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Abstract 
Wild barley (Hordeum vulgare ssp. spontaneum), the progenitor of cultivated 

barley (Hordeum vulgare ssp. vulgare), is a rich source of genetic diversity.  This 

diversity is not easily exploited due to challenges inherent in identifying and extracting 

beneficial alleles from widely unadapted germplasm.  Wild barley germplasm has been 

shown to contain valuable alleles for several disease resistance and abiotic stress 

tolerance traits, and due to its extensive diversity, it is a key target for expanding the 

limited diversity of cultivated breeding germplasm.  Therefore, our aim was to create and 

characterize populations that incorporate diverse sources of wild barley germplasm into 

cultivated barley backgrounds using advanced backcross (AB) and nested association 

mapping (NAM) techniques.  To do this, we created a wild barley AB-NAM population 

by backcrossing 25 wild barley accessions to the 6-rowed malting barley cultivar 

Rasmusson.  The 25 wild barley parents were selected to capture approximately ~90% of 

the allelic content of the wild barley diversity collection (WBDC), which contains 318 

accessions sourced from across wild barley’s native range.  The resulting set of 796 

BC2F4:6 lines were genetically characterized and analyzed in augmented field trials for 

agronomic, yield, grain protein, and wax production traits.  Additionally, we analyzed the 

Harrington (2-rowed malting barley cultivar) x OUH-602 (wild barley accession), 

biparental AB population for yield and malting quality characteristics.  The AB-NAM 

population was genotyped with 384 SNP markers and 263,531 markers were imputed 

onto the population from exome capture sequence of the parents.  Linkage disequlibrium 

in the AB-NAM was significantly lower than the HOUH biparental mapping population, 

indicating a higher potential mapping resolution.  Qualitative traits were mapped to 



iv 
 

candidate gene resolution and beneficial alleles were identified for several quantitative 

traits.  Ultimately, the AB-NAM population will serve as a community resource for 

barley breeders and geneticists to explore a large proportion of wild barley germplasm in 

a single, relatively adapted mapping population.   
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Chapter 1: Literature Review 

Introduction 

 Barley (Hordeum vulgare ssp. vulgare) production in Minnesota has decreased by 

an order of magnitude since the early 1990s.  Due to a complex set of economic, agro-

ecological, and disease pressures, this decline reflects the demands placed on plant 

breeders to continue improvement despite mounting challenges, some of which are 

unpredictable.  To decrease the vulnerability of barley to such devastating disease 

pressures or climatic changes, efforts must be taken to expand the genetic diversity of the 

barley breeding germplasm.  The progenitor of cultivated barley, wild barley (Hordeum 

vulgare ssp. spontaneum), is a rich source of genetic and phenotypic diversity.  But, 

accessing this diversity in the context of a breeding program can be difficult.  The 

malting industry in the United States has stringent quality requirements, and breeders 

have been reluctant to introduce exotic germplasm that might disrupt the beneficial 

alleles that have accumulated over many cycles of breeding.  Nevertheless, with advances 

in molecular marker technology, statistical methodologies, and novel breeding designs, 

exotic germplasm is becoming more accessible to breeders, and studies are showing that 

useful variation is obtainable from exotic sources. 

 

Barley Production and Breeding 

 Barley is an economically important crop, grown in most temperate areas of the 

world, particularly in those environments with limited rainfall and short growing seasons 

that are less conducive to other major cereal crops.  Used for animal feed,  malt 

production, and human consumption, barley is the fourth most produced cereal crop 
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worldwide (Ullrich 2010).  Cultivated barley is often categorized according to three 

major criteria: spike morphology (six-rowed or two-rowed), seasonal growth habit 

(spring or winter), and end use (animal feed or malting).  Of the barley produced 

worldwide, approximately 75% is used for animal feed, 20% for malt production, and the 

remaining 5% is for human consumption or seed production (Blake et al. 2010).  Of the 

US barley growing regions, the Red River Valley area of northwestern Minnesota has 

climate and soil particularly conducive to growing high quality, six-rowed malting 

barley.  Until the early 1990s, farmers in this region produced approximately 10% of the 

US barley crop (USDA-NASS 2015) and garnered high premiums by selling their harvest 

to the local malting industry (Windels 2000).  However, barley production in the US has 

steadily decreased over the past two decades, due to a variety of economic, ecological 

and cropping systems shifts.  In Minnesota and other parts of the North American barley 

growing region, this decrease has been accelerated by the emergence of the devastating 

cereal disease Fusarium Head Blight (FHB).  Caused chiefly by the fungus Fusarium 

graminearum, FHB can severely reduce grain yield and contaminate harvested grain with 

mycotoxins such as deoxynivalenol (DON).  Even low levels of DON can result in 

outright rejection or severe discount of the grain, causing economic hardship for growers 

(Windels 2000).  Besides FHB, barley breeders must be cognizant of several other 

economically important disease threats, changes in climate that affect growing 

conditions, pressures to reduce nutrient inputs, and a series of seed quality characteristics 

that must be maintained. 

 In Minnesota, barley breeding efforts have focused on producing high quality six-

rowed malting varieties to support the malt barley industry of the Upper Midwest.  The 
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University of Minnesota has maintained a barley breeding program since the early 1900s, 

and has used an advanced cycle breeding technique since 1958.  Over the past 50 years, 

the Minnesota barley breeding program has produced many highly successful six-rowed 

malting varieties using this technique.  Advanced cycle breeding is defined as crossing 

elite lines within a closed breeding population, over many generations, without the 

introduction of diverse germplasm (Bernardo 2002).  Because the US malting industry 

has such stringent quality requirements, breeders have been reluctant to use exotic 

germplasm, which might disrupt the beneficial alleles that have accumulated over many 

cycles of breeding (Rasmusson and Phillips 1997).  Still, studies have shown that using 

an advanced cycle breeding strategy can lead to a reduction of genetic diversity in the 

breeding program (Condón et al. 2008; Fu and Somers 2009).  This balance between 

maintaining sufficient diversity for improvement and imposing strict selection for 

favorable alleles is integral to the breeding process.   

 In recent years, the availability of inexpensive, high-throughput molecular 

markers has revolutionized the breeding process and provided insight into the nature of 

selection within the breeding program.  Condón et al. (2008) assessed the genetic 

diversity of a set of historic barley breeding lines from the University of Minnesota 

breeding program using molecular markers and found a nonuniform, genome-wide 

reduction in diversity.  Transcriptome analysis of the breeding program found similar 

results.  Muñoz-Amatriaín et al. (2010) reported that the number of differentially 

expressed genes decreased as the breeding program progressed.  The most notable 

decrease in both genetic diversity and differential expression occurred in regions of the 

genome subject to selection for disease resistance or malt quality characteristics.  Still, 
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only a relatively small portion of the loci sampled exhibited this reduction.  Both Muñoz-

Amatriaín et al. (2010) and Condón et al. (2008) concluded that despite the reductions in 

diversity, there is still enough remnant genetic diversity for improvement in the 

University of Minnesota barley breeding program, with the caveat that introduction of 

diversity is recommended for long-term improvement. 

 

Barley Genome and Molecular Genetic Resources 

Barley is a predominantly self-pollinating species in the Triticeae tribe of grasses.  

Barley maintains a genome size of approximately 5.1Gb spread across 7 chromosomes.  

While substantially less complex than the allo-hexaploid wheat genome, the barley 

genome contains a large amount of repetitive sequence that has inhibited whole-genome 

sequencing efforts.  In 2012, the International Barley Genome Sequencing Consortium 

(IBSC 2012) released a barley sequence assembly which included a 4.98 Gb physical 

map, of which 3.90 Gb are anchored to the barley genetic map.  They found that over 

84% of the genome is composed of mobile or repetitive elements and that 

pericentromeric and centromeric regions with low recombination comprised 

approximately 37% of the genome.  The sequencing efforts identified 26,159 high 

confidence gene calls, with higher densities of genes located towards the ends of 

chromosomes.  Additionally, when sequences of four cultivars and a wild barley 

accession were compared, the frequency of single nucleotide variants (SNVs) was 

reduced in centromeric regions, particularly in the cultivated barleys.   

Resources related to the barley genome sequence are quickly expanding, and new 

methods of sequence-based genotyping technologies are becoming more accessible to 
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barley breeders and geneticists. Close et al. (2009) produced the first widely available, 

high-density single nucleotide polymorphism (SNP) genotype assay for barley.  The 

Barley Oligo Pool Arrays 1 & 2 (BOPA1 & BOPA2) are a set of two 1,536-SNP Illumina 

GoldenGate assays which were developed from expressed sequence tags (ESTs) and 

sequence amplicons derived primarily from cultivated barleys.  Close et al. (2009) 

developed a genetic map using this platform that was updated by Muñoz-Amatriaín et al. 

(2011) to include additional populations and higher map resolution.  The Muñoz-

Amatriaín et al. (2011) map (M11) spans 1,137.3 cM with 2,994 SNP loci mapped to 

1,163 unique positions.  The subsequent generation of barley SNP-genotyping platform 

used the 9,000-SNP Illumina iSelect technology.  Of these 9,000 SNPs, 2,832 were 

represented on the BOPA assays (Comadran et al. 2012).  The Muñoz-Amatriaín et al. 

(2014) iSelect consensus map (M14) combined the original Morex x Barke Comadran et 

al. (2012) map with the maps used to generate the M11 consensus map.  The resulting 

map spans 1,113 cM with 5,665 SNP loci mapped to 2,032 unique positions.  The M14 

map and the iSelect assay improved the marker density from an average of one marker 

bin every 0.99 cM to one marker bin every 0.55 cM. 

Because these platforms survey a preselected set of biallelic markers, developed 

primarily from cultivated barley genotypes, using these biased markers to assess wild or 

distantly related germplasm can affect the conclusions drawn regarding diversity and 

other population genetic parameters.  This phenomenon, termed ascertainment bias, 

results from a biased sampling of the variants, causing an over-emphasis on alleles 

common to the sampled group and an underrepresentation of rare alleles that may be 

present at higher frequencies in different populations (Nielsen 2000).  The effect of 
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ascertainment bias on assessing diverse barley germplasm was examined by Moragues et 

al. (2010) who found that estimates of barley landrace diversity were lower than 

estimates of barley cultivar diversity using the BOPA1 SNP assay, despite evidence to 

the contrary (Russell et al. 2004; Jilal et al. 2008; Russell et al. 2011; Khodayari et al. 

2012).   

Two strategies can circumvent the effects of ascertainment bias: using markers 

which are designed based on the relevant germplasm, and using markers which are 

intrinsically less subject to bias.  To develop a genetic map and marker platform directly 

relevant to wild barley germplasm, Alsop et al. (2011) used a Diversity Arrays 

Technology (DArT) genotyping platform based on wild barley germplasm.  They 

developed a 1,159 cM map composed of 2,935 DArT markers.  The DArT platform is an 

effective genotyping system that produces high-throughput markers with little sequence 

information (Wenzl et al. 2004).  Now that sequencing technologies are becoming more 

affordable, researchers are looking to sequence-based marker technologies, which can 

capture thousands or hundreds of thousands of variants, without bias and without 

restriction to biallelic SNP variation.  Currently, the two sequence based technologies 

employed in the barley genome are Genotyping by Sequencing (GBS) and exome capture 

sequencing.  These strategies produce large quantities of genomic sequence by reducing 

the representation of the genome prior to sequencing, thereby minimizing the quantity of 

repetitive DNA in the sequenced pool.  Poland et al. (2012) demonstrated the utility of 

GBS in barley by mapping over 34,000 SNPs with a genotyping cost less than other 

whole genome SNP platforms.  Exome capture sequencing produces even greater 

sequence coverage than GBS, targeting 61.6 Mb of coding sequence, and approximately 
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86% of the genes in the barley genome (Mascher et al. 2013b).  Additionally, this 

technology has been shown to be effective in sequencing wild barley as well as more 

distantly related barley species (Wendler et al. 2014).  The variants identified from these 

sequencing technologies, in addition to the SNP markers represented on the BOPA and 

iSelect assays, can be aligned to the IBSC (2012) Morex genome, which has been 

anchored to a population sequencing (POPSEQ) genetic map that was developed by 

sequencing 90 individuals of the Morex x Barke recombinant inbred line (RIL) and 82 

individuals of the Oregon Wolfe Barley mapping population (Mascher et al. 2013a). 

 

Barley Domestication 

 Wild barley can be found throughout the Fertile Crescent region of the Middle 

East, extending east into Central Asia, north into the Caucasus region, and west into 

North Africa (von Bothmer 1995).  Barley is one of the oldest grains used by humans, 

with cultivation beginning approximately 10,000 years ago (Zohary et al. 2012).  The 

domestication history of a crop can influence the accessibility and population dynamics 

of germplasm for modern crop improvement.  Considerable research has been conducted 

surrounding the domestication history of modern crop species.  Archaeological evidence, 

coupled with genetic signatures of domestication, reveals information about the origin 

and spread of domesticated barley.  But, differing germplasm and analysis techniques 

have led to debate regarding the timing and location of barley domestication.  While Badr 

et al. (2000) concluded that domesticated barley had a single monophyletic origin near 

Israel or Jordan with additional diversification after domestication in the Himalayan 

region,  Morrell and Clegg (2007) claim that haplotype diversity of wild and cultivated 



8 
 

barleys indicate two domestication events, one in the Fertile Crescent and one farther 

east.  Furthermore, they showed that these domestication events appear to have 

differential contributions to modern crop germplasm, with the majority of US and 

European cultivars derived from the Fertile Crescent germplasm, and Central Asian 

cultivars were more closely related to the wild barley accessions in the eastern 

domestication region.  This difference has implications for sampling and preserving 

diversity across the range. 

 The defining characteristics of domestication vary depending on the species, but 

there is often a suite of characteristics that influenced the success of the crop under 

cultivation, sometimes referred to as the domestication syndrome (Doebley et al. 2006; 

Brown et al. 2009).  In barley, the key domestication traits include: a non-brittle rachis 

which confers a non-shattering phenotype, a six-rowed spike morphology, and the naked 

caryopsis or free-threshing hull type (Pourkheirandish and Komatsuda 2007).  The non-

shattering phenotype is the most important domestication trait, allowing farmers to easily 

harvest grain that is retained on the spike.  The responsible non-brittle rachis morphology 

is controlled by two tightly linked genes Btr1 and Btr2 that have been fine mapped to 

chromosome 3H (Komatsuda et al. 2004).  Further analysis of these loci suggests that 

there are two distinct origins of the non-shattering phenotype, corresponding to the 

eastern and western areas of domestication, corroborating the two independent 

domestication events (Azhaguvel and Komatsuda 2007).  Although the trait originated 

only twice, the domestication history is not simple.  Archaeological evidence suggests 

that it took approximately 2,000 years for the non-shattering phenotype to become fixed 

in the cultivated barley population (Purugganan and Fuller 2009).   
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The six-rowed phenotype and the naked caryopsis phenotype originated later in 

evolutionary history.  The six-rowed phenotype appears in the archaeological evidence 

around 8,800-8,000 years ago, and dominated the cultivation until around 1,000 years ago 

when two-rowed types reemerged in Europe (Komatsuda et al. 2007).  The Vrs1 gene on 

chromosome 2H has been cloned, and like the non-brittle rachis phenotype, multiple 

independent mutational events led to the six-rowed phenotype (Komatsuda et al. 2007).  

The Nud gene on chromosome 7H is responsible for the naked caryopsis phenotype that 

confers a non-adhering hull more suited for human consumption (Taketa et al. 2008).  

Unlike btr1/btr2 and vrs1, there appears to be a single origin of the naked barley 

phenotype (Taketa et al. 2008).  In modern cultivation, this phenotype is less represented 

because the hull is favored for malting and animal feed uses.   

Besides these morphological traits that define boundaries between wild and 

cultivated barley, diversification of genes involved in reduced photoperiod sensitivity and 

reduced vernalization requirements allowed early barley domesticates to spread beyond 

wild barley’s native range (Pourkheirandish and Komatsuda 2007).  There are two main 

photoperiod genes: Ppd-H1 on chromosome 2H that controls flowering time under long-

day conditions, and Ppd-H2 on chromosome 1H that controls flowering time under short-

day conditions (Laurie et al. 1994).  The Ppd-H1 gene is involved in circadian clock 

function, and individuals expressing the dominant, photoperiod sensitive allele flower 

much earlier than those with the insensitive allele under long-day conditions (Turner et 

al. 2005).  Besides differences in flowering time, Ppd-H1 has pleiotropic effects on plant 

height, yield, and yield components (Laurie et al. 1994).  Jones et al. (2008) sequenced 

Ppd-H1 in 194 landrace and 72 wild barley accessions and identified a reduction of 
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diversity in landraces that is characteristic of a domestication bottleneck.  Furthermore, 

they found that the causative SNP and associated haplotypes are strongly correlated with 

geographic distribution, providing evidence that this trait influenced local adaptation and 

domestication.  In addition to the direct affect on flowering, photoperiod can also interact 

with vernalization, allowing for more specific adaptation to regions where winter 

conditions are too harsh for fall-planted barley (Trevaskis et al. 2006). 

 

Barley Germplasm Resources 

There are extensive barley germplasm collections that researchers can explore for 

cultivar improvement and gene discovery.  Barley’s primary gene pool includes current 

and historic elite germplasm, early domesticates and landraces, wild barley, and extensive 

induced and natural mutant collections (Lundqvist and Franckowiak 2003; van Hintum 

and Menting 2003).  These germplasm collections are maintained throughout the world in 

private and public breeding programs, as well as in local, national, and international 

germplasm repositories.  In the United States, the US Department of Agriculture-

Agricultural Research Service (USDA-ARS) maintains the National Small Grains 

Collection (NSGC), which houses over 32,000 cultivated barley accessions, as well as 

approximately 1,600 wild barley accessions (http://www.ars-grin.gov/npgs/; Bockelman 

and Valkoun 2010).   Beyond barley’s primary gene pool resources, a single species, 

Hordeum bulbosum, makes up the secondary gene pool, and an additional 30 species in 

the genus Hordeum comprise barley’s tertiary gene pool (von Bothmer 1995).  Because 

of the vast quantity of accessions present in germplasm collections, efforts to genetically 

and phenotypically characterize these populations are laborious.   
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To make germplasm collections more manageable, curators have developed core 

collections with fewer accessions that act as a reduced representation of the whole 

collection.  These lines are often selected as a function of geographic origin or genotypic 

characterization, and these smaller collections are able to be more extensively 

characterized.  Two notable collections are the NSGC Barley Core (Bockelman and 

Valkoun 2010; Muñoz-Amatriaín et al. 2014), and the Wild Barley Diversity Collection 

(WBDC) (Steffenson et al. 2007).  The NSGC core collection was genotyped with the 

barley iSelect 9K SNP platform and narrowed from 2,417 accessions to an informative 

set of 1,860 unique lines comprising 815 landraces, 781 cultivars/breeding lines, 21 

genetic stocks, and 243 undefined accessions (Muñoz-Amatriaín et al. 2014).  The 

WBDC comprises 318 wild barley accessions selected from the International Center for 

Agricultural Research in the Dry Areas (ICARDA) germplasm collection based on 

ecogeographical diversity.  The accessions are primarily from the Fertile Crescent region 

of the Middle East, with fewer lines from Central Asia, North Africa, and the Caucasus 

region (Steffenson et al. 2007).  These accessions have been genotyped with DArT, 

DArTseq, BOPA1 and BOPA2 markers (Roy et al. 2010; Ames et al. 2015).  Genetic 

characterization of these and other core collections presents opportunities for exploring 

marker-trait associations, population dynamics, and it sets the basis for developing mini-

core collections which can be even more extensively examined. 

