 
from the boot 

3 assessments/line, 1 
pot/assessment, on a per 
pot basis 

 Days to heading - 
non-vernalized 

DHNV Number of days after planting 
(without vernalization) when 
50% of the spikes had emerged 
50% from the boot 

6 assessments/line, 1 
row/assessment, on a per 
row basis 

Inflorescence characteristics Brittle rachis BR Physical examination of the 
spike (gentle tugging on the 
awns) after plants were fully 
mature 

4 assessments/line, 1 
pot/assessment, on a per 
pot basis 

 Awn morphology 
(rough/smooth awns) 

AM Physical examination of the 
awns at the mid- to late-dough 
stage before spikes began to 
mature 

3 assessments/line, 1 
pot/assessment, on a per 
pot basis 

 Number of rachis 
nodes (kernel rows) 

KN The number of kernel rows on 
the side of the spike with the 
least number of kernels 

2 assessments/line, 1 
pot/assessment, 3 
random plants/pot 
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 Awn length (cm) AL The length of the awns measured 
from the third spikelet from the 
base of the spike (Sameri et al. 
2006) 

2 assessments/line, 1 
pot/assessment, 3 
random plants/pot 

 Glossy spike  GSP Visual examination for 
glossy/waxy spike appearance at 
the mid- to late-dough stage 
before spikes began to mature 

3 assessments/line, 1 
pot/assessment, on a per 
pot basis 

Leaf characteristics Penultimate leaf area 
(cm2) 

PLA PLA=[leaf length (cm) x leaf 
width (cm)] 

2 assessments/line, 1 
pot/assessment, 3 
random plants/pot 

 Flag leaf area (cm2) FLA FLA=[leaf length (cm) x leaf 
width (cm)] 

2 assessments/line, 1 
pot/assessment, 3 
random plants/pot 

 Hairy sheath HS Visual examination of leaf 
sheaths for presence/absence of 
hairs approximately four weeks 
after sowing 

2 assessments/line, 1 
pot/assessment, on a per 
pot basis 

 Glossy sheath GS Visual examination for 
glossy/waxy sheath appearance 
at the mid- to late-dough stage 
before spikes began to mature 

3 assessments/line, 1 
pot/assessment, on a per 
pot basis 

Plant height Plant height (cm) PH Distance from the soil surface to 
the top of the terminal spikelet 
(excluding the awns) 

2 assessments/line, 1 
pot/assessment, 3 
random plants/pot 

 Peduncle length (cm) PL Distance from the collar (the 
auricle of the flag leaf) to the 
upper stem node 

2 assessments/line, 1 
pot/assessment, 3 
random plants/pot 
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Yield Number of fertile 
tillers 

TL Number of fertile tillers per plant 
at maturity 

2 assessments/line, 1 
pot/assessment, 5 
plants/pot 

  50-seed weight (g) SW Average weight of 50 randomly 
selected seeds    

2 assessments/line 
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Table 4.2. Number of times evaluated, phenotype of the parents, reproducibility of scores for progeny between evaluations, and 

results of chi-square analyses for awn morphology (AM), brittle rachis (BR), glossy sheath (GS) and spike (GSP), and hairy sheath 

(HS) in the Damon/Harrington (D/H) and Shechem/Harrington (S/H) populations. 

Population Trait  No. of Evaluations Wild Parent Harrington 1Reproducibility  2Chi-square p-value 
D/H AM  3 Rough Smooth 72.6 0.13 *0.712 

 BR 4 Brittle Tough 79.2 5.58 0.018 

 GS 3 Glossy Waxy 100.0 2.19 *0.139 

 GSP 3 Glossy Waxy 90.9 21.37 <0.0001 

 HS 2 Hairy Smooth 96.6 5.98 0.015 

        

S/H AM  3 Rough Smooth 65.8 24.81 <0.0001 

 BR 4 Brittle Tough 87.1 9.32 0.002 

 GS N/A Waxy Waxy N/A N/A N/A 

 GSP 3 Glossy Waxy 90.3 2.01 *0.156 

 HS 2 Hairy Smooth 99.4 6.52 0.011 
1The average value of the percentages of lines that were scored identically in pair wise comparisons of all evaluations. 
2Chi-square analyses with one degree of freedom to test for a 1:1 segregation ratio (indicative of a single gene controlling the trait). 
*Consistent with a 1:1 Mendelian segregation ratio (p-value > 0.05). 
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Table 4.3 Trait values for parents and progeny in the Damon/Harrington (D/H) and Shechem/Harrington (S/H) doubled haploid 

populations for awn length (AL), days to heading in both vernalized (DHV) and non-vernalized (DHNV) plants, penultimate (PLA) 

and flag (FLA) leaf areas, number of kernels (KN), plant height (PH), peduncle length (PL), 50-seed weight (SW), and number of 

tillers (TL). 

          2Population   

3Differences between 
experiments  

Population Trait   Harrington 1Wild   Mean Range F p   Median Mean SD Correlation 
D/H AL (cm)  10.8 13.6  13.11 9.3-17.4 3.37 0.069  0.80 1.01 0.78 0.72 
 DHNV (#)   68.3 71.8  66.81 52.2-87.0 120.25 <0.001*  7.00 7.41 5.63 0.79 
 DHV (#)  70.8 46.5  58.06 35.0-80.3 22.35 <0.001*  5.00 6.11 4.82 0.85 
 PLA (cm)  44.9 24.8  32.79 14.9-49.1 8.23 0.005*  12.06 13.72 10.51 -0.06 
 FLA (cm)  27.2 10.3  16.29 5.9-48.7 1.98 0.162  5.59 7.11 6.13 0.51 
 KN (#)  14.8 6.5  9.96 4.3-15.0 1.81 0.181  1.00 1.16 0.96 0.86 
 PH (cm)  62.3 74.5  70.40 39.9-100.8 0.00 1.000  7.63 8.95 7.20 0.69 
 PL (cm)  0.0 5.2  2.37 0.0-10.9 46.66 <0.001*  1.48 2.68 3.20 0.44 
 SW (g)  2.0 2.0  2.18 1.2-2.9 1.59 0.211  0.25 0.29 0.28 0.39 
 TL (#)  5.9 4.3  4.89 2.6-9.6 6.73 0.011  1.43 1.74 1.54 0.24 
               
S/H AL (cm)  12.3 14.2  13.68 9.8-20.4 22.22 <0.001*  0.93 1.14 0.93 0.76 
 DHNV (#)  70.5 90.7  66.65 51.7-88.0 212.38 <0.001*  7.00 7.85 7.10 0.77 
 DHV (#)  67.5 48.8  55.82 33.3-78.7 52.69 <0.001*  6.00 6.49 4.76 0.85 
 PLA (cm)  35.1 28.7  30.44 11.7-62.6 23.18 <0.001*  14.07 14.47 9.56 -0.22 
 FLA (cm)  15.1 5.9  13.43 2.9-33.3 0.7 0.403  4.13 5.31 4.52 0.45 
 KN (#)  15.7 7.5  9.85 4.8-15.5 24.84 <0.001*  1.33 1.35 1.09 0.79 
 PH (cm)  61.4 68.1  72.51 45.9-111.5 0.01 0.926  8.17 8.77 6.46 0.64 
 PL (cm)  0.0 13.2  3.79 0.0-17.6 36.58 <0.001*  2.80 3.65 3.68 0.41 
 SW (g)  2.0 1.9  2.06 1.2-2.6 7.11 0.009*  0.22 0.26 0.22 0.41 
 TL (#)   6.5 3.7   5.05 2.8-10.8 42.89 <0.001*   1.20 1.73 1.72 0.14 
1Damon and Shechem in the D/H and S/H populations, respectively. 
2Mean and range of trait values in progeny and mean squared error for two evaluations as calculated by ANOVA. 
3Median, mean, and standard deviation (SD) of absolute differences between trait values of progeny for all evaluations. 
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Table 4.4 Data for quantitative trait loci (QTL) from composite interval mapping of the Damon/Harrington (A) and 

Shechem/Harrington (B) doubled haploid populations for awn length (AL), awn morphology (AM), brittle rachis (BR), days to 

heading in both vernalized (DHV) and non-vernalized (DHNV) plants, penultimate (PLA) and flag (FLA) leaf areas, glossy spike 

(GSP) and sheath (GS), hairy sheath (HS), number of kernels (KN), plant height (PH), peduncle length (PL), 50-seed weight (SW), 

and number of tillers (TL).  

 

A. Damon × Harrington 

    3Interval  LOD   7No. of 8Gene/ 
Trait 1QTL Chromosome 2Associated Markers Size 4BIN Peak 5

αααα 6R2  Evals QTL 
AL  QAl.DaHa-3H-6 3H bPb-8871 20 6 6.7 -0.64 15.2 2/2 Btr1 
 QAl.DaHa-5H-9-11 5H bPb-6344 - bPb-8553 19 9-11 3.1 0.42 6.5 2/2 QTL 
 QAl.DaHa-7H-6-7 7H bPb-1447 14 6-7 6.0 0.59 13.2 2/2 dsp1 
AM  QAm.DaHa-5H-10-11 5H bPb-8553 5 10-11 13.7 -0.29 32.8 - Raw1 
BR QBr.DaHa-3H-4 3H bPb-7002 1 4 6.0 -0.19 10.8 - Btr2 
 QBr.DaHa-3H-5 3H bPb-9746 0 5 29.7 -0.41 65.5 - Btr1 
DHNV QHd.DaHa-2H-3-5 2H bPb-4821 4 3-5 23.8 -5.83 43.4 6/6 PPd-H1 
 QHd.DaHa-4H-11 4H bPb-5482 - bPb-6101 6 11 7.1 2.53 8.6 3/6 Vrn-H2 
 QHd.DaHa-5H-11 5H bPb-1661 6 11 11.5 3.32 15.5 4/6 Vrn-H1 
 QHd.DaHa-7H-3 7H bPb-8660 15 3 4.5 1.93 5.2 4/6 HvFT 
DHV QHd.DaHa-1H-14 1H bPb-5201 - bPb-5550 3 14 18.2 -4.32 11.8 3/3 Eam8 
 QHd.DaHa-2H-3-5 2H bPb-4821 2 3-5 48.1 -10.23 64.5 3/3 PPd-H1 
 QHd.DaHa-2H-8 2H bPb-9992 - bPb-6088 24 8 4.1 -1.74 1.9 2/3 Eam6 
 QHd.DaHa-4H-11 4H bPb-5482 - bPb-6101 5 11 6.6 2.22 3.1 2/3 Vrn-H2 
 QHd.DaHa-7H-4 7H bPb-1360 - bPb-1623 7 4 7.5 2.39 3.8 3/3 HvFT 
PLA QLa.DaHa-2H-3 2H bPb-6963 - bPb-8292 11 3 6.7 -3.54 20.9 1/2 PPd-H1 
FLA QLa.DaHa-2H-3-5 2H bPb-4821 5 3-5 10.8 -4.10 24.9 1/2 PPd-H1 
 QLa.DaHa-2H-12 2H bPb-8039 - bPb-1493 5 12 6.7 4.28 15.0 1/2 Novel 
 QLa.DaHa-5H-12 5H bPb-8809 12 12 6.5 -3.10 13.7 2/2 Novel 
GSP QGsp.DaHa-1H-1 1H bPb-5064 2 1 17.2 -0.27 34.5 - Cer-yy 
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 QGsp.DaHa-3H-9-12 3H bPb-2406 - bPb-7695 6 9-12 17.2 -0.28 34.9 - gsh2 
GS QGs.DaHa-3H-8-9 3H bPb-3789 - bPb-6722 2 8-9 4.8 -0.17 7.8 - cer-zn 
 QGs.DaHa-3H-9 3H bPb-6722 0 9 16.1 -0.33 17.3 - gsh2 
 QGs.DaHa-3H-12-13 3H bPb-7695 2 12-13 10.2 -0.17 4.6 - Novel 
HS QHs.DaHa-4H-8-10 4H bPb-0610 1 8-10 5.2 -0.22 20.5 - Novel 
 QHs.DaHa-4H-11 4H bPb-1166 0 11 29.2 -0.44 77.1 - Hsh1 
KN QKn.DaHa-1H-14 1H bPb-5201 - bPb-5550 5 14 8.6 -0.76 7.1 2/2 Eam8 
 QKn.DaHa-2H-3-5 2H bPb-4821 3 3-5 33.3 -2.01 49.0 2/2 PPd-H1 
 QKn.DaHa-2H-8 2H bPb-9992 7 8 11.9 -0.92 10.4 2/2 Eam6 
PH QPh.DaHa-1H-14 1H bPb-5201 - bPb-5550 8 14 4.1 -3.56 6.9 1/2 Eam8 
 QPh.DaHa-2H-3-5 2H bPb-4821 5 3-5 19.1 -8.22 39.8 2/2 PPd-H1 
 QPh.DaHa-5H-9-11 5H bPb-6344 - bPb-8553 10 9-11 6.1 4.14 10.0 1/2 Vrn-H1 
PL QPl.DaHa-1H-10-11 1H bPb-1213 11 10-11 5.2 0.92 11.9 1/2 Novel 
 QPl.DaHa-3H-6 3H bPb-2433 10 6 4.1 0.79 9.2 1/2 Btr1 
 QPl.DaHa-7H-8 7H bPb-2073 13 8 4.3 0.81 9.6 2/2 Novel 
SW QSw.DaHa-2H-6-8 2H bPb-3985a - bPb-9992 25 6-8 3.6 -0.10 9.7 1/2 Eam6 
 QSw.DaHa-3H-6 3H bPb-2433 - bPb-4757 26 6 3.5 -0.09 7.8 1/2 Btr1 
 QSw.DaHa-4H-5 4H bPb-3684 7 5 10.4 0.16 26.9 2/2 QTL 
TL QTl.DaHa-4H-8-11 4H bPb-0610 - bPb-1166 17 8-11 5.0 0.60 19.3 1/2 QTL 
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B. Shechem × Harrington 