 

Linkage Disequilibrium 

 Linkage disequilibrium (LD) is the nonrandom association of alleles at two or 

more loci.  The distribution of LD throughout the genome depends on several population-
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dependent factors.  In traditional biparental linkage mapping populations, the primary 

contributor to LD is direct linkage of adjacent polymorphisms.  This linkage allows for 

high power to detect marker trait associations, with the resolution of mapping dictated by 

the number and distribution of recombination events present in the population (Zhu et al. 

2008).  In contrast, LD in natural populations has a more complex basis.  The history of 

the population, with regard to selection, mating, genetic drift, and mutation, influences 

the measure of LD.  Because of this researchers must consider LD in the design of 

mapping studies (Slatkin 2008).  Linkage mapping studies generally require a relatively 

low number of markers to adequately cover the genome because LD extends to relatively 

large distances in the genome.  Unlike mapping in traditional linkage mapping 

populations, Genome-wide association studies (GWAS) do not require crossing and 

controlled population development.  Instead, existing germplasm resources are analyzed 

directly for traits of interest (Rafalski 2002a).  While the development of these 

populations requires less time for crossing, the selection of lines to include in the study 

can have implications for the resolution and power of mapping.  

 Association mapping studies have been widely used in human genetics research, 

and only recently have these techniques been adopted by plant genetics researchers 

(Rafalski 2002a).  GWAS relies on lower LD within the natural populations to associate 

markers with traits at a higher resolution due to a more extensive history of 

recombination events than what is present in linkage mapping populations (Zhu et al. 

2008).  The use of these populations presents two main statistical difficulties.  First, 

cryptic relatedness or population structure within the mapping population can confound 

marker-trait associations, leading to false positives if not properly controlled (Yu et al. 
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2006; Vilhjálmsson and Nordborg 2013), and second, small effect loci and low frequency 

alleles are difficult to detect (Korte and Farlow 2013).  Statistical methodologies have 

addressed some of these difficulties.  Mixed-model algorithms can account for kinship 

and/or population structure, minimizing the number of false positives (Yu et al. 2006; 

Price et al. 2010).  Despite these drawbacks, GWAS has become a routine mapping 

strategy, thanks to the ease of population development, and the potential for high 

resolution mapping.   

In barley, GWAS has been performed in current and historical breeding 

germplasm (Rostoks et al. 2006; Cockram et al. 2010; Massman et al. 2011; Comadran et 

al. 2011; Pasam et al. 2012), as well as landrace collections (Muñoz-Amatriaín et al. 

2014) and wild barley collections (Steffenson et al. 2007; Roy et al. 2010; Ames et al. 

2015) to identify a variety of marker-trait associations.  Studies have shown that LD 

tends to be higher in elite barley breeding populations than in wild barley populations 

(Morrell et al. 2005; Caldwell et al. 2006; Morrell et al. 2014), but both types of 

populations have significant population structure that must be accounted for (Steffenson 

et al. 2007; Waugh et al. 2009; Cockram et al. 2010; Zhou et al. 2012).  Because of these 

differences in LD, Caldwell et al. (2006) suggested a combined approach that involves 

mapping in wild barley populations to enhance the resolution of mapping over cultivated 

barley populations.  While this strategy is promising because of the low LD and high 

allelic diversity found in wild barley populations, phenotyping wild barley accessions for 

traits of interest to barley breeders can be logistically difficult.  Furthermore, strong 

selection on loci may influence local LD and consequently affect mapping results 

(Caldwell et al. 2006; Stracke et al. 2007). 
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Utilizing Exotic Germplasm for Crop Improvement 

 Utilizing exotic germplasm in a breeding program is difficult because deleterious, 

unadapted traits can mask beneficial genetic variation, and once such beneficial variation 

is identified, it can be challenging to integrate the beneficial alleles without bringing 

along deleterious traits, a challenge known as linkage drag (Tanksley and Nelson 1996).  

Over the course of domestication and cultivar improvement, genetic bottlenecks lead to 

the loss of alleles, some of which may have value to modern crop breeders (Tanksley and 

McCouch 1997; McCouch et al. 2013).  Ellis et al. (2000) estimated a mere 40% of the 

alleles present in wild barley are found in cultivated barley.  These alleles that have been 

lost include beneficial alleles for economically important traits such as disease resistance 

(Fetch et al. 2003; Steffenson et al. 2007; Schmalenbach et al. 2008), abiotic stress 

tolerance (Ellis et al. 2000; Lakew et al. 2013b; Kalladan et al. 2013), and quality traits 

(Tanksley and McCouch 1997; von Korff et al. 2008).  Genome-wide molecular markers 

can aid in both the discovery and integration of beneficial traits from exotic germplasm.  

Two commonly used strategies to understand the genetic architecture of traits in exotic 

germplasm are advanced backcross QTL (AB-QTL) mapping and association mapping.  

Once beneficial alleles are identified, breeders can perform marker assisted backcrossing 

to integrate alleles, or newer methods such as genomewide selection, which attempts to 

integrate diversity for more complex traits (Bernardo 2009; Combs and Bernardo 2013). 

The AB-QTL technique developed by Tanksley and Nelson (1996), involves 

backcrossing an exotic donor to an adapted recurrent parent two or more times and 

selfing to develop a linkage mapping population of individuals that are primarily adapted, 

with smaller portions of unadapted genome.  This approach is beneficial, because it 
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minimizes the amount of unadapted alleles in individuals, allowing for a more accurate 

assessment of their genetic value.  By containing fewer exotic alleles, the lines can be 

screened in target environments, and the effects of background or epistatic interactions 

developed from a wide cross are minimized.  Additionally, the time needed to introgress 

beneficial alleles is lessened, because the introgression process has already begun 

(Tanksley and Nelson 1996).  This technique has been used in many crop species to 

identify valuable alleles from unadapted germplasm (Wang and Chee 2010).  Several 

wild barley x cultivated barley advanced backcross populations have been developed and 

analyzed for a wide variety of traits, including: yield and agronomic traits (Li et al. 2005; 

von Korff et al. 2006; Gyenis et al. 2007; Eshghi et al. 2013), malting quality (von Korff 

et al. 2008; Schmalenbach and Pillen 2009; March et al. 2012), disease resistance (von 

Korff et al. 2005; Yun et al. 2006; Li et al. 2006), abiotic stress tolerance (Saal et al. 

2011; Hoffmann et al. 2012; Schnaithmann and Pillen 2013; Kalladan et al. 2013), and 

root traits (Naz et al. 2014). 

 

Multiparent Populations 

 Researchers have begun to explore next generation population design as the next 

step towards understanding the genetic control of complex quantitative traits (Cavanagh 

et al. 2008; Myles et al. 2009; Morrell et al. 2012).  These multiparent populations 

involve more intricate mating designs than biparental populations.  Designs vary with 

regard to particular aims, as well as practical considerations of mating habit and 

generation time of the species involved.  Collaborative efforts have been undertaken to 

develop and analyze these large populations in several model organisms: the Drosophila 
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Synthetic Population Resource (DSPR) (King et al. 2012a; King et al. 2012b), the mouse 

Collaborative Cross (Churchill et al. 2004; Aylor et al. 2012), the Arabidopsis 

multiparent RIL (AMPRIL) (Huang et al. 2011), and the Arabidopsis Multiparent 

Advanced Generation Inter-Cross (MAGIC) (Kover et al. 2009).  Each of these 

populations uses a set of diverse founder lines that are intermated in a single generation 

or over multiple generations, then selfed or sib-mated to create inbred lines available for 

extensive phenotypic analysis.  MAGIC populations have also been created for several 

crop species including: barley (Sannemann et al. 2015), rice (Bandillo et al. 2013), 

tomato (Pascual et al. 2014), and bread wheat (Verbyla et al. 2014).  The maize Nested 

Association Mapping (NAM) population was the first multiparent population developed 

in a crop species that utilized modern genetic tools for high resolution genetic mapping. 

Unlike the intercross populations described above, the NAM design involves crossing 

several diverse lines to a reference genotype, without intercrossing the founding lines (Yu 

et al. 2008).  The NAM design has also been adopted by several other crops, including: 

wheat and barley (http://www.triticeaecap.org/, Schnaithmann et al. 2014), soybean 

(Stupar and Specht 2013), and sorghum (Mace et al. 2013). 

 These population designs share a few notable benefits over biparental linkage 

mapping and over association mapping.  By using multiple parents in the mating design, 

multiparent populations capture a larger sample of allelic diversity than their biparental 

counterparts (King et al. 2012a).  While they are unlikely to capture all of the causal rare 

variants that are contributing to variation in an association mapping panel, the crossing 

design increases the allele frequencies of the rare alleles present in the founding lines to 

detectable levels.  This results in more statistical power to detect rare variants than would 
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be possible in association analysis (Yu et al. 2008).  Additionally, the multiparent design 

allows for evaluation of multi-allelic series.  When multiple alleles at a single locus 

contribute to variation for a trait, both linkage mapping and association mapping can fail 

to attribute the appropriate genetic variation to the locus (Long et al. 2014).  Because 

these rare alleles and multi-allele loci are difficult to detect using association mapping, 

some have suggested that multiparent populations may minimize the missing heritability 

problem by accounting for additional sources of genetic variation (Long et al. 2014).  

 In addition to the added benefits of sampling multiple alleles and increasing the 

detection of rare alleles, the crossing schemes in multiparent populations create relatively 

uniform genetic backgrounds that minimize population structure (Yu et al. 2008).  In 

association mapping studies, population structure can lead to false negatives when 

variation for a trait is confounded with population structure or to false positives when 

population structure is not appropriately controlled (Larsson et al. 2013).  One of the 

major advantages of association mapping over linkage mapping is the added resolution 

enabled by low levels of LD in association mapping panels (Rafalski 2002a).  While the 

multiparent populations retain large linkage blocks from founder parents, the different 

haplotypes of the founders nested within those linkage blocks creates lower LD and 

consequently, higher resolution in multiparent populations (Yu et al. 2008).  These 

linkage blocks also enable direct projection of parental haplotypes onto progeny, 

allowing for high density marker data to be projected onto the lower density genotyping 

of the progeny (Guo and Beavis 2011).   

 The maize NAM population was developed from 25 diverse lines crossed to a 

single reference line, B73.  From each of the 25 crosses, 200 RIL lines were developed, 
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for a total of 5,000 NAM lines (Yu et al. 2008).  The population has been genotyped with 

1,106 SNP markers, the parents were sequenced, and from the sequence data, an 

additional 1.6 million markers were imputed onto the population (Tian et al. 2011).  

Traits that have been measured include: flowering time (Buckler et al. 2009), disease 

traits (Kump et al. 2011; Poland et al. 2011), and agronomic traits (Tian et al. 2011; 

Peiffer et al. 2013; Peiffer et al. 2014).  The most recent maize NAM analyses have 

involved a joint linkage analysis (Buckler et al. 2009), followed by a GWAS using a 

bootstrapping approach that sampled 80% of each family 100 times.  Background effects 

were controlled by analyzing each chromosome while correcting for effects of other 

chromosomes (Tian et al. 2011).  By coupling a linkage mapping approach with an 

association mapping approach, the maize NAM approach is able to identify many 

significant marker trait associations, minimize false positives, and assign genotypic 

effects of alleles at significant markers for each parent (Poland et al. 2011).  The results 

of these studies in maize show that many traits are controlled by complex genetic 

architecture, with many small effect loci contributing to the phenotypes observed.  

Similar analyses need to be conducted to determine if inbreeding species such as barley 

will reveal the same trends. 

In sorghum and barley, researchers have altered the maize NAM design to include 

a backcross generation. The sorghum BC-NAM was a repurposing of previously 

developed populations aimed at moving diverse sorghum germplasm into an adapted 

Australian sorghum breeding line (Jordan et al. 2011; Mace et al. 2013).  A total of 56 

accessions, including elite breeding lines, landraces, and weedy sorghums were each 

backcrossed to a single sorghum line to produce 30-90 BC1F4 lines per family.  Selection 
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for height, maturity, and other characteristics was used to maintain a relatively adapted 

population.  This selection led to significant deviations from the expected 25% diverse 

parent allele frequency in some areas of the genome.  Mace et al. (2013) used over 1,400 

lines in 24 of the families to analyze the genetic architecture of sorghum flowering time.  

Using multi-populational QTL analysis and mixed model association mapping, they 

identified 40 QTL of relatively small and additive effect, a result similar to mapping in 

the maize NAM (Buckler et al. 2009). 

 Schnaithmann et al. (2014) developed a wild barley backcross – NAM population 

named Halle Exotic Barley (HEB).  The parents of the HEB population were selected 

from the wild barley collection described by Badr et al. (2000), based on their origin 

across the Fertile Crescent.  Each of the wild barley parents were crossed to the German 

spring barley Barke and the resulting F1 plants were backcrossed once to Barke, giving 

rise to 20 BC1 plants and 50-71 BC1S1 lines, making up the 295 HEB-5 mapping lines.  

Lines were genetically characterized with the BOPA1 marker platform, and 

phenotypically characterized for seedling leaf rust resistance.  In two cases, a higher than 

expected wild barley genotype frequency was observed on chromosome 1H in HEB-F08 

and on chromosome 5H in HEB-F14. In another family, HEB-F23, lower than expected 

wild barley frequency was identified on chromosomes 1H, 6H and 7H.  To identify 

marker-trait associations, Schnaithmann et al. (2014) conducted two mixed model 

analyses, one across all families, and a second analysis which was performed within each 

family.  Eight QTL were detected, four across families, and four within a single family. 

The HEB-5 is a subset of a larger HEB-25 population comprising 1,420 BC1S3 

individuals in 25 families (Maurer et al. 2015).  This larger population was genotyped 
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with the 9K iSelect marker platform and scored for flowering time in three environments.  

Heritability for heading date was estimated on a line-mean basis of 91.6%.  Using 

stepwise multiple linear regression, eight major QTL were identified that collectively 

explained 60% of the phenotypic variance.  Of these QTL, a SNP located in the Ppd-H1 

gene on chromosome 2H explained 36% of the variance.  Other loci detected colocalized 

with vernalization and flowering time regulation genes Vrn-H1, Vrn-H2, Vrn-H3, 

HvCEN, denso, and HvELF3.  Maurer et al. (2015) compared prediction accuracies of 

various flowering time models.  Using Ppd-H1 haplotype classifications slightly 

improved the prediction accuracy from 36% to 38% over the single marker Ppd-H1 

model.  The 8-SNP model explained 64% of the variance, and genome-wide marker 

models using RR-BLUP and BayesCπ improved the model to 71% and 74% respectively.  

Lastly, adding epistatic interactions between the significant main effect SNPs increased 

the model to 77%.  They concluded that unlike maize and sorghum, large effect loci are 

responsible for most of the variation in flowering time in barley. 

Ultimately, multiparent populations incorporate many favorable characteristics of 

association mapping and linkage mapping, without many of their drawbacks.  The use of 

these populations is still relatively recent, and it is likely that population designs and 

analysis techniques will evolve as empirical data demonstrates specific strengths and 

weaknesses.  Among the questions which remain unanswered are: which and how many 

founding genotypes to use, how large the populations should be, which crossing design is 

most effective, and how best to sample from within populations for smaller trials.  Many 

of these questions are bounded by logistical considerations such as difficulty of crossing, 

size and availability of field plots, and genotypic capacity.    
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Chapter 2: Development and genetic characterization of an Advanced 

Backcross – Nested Association Mapping (AB-NAM) population of  

wild × cultivated barley 
Overview 

To increase the accessibility of wild barley germplasm to barley breeders and 

geneticists, we developed a wild barley advanced backcross-nested association mapping 

(AB-NAM) population.  This population was created by backcrossing 25 wild barley 

accessions to the 6-rowed malting barley cultivar Rasmusson.  The 25 wild barley parents 

were selected from the 318 accession Wild Barley Diversity Collection (WBDC) to 

maximize the allelic diversity of the chosen set at 1,402 SNP markers, 556 DArT 

markers, and 46 SSR markers.  The resulting 796 BC2F4:6 lines were genotyped with 384-

SNP markers, and an additional 4,022 SNPs and 263,531 sequence variants were imputed 

onto the population using 9K iSelect SNP genotypes and exome capture sequence of the 

parents.  On average, 96% of each wild parent was introgressed into the Rasmusson 

background.  To compare mapping resolution potential, genomewide linkage 

disequilibrium (LD) was calculated for the AB-NAM, the WBDC, and two biparental 

wild x cultivated barley mapping populations: the Harrington x OUH-602 advanced 

backcross (AB) and recombinant inbred line (RIL) populations.  While LD decay (r2 = 

0.2) was lowest in the WBDC (0.36 cM), the AB-NAM (9.2 cM) exhibited quicker LD 

decay than the AB (28.6 cM) and RIL (32.3 cM) populations.  Three qualitative traits: 

glossy spike, glossy sheath, and blue hull color were mapped with high resolution to loci 

corresponding to known barley mutants for these traits.  Additionally, a total of 10 QTL 

were identified for the quantitative trait grain protein content.  The combination of low 
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LD, negligible population structure, and high diversity in an adapted background make 

the AB-NAM an important tool for exploring wild barley germplasm. 

 

Introduction 

Diverse germplasm collections are valuable resources for continued crop 

improvement.  However, using these resources is a challenge that is often avoided by 

breeders due to the time and effort required to identify and deploy beneficial exotic 

alleles.  Breeding for complex traits requires balancing the introduction of genetic 

diversity with maintaining the selective progress obtained over many cycles of breeding 

(Bernardo 2002).  Due to the stringent malting quality requirements imposed by North 

American malting and brewing industries, barley (Hordeum vulgare ssp. vulgare) 

breeding has been restricted to a narrow germplasm base and focused on elite by elite 

crosses (Rasmusson and Phillips 1997).  Over many cycles of breeding, extensive 

genome-wide linkage disequilibrium (LD) develops in closed breeding populations (Fang 

et al. 2013), and the genetic diversity of these populations becomes reduced (Condón et 

al. 2008; Fu and Somers 2009; Muñoz-Amatriaín et al. 2010). The need to expand the 

genetic diversity of the breeding pool has become evident as breeders face disease and 

environmental pressures which are threatening crop production.  Today, genomics 

technologies are advancing our ability to understand the genetic basis of variation across 

barley germplasm, and providing the opportunity to look beyond conventional sources of 

genetic diversity for sustained crop improvement.   
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 Wild barley (Hordeum vulgare ssp. spontaneum), the progenitor of cultivated 

barley, is a rich source of genetic diversity for genetic studies and breeding programs.  

Genetic analysis of cultivated barley has shown that the crop has retained only 40% of 

the diversity existing in the wild populations (Ellis et al. 2000).  Despite low levels of 

outcrossing in both wild and cultivated barleys (~0-2%) (Abdel-Ghani et al. 2004), wild 

barley populations exhibit much lower LD than typical breeding populations (Morrell et 

al. 2005; Caldwell et al. 2006; Hamblin et al. 2010).  The heightened level of LD present 

in cultivated barley is likely due to population parameters such as geographic structure, 

selection, and reduced effective population size under cultivation.  The combination of 

low LD and high diversity in wild barley germplasm collections presents an opportunity 

for high resolution association mapping, which has been used successfully to identify loci 

associated with barley disease resistance (Steffenson et al. 2007; Roy et al. 2010).  Still, 

association mapping within wild barley populations presents challenges when assessing 

agronomic traits of interest.  For example, wild barley has a brittle rachis that contributes 

to seed shattering (Pourkheirandish and Komatsuda 2007), and many accessions are not 

well adapted to agronomic growing environments. These characteristics make assessing 

wild barley in field trials difficult, particularly for agronomic traits of interest.  

 The advanced backcross (AB) technique was developed to address the difficulties 

of using unadapted germplasm for trait mapping and cultivar improvement (Tanksley and 

Nelson 1996).  Instead of developing typical F2-derived recombinant inbred line (RIL) 

mapping populations, AB populations are composed of multiple-backcross derived RILs, 

with an exotic donor parent crossed to an adapted recurrent parent.  With a much smaller 

portion of the exotic genome present in each of the lines, the effects of deleterious alleles 
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are reduced, allowing researchers to perform field experiments to analyze the value of 

exotic alleles in the context of cultivated germplasm.  Furthermore, hybrid or epistatic 

effects are minimized allowing for more accurate measures of additive genetic variation, 

and since at least two rounds of backcrossing have already been performed, the process 

of introgressing traits has already been initiated should beneficial alleles be identified 

(Tanksley and Nelson 1996).  AB populations have been developed and used successfully 

to identify beneficial alleles in several crops, including tomato, rice, wheat, maize, cotton 

(reviewed in Wang and Chee 2010), and barley (Pillen et al. 2003; Matus et al. 2003; von 

Korff et al. 2004; Yun et al. 2005; 2006; Li et al. 2006).  The most extensively 

characterized wild × cultivated barley AB population, ISR42-8 × Scarlett, has been 

analyzed for many traits including disease resistance, agronomic characteristics, malting 

quality, nitrogen use, drought stress response, and root architecture (von Korff et al. 

2005; von Korff et al. 2006; von Korff et al. 2008; Saal et al. 2011; Sayed et al. 2012; 

Naz et al. 2014).   

While AB analysis has identified quantitative trait loci (QTL) for valuable traits, 

it is limited by the genetic content of the parents selected, and the controlled crossing 

scheme leads to extensive LD, minimal recombination events, and unbalanced allele 

frequencies (Tanksley and Nelson 1996).  Traditional QTL mapping techniques suffer 

similar limitations, resulting in relatively low resolution mapping.  To achieve higher 

resolution mapping using more diverse germplasm, association mapping has become a 

popular technique for mapping quantitative traits in crop species (Rafalski 2002a).  But, 

cryptic relatedness or population structure within association mapping populations can 

confound marker-trait associations, leading to false positives if not properly controlled 
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(Yu et al. 2006; Vilhjálmsson and Nordborg 2013), and small effect loci and low 

frequency alleles are difficult to detect (Korte and Farlow 2013).  To address these 

limitations of linkage and association mapping techniques, researchers are analyzing 

populations developed from more complex crossing schemes that involve multiple 

parental lines and a family based association mapping approach (Guo et al. 2013).  The 

nested association mapping (NAM) approach developed by Yu et al. (2008) combines the 

power of linkage mapping with the resolution of association mapping by crossing a 

diverse set of lines to a single reference genotype.  This population structure nests 

ancestral LD within novel recombination events, allowing for imputation of high density 

genotypic data from parental lines, high power and high resolution mapping, and 

utilization of diverse germplasm (Yu et al. 2008).   

 Genetic characterization of the maize NAM population revealed patterns of 

recombination and segregation distortion within the maize genome (McMullen et al. 

2009), and trait mapping has identified numerous QTL for flowering time, northern leaf 

blight resistance, leaf architecture, and plant height (Buckler et al. 2009; Tian et al. 2011; 

Poland et al. 2011; Peiffer et al. 2014).  The NAM design is one of several multi-parent 

mapping strategies that have been developed to dissect complex trait architecture.  

Population design varies based on considerations such as mating system and resource 

availability.  Multi-parent inter-cross populations that utilize more complex crossing 

designs have been developed in mouse (Churchill et al. 2004), Arabidopsis (Kover et al. 

2009; Huang et al. 2011), rice (Bandillo et al. 2013), wheat (Rebetzke et al. 2014), and 

barley (Sannemann et al. 2015), and backcross-NAM designs have been developed in 

sorghum (Jordan et al. 2011) and barley (Schnaithmann et al. 2014). 
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 Here, we describe the development and genetic characterization of a resource for 

barley breeders and geneticists that combines the population development schematics of 

AB and NAM populations.  Our objectives were: (1) to develop a barley population that 

incorporates a large amount of exotic germplasm, but is adapted enough to be analyzed in 

standard field trials; (2) to identify regions of the barley genome that are subject to 

segregation distortion during wild barley introgression; (3) to compare the linkage 

disequilibrium structure of four different populations that utilize exotic germplasm for 

mapping: a wild barley advanced backcross - nested association mapping (AB-NAM) 

population, a diverse wild barley association mapping panel, a wild x cultivated barley 

AB population, and a wild x cultivated barley RIL population; and (4) to map three 

qualitative traits with varying segregation patterns in the population and a quantitative 

trait using the AB-NAM population. This genetic characterization will inform our efforts 

to perform trait mapping within the AB-NAM population and improve our understanding 

of the challenges surrounding trait introgression from wild barley.  

 

Materials and Methods  

Plant materials 

Twenty-five wild barley parents were chosen from the Wild Barley Diversity 

Collection (WBDC), a germplasm collection of 318 accessions that represent wild 

barley’s range in the Middle East, Central Asia, North Africa, and Caucasas region 

(Table 2.1, Figure 2.1a, Steffenson et al. 2007).  Using the Power Marker software’s Core 

Set function (Liu and Muse 2005), parental accessions were selected by maximizing the 

allele content of 25 chosen parents at 1,402 SNP Barley Oligo Probe Assay 1 (BOPA1, 
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Close et al. 2009), 556 DArT (Alsop et al. 2011), and 46 SSR markers that were 

polymorphic in the WBDC.  The recurrent parent Rasmusson is a high-yielding, high-

quality, six-rowed malting barley cultivar (Smith et al. 2010).  

 

Population development 

The wild barley AB-NAM population was developed by crossing each of the 25 

wild barley donor parents to Rasmusson.  F1 plants, and subsequently unique BC1F1 

plants, were backcrossed to Rasmusson.  A total of 796 individual BC2F2 plants were 

selected for six-rowed spike morphology and selfed by single seed descent to the BC2F4 

generation.  Six-rowed spike morphology, the preferred type in the Minnesota production 

region at the time, was selected to reduce the confounding effect of spike morphology on 

trait analysis.  Rasmusson served as the female parent in all crosses.  Individuals being 

crossed were vernalized as seedlings in a cold chamber for 4-6 weeks to ensure consistent 

flowering.  Population development occurred in controlled greenhouse and growth 

chamber environments to minimize inadvertent selection. 

 

Parental genotyping and exome capture sequencing 

The 25 wild barley parents and Rasmusson were genotyped with the barley 9K-

SNP Illumina iSelect platform (Comadran et al. 2012) and exome capture sequenced 

(Mascher et al. 2013b).  Genomic libraries were constructed using the barley Roche 

NimbleGen SeqCap EZ Developer probe pool and Illumina HiSeq sequenced at the 

University of Kansas Medical Center Genome Sequencing Facility.  The exome capture 

assay provided the opportunity to capture 61.6 Mb of barley gene space, 34.6 Mb of 
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which corresponds to high confidence gene calls (Mascher et al. 2013b).  Sequence 

variants were called using the HaplotypeCaller function in the GATK 3.3 software 

package (https://www.broadinstitute.org/gatk/).  Exome capture sequences for parent 

WBDC103 were discarded due to low quality sequence alignment, and subsequent 

analyses were performed on the 761 individuals derived from 24 wild barley parents.  

Sequence variant calls were filtered by GATK genotyping quality (GQ) score > 10 and 

read depth (DP) > 10 reads.  Sequence variants with heterozygous Rasmusson genotype 

calls, greater than 2 alleles, missing calls, or calls located on contigs without genetic map 

information were excluded from the marker set.  Sequence variants that mapped to the 

same cM location and that contained identical parental genotype calls were binned 

because they were in perfect LD, and only one variant was used for further analysis.   

 

Population genotyping and marker imputation 

Tissue from six to eight seedlings per BC2F4:5 line was bulk harvested, and DNA 

was extracted at the USDA-ARS Eastern Regional Small Grains Genotyping Laboratory.  

Each of the 796 lines was genotyped using a custom 384-SNP Illumina VeraCode assay 

that contained markers selected from 2,994 mapped SNPs on the Barley Oligo Probe 

Assays 1 & 2 (BOPA1 & 2; Close et al. 2009; Muñoz-Amatriaín et al. 2011).  SNP 

selection was based on even distribution throughout the genome according to map 

locations from the Muñoz-Amatriaín et al. (2011) consensus map, and based on their 

ability to distinguish Rasmusson from the 25 wild parents.  Five of the 384 SNPs did not 

meet quality standards and were excluded from further analysis.   
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For each family, the subset of segregating genotyped markers (Supplemental 

Table 2.1) was used as a scaffold to impute the higher density iSelect and exome capture 

sequence variants of each respective wild parent.  The probabilities of SNP calls were 

calculated based on the genetic map locations of typed scaffold marker calls (Guo and 

Beavis 2001).  For each line, when two typed flanking markers were derived from the 

same parent, the imputed marker took the value of the flanking markers.  When the 

markers indicated a recombination event, the imputed marker was given an intermediate 

value as a function of the genetic distance between the imputed marker and each of the 

two flanking markers.   The Muñoz-Amatriaín et al. (2014) consensus map and the 

Mascher et al. (2013a) PopSeq Morex x Barke sequence contig map were used to impute 

scores for iSelect and exome capture markers, respectively.   

Additionally, a set of artificial, interpolated marker values were constructed for 

each 1cM in the consensus map.  Marker calls were generated by interpolating the 

presence or absence of wild barley introgression using the appropriate flanking, 

segregating genotyped markers.  

 

Segregation distortion and recombination 

Regions of introgression were determined based on the set of segregating markers 

for each family, with recombination events predicted halfway between two flanking 

markers.  For each line, the proportion of wild barley introgression was calculated as the 

number of 1 cM intervals with wild introgression divided by the total map size.  To test 

for segregation distortion from the expected 12.5% BC2 wild allele frequency, chi-square 

tests of significance were calculated at each marker, across the entire population (df = 1) 
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and within families (df = 24).  Number of recombination events were identified for 10 cM 

intervals and tested for significant deviations from the mean population recombination 

rate. 

 

Population structure and linkage disequilibrium  

 Neighbor joining trees were calculated using the nj function in the ape R package 

using 2,878 BOPA1 and BOPA2 SNP markers for the WBDC and 6,976 iSelect markers 

for the AB-NAM parents.  Tree diagrams were constructed in FigTree 1.2.0 

(http://tree.bio.ed.ac.uk/software/figtree/).  Principal component analysis was performed 

using the R eigen function for the 4,022 imputed iSelect markers across the entire AB-

NAM, with and without the parental genotypes included. 

 To compare genome-wide measures of LD in wild barley-derived mapping 

populations, genome-wide pairwise marker correlations were calculated using 967 typed 

or imputed BOPA1 SNP markers that were segregating in each of four populations: (1) 

the 796 line wild barley AB-NAM described here, (2) the 318 accession WBDC 

association mapping population from which the AB-NAM parents were chosen 

(Steffenson et al. 2007), and (3) 98 BC2F8, AB lines (HOUH-AB) and (4) 92 RIL lines 

(HOUH-RIL) derived from the wild barley x 2-row malting barley cross OUH-602 x 

Harrington (Yun et al 2005; 2006).  The HOUH-AB and HOUH-RIL populations were 

genotyped with the same 384-SNP platform used to genotype the AB-NAM.   

To eliminate the effect of population size confounding LD comparisons, LD was 

also calculated after sampling 90 individuals from each population, 100 times.   LD decay 

was measured as the genetic distance (cM) at which the squared correlation coefficient r2 
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decayed to 0.2 on a logarithmic regression.  Background levels of LD were calculated as 

the average r2 between all pairwise combinations of markers on different chromosomes.  

The average pairwise r2 was calculated for 40 cM sliding windows shifting by 2 cM, 

which contained an average of 102 markers per window. 

 

Trait phenotyping 

 The traits glossy spike and glossy sheath were visually scored as present/absent in 

augmented field experiments in Crookston, MN in the summers of 2012 and 2013 (CR12, 

CR13).  Blue hull color was scored as present/absent in the remnant seed from the CR12 

and St. Paul, MN 2012 (SP12) field trials.  The mean trait value was calculated across 

environments for each line.  Grain protein levels were obtained using a Perten 

(Hägersten, Sweden) diode array near infrared spectroscopy (NIRS) instrument on 22 mL 

samples of cleaned grain from augmented field experiments in CR12, SP12, and 

Bozeman, MT and Fargo, ND in 2013 (MT12, ND13).  Grain protein was analyzed in 

each environment and best linear unbiased predictors (BLUPs) were calculated for each 

line based on phenotypic data from all four environments using ASReml-R (VSN 

International).   

 

Trait mapping 

Genome-wide association analysis was performed for each trait using the rrBLUP 

R package GWAS function (Endelman 2011), which implements an EMMAX variance 

component model (Kang et al. 2010).  Blue hull was mapped using all individuals with 

genotypic information, and results were filtered with a minor allele frequency (MAF) 
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threshold = 0.001 due to the low frequency of the trait in the population.  For grain 

protein, a bootstrap approach was taken where 25 individuals from each family (600 total 

individuals) were sampled 100 times.  Results for glossy sheath, glossy spike, and grain 

protein were filtered on a MAF = 0.013 threshold, corresponding to 10 individuals 

containing a wild barley allele. 

Marker-trait associations were deemed significant when they fell above a 0.05 

false discovery rate (FDR) threshold.  To obtain estimates of allele substitution effect, 

marker effects were calculated by passing a single marker to the mixed.solve function in 

the rrBLUP R package (Endelman 2011; Mohammadi et al. 2015).  For protein, the 

frequency of detection of marker-trait associations was calculated across sampling 

subsets, and those associations observed in less than 5% of samples are not reported.  The 

reported marker effects and significance (-log(p-value)) values are averages across 

significant bootstrapped samples.  Marker-trait associations were deemed independent 

loci if there was a 5cM or greater gap between significant markers.  Markers with 

maximum significance in each direction are reported. 

Mapping was performed using 4 different marker sets: (1) 379 SNPs genotyped 

across the entire population; (2) 4,022 SNPs (3,520 unique bins) imputed from the 

parental iSelect SNP marker calls; (3) 263,531 variants (126,303 unique bins) imputed 

from exome capture sequencing of the parents; and (4) 1,148 interpolated biparental calls 

at each 1 cM of the barley genome consensus map.  
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Results 

Development of a wild barley AB-NAM population 

To develop an advanced backcross nested association mapping (AB-NAM) 

population in barley, we first selected a highly diverse set of 25 wild barley accessions 

from the 318 accessions in the WBDC.  The selected 25 accessions contained 92% of the 

genetic variation assayed across all marker sets.  In particular, the 25 wild barley parents 

captured 96% of the BOPA1 & 2 SNP alleles, 99% of DArT alleles, and 57% of SSR 

alleles present in the 318 accessions of the WBDC.  The lower percent of SSR alleles 

captured was due to an average of 19 alleles per SSR locus.  The selected wild barley 

parents were representative of the geographic and genetic distribution of the WBDC 

(Figure 2.1a and Figure 2.1b), but ascertainment bias introduced by using the BOPA1 

marker platform led us to select 8 individuals that subsequent analysis revealed contain 

allele frequencies characteristic of feral barley accessions or recent introgression from 

landrace or cultivated barley (Fang et al. 2014). 