    3Interval  LOD   7No. of 8Gene/ 
Trait 1QTL Chromosome 2Associated Markers Size 4BIN Peak 5

αααα 6R2  Evals QTL 
AL QAl.ShHa-1H-8 1H bPb-1723 5 8 4.0 0.42 5.0 2/2 Novel 
 QAl.ShHa-3H-1-2 3H bPb-0563 8 1-2 8.1 -0.63 10.8 1/2 Novel 
 QAl.ShHa-3H-6 3H bPb-1012 14 6 3.4 -0.40 3.9 1/2 Btr1 
 QAl.ShHa-4H-7 4H bPb-6153 18 7 4.9 0.49 6.2 2/2 Novel 
 QAl.ShHa-5H-11 5H bPb-1661 4 11 14.1 0.88 20.4 2/2 Vrn-H1 
 QAl.ShHa-7H-7-8 7H bPb-7875 - bPb-2073 19 7-8 7.0 0.59 9.8 2/2 Dsp1 
AM QAm.ShHa-5H-9-11 5H bPb-6344 - bPb-0071 8 9-11 12.3 -0.24 25.1 - Raw1 
 QAm.ShHa-7H-6-7 7H bPb-4541 - bPb-1447 13 6-7 3.9 -0.12 6.9 - Novel 
BR QBr.ShHa-3H-4-5 3H bPb-4660 - bPb-9746 1 4-5 19.3 -0.28 15.8 - Btr2 
 QBr.ShHa-3H-5 3H bPb-1012 1 5 43.1 -0.41 68.3 - Btr1 
  QBr.ShHa-3H-5 3H bPb-0068 2 5 10.6 -0.19 7.3 - Btr1 
DHNV QHd.ShHa-2H-3-5 2H bPb-1196 - bPb-9682 4 3-5 26.8 -5.31 20.9 6/6 PPd-H1 
  QHd.ShHa-4H-12-13 4H bPb-2677 - bPb-3717 8 12-13 10.8 3.09 14.3 4/6 Vrn-H2 
  QHd.ShHa-5H-11 5H bPb-1661 2 11 10.7 3.36 13.6 6/6 Vrn-H1 
DHV QHd.ShHa-1H-14 1H bPb-5550 2 14 25.9 -4.46 15.9 3/3 Eam8 
  QHd.ShHa-2H-3-5 2H bPb-1196 - bPb-9682 3 3-5 67.4 -9.82 74.1 3/3 PPd-H1 
  QHd.ShHa-2H-8 2H bPb-8779 23 8 4.5 -1.58 2.0 1/3 Eam6 
  QHd.ShHa-4H-12-13 4H bPb-2677 - bPb-3717 11 12-13 5.9 1.91 2.9 3/3 Vrn-H2 
 QHd.ShHa-5H-9 5H bPb-2425 - bPb-6344 5 9 10.9 2.67 5.3 3/3 QTL 
PLA QLa.ShHa-2H-3-5 2H bPb-1196 - bPb-9682 15 3-5 7.3 -2.90 16.9 1/2 PPd-H1 
FLA QLa.ShHa-1H-14 1H bPb-5550 4 14 3.2 -1.26 4.8 1/2 Eam8 
  QLa.ShHa-2H-3-5 2H bPb-1196 - bPb-9682 6 3-5 16.4 -3.27 31.3 2/2 PPd-H1 
 QLa.ShHa-2H-6-8 2H bPb-9925 - bPb-0927 11 6-8 5.0 -2.44 10.0 2/2 Eam6 
GSP QGsp.ShHa-1H-1-3 1H bPb-8973 - bPb-0301a 3 1-3 168.3 -0.50 83.3 - Cer-yy 
HS QHs.ShHa-4H-12-13 4H bPb-2677 - bPb-3717 0 12-13 115.1 -0.99 97.5 - Hsh1 
KN QKn.ShHa-1H-14 1H bPb-5550 4 14 11.9 -0.71 9.2 2/2 Eam8 
  QKn.ShHa-2H-3-5 2H bPb-1196 - bPb-9682 3 3-5 47.0 -1.80 58.5 2/2 PPd-H1 
  QKn.ShHa-2H-8 2H bPb-8779 5 8 14.6 -0.79 11.4 2/2 Eam6 
 QKn.ShHa-5H-11 5H bPb-2960 18 11 3.8 0.37 2.5 1/2 Vrn-H1 
 QKn.ShHa-7H-4 7H bPb-2373 - bPb-5362 9 4 6.8 -0.52 4.9 2/2 Novel 
PH QPh.ShHa-1H-14 1H bPb-4585 16 14 3.8 -2.44 4.4 1/2 Eam8 
  QPh.ShHa-2H-3-5 2H bPb-1196 - bPb-9682 5 3-5 27.4 -7.91 46.2 2/2 PPd-H1 
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 QPh.ShHa-4H-5-6 4H bPb-6640 - bPb-6632 21 5-6 4.1 2.72 5.5 1/2 QTL 
  QPh.ShHa-5H-11 5H bPb-1661 11 11 8.3 3.71 10.4 2/2 Vrn-H1 
PL QPl.ShHa-1H-12 1H bPb-6770 15 12 4.3 0.96 6.5 1/2 Novel 
  QPl.ShHa-3H-6-7 3H bPb-5771 - bPb-4602 7 6-7 7.8 1.35 12.3 2/2 Btr1 
 QPl.ShHa-3H-12-13 3H bPb-7695 13 12-13 5.0 1.02 7.5 1/2 Novel 
 QPl.ShHa-5H-11 5H bPb-2960 10 11 4.8 1.02 7.3 2/2 Vrn-H1 
SW QSw.ShHa-1H-5-6 1H bPb-0241 - bPb-9423 19 5-6 3.2 -0.06 6.6 1/2 QTL 
  QSw.ShHa-2H-6-8 2H bPb-9925 - bPb-0927 17 6-8 5.7 -0.08 11.4 1/2 Eam6 
  QSw.ShHa-4H-6 4H bPb-5480 20 6 4.5 0.07 8.0 1/2 QTL 
 QSw.ShHa-6H-6 6H bPb-5822 5 6 6.7 -0.09 12.3 1/2 QTL 
TL QTl.ShHa-2H-3-5 2H bPb-1196 - bPb-9682 13 3-5 5.0 -0.44 11.2 1/2 PPd-H1 
 QTl.ShHa-3H-9 3H bPb-1511 - bPb-7929 25 9 3.5 -0.35 7.4 1/2 QTL 
1QTL were named after the nomenclature system utilized by the small grains community with the addition of the BIN location at the 
end (http://wheat.pw.usda.gov). 
2The nearest marker(s) at or flanking the QTL LOD peak. 
3Interval (cM) around the QTL with a LOD fall off of 1.0 from maximum. 
4Estimated BIN based on the chromosome BIN location of barley markers (http://barleygenomics.wsu.edu/). 
5Average effect of substituting the Harrington allele with the corresponding Damon (A) or Shechem (B) allele. 
6Partial R2 x 100. 
7Number of evaluations out of the total for which a significant QTL was detected. 
8Genes (represented with gene name) or QTL (represented with QTL) that have previously been identified at coincident loci to these 
QTL. Specific references for each locus are stated in the text. 
 