Using these 25 WBDC accessions, we developed the AB-NAM population by 

backcrossing each of the selected parents twice to a common recurrent cultivar 

Rasmusson (Figure 2.1c).  Rasmusson was chosen to ensure that the wild barley alleles 

could be evaluated in an adapted genetic background in the field.  Between 27 and 39 

BC1 individuals were derived from each wild barley accession and backcrossed to 

Rasmusson to produce the BC2 individuals.  Each BC2 was advanced via single seed 

descent for four generations to develop 25 BC2F4 derived families. At the F2 stage in the 

single seed descent process, individuals with six-rowed spike morphology, the preferred 

morphology in the Midwestern US at the time of development, were selected. Therefore, 
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the 25 BC2F4 family sizes ranged from 27-39 individuals per wild parent, for a total of 

796 unique BC2F4 AB-NAM spring six-row lines.   

 

Genetic characterization 

 To determine the genomic regions of wild parent introgression in the Rasmusson 

background, the AB-NAM population was genotyped with 379 SNP markers distributed 

throughout the genome.  The number of genotyped, segregating markers ranged from 

233-326 per family and were distributed approximately every 3.57 cM throughout the 

genome (Supplemental Table 2.1).  Areas with lower density of segregating markers were 

found in each family.  The maximum gap between segregating markers ranged from 

13.43 - 23.42 cM (Supplemental Table 2.1), not including the line WBDC020 which 

shows a significant region on chromosome 3HS that appears to be monomorphic with 

Rasmusson.  The parents were genotyped using the barley 9K iSelect SNP platform and 

exome capture sequenced. We imputed 4,022 SNP (3,520 unique bins) and 263,531 

sequence variants (126,303 unique bins) onto the population.  Principal component 

analysis revealed minimal population structure with the first two components accounting 

for less than 6% of the genetic variation, indicating that population structure was 

successfully controlled by the crossing scheme (Figure 2.2). 

On average, 96% of each wild parent genome was introgressed into the 

Rasmusson background (Table 2.1).  Individual lines contain 0.79% - 37.4% wild barley 

introgression with a mean of 13.5% wild barley introgression per line (Table 2.2). The 

average introgression size is 27.98 cM, and the average number of introgressions per line 

is 5.9 on an average of 4.3 chromosomes (Table 2.2).  Selection for six-row spike 
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morphology in the BC2F2 led to a significant decrease in wild barley allele frequency 

surrounding the six-rowed spike morphology vrs1 locus on chromosome 2H.  Additional 

genomic regions of segregation distortion were found on chromosomes 1H and 6H, 

where wild barley introgression was more frequent than expected, both within and across 

families (Figure 2.3).  To determine whether it is appropriate to apply the previously 

developed genetic maps to this population, we compared the recombination frequency 

across the genome in the AB-NAM with the Muñoz-Amatriaín et al (2014) consensus 

map.  When the AB-NAM recombination events were binned in 10 cM intervals, we 

observed no areas of the genome where recombination frequency was significantly 

different from the genome-wide average of 67.1 recombination events per 10 cM (Figure 

2.4).  Recombination frequency deviated slightly across chromosomes with the lowest 

average recombination rate of 61.1 recombinations/10 cM on chromosome 4H and the 

highest rate of 76.8 on chromosome 1H (Supplemental Table 2.2).  

 

Patterns of LD in wild barley derived populations 

 To assess the mapping utility of the AB-NAM compared to other populations, we 

compared the linkage disequilibrium (LD) in the AB-NAM, the WBDC, a RIL 

population and an AB population. The parents of the RIL and AB populations were the 

wild barley accession OUH602 and the two-rowed spring cultivar Harrington (Yun et al 

2005; 2006).  LD was calculated using 967 SNP markers that are segregating in each of 

four wild barley populations.  To reduce the confounding factor of population size, LD 

was calculated from a random sample of 90 individuals in each population.  In the 

WBDC population, LD decayed to an r2 = 0.2 within 1 cM (Supplemental Figure 2.1b).  
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In contrast, LD decay in the biparental HOUH-AB and HOUH-RIL populations extended 

to 28.6 cM and 32.3 cM, respectively (Supplemental Figure 2.1c and 2.1d).  The AB-

NAM had an intermediate level of LD decay of 9.2 cM when 90 individuals were 

sampled (Supplemental Figure 2.1a), but the LD decay was more rapid when sampled 

across the entire 796 individual AB-NAM population (Supplemental Figure 2.2a).  In the 

biparental populations, LD appears to slightly increase in intervals containing the 

pericentromeric region.  This trend is less distinct in the AB-NAM and WBDC 

populations (Figure 2.5). Interchromosomal measures of LD were highest in the WBDC 

population (0.0216), but similar in the AB-NAM (0.0121), AB (0.0137) and RIL (0.0117) 

populations (Supplemental Table 2.3, Supplemental Figure 2.3, Supplemental Figure 

2.4), suggesting that the crossing design of the AB-NAM minimizes LD caused by 

factors other than linkage, such as population structure. 

 

Glossy traits, hull color and grain protein in the AB-NAM 

Glossy spike, glossy sheath and blue hull color are all highly heritable qualitative 

traits which were scored visually in the AB-NAM population, and grain protein content is 

a quantitative trait scored using near infrared spectroscopy (NIRS).  These traits were 

selected because they are easily scored and because they exhibit different segregation 

patterns in the population.  The glossy spike and glossy sheath phenotypes are 

characterized by reduced or absent wax that leads to a shiny, bright green appearance of 

the spike or spike and sheath, respectively.  The glossy spike phenotype is common in 

wild barley populations, and is segregating in all families except WBDC173, with a total 

of 109 glossy spike AB-NAM lines.  Glossy sheath is segregating in 3 families derived 
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from parents WBDC032, WBDC035, and WBDC348 and is expressed in 12 individual 

AB-NAM lines.  Because glossy sheath exhibits a glossy spike phenotype, individuals 

expressing the glossy sheath phenotype were called as missing data for the glossy spike 

phenotype.  Dark blue coloration of the mature hull is segregating in a single family, 

WBDC042 and is expressed in 4 individual AB-NAM lines.   

Grain protein content exhibited transgressive segregation in the AB-NAM 

population (Figure 2.6).  The BLUP values for grain protein (%) across the four measured 

environments (CR12, SP12, MT13, and ND13) ranged from 10.19 to 13.85 with a mean 

of 12.24.  The population mean was higher than the Rasmusson BLUP value of 11.83% 

protein.  The estimated broad sense heritability calculated on a line mean basis for protein 

in the AB-NAM was 0.42. 

 

Mapping in the wild barley AB-NAM 

  To determine the effectiveness of the wild barley AB-NAM population for 

mapping, we mapped four traits: glossy spike, glossy sheath, blue hull color, and grain 

protein content with four marker sets: low density genotyped SNP markers, medium 

density imputed SNP markers, high density imputed sequence variants, and biparental 

interpolated markers.  For all three qualitative traits, marker-trait associations were 

detected in all marker sets, with the most significant results found using the high-density 

sequence imputed markers. Associations for these traits with high density sequence 

variants across 761 individuals in 24 AB-NAM families are shown in Figure 2.7. For 

each of these traits, a single highly significant QTL was identified, along with one or 

more loci that appear to be false positives.  In the cases of glossy sheath and blue hull, 
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sequence variants were detected that are perfectly segregating with the trait.  Assuming 

these highly significant loci are the causative loci, the traits with fewer individuals 

expressing the phenotype have more false positive associations (Figure 2.7).  

 For the quantitative trait grain protein, we detected a single variant on 

chromosome 6H in the three lower density marker sets (Figure 8a, 8b, 8d).  When 

mapped with high density sequence imputed variants, several other peaks appear to be 

significant (Figure 8c).  To provide an additional measure of confidence to the detected 

associations, we used a bootstrap mapping approach to determine the frequency over 100 

replicates that marker-trait associations were detected when subsets of AB-NAM 

individuals were used in the analysis.  This value along with the minor allele frequency of 

the associated variant, the average non-Rasmusson relative effect size, and the average 

significance level is reported in Table 2.3 and Supplemental Dataset 2.1. 

 

Glossy spike 

 The glossy spike trait was mapped to the distal region of chromosome 1HS.  

Significant variants were found between position 0.11cM and 9.92cM on the Mascher et 

al. (2013a) POPSEQ map, with the maximum significance of  -log(p) = 101.69  occurring 

at 0.11cM (Table 2.3).  An additional significant locus was detected on chromosome 3H 

with the peak significance of -log(p) = 9.21 occurring at 96.6 cM (Supplemental Dataset 

2.1).  This association falls in the region of the most significant glossy sheath locus, and 

is likely due to the interaction between glossy spike and glossy sheath.  The highly 

significant region on chromosome 1HS is coincident with the location of the Eceriferum-
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yy (Cer-yy) barley mutants, which exhibit a reduction of wax production on the barley 

spike (Lundqvist and Wettstein-Knowles 1982; Druka et al. 2011). 

 

Glossy sheath 

 A total of three significant loci were identified for the glossy sheath phenotype. 

Two small regions of chromosome 1H at 46.5cM (-log(p) = 7.32) and 97.5cM (-log(p) = 

6.90) were identified, in addition to 5 variants on chromosome 3HL (96.6 cM) which 

cosegregate with the trait (Supplemental Dataset 2.1).  These variants are located in a 

single gene on Morex contig 41718 (Table 2.3).  This map location corresponds to the 

glossy sheath 2 (gsh2) mutant that exhibits similar lack of wax on the leaf sheath 

(Wettstein-Knowles 1990; Druka et al. 2011). 

 

Blue hull 

The blue hull phenotype was only identified in 4 individuals.  Because of this, 

there appear to be many spurious associations, including peaks on chromosomes 2H, 3H, 

4H and 6H with significance ranging from -log(p) = 7.03 to -log(p) = 30.41 

(Supplemental Dataset 2.1).  On chromosome 1HL, nine bins that include 43 variants on 

15 contigs cosegregated with the blue hull phenotype.  These contigs are located in a 2.9 

cM region between 116.5 cM and 119.4 cM.  This region corresponds to the Black lemma 

and pericarp (Blp1) mutant (Druka et al. 2011). 
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Grain protein 

 Ten QTL were detected for grain protein content (Table 2.3).  These QTL were 

located on chromosomes 1H, 3H, 4H and 6H.  The wild barley alleles for the QTL on 

chromosomes 1H and 3H conferred lower grain protein content, a beneficial quality for 

malting and brewing.  Four significant loci were identified on chromosome 4H, each of 

which had both positive and negative wild barley effects, indicating that there may be 

multiple haplotypes segregating at these loci.  The most frequently detected QTL was 

located on chromosome 6H at 50.0 cM.  The wild barley alleles at this locus conferred 

higher (deleterious for malting) grain protein content (Supplemental Figure 2.5). 

 

Discussion 

We developed a population that incorporates a large amount of diversity from 

wild barley into a six-rowed, cultivated barley background, which will serve as a resource 

for barley breeders and geneticists to efficiently screen a large amount of genetic 

diversity for many traits of interest.  To evaluate the effectiveness of this design, we 

examined the genetic composition of the population for factors which influence mapping: 

segregation distortion, distribution of recombination, population stratification, linkage 

disequilibrium, population size, and marker set.  Additionally, three qualitative traits: 

glossy spike, glossy sheath, and blue hull color, and a quantitative trait: grain protein 

content were mapped in the population. 
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The wild barley AB-NAM increases the genetic diversity available to barley breeders 

Because we aimed to maximize the amount of genetic diversity in the population, 

the parents of the AB-NAM are a set of 25 wild barley accessions selected solely on 

genetic data, without considering ecogeographical or phenotypic characteristics.  While 

this set of diverse lines approaches an ideal mini core of the larger wild barley 

population, the selection of lines was subject to ascertainment bias.  The identification of 

SNPs for the BOPA marker platforms was based on ESTs and sequences primarily from 

cultivated barley (Close et al. 2009).  Because of this, a sampling bias introduced the 

tendency to overestimate the diversity of germplasm more closely related to the sampled 

individuals (Nielsen 2000).  In this case, those individuals that contain landrace or 

cultivated barley germplasm were selected because they appeared more diverse than the 

majority of the wild barley accessions.  Moragues et al. (2010) demonstrated this 

phenomenon by showing that estimates of diversity were higher in cultivated barley 

germplasm than in landrace germplasm when assayed with BOPA1 markers.   

Since the original selection of parental lines, the genetic signatures that 

differentiate wild and landrace barleys has been examined more extensively (Russell et 

al. 2011), and it is likely that ascertainment bias led to the inclusion of 8 accessions 

which appear to contain varying levels of landrace and/or cultivated barley admixture 

(Fang et al. 2014).  These eight accessions are those with larger genetic distances from 

the majority of the WBDC, and can be seen at the bottom right in the WBDC dendrogram 

in Figure 2.1b.  These eight accessions appear in between the AB-NAM population and 

the majority of the wild parents in the PCA plot in Figure 2.2.  Still, the phenotypic and 

geographic distribution of the selected parents is only slightly narrower than the WBDC 
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range (Figure 2.1a).  In addition to the BOPA SNP markers, the use of SSR markers, 

which have been shown in maize to be less influenced by ascertainment bias (Hamblin et 

al. 2007), and DArT markers, which were developed from wild-barley germplasm (Alsop 

et al. 2011), may have helped mitigate the bias. Nevertheless, the presence of landraces in 

the population should not influence the effectiveness of mapping and gene discovery in 

this population.   

 During population development, we attempted to minimize unintentional 

selection, and therefore, maximize the amount of wild barley genome introgressed.  At 

the same time, we imposed selection for the Rasmusson six-rowed spike morphology.  As 

expected, wild barley introgression is significantly reduced in the region of 2H 

surrounding the vrs1 locus responsible for the six-rowed phenotype (Figure 2.3).  This 

selection will limit our ability to map loci on chromosome 2H, but it will also minimize 

the confounding effects of phenotyping a population that is segregating for a major 

morphological trait.  This is especially true for assessment of Fusarium head blight 

resistance and malting quality, which can be markedly affected by row type (Marquez-

Cedillo et al. 2000; Choo et al. 2004). No other regions of the genome show reduced 

introgression frequency, but regions on chromosomes 1H and 6H show an 

overrepresentation of wild barley introgression across the population.  Notably, vrs3, a 

known determinant of spike morphology, is located in the region of chromosome 1H that 

has an overrepresentation of wild barley introgression (Muñoz-Amatriaín et al. 2014).  

The vrs3 phenotype appears 6-rowed at the top of the spike (Lundqvist and Franckowiak 

1997), a characteristic that may have influenced the selection for 6-rowed morphology in 

the population, and consequently, affected the allele frequency in this region.  
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Schnaithmann et al. (2014) also observed some degree of segregation distortion in the 

Halle Exotic Barley (HEB) population, but generally it was restricted to specific crosses 

and none of the regions identified in the HEB population correspond with those identified 

here. 

Wide crosses can be subject to factors such as segregation distortion and 

deviations in recombination rate across the genome (Xu et al. 1997; Bauer et al. 2013).  

To determine if it is appropriate to use a previously published consensus map for 

mapping in the AB-NAM, we compared the recombination rate across the genome in the 

AB-NAM using the Muñoz-Amatriaín et al (2014) consensus map (Figure 2.4).  We 

found no regions of the genome that deviate significantly from the mean of 61.1 

recombinations per 10 cM window, suggesting that fluctuations in recombination 

throughout the AB-NAM population are consistent with the genetic distances represented 

by the consensus map.  We also observed that the percentage of introgressed regions 

ranged widely, with individuals containing 0.79-37.45% wild barley introgression, but 

the average introgression frequency of 13.55% was relatively consistent with the 

expectation of 12.5%.  Collectively, these results corroborate previous studies (Yun et al. 

2006; Schnaithmann et al. 2014) that have show only minor fluctuations in allele 

frequency occur when introgressing wild barley genomes, and breeders and geneticists 

can expect crosses of wild barley to cultivated barley such as the AB-NAM to behave 

generally as expected. 
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The wild barley AB-NAM exhibits low population structure and low LD 

 Population stratification present in association mapping panels can lead to 

spurious associations if not appropriately controlled, and effective control of population 

structure can lower the power to detect marker-trait associations (Larsson et al. 2013).  

The NAM design attempts to eliminate this problem by nesting segments of diverse 

blocks in a controlled crossing structure (Yu et al. 2008).  Principal component analysis 

shows only minimal population stratification in the wild barley AB-NAM (Figure 2.2), 

with no consistent trends among families.  Because of this, we did not include measures 

of population stratification (Q) in our mapping, but we did use a kinship (K) model to 

control for cryptic relatedness among individuals. 

 Linkage disequilibrium is an important consideration for mapping.  Because wild 

barley populations exhibit lower LD than cultivated barley populations, using wild barley 

populations presents an opportunity for high-resolution mapping.  But, phenotyping wild 

barley for adult plant traits can be extremely difficult and population structure can 

confound mapping results.  One of the aims of developing the AB-NAM was to develop a 

population which mitigates the difficulties of working directly with wild barley, while 

maintaining the high genetic diversity and high mapping resolution possible with wild 

barley populations.  To understand how the AB-NAM compares to other wild barley-

derived populations, we compared genome-wide LD in the AB-NAM, the WBDC 

association mapping panel, and the biparental wild-barley derived biparental mapping 

populations HOUH-AB and HOUH-RIL.  As expected, the rate of LD decay is much 

higher in the WBDC population than in the biparental populations (Supplemental Figure 

2.1).  Because differences in the parental genotypes can be imputed onto the segregating 
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families of the AB-NAM, LD in the AB-NAM approaches the low level of the WBDC 

(Figure 2.5).   

 The level of LD present in the mapping population is an indicator of potential 

mapping resolution, but it also an indication of what level of marker coverage is 

necessary for high power trait mapping.  When working with low LD populations, a 

higher density of markers is required to tag QTL with markers.  Simulations have shown 

that power increases as markers are added to multifamily mapping experiments, and 

being able to impute high density markers onto a lower density genotyped panel appears 

to be an effective means to increasing marker density (Liu et al. 2013).  Ultimately, the 

AB-NAM optimizes the tradeoff between the practical difficulties of phenotyping 

unadapted material and high resolution mapping in a diverse germplasm set. 

 

The wild barley AB-NAM provides a new resource for trait mapping in barley 

The NAM design provides a straightforward means to projecting high-density 

marker data onto a segregating population.  We showed that the addition of medium and 

high density imputed sequence variants can improve the power of detecting marker-trait 

associations (Figure 2.8), in some cases allowing for the identification of variants that 

cosegregate with traits of interest (Table 2.3).  These highly significant associations were 

identified even when only a small number of individuals exhibited the trait.  In the case 

of glossy sheath, the variants with the highest significance were localized to a single 

contig on the genome sequence.  This indicates that there is a benefit to the NAM design 

for both power and resolution as compared to a biparental population.  Furthermore, the 
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size of the population allows for a bootstrapping approach that can provide additional 

information to support or filter marker-trait associations.   

 A major advantage of the NAM design is the increase in minor allele frequency of 

uncommon alleles to detectable levels as compared to association mapping panels.  In the 

NAM design, minor allele frequency is a function of the number of parents containing the 

allele and the expected minor allele frequency in the individual crosses.  In RIL-derived 

populations, the expected MAF is 0.5.  In BC2 derived populations, the expected MAF is 

0.125.  This means that when private alleles are present in the AB-NAM population with 

25 parents and 796 individuals, the expected MAF of that allele is 0.125/25 = 0.005, 

approximately 4 individuals in the 796 individual wild barley AB-NAM.  In contrast, a 

similarly sized RIL-derived NAM would have a private allele MAF of 0.5/25 = 0.02 or 

approximately 16 individuals with the allele.  This means that, except for very large 

effect traits, like blue hull, causative alleles segregating in a single family in the wild 

barley AB-NAM may not be detected.   

To examine a quantitative trait with lower heritability, we used the wild barley 

AB-NAM population to map grain protein content.  Grain protein is an important trait for 

both malting (requiring low protein) and animal feed (requiring high protein) purposes 

(Blake et al. 2010).  A single QTL was identified in each of the marker sets, 

corresponding to the grain protein content (GPC) QTL on chromosome 6HS (Distelfeld 

et al. 2008; Lacerenza et al. 2010).  When mapped with higher density, sequence imputed 

markers, additional QTL were detected throughout the genome (Table 2.3).  QTL 

identified on chromosome 1H exhibited negative marker effects, indicating that wild 

barley alleles may have beneficial effects for malting quality.  Additionally, QTL 
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identified on chromosome 4H exhibit both negative and positive effects of wild barley 

alleles, indicating that either multiple haplotypes or multiple genes are influencing 

protein at these loci.  Additional analyses that take into account marker haplotypes may 

improve the interpretability of these results.   

Additional studies are being performed to analyze the effectiveness of mapping 

complex agronomic and disease traits in this population.  Due to smaller family size, 

fewer effective recombination events, and lower minor allele frequencies, this population 

is unlikely to be as powerful as a NAM derived from RILs.  But, the effort expended to 

produce advanced backcross design is balanced by the added ease and accuracy of 

phenotyping.  Utilization of exotic germplasm resources continues to be a challenge for 

breeders, and this resource bridges the gap between the germplasm resources of gene 

banks and elite breeding programs.  
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Table 2.1 Wild barley parental accessions, ICARDA genebank or alternate 
designation, collection location, number of BC2-derived AB-NAM lines, and 
percentage of parental genome covered by introgression in BC2-derived 
individuals.  

Parent 
accessiona 

ICARDA 
genebank 
designator 

Country of 
origin 

Total BC2 
individuals 

Percentage of 
parent genome 
introgressed 

WBDC 016 38661 Iran 34 94.9 
WBDC 020 38672 Turkey 36 92.0 
WBDC 028 38840 Israel 26 96.4 
WBDC 032 38869 Israel 33 96.0 
WBDC 035 38981 Israel 34 98.0 
WBDC 042 39673 Israel 27 89.3 
WBDC 061 39910 Syria 29 98.3 
WBDC 082 40009 Jordan 32 98.3 
WBDC 092 40034 Jordan 34 95.1 
WBDC 103 40071 Jordan 35 95.9 
WBDC 115 40104 Turkmenistan 39 100.0 
WBDC 142 40188 Lebanon 26 92.4 
WBDC 150 40200 Iran 30 95.6 
WBDC 172 112673 Iran 32 90.8 
WBDC 173 112674 Iran 30 97.4 
WBDC 182 115781 Jordan 31 98.9 
WBDC 227 132552 Azerbaijan 36 99.1 
WBDC 234 39884 Cyprus 30 96.6 
WBDC 255 115792 Jordan 30 94.1 
WBDC 292 38926 Israel 30 97.9 
WBDC 302 38635 Syria 30 97.7 
WBDC 336 126406 Turkmenistan 33 94.0 
WBDC 340 116116 Turkey 34 99.0 
WBDC 348 Damon 11-11(B)b Israel 35 97.6 
WBDC 350 41-1c Israel 30 97.0 

a Steffenson et al. (2007)  
b Obtained from University of Haifa collection, Fetch et al. (2003) 
c Unknown ICARDA germplasm number, Baum et al. (2003) 
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Table 2.2 Summary of introgression frequency and size in AB-
NAM lines. 

 

Percent of 
genome 
containing 
introgressions 

Number of 
introgressions 

Size of 
introgressions 
(cM) 

Number of 
chromosomes 
without 
introgressions 

mean 13.55 5.9 27.98 2.7 
sd 6.47 3.3 11.60 1.3 

max 37.45 43.0 79.47 6.0 
min 0.79 1.0 2.65 0.0 
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Table 2.3 Summary of marker-trait associations of maximum significance.  All significant marker-trait associations can 
be found in Supplemental Dataset 2.1.  QTL on the same chromosome were considered unique loci if there was a 
greater than 5 cM gap between significant markers. 

Trait Varianta Chromb cMb MAFc -log(p)d Effecte Freqf 
Glossy spike morex_contig_40051:2172_A/G* 1H 0.1 0.12 101.7 0.46  
Glossy 
sheath morex_contig_41718:9777_CG/C* 3H 96.6 0.02 Infg 0.50  

Blue hull morex_contig_1573652:70_A/G 1H 116.5 0.01 Inf 0.51  
 morex_contig_38907:1672_G/A* 1H 116.6 0.01 Inf 0.50  
 morex_contig_53289:2443_G/A* 1H 116.8 0.01 Inf 0.50  
 morex_contig_42987:7765_T/C* 1H 117.7 0.01 Inf 0.50  
 morex_contig_5603:2020_T/C* 1H 117.8 0.01 Inf 0.50  
 morex_contig_243581:952_C/G* 1H 118.1 0.01 Inf 0.50  
 morex_contig_1576759:813_C/T* 1H 118.3 0.01 Inf 0.50  
 morex_contig_5976:324_G/A* 1H 119.0 0.01 Inf 0.50  
 morex_contig_39431:11917_G/A* 1H 119.4 0.01 Inf 0.50  
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Table 2.3 continued 
Trait Varianta Chromb cMb MAFc -log(p)d Effecte Freqf 

Protein morex_contig_43675:8617_T/C 1H 50.6 0.17 4.9 -0.14 0.13 
 morex_contig_47454:1292_C/T 1H 119.7 0.01 6.8 -0.37 0.95 
 morex_contig_44650:4992_C/T 3H 25.3 0.02 4.8 -0.18 0.17 
 morex_contig_41236:9829_G/A 3H 37.4 0.02 4.9 -0.10 0.06 
 morex_contig_99201:2611_C/T 4H 27.5 0.10 5.6 0.17 0.90 
 morex_contig_46131:3154_TA/T 4H 27.8 0.01 4.8 -0.05 0.08 
 morex_contig_47914:307_C/T 4H 43.5 0.02 4.9 0.36 0.09 
 morex_contig_246786:1453_AACGTACGC/A 4H 44.9 0.03 5.0 -0.20 0.59 
 morex_contig_156722:1830_G/A 4H 51.6 0.03 4.8 0.33 0.11 
 morex_contig_45564:4922_A/G 4H 52.2 0.07 4.5 -0.07 0.06 
 morex_contig_52783:3343_C/T 4H 63.4 0.02 4.5 -0.27 0.06 
 morex_contig_1575414:1899_A/G 4H 67.1 0.03 4.5 0.29 0.13 
 morex_contig_146580:705_T/A 4H 76.3 0.01 5.0 -0.30 0.56 
 morex_contig_42454:4904_G/A 4H 78.7 0.04 4.8 0.23 0.11 
 morex_contig_7108:5074_G/T* 6H 50.0 0.17 5.8 0.37 0.96 

a Variants significantly associated with trait.  Association determined by an FDR > 0.05 significance threshold, and a 
frequency of detection > 0.05 in 100 bootstrap samplings of 25 individuals from each family for the trait protein. 
b Chromosome and cM positions of Morex contig containing the variant as determined by the Mascher et al. (2013a) 
POPSEQ map 
c Minor allele frequency of variant in the AB-NAM population 
d-log(p-value) averaged across significant bootstrap tests 

e Relative effect of non-Rasmusson allele, averaged across significant bootstrap tests 
f Frequency of significant association with variant detected in 100 bootstrap samples 
g Significance labeled Inf refers to markers which cosegregate with the trait values 
*Additional variants in the same bin with identical segregation pattern can be found in Supplemental Dataset 2.1
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Figure 2.1 (A) Geographic distribution of the wild barley diversity collection (WBDC) with selected parents in red; (B) neighbor 
joining tree diagram of 318 WBDC accessions based on BOPA 1 & 2 SNP genotypes; (C) population development scheme.
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Figure 2.2 Principal component analysis of 796 AB-NAM lines (grey), wild barley 
parents (red), and Rasmusson (blue) based on 3,520 unique imputed SNPs.
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Figure 2.3 Wild barley introgression frequency across the genome.  (A) Within families 
and (B) whole population.  Introgression frequency was determined using the appropriate 
set of segregating markers within each family.  
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Figure 2.4 Recombination events in the AB-NAM population, identified in 10 cM windows across the genome.  Horizontal 
dashed line indicates genome-wide mean of 61.1 recombination events per 10 cM interval.
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Figure 2.5 Average pairwise LD (r2) calculated for all segregating BOPA1 markers in 40
cM interval moving windows, with windows calculated every 2 cM across each 
chromosome 1H-7H in the wild barley Advanced Backcross-Nested Association 
Mapping (AB-NAM) population, the Wild Barley Diversity Collection (WBDC) 
association mapping panel, the OUH-602 x Harrington Advanced Backcross (HOUH-
AB) mapping population, and the OUH-602 x Harrington Recombinant Inbred Line
(HOUH-RIL) mapping population. Pericentromeric regions as identified in Muñoz-
Amatriaín et al. (2011) are denoted by vertical grey bars.
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Figure 2.6 Boxplots of percent grain protein values for each AB-NAM family.  The 
population-wide mean is depicted as a solid horizontal line and the Rasmusson BLUP 
value is a horizontal dotted line.
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Figure 2.7 Manhattan plots of marker trait associations for traits (A) glossy spike, (B) glossy sheath, and (C) blue hull color in the 
AB-NAM population using 263,531 exome capture sequence variant markers. Horizontal line indicates a false discovery rate (FDR) = 
0.05 significance threshold. Traits glossy sheath and blue hull color had additional variants which perfectly segregated with the trait.  
These associations were not plotted due to an infinite -log(p-value) result.
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Figure 2.8 Manhattan plots of marker trait association for grain protein content using 
various marker sets: (A) 379 genotyped SNP markers, (B) 4,022 imputed SNP markers, 
(C) 263,531 imputed sequence variants, and (D) 1,148 interpolated markers. Dashed 
horizontal line indicates a false discovery rate (FDR) = 0.05 significance threshold. 
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Supplemental Table 2.1 Segregating marker calls between Rasmusson and each wild 
barley parent, number of private alleles for each wild barley parent, and average and 
maximum distance between segregating 384 markers for each family.  

 

Segregating markers by 
genotyping platform 

Private 
exome 
capture 
alleles 

Distance (cM) between 
segregating scaffold markers 

384 
9K 
iSelect 

Exome 
capture Mean  Maximum  

Population 379 4,022 263,531 109,033   
Unique Bins 379 3,506 126,303 26,312   
WBDC_016 304 1,973 50,658 3,462 3.63 15.09 
WBDC_020 233 1,298 40,399 3,540 4.45 36.64 
WBDC_028 301 1,789 52,781 4,624 3.63 15.09 
WBDC_032 326 1,774 54,870 4,358 3.40 15.09 
WBDC_035 315 1,794 55,096 3,926 3.48 13.54 
WBDC_042 326 1,814 55,864 6,618 3.41 15.66 
WBDC_061 317 1,837 52,769 4,131 3.49 23.42 
WBDC_082 321 1,728 54,973 6,089 3.44 13.43 
WBDC_092 306 1,914 51,577 2,847 3.63 15.66 
WBDC_103 319 1,738 NA NA 3.50 15.77 
WBDC_115 322 1,797 54,808 6,094 3.44 15.09 
WBDC_142 324 1,836 53,653 4,637 3.43 22.96 
WBDC_150 317 1,863 53,431 3,252 3.45 13.63 
WBDC_172 298 2,088 50,509 3,172 3.69 17.22 
WBDC_173 290 2,107 51,127 2,813 3.77 17.24 
WBDC_182 302 1,695 49,407 4,973 3.70 21.02 
WBDC_227 287 1,734 50,254 2,981 3.81 20.62 
WBDC_234 315 1,759 54,700 6,636 3.47 13.51 
WBDC_255 326 1,781 55,268 6,250 3.38 17.95 
WBDC_292 318 1,782 55,120 4,128 3.46 17.42 
WBDC_302 323 1,810 53,993 6,171 3.47 15.09 
WBDC_336 321 1,951 55,395 4,269 3.43 15.09 
WBDC_340 321 1,753 54,039 4,420 3.44 15.09 
WBDC_348 325 1,871 54,637 5,181 3.49 15.66 
WBDC_350 295 1,788 50,528 4,461 3.73 17.07 
Average 315 1,956 52,744 4,543 3.57 17.36 
Min 233 1,298 40,399 2,813 3.38 13.43 
Max 326 2,107 55,864 6,636 4.45 36.64 
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Supplemental Table 2.2 Segregating markers and average 
recombination rate within 10 cM windows on each 
chromosome. 

Chromosome 384 9K 
Exome 
capture 

Recombination 
eventsa 

1H 41 378 15,852 76.8 
2H 61 659 23,557 62.5 
3H 59 524 18,973 62.9 
4H 52 397 10,980 61.1 
5H 63 670 21,150 67.1 
6H 49 452 15,274 68.8 
7H 54 440 20,517 72.0 

aAverage number of recombination events per 10 cM 
interval across each chromosome 
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Supplemental Table 2.3 Average pairwise LD (r2) by chromosome, genome-wide, and interchromosomal.   

 
AB-NAM WBDC HOUH_AB HOUH_RIL  AB-NAM WBDC HOUH_AB HOUH_RIL 

Individuals 796 318 98 92  90 90 90 90 
1H 3.32 0.21 34.59 33.47  7.18 0.08 35.54 34.39 
2H 3.25 0.38 27.42 33.41  8.57 0.49 27.27 35.18 
3H 5.56 0.28 32.26 35.68  10.26 0.26 32.45 36.02 
4H 4.60 0.15 30.91 30.42  10.46 0.17 31.22 29.74 
5H 7.10 0.23 21.85 29.39  10.42 0.34 22.43 30.65 
6H 4.89 0.29 32.70 32.04  6.95 0.40 31.40 32.00 
7H 3.51 0.25 24.31 30.44  7.74 0.25 24.17 30.05 

Genome-wide 4.86 0.28 28.57 32.32  9.15 0.36 28.55 32.71 
Interchromosomal 0.0018 0.0121 0.0124 0.0117  0.0121 0.0216 0.0137 0.0117 

  



63 
 

Supplemental Figure 2.1 Genome-wide pair-wise linkage disequilibrium decay.  LD 
calculated as the genetic distance (cM) at which the r2 decays to 0.2.  Populations were 
randomly sampled to a common population size of 90 individuals.  (A) wild barley 
advanced backcross-nested association mapping population, (B) wild barley diversity 
collection association mapping panel, (C) OUH-602 x Harrington advanced backcross 
mapping population, (D) OUH-602 x Harrington recombinant inbred line mapping 
population. 
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Supplemental Figure 2.2 Genome-wide pair-wise linkage disequilibrium decay.  LD 
calculated as the genetic distance (cM) at which the r2 decays to 0.2.  (A) wild barley 
advanced backcross-nested association mapping population, (B) wild barley diversity 
collection association mapping panel, (C) OUH-602 x Harrington advanced backcross 
mapping population, (D) OUH-602 x Harrington recombinant inbred line mapping 
population. 
 

 
  



65 
 

Supplemental Figure 2.3 Heatmap of genome-wide pair-wise linkage disequilibrium (r2) 
for populations randomly sampled to a common population size of 90 individuals.  LD as 
calculated in Supplemental Figure 2.1.  (A) wild barley advanced backcross-nested 
association mapping population, (B) wild barley diversity collection association mapping 
panel, (C) OUH-602 x Harrington advanced backcross mapping population, (D) OUH-
602 x Harrington recombinant inbred line mapping population. 
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Supplemental Figure 2.4 Heatmap of genome-wide pair-wise linkage disequilibrium (r2) 
for full population sizes.  LD as calculated in Supplemental Figure 2.2.  (A) wild barley 
advanced backcross-nested association mapping population, (B) wild barley diversity 
collection association mapping panel, (C) OUH-602 x Harrington advanced backcross 
mapping population, (D) OUH-602 x Harrington recombinant inbred line mapping 
population. 
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Supplemental Figure 2.5 Significant marker-trait associations for grain protein content.  Associations shown are those detected above 
a FDR = 0.05 threshold in greater than 5% of 100 bootstrap samplings of 25 individuals per AB-NAM family.  Triangles pointing up 
indicate a positive effect of the non-Rasmusson allele.  Triangles pointing down indicate a negative effect of the non-Rasmusson 
allele.  Color indicates the magnitude of effects.  Size of the triangle indicates the frequency of detection among bootstrap samples.  
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Supplemental Dataset 2.1 All significant marker trait associations for traits: grain 
protein content, glossy spike, glossy sheath, and blue hull color. 
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Chapter 3: Mapping agronomic traits in a wild barley advanced 

backcross nested association mapping (AB-NAM) population 

 

Overview 

The wild barley advanced backcross – nested association mapping population 

(AB-NAM) was developed to assess wild barley germplasm in an elite 6-rowed malting 

barley background.  The 796 BC2F4:6 lines were derived from 25 wild barley accessions 

backcrossed to the cultivar Rasmusson.  The population was grown in augmented field 

trials in Crookston, MN, and St. Paul, MN in 2012, and in Crookston, MN, Bozeman, 

MT, and Fargo, ND in 2013.  Because the AB-NAM design minimizes the deleterious, 

unadapted traits of the wild barley parents, the population was able to be screened for 

agronomic traits: days to heading, height, tiller number, test weight, and yield in standard 

field trial conditions.  The number of loci identified ranged from 2 (tillering, the trait with 

the lowest heritability) to 19 (height).  Domestication related genes were identified for 

each trait, particularly the photoperiod gene Ppd-H1 for days to heading, height, and tiller 

count, and the Btr1/Btr2 locus for test weight and yield. Only a single variant showed 

beneficial variation for yield from a wild barley allele, but positive effects were identified 

for the other traits examined, including the yield component test weight.  Overall, the 

AB-NAM population provides a means to map agronomically important traits in a 

population that contains a large amount of wild barley diversity. 