 125

Table 4.5 Correlation coefficients between agronomical traits in the doubled haploid lines of the (A) Damon/Harrington and (B) 

Shechem/Harrington populations. Coefficients of year 2004/5 are shown in the lower left part and coefficients of year 2006/7 are 

shown in the upper right part. Correlation coefficients between the two evaluations for each trait are in bold. 

 

A. Damon × Harrington 

 AL  DHV  PLA  FLA  KN  PH PL SW TL  

AL  0.73***  0.11 0.13 0.08 0.16 0.37***  0.23** 0.23* -0.06 

DHV  0.05 0.87***  0.61***  0.32***  0.75***  0.50***  -0.02 0.04 -0.03 

PLA  -0.05 -0.30***  -0.07 0.45***  0.59***  0.41***  0.28** 0.08 -0.1 

FLA  0.03 0.57***  -0.03 0.52***  0.40***  0.35***  0.18* -0.01 -0.07 

KN  0.09 0.77***  -0.24** 0.65***  0.86***  0.66***  -0.01 0.11 -0.02 

PH 0.38***  0.64***  -0.27** 0.31***  0.73***  0.69***  0.37***  0.26** 0.08 

PL -0.02 -0.27** 0.16 0.02 -0.25** 0.01 0.44***  0.09 -0.14 

SW 0.28** 0.04 -0.02 0.04 0.01 0.11 -0.02 0.31** -0.02 

TL  -0.15 0.20* 0.02 0.05 0.15 0.06 -0.08 -0.14 0.24** 
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B. Shechem × Harrington 

 AL  DHV  PLA  FLA  KN  PH PL SW TL  

AL  0.74***  0.21** 0.22** -0.05 0.07 0.41***  0.07 0.17* -0.04 

DHV  -0.05 0.82***  0.73***  0.35***  0.63***  0.51***  -0.04 0.19 0.25** 

PLA  0.14 -0.28***  -0.18* 0.46***  0.60***  0.46***  0.16* 0.12 0.14 

FLA  -0.04 0.58***  -0.17* 0.47***  0.45***  0.15 0.08 -0.06 -0.28***  

KN  -0.23** 0.75***  -0.25** 0.65***  0.79***  0.54***  -0.00 0.21** 0.04 

PH 0.21** 0.62***  -0.18* 0.52***  0.67***  0.64***  0.22** 0.23** 0.13 

PL 0.01 -0.37***  0.25** -0.11 -0.22** -0.06 0.41***  -0.01 -0.09 

SW 0.11 0.07 0.19* 0.12 0.12 0.17* 0.06 0.41***  -0.13 

TL  0.11 0.07 0.01 0.13 0.14 0.16* -0.09 0.04 0.12 

* , ** , *** Significant at the 5%, 1%, and 0.1% levels, respectively 
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Table 4.6 Percentage of phenotypic variation (R2) and average effect of a gene substitution (α) for days to heading in non-

vernalized plants (DHNV), flag leaf area (FLA), glossy spike (GSP), and number of kernels (KN) additive × additive 

quantitative trait loci (QTL) interactions from multiple interval mapping for the Damon/Harrington (D/H) and 

Shechem/Harrington (S/H) doubled haploid populations. 

Population Trait QTL i QTL j  LOD Peak 1
αααα 2R2 

D/H DHNV QHd.DaHa-5H-11 QHd.DaHa-4H-11 9.0 2.41 8.3 

 FLA QLa.DaHa-2H-3-5 QLa.DaHa-2H-12 3.5 -2.17 7.2 

  QLa.DaHa-2H-3-5 Qla.DaHa-5H-12 3.1 2.00 6.1 

 GSP QGsp.DaHa-1H-1 QGsp.DaHa-3H-9-12 44.4 0.24 28.3 
       

S/H DHNV QHd.Sh.Ha-5H-11 QHd.ShHa-4H-12-13 13.9 2.87 12.7 

 KN QKn.ShHa-2H-3-5 QKn.ShHa-2H-8 3.5 0.29 1.6 
1Average effect of the QTL × QTL interaction. 
2Partial R2 x 100. 
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4.6. Figures 

 

Figure 4.1 continued on the next page 
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Figure 4.1 continued on the next page 
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Figure 4.1 continued on the next page 
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Figure 4.1 Comparison of marker and QTL positions of the Damon/Harrington (D/H) 

and Shechem/Harrington (S/H) mapping populations. QTL positions are represented by 

bracketed lines (one LOD interval) surrounding a black bar (peak position). Markers in 

common between maps are marked with dots and connected by lines. 
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CHAPTER 5 

 

Registration of Two Wild Barley-Derived Germplasm Lines with 

Multiple Disease Resistance 
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5.1. Introduction 

As a result of extensive inbreeding within small populations, cultivated barley 

(Hordeum vulgare subsp. vulgare) has come to have a narrow genetic base (Rasmusson 

and Phillips 1997), especially with regard to disease resistance. Wild barley (Hordeum 

vulgare subsp. spontaneum) is a diverse source of useful alleles for introgression of novel 

traits into cultivated barley. Several recent works have utilized intra-specific barley 

crosses to identify and/or transfer novel traits including disease resistance, malting 

quality, and agronomical characters from H. v. subsp. spontaneum (Yun et al. 2005; Hori 

et al. 2005; von Korff et al. 2005; Pillen et al. 2004; Pillen et al. 2003; Backes et al. 

2003). In order to find sources of resistance not previously reported, large collections of 

wild barley recently have been screened for resistance to a number of important diseases 

(Steffenson et al. 2007; Fetch et al. 2003), including powdery mildew (PM; caused by 

Blumeria graminis [DC.] E. O. Speer f. sp. hordei Ém. Marchal [anamorph; Oidium 

monilioides (Nees) Link]), stem rust (SR; caused by Puccinia graminis Pers.: Pers f. sp. 

tritici Eriks. & E. Henn and f. sp. secalis Eriks. & E. Henn), leaf rust (LR; caused by 

Puccinia hordei G. Otth), net blotch (NB; caused by Pyrenophora Drechs. teres f. teres 

Smedeg. [anamorph: Drechslera teres (Sacc.) Shoem.]), spot blotch (SB; caused by 

Cochliobolus sativus [Ito and Kuribayashi] Drechs. ex Dastur [anamorph: Bipolaris 

sorokiniana (Sacc.) Shoem.]), and Septoria speckled leaf blotch (SSLB; caused primarily 

by Septoria passerinii Sacc.). All of these diseases can cause significant yield losses for 

growers in various production regions of the world (Steffenson 1992; Steffenson et al. 

1996; Mathre 1997; Toubia-Rahme and Steffenson 2004; Jorgensen 1994). 

 

Two H. v. subsp. spontaneum accessions collected in Israel, Damon 11-11 and 

Shechem 12-32 (hereafter referred to as Damon and Shechem), exhibited resistance to all 

of the pathogens. These two accessions were crossed to the two-rowed malting quality 

cultivar ‘Harrington’ and two doubled-haploid mapping populations were created for the 

purpose of characterizing the genetic loci controlling various disease resistance, 

morphological, and agronomical traits present in these lines. These populations were 

genotyped with DArT markers (Chapter 2), and phenotyped for disease resistance 
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(Chapter 3), morphological, and agronomical traits (Chapter 4). Extensive QTL analyses 

have been conducted for all of these traits and have been previously reported (Chapters 3 

and 4). From these mapping populations, two individuals (one from each population), 

DH100 (PI 656648) and SH004 (PI 656649), were selected for germplasm release based 

on their retention of resistance to multiple diseases from wild barley without some of the 

characteristics that make wild barley unsuitable for cultivation, such as a brittle rachis, 

difficulty in threshing, and thin seeds.  
 

5.2. Methods 

The D/H and S/H doubled-haploid (DH) populations were developed from crosses 

between each of the H. v. subsp. spontaneum accessions Damon and Shechem and the 

barley cultivar Harrington. F1 progeny of these crosses were then crossed with Hordeum 

bulbosum to produce the DH populations via haploid embryo rescue and colchicine-

induced chromosome doubling (Kasha and Kao 1970), and provided by R. Pickering 

(New Zealand Institute for Crop & Food Research Limited, Christchurch, New Zealand). 

DArT genotyping methods and linkage map development are as described in Chapter 2. 

For each population, the maps reported therein contained a number of redundant markers, 

i.e. scored identically for all individuals. For the purpose of previously published QTL 

analyses, one representative marker from each redundancy group was retained in the final 

map. The resulting non-redundant D/H map with 220 markers is 1077.5 cM in length and 

has 29, 38, 41, 17, 34, 27, and 34 markers mapped to chromosome 1H to 7H, 

respectively. The non-redundant S/H map with 240 markers is 988.8 cM in length and 

has 33, 42, 40, 16, 42, 32, and 35 markers mapped to chromosomes 1H to 7H, 

respectively. Specific information for the evaluation of resistance to SB, NB, SSLB, SR, 

LR, and PM in DH100 and SH004, including experimental design, pathogen isolate 

designations, inoculation, incubation, and disease scoring are as described in Chapter 3. 

DH100 and SH004 also were assessed for morphological and agronomical traits that 

included several aspects of heading time, inflorescence and leaf characteristics, plant 

height, and yield. Heading time included days to heading in both vernalized and non-

vernalized plants. Inflorescence morphology included brittle rachis trait, awn morphology 
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(rough/smooth awns), number of kernel rows, length of awns, and composition of 

epicuticular wax on the spike (glossy spike). We also assessed several leaf characteristics, 

such as the area of the penultimate and flag leaves, the presence/absence of hairs on the 

sheaths, and the wax composition on the sheaths (glossy sheath). Plant height included 

both the overall height of the plant as well as the length of the peduncle, and yield 

characteristics included the number of fertile tillers and 50-seed weight. Specific 

information outlining the details of the morphological trait evaluations are described in 

Chapter 4. 

 

5.3. Characteristics 

DH100 and SH004 were selected because they possess the disease resistance of 

their respective wild parents, yet are phenotypically similar to Harrington in terms of 

many morphological and agronomical traits. The D/H and S/H populations from which 

they were derived have been genotyped with DArT markers, and QTL analyses for all 

disease resistance and morphological/agronomical traits reported here have been 

conducted (Chapters 2-4). Figure 5.1 provides a schematic of chromosomes 1H through 

7H of barley for DH100 and SH004 that outlines the regions of the genome within each 

line that contain markers inherited from Harrington or the wild parents (Damon and 

Shechem). Included in the figure are the locations for either the QTL detected (for all 

traits), or in the cases where there is strong evidence, the major genes that are presumed 

to be underlying them. In order to make the visualization of genes/QTL of interest easier, 

loci that had a major effect (i.e. explained >10% of the variation for the trait they are 

associated with) are given in bold. Furthermore, those major effect loci that are in the 

favorable phase, that is they have the markers from the parent that confer the desirable 

trait, are underlined. For instance, both DH100 and SH004 have the markers from 

Harrington associated with the btr1/Btr2 genes on chromosome 3H, which confer a non-

brittle rachis; therefore, these loci are given in bold and underlined as a brittle rachis 

would be undesirable. Similarly, major genes/QTL controlling disease resistance will be 

in bold, but only underlined if in the phase that enhances disease resistance. Loci not 

underlined may either be in the undesirable phase, or in the case of some traits, simply be 
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neutral. For instance, the Vrn-H2 locus that controls the growth habit (spring/winter) was 

considered a neutral trait, as its desirability depends on the enviroment for which this 

germplasm will be utilized. Other traits that were considered neutral were GSP, GS, HS, 

and PL, as they have no negative/positive impact on the agronomic performance or 

quality of barley. Due to the extensive characterization of these lines, the genetic 

mechanisms controlling many of these traits are well documented, and marker-trait 

associations previously reported will be useful for marker-assisted selection of traits of 

interest from these lines into other genetic backgrounds. 