 

Introduction 

 Populations of wild barley (Hordeum vulgare ssp. spontaneum), the progenitor of 

cultivated barley (Hordeum vulgare ssp. vulgare), are known to be rich sources of genetic 
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and phenotypic diversity.  Over the course of crop domestication and improvement, the 

diversity of cultivated barley has been eroded by forces such as selection and drift 

(Rostoks et al. 2006).  Today, cultivated barley populations retain an estimated 40% of 

the alleles present in wild barley populations (Ellis et al. 2000).  Strong selection and 

inbreeding without the introduction of new sources of diversity have led to reduced 

genetic diversity in breeding populations (Condón et al. 2008; Fu and Somers 2009; 

Muñoz-Amatriaín et al. 2010).  This limited diversity exposes these breeding programs to 

the risk of insufficient genetic resources available to overcome future disease threats, 

environmental changes, or resource limitations.  

Barley breeders have several areas of focus, including yield, malting quality, 

disease resistance, and abiotic stress resistance.  Historically, exotic sources of 

germplasm have been used primarily for introgressing large effect traits such as 

qualitative disease resistance.  Large effect alleles for important traits have a clear 

economic value, justifying the time and resources needed to identify and introgress these 

beneficial alleles from unadapted germplasm.  The use of exotic material for more 

complex traits including yield and quality characteristics has been more limited 

(Fischbeck 2003).  Yield is a classic complex trait, influenced by many genetic and 

environmental factors.  Furthermore, yield is not a trait that has necessarily undergone 

selective pressure in wild populations.  Because yield is influenced by many genes and 

because there is large genetic diversity present in wild populations, it is likely that alleles 

for improved yield do exist in otherwise unadapted germplasm.  With the cost of 

genotyping decreasing and with the improvement in analysis techniques, the prospects for 

identifying and using diverse germplasm for improving complex traits are expanding. 
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Identifying alleles for complex traits can be challenging, particularly when 

working with unadapted germplasm.  Besides having seed substantially smaller than 

cultivated barley, wild barley seed is difficult to harvest and process because of its brittle 

rachis and tough awns (Pourkheirandish and Komatsuda 2007).  The history of 

domestication and improvement in cultivated barley has removed many of these 

deleterious traits from the breeding pool, and a large improvement gap exists between 

wild and cultivated barley.  Because of this, it is difficult to characterize the genetic value 

of unadapted germplasm directly.  To minimize the confounding effects of these 

deleterious traits, advanced backcross (AB) quantitative trait loci (QTL) analysis was 

developed (Tanksley and Nelson 1996).  This technique involves QTL mapping in a 

population that has been created by repeatedly backcrossing an unadapted accession to an 

adapted variety, and then selfing to create recombinant inbred lines (RILs).  The resulting 

AB population is a set of lines that have a relatively small amount of unadapted genome 

in an adapted background.  The backcross generations minimize the number of 

deleterious traits in any single individual, but given sufficient individuals in the 

population, the exotic alleles can be adequately sampled and analyzed.  Furthermore, if 

beneficial alleles are identified, these alleles are already partially introgressed into an 

adapted background.  This technique has been used by barley researchers to identify 

beneficial alleles from wild barley sources for many traits of interest, including: yield and 

agronomic traits (Li et al. 2005; von Korff et al. 2006; Gyenis et al. 2007; Eshghi et al. 

2013), malting quality (von Korff et al. 2008; Schmalenbach and Pillen 2009; March et 

al. 2012), disease resistance (von Korff et al. 2005; Yun et al. 2006; Li et al. 2006), 
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abiotic stress tolerance (Saal et al. 2011; Hoffmann et al. 2012; Schnaithmann and Pillen 

2013; Kalladan et al. 2013), and root traits (Naz et al. 2014). 

Two major drawbacks to the AB strategy are that alleles from only one unadapted 

germplasm source are sampled, and that relatively few recombination events are present 

in these mapping populations, resulting in relatively low mapping resolution.  

Association mapping is a technique that generally circumvents these limitations by using 

the historic linkage disequilibrium in diverse populations to identify marker trait 

associations (Rafalski 2002b).  But, association mapping with widely unadapted 

germplasm can be logistically difficult, and it is often limited to traits such as disease 

resistance that can be scored at the seedling stage (Steffenson et al. 2007; Roy et al. 

2010).  Recently, multiparent approaches that involve more intricate mating designs than 

biparental population have been developed and implemented in several model organisms 

(Churchill et al. 2004; Kover et al. 2009; Huang et al. 2011; King et al. 2012b) and crop 

species (Yu et al. 2008; Stupar and Specht 2013; Mace et al. 2013; Schnaithmann et al. 

2014).  While the designs of these populations vary, they all aim to incorporate a larger 

amount of diversity than biparental mapping populations, while minimizing the 

downsides of association mapping techniques: low power due to low allele frequencies 

and confounding effects of cryptic population structure (Myles et al. 2009; Morrell et al. 

2012). 

 The resolution and power of multiparent populations allow for the assessment of 

complex traits like yield in diverse germplasm.  To explore the genetic architecture and 

availability of beneficial alleles that contribute to yield and yield-related traits in wild 

barley germplasm, we analyzed an advanced backcross – nested association mapping 
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(AB-NAM) panel derived from 25 wild barley parents each backcrossed twice to a single 

cultivated barley cultivar Rasmusson.  Our objectives were (1) to assess the genetic 

architecture of yield and yield-related traits in a wild barley derived mapping population, 

and (2) to identify loci conveying beneficial effects from wild barley germplasm. 

 

Materials and Methods 

Plant materials 

 The wild barley AB-NAM population is composed of 796 BC2F4:6
 lines derived 

from backcrossing 25 diverse wild barley lines to the cultivar Rasmusson.  Families 

ranged in size from 27-39 individuals.  Rasmusson is a 6-rowed malting barley that was 

selected as the recurrent parent because of its favorable agronomic and malting 

characteristics (Smith et al. 2010).  The wild parents were selected from the 318 wild 

barley accessions in the Wild Barley Diversity Collection (WBDC; Steffenson et al. 

2007) to maximize the allelic content of the selected individuals at 1,402 barley oligo 

pool assay (BOPA1) SNP markers (Close et al. 2009), 556 DArT markers (Alsop et al. 

2011), and 46 SSR markers.  Each BC2 individual was derived from a unique BC1 plant, 

and selfed for four generations via single seed descent, with selection for 6-rowed spike 

morphology in the BC2F2 generation. 

 

Genotyping 

 Parental lines were genotyped with the Illumina iSelect 9K SNP platform 

(Comadran et al. 2012) and exome capture sequenced (Mascher et al. 2013b).  The AB-

NAM lines were genotyped with a custom 384 Illumina GoldenGate SNP assay.  The 
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markers included on the assay were selected based on parental BOPA1 and BOPA2 

markers to be evenly distributed throughout the genome and to distinguish Rasmusson 

from the 25 wild barley parents.  Five markers were excluded due to low quality data.  

DNA was extracted from bulked tissue samples of 6-8 greenhouse grown BC2F4:5 

seedlings.  To test for seed purity in the germplasm when grown in the field, 5 randomly 

selected lines in each of the two 2012 field environments were genotyped using the same 

384-SNP platform. 

The higher density marker datasets (9K SNP platform and exome capture 

sequence) were projected onto the AB-NAM lines using the 379 genotyped markers as a 

scaffold.  When flanking scaffold markers indicated that a recombination event occurred, 

the projected markers were assigned an average of the flanking markers, weighted by the 

relative genetic distance between the projected marker and the flanking markers (Tian et 

al. 2011).  The Muñoz-Amatriaín et al. (2014) 9K iSelect consensus map was used for 

imputing SNP markers, and the Mascher et al. (2013a) Morex x Barke POPSEQ map was 

used for imputing sequence variants.  A total of 4,022 iSelect SNP markers (3,520 unique 

bins) and 263,531 sequence variants (126,303 unique bins) were imputed after filtering 

variants that were non-segregating, called heterozygous in Rasmusson, unmapped, or 

containing missing genotype calls.  The exome capture sequencing of accession 

WBDC103 did not produce high quality sequence alignments, and therefore this 

population was excluded from trait mapping analysis.  
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Field trials and trait measurements 

 The AB-NAM population was grown in an augmented, type-2 field design (Lin 

and Poushinsky 1985) in five environments over two years: Crookston, MN (CR12) and 

St. Paul, MN (SP12) in 2012, and Crookston, MN (CR13), Fargo, ND (ND13), and 

Bozeman, MT (MT13) in 2013.  Plot sizes were as follows: Minnesota trials – 8g seeded 

in 0.9m x 0.6m plots, North Dakota trial – 55g seeded in 1.5m x 2.4m plots, Montana 

trial – 20g seeded in 1.8m x 0.6m plots.  Rasmusson was grown as a repeated check in the 

center of each 3 plot x 5 plot block.  In 2012, cvs. Conlon and Harrington were grown as 

secondary repeated checks in each of 8 randomly selected blocks.  In 2013, cvs. Robust 

and Tradition were used as secondary checks.  To fill the remaining plots in the 900 plot 

design, 21-33 AB-NAM lines were used as duplicated entries.  Field designs in 2012 

included blocking in columns by heading date to facilitate harvest of lines with large 

variation in maturity.  These included early, mid, late, and unknown heading date blocks.  

Entries were assigned to blocks based on field-collected data in the summer of 2011.  

This design was not repeated in 2013.   

 Traits measured included heading date (all environments), productive tiller count 

(CR12, SP12, CR13), height (all environments), yield (all environments), and test weight 

(ND13, MT13).  Heading date was measured as the number of days from planting where 

50% of the plot exhibited 50% spike emergence from the boot.  Productive tiller count 

was measured as the number of tillers which held grain producing spikes in a 0.5 m 

section of the middle of a single plant row.  Height was measured on a representative 

plant in the plot as the cm from the base to the top of the spike, excluding the awns, 

approximately one week after heading.  Plots were mechanically harvested after end 
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trimming.  Threshed, cleaned seed from each plot was weighed and yield measurements 

were converted to kg/ha. Test weight was measured on 0.118 L samples and converted to 

g/L. 

 

Estimating heritability and partitioning trait variance 

 When necessary, trait measurements were corrected for field spatial variability 

using a moving average correction approach.  Moving average shape design and 

subsequent value adjustments were performed using the mvngGrAd R package (Technow 

2011).  After spatial correction within environments, a multivariate mixed model was fit 

in ASReml-R (VSN International), and best linear unbiased predictors (BLUPs) were 

obtained, resulting in a single trait value for each AB-NAM line.  Broad-sense heritability 

for each trait was calculated on a line mean basis across environments.  Pearson 

correlation coefficients were calculated for each trait pair.  

 

Trait mapping 

 Genome-wide association analysis was performed for each trait using multi-

environment BLUPs.  The GWAS function in the rrBLUP R package (Endelman 2011) 

was used to calculate marker-trait associations using the EMMAX/P3D approximation 

method (Kang et al. 2010; Zhang et al. 2010).  Because there was negligible population 

structure, a K mixed model was used to account for marker-based relatedness.  A 

bootstrapping approach was taken whereby 25 individuals were sampled from each of the 

24 families with imputed sequence variants, for a total of 600 individuals or 79% of the 

761 individuals used for mapping.  This sampling process and the subsequent trait 



77 
 

mapping were performed 100 times.  For each mapping analysis, a false discovery rate 

(FDR) of 0.05 was used as a threshold for calling significant associations, and a minor 

allele frequency threshold of 0.013 (10 individuals) was used to minimize spurious 

associations due to low frequency variants.  To obtain estimates of allele substitution 

effect, marker effects were calculated by passing a single marker to the mixed.solve 

function in the rrBLUP R package (Endelman 2011; Mohammadi et al. 2015).  To 

determine an overall significance, the –log(p-value) results, along with the marker effect 

estimates for marker-trait associations were averaged across significant bootstrap 

sampling replications.  Additionally, to obtain a measure of confidence, we report the 

proportion of samples in which each marker trait association was identified.  Those 

associations that occurred in less than 5% of samples were not reported.  Independent loci 

were assumed when a gap of greater than 5 cM appeared between significantly associated 

markers. 

 

Results 

Trait variation, heritability, and correlations 

 Agronomic traits: days to heading, height, test weight, tiller count, and yield were 

measured in 2-5 augmented field trials over 2 years.  Analysis of variance indicated 

significant (p < 0.0001) variation was explained by lines, and significant genotype by 

environment interactions were observed when considering those individuals that were 

replicated within and across environments.  Best linear unbiased predictors (BLUPs) 

were calculated from multi-environment phenotypic data.  The population-wide 

distribution of BLUPs is summarized in Table 3.1.  The distribution of phenotypic values 
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subset by wild barley donor parent is shown in Figure 3.1.  For days to heading, height, 

and tiller count, the population mean lies close to the value of Rasmusson.  Whereas, for 

test weight and yield, the Rasmusson phenotype outperforms a large majority of the 

individuals in the population. 

Estimates of trait heritability ranged from 0.11 to 0.82 (Table 3.1).  The 

heritability of tiller count was the lowest (h2 = 0.11).  This is a result of relatively low 

variation (CV = 2.75), and relatively high measurement error.  The heritability of days to 

heading was high (h2 = 0.82), an observation that is consistent with other barley 

populations including the Halle Exotic Barley (HEB-25) wild barley derived NAM 

population (Maurer et al. 2015).  Height, test weight and yield each had intermediate 

heritability estimates that ranged from 0.61-0.70 (Table 3.1). 

 Heading date was significantly correlated with each of the other agronomic traits 

measured (Table 3.2). Heading date was most strongly, positively correlated with height, 

but it also had a moderate positive correlation with yield and moderate negative 

correlations with test weight and tiller number.  In addition to the correlation with days to 

heading, height was negatively correlated with number of tillers and positively correlated 

with yield.  Test weight was strongly, positively correlated with yield. 

 

Distribution of trait values among AB-NAM families 

 Generally, the mean of individual families for each trait was similar to the mean 

of the full population (Table 3.1).  For a few families trait means deviated significantly (p 

< 0.01) from the population mean.  The mean number of days to heading for the family 

derived from WBDC302 was significantly higher than the population-wide mean of 51.3 
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days.  The families derived from WBDC336 and WBDC348 were on average taller than 

the population mean, and the WBDC042 family mean was shorter than the population 

mean of 72.5 cm.  Test weights for families WBDC016, WBDC092, and WBDC350 

were higher than the population mean of 684 g/L, and test weights for families 

WBDC035 and WBDC302 were lower than the population mean.  WBDC255 and 

WBDC348 had lower tiller counts and WBDC350 had higher tiller counts than the 

population mean of 58.7 tillers per 0.5m.  WBDC020, and WBDC350 showed 

significantly higher yield.  Among the families, WBDC350 performed quite well with 

regard to yield and test weight (Figure 3.1).  Individuals from 20 of the 25 families had 

yield BLUPs greater than or equal to Rasmusson, and the highest yielding, WBDC173-

derived individual out-yielded Rasmusson by 480 kg/ha (Table 3.1). 

  

Marker – trait associations identified 

Days to heading 

 A total of ten loci were identified that exhibited significant associations with days 

to heading (Table 3.3).  These loci were found on chromosomes 2H, 3H, 5H, and 7H 

(Figure 3.2).  Loci on chromosome 2H and 7H were identified in all bootstrap samples 

and were the most highly significant loci identified for heading date (Table 3.3).  The 

most significant variants were located on Morex sequence contig 94710, which contains 

the Ppd-H1 photoperiod sensitivity gene (Alqudah et al. 2014).  These variants had an 

effect of reducing days to heading by 3.02 days.  While a majority of the variants in this 

region had a negative effect, some variants had a small positive effect of increasing the 

number of days to heading by 0.01-0.40 days (Supplemental Dataset 3.1).  Three 
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additional loci were identified on chromosome 2H, with those at 41.22 cM and 85.98 cM 

increasing the days to heading by 0.47 and 2.06 days respectively, and another locus on 

2H exhibited both negative and positive effects with the positions of highest significance 

at 53.82 cM and 59.70 cM (Table 3.3). 

 Loci on chromosome 3H at 51.77 cM and 5H at positions 42.15 cM, 113.89 cM, 

and 119.24 cM exhibited positive effects of 0.14-1.43 days in 8-45% of the bootstrap 

samples.  An infrequently detected association was identified at 13.60 cM on 

chromosome 7H with an effect of reducing days to heading by 0.37 days.  The other 7H 

locus contained variants of both positive and negative effects.  Located at 29.96 cM, the 

variants with the highest significance in the region had an effect of increasing days to 

heading by 2.10 days, while the other variants in the region, at 34.21 cM, had an effect of 

decreasing days to heading by 0.68 days. 

 

Height 

 Nineteen loci were identified for height.  These loci were found on all 

chromosomes except 6H (Figure 3.2), and exhibited effects that ranged from decreasing 

height by 4.63 cm to increasing height by 2.61 cm (Supplemental Dataset 3.1).  The most 

consistently identified loci were found in all bootstrap samples and located on 

chromosomes 2H at 19.90 cM, and on 3H at 108.85 cM.  The 2H association produced 

the largest effect of -4.63 cm and corresponds to the same Ppd-H1 variants that are 

strongly associated with heading date.  The locus on chromosome 7H at 29.96 cM was 

also coincident with a days to heading locus.  In this case, the most significant 

variants/contigs were not the same for the heading date and height loci, although the 
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contigs in which they were identified are mapped to the same location (Supplemental 

Dataset 3.1). 