 

DH100 has a high level of resistance to LR, SR, NB, and SSLB, a moderate to 

high level of resistance to PM (depending on the virulence spectrum of the race), and an 

intermediate level of resistance to SB, whereas SH004 has a moderate to high level of 

resistance to all diseases except LR, for which it is susceptible (Table 5.1). The PM 

resistance in these lines is mainly due to the alleles they carry at the Mla locus, though 

resistance to PM in DH100 and SH004 is also partly due to loci that map to coincident 

locations as the resistance genes Mlhb and Mlt, respectively (Figure 5.1). Though it has 

not been determined which allele is present at the Mla locus in DH100, the Damon parent 

has been shown to be moderately to highly resistant to 41 B. g. f. sp. hordei races 

examined, and that for all six of the races evaluated on the whole D/H population, 

resistance always mapped to the Mla locus, indicating that this is a novel allele of high 

value (Chapter 3). The allele present at the Mla locus in SH004 is not the same as the one 

in DH100, as resistance did not map to this locus for all races tested, and Shechem does 

not possess the full spectrum of resistance present in Damon. However, Shechem (and 

SH004), like Damon (and DH100), has a high level of resistance to PM, and therefore 

continued selection for these Mla alleles, along with the loci that map to coincident 

positions as the Mlhb locus in DH100 and Mlt in SH004, could be an effective means for 

introducing novel PM resistance in barley. SR is another disease for which a high degree 

of resistance from Damon and Shechem is present in DH100 and SH004, as the major 

resistance gene complex rpg4/Rpg5 is present in these lines. This locus, containing these 

tightly linked genes, explained a large proportion of the phenotypic variation for 
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resistance to two races of wheat SR and one isolate of rye SR, including wheat SR race 

QCCJ, which emerged in the late 1980’s and is virulent on the historically durable 

resistance gene Rpg1 (Steffenson 1992). There also is some preliminary evidence that 

this complex locus may provide resistance to the newly emergent and highly virulent race 

TTKSK, commonly referred to as isolate Ug99 (Brueggeman et al. 2009); therefore, this 

locus is another of potentially high value. LR resistance in DH100 (SH004 is susceptible) 

is likely conferred by the Rph9.i/z gene on chromosome 5H and the major QTL 

QRph.DaHa-4-8-11 (Figure 5.1). Although QTL studies revealed that LR resistance in 

Damon was conferred by four QTL, only these two are present in DH100.  

 

NB and SB are more complex in terms of inheritance of disease resistance, with 

far fewer major genes described and a tendency for those that have been described to be 

differentially effective dependent on developmental stage and/or genetic background 

(Steffenson et al. 1996; Bilgic et al. 2005). Damon, Shechem, and Harrington all have a 

high level of resistance to NB, and although there was segregation for susceptibility in 

the D/H and S/H populations (and several QTL for resistance detected), both DH100 and 

SH004 are resistant to NB despite, for the most part, not having the markers associated 

with QTL for resistance (with the exception of QRpt.ShHa-1H-2 in SH004). It is possible 

that there are loci for resistance to NB that are fixed in these populations and were 

therefore undetected in previous QTL studies. Nonetheless, both of these lines are good 

sources of resistance to NB. Markers associated with the Rcs5 gene explained the 

majority of the phenotypic variation (14.3% - 37.2% at the seedling stage and 49.5% - 

54.5% at the adult stage) for resistance to SB in the D/H and S/H populations. DH100 did 

not inherit the markers associated with Rcs5 from Damon, and in SH004 there was 

recombination between the two markers flanking the peak of the QTL that (likely) 

represents the Rcs5 gene; therefore, it is difficult to determine whether SH004 inherited 

this source of resistance to SB (Figure 5.1). However, SH004 clearly has some resistance 

to SB and therefore it is likely that it does contain Rcs5 (Table 5.1). Yet this resistance 

also could be due to the major effect QTL QRcs.ShHa-3H-1-2 that is present in SH004. 

Resistance to SSLB was mapped to different loci in the D/H and S/H populations. 
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Though not as resistant as their wild parents, DH100 and SH004 still possess a high level 

of resistance to SSLB (Table 5.1). In DH100, the resistance may be from the major 

resistance locus on chromosome 1H containing the resistance gene complex Rsp2/Rsp3 

(Figure 5.1). However, similar to the situation with Rcs5 in SH004, the markers 

associated with this region are at the site of a recombination event, making it difficult to 

determine whether DH100 contains these genes. The other source of resistance in DH100 

is a major QTL (QRsp.DaHa-6H-2) detected on chromosome 6H, though this QTL did 

not explain as much of the phenotypic variation for SSLB resistance as the region 

containing Rsp2/Rsp3 (Chapter 3); therefore, it is likely that Rsp2/Rsp3 are present in 

DH100. The only markers in SH004 that were associated with SSLB resistance are 

associated with the major SSLB resistance gene Rsp1; therefore, this is likely the main 

source of resistance to SSLB present in SH004. 

 

In terms of morphological and agronomical traits, both DH100 and SH004 are 

similar to Harrington in that they have a high number of kernel rows and plump seeds, 

both important characteristics in terms of yield (Table 5.2). They also were both selected 

because they have a non-brittle rachis (they carry the btr1/Btr2 alleles from Harrington), 

as spike shattering is an intolerable trait for cultivation (Figure 5.1). Additionally, despite 

inheriting a non-brittle rachis from Harrington, many progeny from these crosses are still 

difficult to machine thresh (awns and rachis parts fail to break from the kernels), and 

though not perfect, DH100 and SH004 are much more amenable to machine threshing. 

DH100 is a winter-habit barley that has a rapid response to long days, as it has the 

markers associated with the wild type alleles (from Damon) at the Vrn-H1, Vrn-H2, and 

Ppd-H1 loci, and therefore takes about 66 and 83 days to head with and without 

vernalization, respectively (Table 5.2; Figure 5.1). SH004 is a facultative winter-type 

with a slower response to long days, having inherited the markers associated with the 

wild type Vrn-H1 allele from Shechem, but the recessive vrn-H2 and ppd-H1 alleles from 

Harrington (Figure 5.1). Many of the morphological and agronomical traits studied in 

these populations, including PLA, FLA, KN, PH, PL, SW, and TL were associated with 

loci controlling time to heading, including Ppd-H1, Vrn-H1, and the early maturity genes 
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Eam6 and Eam8. Other than Vrn-H1, the alleles for these genes from Harrington lead, to 

some degree or another, to taller plants with larger leaves, and more fertile tillers that 

produce spikes with a higher number of kernel rows and heavier seeds, whereas the 

Harrington vrn-H1 allele has the opposite effect (i.e. shorter plants, smaller leaves, etc.) 

(Chapter 4). Of all of these genes, Ppd-H1 has the largest effect on these traits, and since 

DH100 has the Ppd-H1 allele from Damon and SH004 has the ppd-H1 allele from 

Harrington (Figure 5.1), some of the morphological and agronomical differences between 

these lines are likely due to this locus. For instance, DH100 has smaller penultimate and 

flag leaf areas like Damon, whereas SH004 is more like Harrington in that regard (Table 

5.2). Both DH100 and SH004 have very short peduncles like that of Harrington, i.e. the 

spikes almost never emerge far enough from the boot to expose the peduncle, yet they are 

both considerably taller than either parent. Some of this added height may be due to the 

Vrn-H1 allele that both DH100 and SH004 contain. DH100 and SH004 also have the 

somewhat unfavorable characteristic of rough (or barbed) awns, as they inherited the 

Raw1 allele from their wild parents (Table 5.2; Figure 5.1). 

 

For the most part, markers associated with disease resistance loci from DH100 

and SH004 are not linked to loci that tend to produce unfavorable characteristics, with 

one exception being on chromosome 5H, where the Raw1 and Vrn-H1 genes are linked to 

the LR resistance locus Rph9.i/z in DH100 and the SR resistance locus rpg4/Rpg5 in both 

DH100 and SH004. Selection against Vrn-H1 is only necessary if the desired output is a 

spring-habit barley, and since Vrn-H1 maps ~10 cM distal to Rph9.i/z and ~20 cM distal 

to rpg4/Rpg5, finding recombinants between the two loci should not be too difficult. 

Another exception again involves resistance to LR and growth habit as the Vrn-H2 locus 

that confers the winter-habit trait is linked to the major LR resistance QTL on the long 

arm of chromosome 4H (Figure 5.1). DH100 is resistant to LR and carries the markers 

associated with this LR QTL (as well as Rph9.i/z), but is a winter-habit barley (Vrn-

H2/Vrn-H1), whereas SH004 is susceptible to LR but is a facultative winter barley (vrn-

H2/Vrn-H1). Again, finding recombinants between Vrn-H2 and the LR resistance QTL 

are possible as these two loci map ~20 cM apart. 
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In terms of some neutral traits, DH100 has a glaucous (waxy) spike and sheath 

similar to Harrington, but a hairy sheath like that of Damon (Table 5.2). SH004 has a 

non-glaucous (glossy) spike similar to Shechem, but a non-hairy sheath similar to 

Harrington (the composition of epicuticular waxes on the sheaths was not polymorphic 

between Shechem and Harrington). The waxy spike and sheath present in DH100 is 

likely conferred by the cer-yy, Cer-zn, and Gsh2 alleles from Harrington, whereas the 

hairy sheath trait is likely conferred by the Hsh1 gene from Damon (which is also tightly 

linked to Vrn-H2; Figure 5.1). SH004 carries the Cer-yy (glossy spike; chromosome 1H) 

allele from Shechem and the hsh1 (non-hairy sheath; chromosome 4H) allele from 

Harrington (Figure 5.1). 

 

Taking into account all of the traits that have been characterized in these lines, 

and that (high-throughput) marker-trait associations have been reported, these lines are 

excellent candidates for introgression of disease resistance into elite genetic backgrounds 

via marker-assisted selection. Particularly useful are the Mla and rpg4/Rpg5 loci in 

DH100 and SH004 that confer resistance to PM and SR, respectively. However, there are 

several other loci included in one or both of these lines, including loci coincident to Mlhb 

and Mlt for PM resistance, Rph9.i.z and QRph.DaHa-4H-8-11 for LR resistance, Rcs5 

(likely) and QRcs.ShHa-3H-1-2 for SB resistance, and Rsp1 and Rsp2/Rsp3 for SSLB 

resistance, that also are good targets for introgression of disease resistance. There are still 

a few undesirable traits characteristic of wild barley in these lines, such as rough awns. 

However, selection against these traits should not prohibit the introduction of disease 

resistance, as these traits are not tightly linked to desirable disease resistance loci. Also, 

conversion of these lines to the spring growth habit also should not inhibit introgression 

of disease resistance, as the vernalization requirement genes Vrn-H1 and Vrn-H2 are not 

tightly linked to desirable disease resistance loci. Genotyping of backcross introgression 

lines made from DH100 ad SH004 with DArT markers, and subsequent phenotyping for 

validation, would be an easy and high-throughput means to select for loci of interest. 
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5.4. Availability 

Seed of these lines have been deposited with the National Center for Genetic 

Resources Preservation. They are available for research purposes or for development and 

commercialization of new materials. It is requested that appropriate recognition of the 

source be given when these germplasm lines contribute to research or the development of 

an improved line or cultivar. Seed of DH100 (PI 656648) and SH004 (PI 656649) will be 

distributed in 5g lots. Requests for seed should be sent to the corresponding author. 
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5.5. Tables 

Table 5.1 Disease reactions (infection types; ITs) of DH100 and SH004 doubled haploid progeny and their respective parents to 

powdery mildew (PM), leaf rust (LR), stem rust (SR), net blotch (NB), spot blotch (SB) and Septoria speckled leaf blotch (SSLB). 

Trait 1Isolate/Race 1Rating Scale 2Harrington Damon DH100 Shechem SH004 
PM 2001 0-4 0/0.0 0.0 0.0 1.0 0.5 
 0024 0-4 0.0/0.0 2.0 1.8 2.0 2.5 
 0331 0-4 3.0/2.0 1.0 1.8 0.0 2.0 
 0574 0-4 0.0/0.0 0.5 1.8 1.0 1.5 
 0666 0-4 1.0/1.0 2.0 2.3 2.0 2.5 
 7557 0-4 3.0/2.0 0.5 0.0 0.0 1.5 
LR MCJ (ND8702) 0-4 3.0/3.0 0.0 0.5 1.0 3.0 
SR (Wheat) QCCJ (QCC-2) 0-4 3.0/2.8 1.5 0.5 1.0 0.5 
 MCCF (A1) 0-4 3.0/3.0 0.8 1.5 1.6 2.0 
SR (Rye) 92-MN-90 0-4 3.0/2.8 0.0 0.0 0.2 0.0 
NB ND89-19 0-10 3.3/3.1 2.1 1.4 1.5 2.0 
SB (Seedling) ND85F 1-9 5.3/4.6 2.5 5.4 1.9 3.3 
SB (Adult) ND85F 0-100 71.0/68.0 26.0 40.0 25.0 21.0 
SSLB Sp97-15 0-5 4.0/4.0 0.0 1.5 0.0 1.5 
1Specific information on isolate and race designations as well as the rating scales used to assess disease are outlined in Chapter 3. 
2Values for Harrington are for experiments conducted with the Damon/Harrington and Shechem/Harrington populations, respectively. 
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Table 5.2 Morphological and agronomical trait values associated with the DH100 and SH004 doubled haploid progeny and their 