 

Test weight 

 Test weight was mapped to nine loci found on chromosomes 1H, 2H, 3H, 5H, and 

7H (Figure 3.2).  The 1H locus at 94.90 cM was the most consistently identified locus 

with an effect of decreasing the test weight by 20.66 g/L.  Additional positive effect 

variants were identified in this region at 97.73 cM (Supplemental Dataset 3.1).  A 

majority of the other loci identified produced a negative effect, with the exception of the 

locus at 43.11 cM and 45.82 cM on chromosome 3H which contained variants with both 

positive and negative effects. 

 

Tiller count 

 Tiller count had a large amount of environmental error and consequently low 

heritability.  Only two loci were identified for tiller count, both with a positive effect of 

the non-Rasmusson alleles.  These loci are located on chromosomes 2H at the Ppd-H1 

locus, and on chromosome 4H at 91.29 cM (Table 3.3). 

 

Yield 

 Eleven significant marker-trait associations for yield were identified across all 

chromosomes except 4H (Figure 3.2).  Only a single, infrequently identified locus on 3H 

at 57.08 cM exhibited positive effects of the non-Rasmusson allele (Supplemental Dataset 

3.1).  The significant associations for yield overlapped with those for other traits.  The 
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locus on chromosome 1H at 94.90 was shared with test weight along with the most 

commonly identified locus on 3H at 44.83 cM.  A QTL for yield was also identified on 

chromosome 2H, with significant associations to variants on the contig containing Ppd-

H1, a major contributor to heading date, height, and tiller count (Supplemental Dataset 

3.1). 

 

Discussion 

Wild barley germplasm for crop improvement 

 The wild barley AB-NAM exhibits a large amount of phenotypic and genotypic 

variation that may be useful for cultivated barley breeding.  Here we described the 

characterization of the AB-NAM for five agronomic traits of interest to the breeding 

program.  Among the traits analyzed, all exhibited large ranges in phenotypic values, 

with the exception of tiller number, which had a relatively narrow phenotypic range 

(Table 3.1).  Correlations between traits were common, and heading date was 

significantly correlated with each of the other traits: height, test weight, tiller count, and 

yield.  This correlation is reflected in the overlap of the large effect QTL localized to 

variants in the Ppd-H1 gene on Morex contig 94710 (Supplemental Dataset 3.1).  For 

each trait except test weight, these variants had highly significant and frequently 

identified associations.  This reflects the importance of Ppd-H1 in regulating plant 

growth and must be considered when working with germplasm that contains various 

alleles at this locus.  While this major effect QTL was shared between several traits, 

relatively few of the smaller effect loci were shared among traits.  Furthermore, all traits 

except tiller count had both positive and negative significant marker-trait associations, 
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and at one or more loci for each trait, variants exhibited both positive and negative effects 

(Table 3.3), suggesting the presence of multiple non-Rasmusson haplotypes in the 

population. 

 

Mapping complex traits with the AB-NAM: heading date 

 The genetic control of heading date in barley has been studied extensively 

(Cockram et al. 2007; Alqudah et al. 2014; Maurer et al. 2015).  Maurer et al. (2015) 

examined heading date in a similar population to the wild barley AB-NAM.  The Halle 

Exotic Barley (HEB-25) population is composed of 25 wild barley accessions 

backcrossed to a single cultivated barley.  In their examination of heading date, they 

found a very wide phenotypic range of almost 50 days, whereas here we observed a more 

modest range of approximately 17 days (Table 3.1).  This difference is likely due to the 

additional backcross generation included in the development of the BC2-derived AB-

NAM population, which creates a more uniform genetic background than in the BC1-

derived HEB-25 lines.   

 Consistent with results found here, the largest effect association identified with 

the HEB-25 population was the Ppd-H1 locus on chromosome 2H (Maurer et al. 2015).  

Besides Ppd-H1, other QTL corresponded to those identified in the HEB-25 population.  

The HvCEN locus (Comadran et al. 2012) on chromosome 2H at 58.00 cM, the Vrn-H1 

locus (Yan et al. 2003) on chromosome 5H at 125.76 cM, and the Vrn-H3 locus (Yan et 

al. 2006) on chromosome 7H at 34.43 cM were identified in both studies (POPSEQ map 

positions per Alqudah et al. 2014).  For loci Ppd-H1, HvCEN, and Vrn-H3, we identified 

variants in the region with both positive and negative effects.  Loci found in the HEB-25, 
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but not found in the AB-NAM included denso (Jia et al. 2009) on chromosome 3H, a 

novel locus on chromosome 4H, and Vrn-H2 (Yan et al. 2004) on chromosome 4H.  In 

addition to the loci already mentioned, we identified loci that colocalize with HvCO18 on 

chromosome 2H at 41.85 cM, HvCO3 on chromosome 5H at 43.76 cM, and three novel 

QTL on chromosomes 2H, 5H, and 7H (Supplemental Dataset 3.1, Alqudah et al. 2014). 

 

Mapping complex traits with the AB-NAM: height 

 The largest number of QTL were identified for height, several of which appear to 

correspond to QTL identified in previous mapping experiments (as queried in Grain 

Genes: http://wheat.pw.usda.gov/).  The Ppd-H1 locus had the largest effect of reducing 

height by 4.63 cm and this locus was identified in all bootstrap samples.  The locus with 

the second highest significance, located on 3H at 108.85 cM, colocalizes with the 

semidwarf gene denso (Jia et al. 2009). 

 

Mapping complex traits with the AB-NAM: tillering 

 The heritability of tillering in this study was low (h2 = 0.11).  Relatively small 

variation coupled with high measurement error contributed to this low measurement.  In 

the field, variability in seeding and germination may have contributed to high 

measurement error.  The photoperiod sensitive, non-Rasmusson alleles for variants in the 

Ppd-H1 gene were identified as having an effect of increasing number of tillers by 0.65, 

and a novel QTL on chromosome 4H at 91.29 cM increased number of tillers by 1.04.  

Neither loci were identified in a large proportion of bootstrap samplings (Table 3.3).  

Variation at photoperiod and vernalization loci have been shown to affect tillering in 
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barley, particularly Vrn-H2  on chromosome 4H (Karsai et al. 2006), but the 4H QTL for 

tillering found here at 91.29 cM does not correspond with the Vrn-H2 location at 4H, 

114.94 cM (Alqudah et al. 2014) nor does it correspond to the locations of previously 

identified QTL or known tillering mutants (Hussien et al. 2014; Naz et al. 2014). 

 

Mapping complex traits with the AB-NAM: test weight 

 Test weight is a volumetric measurement that is influenced by seed shape and 

size.  We selected for 6-rowed spike morphology in the AB-NAM population to 

minimize the confounding effects of spike morphology on other traits.  This led to a 

severe reduction of wild barley introgression surrounding the vrs-1 locus on chromosome 

2H in the AB-NAM population.  Because spike morphology affects seed shape and size, 

we might expect that modifiers of spike morphology would influence the mapping of test 

weight.  But, known modifiers of spike morphology do not seem to correspond with the 

test weight QTL identified here (Muñoz-Amatriaín et al. 2014).  Test weight did show a 

small association with the brittle rachis locus. 

 

Mapping complex traits with the AB-NAM: yield 

 The brittle rachis morphology of wild barleys provides a means for dispersal of 

seeds.  Because seed dispersal is disadvantageous for cultivated agriculture, a non-

shattering spike was one of the primary domestication traits (Pourkheirandish and 

Komatsuda 2007).  During the process of developing the AB-NAM population, we did 

not impose selection against seed shattering.  Therefore, it is not surprising that the brittle 

rachis complex on chromosome 3H (Komatsuda et al. 2004) is the most influential yield 
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QTL identified.  Besides the brittle rachis locus, the Ppd-H1 locus was consistently 

associated with yield, and a region of chromosome 1H at 94.90 cM was shared with test 

weight.   

 

Imputation introduces uncertainty in marker calls 

The NAM design allows for direct projection of marker calls from high density 

parental genotyping onto progeny.  This provides an opportunity to minimize the costs of 

genotyping such large populations, while still providing sufficient marker coverage to 

take advantage of the increased resolution of the NAM population design.  The wild 

barley AB-NAM population was genotyped at a relatively low density, with an average 

of one marker every 3.57 cM.  Given that this average includes regions of the genome 

with larger gaps in marker coverage, the imputation of markers does introduce a degree 

of uncertainty, particularly in regions of the genome where marker coverage is low.  This 

limitation could be improved by using higher density markers or by selecting markers 

from sequence-based resources that can provide a more uniform distribution of 

segregating markers throughout the genome.  To address this issue, the AB-NAM lines 

have been genotyped using a genotyping by sequencing approach (Poland et al. 2012) 

that will provide higher density genotyping for future studies. 

 

Low minor allele frequencies of AB-NAM associations 

 Coupling the advanced backcross design with the NAM design presents a 

challenge for mapping the effects of alleles which segregate in only a small number of 

AB-NAM families. Unlike RIL-derived NAM populations where the expected minor 
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allele frequency is (0.50 x ps)/ pt , where ps is the number of diverse parents segregating 

at the locus and pt is the total number of diverse parents, the expected minor allele 

frequency in the AB-NAM is (0.125 x ps)/ pt.  This means when a single parent is 

segregating for a locus in a 25 parent NAM, we expect the minor allele frequency to be 

0.005 as compared to 0.02 in a comparably sized RIL-derived NAM.  This is problematic 

because the power for detecting significant interactions decreases as MAF increases, and 

the frequency of false positives increases (Tabangin et al. 2009).  The balance becomes 

the number of diverse accessions sampled versus the number of lines created for each 

family.  Higher detection of significant loci, particularly alleles private to individual 

families may have been achieved if we had made larger populations of fewer parental 

lines. 

 

Conclusions 

 We grew the phenotypically and genetically diverse wild barley AB-NAM in field 

trials in 2012 and 2013 in Minnesota, North Dakota, and/or Montana.  The AB-NAM 

design allowed for screening in standard field trials, minimizing the unadapted traits 

present in the wild barley parental accessions, while maintaining large amounts of 

diversity.  We identified several QTL for each trait measured.  In each case, both 

previously identified and novel QTL were found.  Transgressive segregation for test 

weight and yield is minimal, but there were some lines that had higher test weight and/or 

yield than Rasmusson.  The AB-NAM population is a resource available for screening 

large amounts of genetic diversity in a genetic background that is adapted to the Upper 

Midwest United States.    
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Table 3.1 Trait values and heritabilities for multi-environment trait BLUPs. 
Trait Min Max Rasmusson Mean CV Heritability 

Heading Date 
(days after 

planting) 44.24 61.62 50.69 51.26 4.62 0.82 
Height (cM) 49.53 92.51 71.94 72.50 7.03 0.63 
Test Weight 

(g/L) 569.29  735.50 716.83 684.48 3.82 0.70 
Tillers 

(tillers/0.5m) 53.56 63.71 59.09 58.66 2.75 0.11 
Yield (kg/ha) 1799 5764 5283 4545 12.77 0.61 
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Table 3.2 Pearson correlations between traits 
 Heading 

Date 
Height Test Weight Tillers Yield 

Heading 
Date 

     

Height 0.43***     
Test Weight -0.16*** 0.00    

Tillers -0.18*** -0.32*** -0.01   
Yield 0.15*** 0.20*** 0.56*** 0.03  

*p < 0.01, **p < 0.001, ***p < 0.0001 
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Table 3.3 Summary of marker-trait associations of maximum significance.  All significant marker-trait associations can be found in 
Supplemental Dataset 3.1.  QTL on the same chromosome were considered unique loci if there was a greater than 5cM gap between 
significant markers. 
Trait Locusa Variantb Chromc cMc MAFd Freqe -log(p)f Effectg Rash 
Days to 
heading 2H.1 morex_contig_61987:8917_A/G 2H 19.05 0.02 1.00 7.29 0.01 A 
 2H.1 morex_contig_94710:1754_T/C* 2H 19.90 0.11 1.00 71.73 -3.02 T 
 2H.2 morex_contig_135313:5170_G/A 2H 41.22 0.01 0.39 4.28 0.47 G 
 2H.3 morex_contig_39365:4995_G/A 2H 53.82 0.02 0.07 3.91 -1.16 G 
 2H.3 morex_contig_135238:1265_G/T 2H 59.70 0.04 0.08 4.13 0.47 G 
 2H.4 morex_contig_1565994:1482_TG/T 2H 85.98 0.01 0.12 4.18 2.06 T 
 3H.1 morex_contig_1578959:209_TC/T 3H 51.77 0.01 0.08 4.10 0.14 TC 
 5H.1 morex_contig_1595050:226_GTA/G* 5H 42.15 0.02 0.11 3.87 1.21 GTA 
 5H.2 morex_contig_2553463:241_GC/G* 5H 113.89 0.01 0.09 4.16 1.43 GC 
 5H.3 morex_contig_1560492:6299_T/C* 5H 119.24 0.03 0.45 4.44 1.26 T 
 7H.1 morex_contig_43906:1474_G/A 7H 13.60 0.02 0.08 3.85 -0.37 G 
 7H.2 morex_contig_9006:1415_G/C** 7H 29.96 0.02 1.00 7.96 2.10 G 
 7H.2 morex_contig_1561657:2925_G/A* 7H 34.21 0.07 1.00 6.60 -0.68 G 
Height 
(cm) 1H.1 morex_contig_38760:17841_C/T* 1H 21.25 0.02 0.09 4.41 -2.12 C 
 1H.2 morex_contig_42099:3456_G/A 1H 42.78 0.01 0.08 4.77 -2.62 G 
 1H.3 morex_contig_6883:3404_A/G 1H 70.54 0.01 0.15 4.47 -2.97 A 
 1H.3 morex_contig_139934:324_ATGAACTTGGCTAG/A 1H 70.72 0.01 0.15 4.47 -2.96 ATGAA… 
 1H.4 morex_contig_158638:4096_G/A* 1H 126.06 0.02 0.07 4.46 -2.91 G 
 2H.1 morex_contig_94710:1754_T/C* 2H 19.90 0.11 1.00 27.84 -4.63 T 
 2H.2 morex_contig_2547325:563_C/G 2H 33.68 0.08 0.06 4.49 -3.66 C 
 2H.3 morex_contig_2106916:1709_C/A 2H 40.37 0.01 0.56 5.44 -3.77 C 
 2H.4 morex_contig_6288:2299_T/C* 2H 123.65 0.02 0.06 4.26 -2.38 T 
 3H.1 morex_contig_39909:12902_A/C* 3H 68.13 0.01 0.08 4.16 -1.85 A 
 3H.2 morex_contig_40861:9707_C/T** 3H 108.85 0.13 1.00 6.55 2.52 C 
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Table 3.3 continued 
Trait Locusa Variantb Chromc cMc MAFd Freqe -log(p)f Effectg Rash 
 4H.1 morex_contig_98608:1030_T/C 4H 22.24 0.04 0.50 4.52 2.61 T 
 4H.2 morex_contig_1581403:1626_C/G 4H 43.48 0.01 0.07 4.19 -1.89 C 
 4H.3 morex_contig_1569145:1199_G/T 4H 114.94 0.03 0.92 5.53 -2.35 G 
 5H.1 morex_contig_54778:1059_G/A 5H 59.72 0.02 0.25 4.24 -2.49 G 
 7H.1 morex_contig_1568403:2016_A/G 7H 20.96 0.04 0.14 4.17 2.37 G 
 7H.2 morex_contig_2547812:2781_A/T 7H 29.96 0.07 0.22 4.38 2.51 T 
 7H.3 morex_contig_1579633:859_G/C 7H 42.28 0.02 0.06 4.50 -1.72 G 
 7H.4 morex_contig_323672:471_C/T* 7H 48.16 0.03 0.40 4.59 -1.34 C 
 7H.5 morex_contig_42961:5037_C/T* 7H 133.92 0.02 0.06 4.27 -1.48 C 
Test weight 
(g/L) 1H.1 morex_contig_166809:1737_A/T 1H 94.90 0.11 1.00 10.55 -20.66 A 
 1H.1 morex_contig_1561363:4513_C/G 1H 97.73 0.03 1.00 8.18 4.25 C 
 2H.1 morex_contig_381927:297_A/C 2H 52.62 0.02 0.38 4.68 -17.19 A 
 2H.2 morex_contig_47818:3505_C/T 2H 59.42 0.03 0.77 5.22 -16.49 C 
 3H.1 morex_contig_45244:1965_G/GA 3H 43.13 0.03 0.31 4.51 -10.26 G 
 3H.1 morex_contig_5708:4611_C/T* 3H 45.82 0.04 0.07 4.32 2.22 C 
 5H.1 morex_contig_41843:6990_C/T 5H 0.14 0.03 0.51 4.50 -14.32 C 
 5H.2 morex_contig_8004:481_T/C 5H 80.49 0.01 0.09 4.44 -43.64 T 
 5H.3 morex_contig_138324:6222_T/C 5H 107.57 0.02 0.11 4.44 -20.43 T 
 7H.1 morex_contig_79300:514_C/A* 7H 41.43 0.02 0.50 4.77 -22.82 C 
 7H.2 morex_contig_52768:4574_C/A 7H 61.19 0.02 0.36 4.54 -23.88 C 
Tillers (per 
0.5m) 2H.1 morex_contig_94710:4178_G/A 2H 19.90 0.10 0.24 6.65 0.65 G 
 4H.1 morex_contig_1562579:4864_G/C 4H 91.29 0.03 0.10 6.29 1.04 G 
Yield 
(kg/ha) 1H.1 morex_contig_166809:1737_A/T 1H 94.90 0.11 0.52 4.31 -327 A 
 2H.1 morex_contig_56215:381_T/C* 2H 19.48 0.11 0.98 5.56 -288 T 
 3H.1 morex_contig_158632:4370_A/G 3H 44.83 0.10 1.00 19.25 -590 A 
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Table 3.3 continued 
Trait Locusa Variantb Chromc cMc MAFd Freqe -log(p)f Effectg Rash 
 3H.2 morex_contig_2557470:544_T/C 3H 57.08 0.03 0.06 4.09 169 T 
 3H.3 morex_contig_64931:1051_G/A 3H 76.35 0.06 0.07 4.32 -335 G 
 3H.4 morex_contig_358142:901_C/T 3H 86.33 0.01 0.06 3.97 -281 C 
 5H.1 morex_contig_54820:6729_T/A 5H 13.26 0.04 0.06 4.26 -224 T 
 5H.2 morex_contig_135266:2648_T/C* 5H 47.50 0.02 0.89 5.14 -361 T 
 6H.1 morex_contig_37935:10308_C/A 6H 113.21 0.01 0.08 4.60 -412 C 
 6H.2 morex_contig_2546718:7710_A/G* 6H 126.49 0.02 0.16 4.60 -404 A 
 7H.1 morex_contig_37512:13958_A/G 7H 140.65 0.02 0.08 4.05 -302 A 
a QTL on the same chromosome were considered unique loci if there was a greater than 5cM gap between significant markers. 
b Variants significantly associated with the trait.  Associations were determined by an FDR < 0.05 significance threshold and a 
frequency of detection > 0.05 in 100 bootstrap samplings of 25 individuals from each family. 
c Chromosome and cM positions of Morex contig contain the variant as determined by the Mascher et al. (2013a) POPSEQ map. 
d Minor allele frequency of variant in the AB-NAM population 
e Frequency of significant association with variant detected in 100 bootstrap samples 
f –log(p-value) averaged across significant bootstrap tests 
g Relative effect of non-Rasmusson allele, averaged across significant bootstrap tests 
h Rasmusson allele at variant locus 
* Variant is one of multiple variants with identical segregation patterns at this locus. 
** Variant is one of multiple variants with identical segregation patterns at this locus, some of which are found on different contigs. 
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Figure 3.1 Box plots of multi-environment BLUP values for days to heading, height, test 
weight, tiller number, and yield, split by AB-NAM family.  Population mean trait values 
are denoted by a solid horizontal gray line.  Rasmusson trait values are denoted by a 
dashed horizontal gray line. 
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Figure 3.1 continued 
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Figure 3.2 Significant marker-trait associations.  Associations shown are those detected 
above a FDR = 0.05 threshold in greater than 5% of 100 bootstrap samplings of 25 
individuals per AB-NAM family.  Triangles pointing up indicate a positive effect of the 
non-Rasmusson allele.  Triangles pointing down indicate a negative effect of the non-
Rasmusson allele.  Color indicates the magnitude of effects.  Size of the triangle indicates 
the frequency of detection among bootstrap samples. 
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Figure 3.2 continued 
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Supplemental Dataset 3.1 All significant marker trait associations for traits: days to 
heading, height, test weight, tiller count, and yield. 
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Chapter 4: Mapping malting quality and yield characteristics in a North 