respective parents for awn length (AL), awn morphology (AM), brittle rachis (BR), days to heading in both vernalized (DHV) and 

non-vernalized (DHNV), penultimate (PLA) and flag (FLA) leaf areas, glossy spike (GSP) and sheath (GS), hairy sheath (HS), 

number of kernels (KN), plant height (PH), peduncle length (PL), 50-seed weight (SW), and number of tillers (TL). 

Trait 1Harrington Damon DH100 Shechem SH004 
AL (cm) 10.8/12.3 13.6 13.6 14.2 14.3 
DHNV (days) 68.3/67.5 71.8 82.8 90.7 71.0 
DHV (days) 70.8/70.5 46.5 66.0 48.8 61.3 
PLA (cm) 44.9/35.1 24.8 21.7 28.7 35.4 
FLA (cm) 27.2/15.1 10.3 11.5 5.9 15.1 
KN (#) 14.8/15.7 6.5 13.5 7.5 12.5 
PH (cm) 62.3/61.4 74.5 91.1 68.1 78.7 
PL (cm) 0.0/0.0 5.2 0.6 13.2 0.0 
SW (g) 2.0/2.0 2.0 2.2 1.9 2.2 
TL (#) 5.9/6.5 4.3 3.7 3.7 4.5 
AM Smooth Rough Rough Rough Rough 
BR Tough Brittle Tough Brittle Tough 
GSP Glaucous non-Glaucous Glaucous non-Glaucous non-Glaucous 
GS Glaucous non-Glaucous Glaucous Glaucous Glaucous 
HS non-Hairy Hairy Hairy Hairy non-Hairy 
1Values for Harrington are for experiments conducted with the Damon/Harrington and Shechem/Harrington populations, respectively. 
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5.6. Figures 

 

Figure 5.1 continued on the next page 
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Figure 5.1 continued on the next page 
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Figure 5.1 Chromosomal representations for DH100 (left) and SH004 (right) showing 

regions of the genome inherited from Harrington (black), the wild parents (light grey), or 

unknown (dark grey) and the locations of previously mapped major genes or QTL. Major 

effect genes or QTL (that explained >10% of the phenotypic variation for their trait) are 

shown in bold, and those that are underlined are in the phase that is favorable in these 

lines. Those not underlined are either neutral or unfavorable (depending on the trait). 
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6. General Conclusions 

 

As a result of extensive inbreeding within small populations, cultivated barley 

(Hordeum vulgare subsp. vulgare) has come to have a narrow genetic base, especially 

with regard to disease resistance. Wild barley (Hordeum vulgare subsp. spontaneum) is 

known to be a diverse source of novel alleles for introgression of disease resistance into 

cultivated barley. Two wild barley accessions collected in Israel, Damon and Shechem, 

were found to carry resistance to several economically important diseases. These two 

accessions were each crossed to the two-rowed malting quality standard cultivar 

Harrington. From the F1 progeny of those crosses, two doubled-haploid (DH) mapping 

populations were created.  

 

The general objective of this dissertation was to develop techniques that would 

allow for the characterization of loci that control disease resistance, morphological, and 

agronomical traits in the D/H and S/H populations, so that marker-assisted selection 

(MAS) can be incorporated into a breeding scheme that will allow for the introgression of 

novel disease resistance loci from the wild barley accessions Damon and Shechem into 

elite barley germplasm with limited linkage drag. To accomplish this goal, a new set of 

wild barley-derived Diversity Arrays Technology (DArT) markers were developed and 

combined with the previously developed cultivated-derived barley markers to create a 

‘comprehensive’ barley DArT array capable of more robust genotyping of both wild and 

cultivated barley germplasm.  

 

This array was utilized to genotype the D/H and S/H populations and to create 

genetic linkage maps of these two populations. To further bolster the barley DArT 

genotyping platform for molecular barley breeding, the genetic maps of these two barley 

populations, along with two additional populations genotyped with the comprehensive 

barley DArT array (Albacete/Barbarrouse and TX9425/Naso Nijo), were merged with the 

previously published barley DArT consensus map (Wenzl et al. 2006) to create a 

synthetic map of the barley genome containing 3,542 markers. 
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The D/H and S/H populations were phenotyped for resistance to seven 

economically important diseases (powdery mildew, stem rust, stripe rust, leaf rust, net 

blotch, spot blotch, and Septoria speckled leaf blotch) and quantitative trait loci (QTL) 

analyses were conducted. Damon and Shechem are very diverse in terms of the disease 

resistance loci they carry and some of these loci could be beneficial if introgressed into 

cultivated barley via marker-assisted selection. However, this process is often plagued by 

the simultaneous introgression of unfavorable alleles linked to the target loci (linkage 

drag). Therefore, it would be helpful to simultaneously select against certain unfavorable 

characteristics of wild barley, including a brittle rachis (head shattering), rough (barbed) 

awns, and those characteristics that lead to lower yields, including thin seeds and fewer 

kernel rows. In order to facilitate MAS of disease resistance loci characterized in the D/H 

and S/H populations while limiting linkage drag, we also characterized these populations 

for QTL affecting several aspects of heading time, inflorescence and leaf characteristics, 

plant height, and yield. Most of the QTL detected mapped to regions of the genome 

containing genes known to control these traits, including Btr1/Btr2, Raw1, Ppd-H1, Vrn-

H1, Vrn-H2, Eam6, Eam8, Cer-yy, gsh2, and Hsh1. Although many of these loci have 

been well characterized, a few even cloned; their association with high throughput 

markers, such as DArT markers, had not been determined. Now that high-throughput 

marker systems have become more cost effective for use in MAS, it has become 

important to characterize marker-trait associations for markers associated with the loci 

controlling these unfavorable traits, as well as for those targeted for introgression. 

Identification of marker-trait associations for disease resistance, morphological, and 

agronomical loci should limit linkage drag by allowing for simultaneous selection for and 

against desirable and undesirable traits. These marker-trait associations will be utilized 

for implementing MAS in backcross populations that have elite recurrent parents. 
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