American 2-rowed malting barley × wild barley advanced backcross 

population 
 

Overview 

Due to the stringent quality requirements imposed by the US malting barley 

industry, barley breeders have been reluctant to introduce exotic germplasm into their 

breeding programs.  To understand whether wild barley (Hordeum vulgare ssp. 

spontaneum) contains favorable alleles for yield and malting quality characteristics, we 

mapped QTL for heading date, height, lodging, yield, and nine grain characteristics 

important to the malting and brewing industry.  Traits were mapped in a wild x cultivated 

barley, BC2-derived advanced backcross mapping population.  The recurrent parent 

Harrington is a North American 2-rowed malting barley cultivar, and the donor parent 

OUH602 is a wild barley accession that exhibits resistance to multiple barley pathogens.  

Previous mapping studies using this population identified QTL for multiple disease 

resistance and agronomic traits.  The 98 lines were grown in five replicated field trials at 

St. Paul and Crookston, MN in 2009-2011.  One to four QTL were identified for each 

trait, for a total of 36 QTL identified.  For all yield QTL identified, the OUH-602 allele 

decreased the trait value.  Wild barley alleles had both positive and negative trait effects 

on grain traits: diastatic power, free amino nitrogen, and soluble protein.  For future 

validation of QTL identified, a set of pre-introgression lines composed of 29 BC2-derived 

and 6 BC3-derived lines were identified that collectively contain introgressions across the 

entire OUH-602 genome, while minimizing background introgression.    
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Introduction 

 Worldwide, approximately 20% of the barley (Hordeum vulgare ssp. vulgare) 

crop is used for malting and brewing (Blake et al. 2010).  Because of specific quality and 

flavor requirements imposed by the malting and brewing industries, malting barley is 

often grown under contract, subject to quality screenings, and incentivized with high 

premiums.  Therefore, breeders are required to balance improvements in yield and 

agronomic performance with maintaining malting quality traits, which range from grain 

plumpness, to specific levels of protein content and enzyme activity (Fox et al. 2003).  To 

maintain this balance, breeders have historically utilized techniques that focus on 

crossing elite cultivars from within highly inbred breeding programs (Rasmusson and 

Phillips 1997).  But, over many cycles of breeding, the genetic and phenotypic diversity 

of these populations can become limited, and continued improvement necessitates 

addition of genetic diversity (Condón et al. 2008; Fu and Somers 2009; Muñoz-Amatriaín 

et al. 2010). 

 Wild barley (Hordeum vulgare ssp. spontaneum), the progenitor of cultivated 

barley, retains much of the genetic diversity that was lost during the process of 

domestication and cultivar improvement (Ellis et al. 2000).  Natural populations have 

been subject to a broad range of biotic and abiotic stressors.  Consequently, it is not 

surprising that wild barley germplasm has been shown to contain valuable alleles for 

disease resistance (Fetch et al. 2003; Steffenson et al. 2007; Schmalenbach et al. 2008) 

and abiotic stress tolerance (Ellis et al. 2000; Lakew et al. 2013a).  To access these 

valuable alleles, breeders risk disrupting the favorable yield and quality traits that have 

been improved over the course of breeding.  Additionally, wild barley germplasm 
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exhibits traits which are unadapted to modern agriculture, such as seed shattering, 

vernalization requirements, and photoperiod sensitivity (Pourkheirandish and Komatsuda 

2007).  Because of the logistical difficulties of working with unadapted barley 

germplasm, researchers have adopted the advanced backcross-quantitative trait loci (AB-

QTL) mapping approach to explore the genetic architecture and utility of exotic 

germplasm. 

The AB-QTL technique involves QTL mapping in populations derived from 

multiple backcrosses of an exotic donor parent to an adapted recurrent parent (Tanksley 

and Nelson 1996).  This process results in lines which contain a small amount of exotic 

genome introgressed into an adapted background.  By analyzing the exotic germplasm in 

the context of an adapted genome, researchers are able to minimize the confounding 

effects of epistasis and unadapted traits, allowing for a more accurate measurement of 

genetic value (Tanksley and Nelson 1996).  This technique has been used in several crop 

systems to identify alleles for agronomic and quality traits (reviewed in Wang and Chee 

2010).  In barley, several studies have examined malting and yield in AB or introgression 

populations derived from wild barley sources (Li et al. 2005; von Korff et al. 2008).  

Despite malting quality and yield being unlikely selection targets in the wild, the complex 

nature of these traits provides many avenues for improvement.  In the wild x cultivated 

barley mapping populations analyzed for yield and malting quality, a majority of the 

beneficial alleles are contributed by the cultivated parent, but transgressive segregation 

and beneficial wild barley alleles have been identified for malting and yield components 

(Matus et al. 2003; Li et al. 2005; von Korff et al. 2008).  
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Here we describe our efforts to map QTL for malting quality and yield traits in a 

BC2-derived advanced backcross population from a highly disease resistant wild barley 

donor parent OUH-602 and a North American 2-rowed malting barley cultivar 

Harrington.  Our objectives were to (1) identify the genetic architecture of malting 

quality and yield traits in a wild barley advanced backcross population, (2) determine 

whether OUH-602 contains beneficial alleles for malting quality and/or yield, and (3) 

genotypically characterize a set of BC3 derived introgression lines for future validation 

experiments. 

 

Materials and Methods 

Plant material 

The Harrington x OUH-602 (HOUH) AB population was previously developed 

and analyzed for seedling disease resistance and morphological traits (Yun et al. 2006; 

Gyenis et al. 2007).  Harrington is a North American 2-row malting barley, and OUH-

602 is a wild barley accession which exhibits multiple disease resistance.  The population 

is composed of 98 BC2F6:8 lines.  An additional 26 BC3F2 lines were derived from 

crossing 26 of the BC2F6:8 lines to Harrington.  These 26 BC3F2 lines were genotyped, 

but they were not evaluated in any field experiments. 

 

Genotyping 

The HOUH population and the 26 BC3F2 lines were genotyped with a custom 

384-SNP Illumina VeraCode assay developed for genotyping the wild barley advanced 

backcross – nested association mapping (AB-NAM) population.  A total of 162 markers 
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were segregating between the parents, with an average of one marker every 7.0 cM.  The 

Muñoz-Amatriaín et al. (2011) barley consensus map was used to order markers.  

Graphical genotypes were produced by linearly interpolating genotypes using 1 cM 

intervals across the consensus map.  A set of introgression lines was selected from the 98 

HOUH individuals and 26 BC3F2 lines by sequentially adding individuals containing 

homozygous OUH-602 introgressions across the genome, while prioritizing individuals 

with low genome-wide introgression frequency. 

 

Agronomic trait measurement 

The HOUH population was grown in a randomized complete block design in St. 

Paul, MN (2009-2011; SP09, SP10, SP11) and Crookston, MN (2010-2011; CR10, 

CR11), for a total of 5 environments with 3 replications in each environment.  Cultivars 

Harrington, Conlon, Pinnacle, Robust, and Tradition were grown as check lines in each 

block. Field plots consisted of two 1 meter long rows per plot.  Agronomic traits included 

yield, days to heading, height and lodging.  Yield was measured as the weight of 

harvested grain from each plot and converted to kg/hectare.  Yield was not measured in 

SP09 due to spatial irregularity of field conditions.  Days to heading was measured as the 

number of days from planting to the date when 50% of the row exhibited 50% spike 

emergence from the leaf sheath.  Height was measured at maturity, from the base of a 

plant representative of the row, to the top of the spike, excluding the awns.  Height was 

not measured in CR11.  Lodging was scored, when environmental conditions allowed 

(SP10 and SP11), as a visual rating of stalk angle on a 1-9 scale where 1 is a completely 

vertical stalk and 9 is a horizontal stalk.   
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Malt quality trait measurement 

 A micromalt procedure was performed to characterize the malting quality 

characteristics of grain harvested from each of the five field trials.  Seed was bulked 

across the three replicates of each line in each environment before analyzing.  A pilot 

steep of 10g samples was used to calculate the time needed to increase the moisture 

content of the barley grain to 45%.  Next, 80g samples were steeped in a 16°C water bath, 

with a 2h rest every 24 hours.  At the end of steeping, samples were spread over paper 

towels to remove surface moisture.  Samples were allowed to germinate in a 16C 

chamber with 85% relative humidity for four days.  Samples were maintained at 45% 

moisture by weight and turned by hand to prevent matting.  Kilning was performed using 

the schedule 3 temperature cycling described by Karababa et al. (1993).   

 To assess malt quality, α-amylase activity (DU), β-glucan content, protein content 

(%), diastatic power (°ASBC), free amino nitrogen, fine grind malt extract (%), soluble 

protein content (%), the ratio of soluble to total protein content, and wort viscosity (cP) 

were analyzed using standard methods described by Karababa et al. (1993).   

 

Trait and QTL analysis 

 To obtain a single multi-environment reading for each trait, a multivariate mixed 

model was fit in ASReml-R (VSN International), and best linear unbiased predictors 

(BLUPs) were obtained.  Broad-sense heritability for each trait was calculated on a line 

mean basis across environments.  Pearson correlation coefficients were calculated for 

each trait pair.  QTL analysis was performed using the BCsFt functions of the R/qtl 

package in the R statistical software environment (Broman et al. 2003; Shannon et al. 
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2013).  Marker-trait associations were identified using a significance threshold based on 

the 95th percentile of 1000 permutations for each trait.   

 

Results 

Agronomic performance 

 Agronomic traits: heading date, height, lodging, and yield were measured in 2-5 

replicated field trials over 3 years.  Analysis of variance indicated significant (p < 0.0001) 

variation is explained by lines, environments, replications, and genotype × environment 

interaction.  Table 4.1 shows the distribution of trait values for the AB lines and 

Harrington within individual environments and across environments as calculated by best 

linear unbiased predictors (BLUP).  Trait values for OUH-602 were not measured due to 

the difficulties of growing wild barley germplasm in field trials.  The distribution of each 

trait showed a slight bimodal distribution, with the primary mode including the 

Harrington phenotype.  Transgressive segregation was observed for all four agronomic 

traits, with 38.8% of the AB lines exhibiting equal to or greater yield than Harrington.  

Heritability calculated on a line-mean basis was high for each agronomic trait, ranging 

from 0.79 to 0.97 (Table 4.1). 

 

Malt performance 

 Malting quality traits were measured using a micro-malting procedure on bulked 

samples of three replicates from each of five environments.  One line, HOUH_A182 was 

removed as an outlier from the analysis of β-glucan and dynamic viscosity due to its high 

values for these traits in each environment.  Analysis of variance indicated significant (p 
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< 0.0001) variation is explained by lines and environments.  Heritability of malting 

quality traits ranged from 0.33 for protein to 0.90 for malt extract (Table 4.1).  

Transgressive segregation was identified for traits: α-amylase activity, barley grain 

protein, diastatic power, FAN, soluble protein, and dynamic viscosity, but not for β-

glucan (with the exception of line HOUH_A182), malt extract, and the ratio of soluble to 

total protein.  The Harrington phenotype was on the low end of the β-glucan distribution 

and on the high end of the malt extract and ST ratio distributions (Table 4.1).   

 

Trait correlations identified 

 Correlations between agronomic traits, and malting quality traits were identified 

in the HOUH AB population (Table 4.2).  Heading date was positively correlated with 

height, and both of these traits were negatively correlated with lodging.  In this 

population, those lines which flowered earlier and/or were shorter statured tended to 

exhibit more severe lodging.  These shorter statured plants appeared to have much 

weaker stalk strength, likely contributing to lodging susceptibility.  Yield was not 

significantly correlated with any of the other measured agronomic traits.  Each of the 

agronomic traits was also significantly correlated with one or more malting quality traits.  

Heading date was positively correlated with α-amylase activity and negatively correlated 

with viscosity.   Height was positively correlated with grain protein and negatively 

correlated with malt extract, and yield was positively correlated with malt extract, and α-

amylase activity, and negatively correlated with grain protein. 

 Nineteen correlations were detected among malting quality characteristics (Table 

4.2).  The ST ratio was significantly correlated with all malt quality traits except diastatic 
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power.  All pairwise correlations between α-amylase activity, FAN, malt extract, soluble 

protein, and ST ratio were significant with the exception of malt extract with soluble 

protein.  Besides this group of positive correlations, malt extract had a strong negative 

correlation with grain protein and a negative correlation with diastatic power.  Grain 

protein was negatively correlated with the ST ratio and positively correlated with 

diastatic power.  Viscosity was strongly correlated with β-glucan, which in turn was 

negatively correlated with α-amylase activity, FAN, soluble protein, and ST ratio. 

 

Genotypic characterization of BC2 and BC3 derived lines 

 The 98 HOUH BC2F6:8 advanced backcross population lines, along with an 

additional set of 26 BC3F2 lines derived from crossing 26 of the HOUH lines to 

Harrington, were genotyped with a 384-SNP Illumina VeraCode assay.  The platform 

was developed to distinguish a set of 25 wild barley accessions from the 6-rowed malting 

barley cultivar Rasmusson.  This assay contained 162 markers that were segregating 

between OUH-602 and Harrington.  The markers were used to characterize the 

introgressions of the BC3F2 lines, and to improve the marker coverage over the previous 

111 SSR markers used to genotype the HOUH population (Yun et al. 2006).  Markers 

were distributed throughout the genome, with an average distance of 7.4 cM between 

markers (Supplemental Table 4.1).  The lowest density marker coverage was on 

chromosome 1H, which has a gap of 38 cM in the central region of the chromosome 

(Figure 4.2). 

 Significant deviations from the expected 12.5% OUH-602 SNP allele frequencies 

were not observed in the HOUH population (Supplemental Figure 4.1).  The percent of 
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the OUH-602 genome introgressed in each HOUH line ranged from 2.3% to 30.2% with 

a mean of 12.2%.  The BC3 lines ranged from 0% to 17.8% introgression with a mean of 

8.0%.  Collectively, the set of 98 HOUH lines contains full coverage of the OUH-602 

genome.  Supplemental Figure 4.2 shows the graphical genotypes of all 98 HOUH lines 

(blue) and 26 BC3F2 lines (red), sorted based on percent OUH-602 introgression.  We 

identified a set of 35 lines, comprised of 29 BC2-derived lines and 6 BC3-derived lines 

that collectively contain homozygous introgressions spanning the entire OUH-602 

genome (Figure 4.1).  Selected lines were chosen to minimize the percent introgression 

per line, and range from 3.1% to 17.3% introgression with an average of 8.9% OUH-602 

introgression. 

 

Quantitative trait loci detected 

 Between one and four QTL were identified for each of the four agronomic traits 

and nine malting quality traits (Table 4.3).  Of the 36 QTL identified, nine were identified 

in all measured environments as well as the multi-environment BLUPs.  Nine QTL were 

identified in only a single environment, and three were identified only with the multi-

environment BLUPs.  Percentage of variation explained for individual QTL ranged from 

5.7-70.2% and QTL were identified on every chromosome except 4H (Figure 4.2).   

 Heading date was largely explained by a single QTL on chromosome 2HS.  This 

QTL explained 70.2% of the variation for heading date, with an OUH-602 genotypic 

effect that reduced days to heading by 10.5 days.  In a single environment, an additional 

QTL on chromosome 2HL reduced days to heading by an additional 3.3 days.  Height 

and lodging were also strongly influenced by the 2HS QTL, where the OUH-602 
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genotype increased lodging severity by 1.7 and decreased height by 7.4 cm.  QTL that 

increased height in individuals containing the wild barley genotype were identified on 

chromosomes 1H, 3H, and 7H.  All three yield QTL identified had a negative effect from 

the OUH-602 allele, particularly those located on chromosome 1H and 3H, explaining 

31.0 and 13.9% of the yield variation across all environments.  An additional yield QTL 

on chromosome 6H explained 17.4% of the variation in the St. Paul field trials. 

 Diastatic power, FAN, and soluble protein each had QTL with positive and 

negative effect of the wild barley alleles.  For each of the malt extract, α-amylase activity 

and ST ratio QTL, the wild alleles had negative trait effects, and for each of the β-glucan, 

grain protein, and viscosity QTL, the wild alleles had positive trait effects (Table 4.3).   

 Several areas of the genome contain overlapping QTL intervals (Figure 4.2).  

Yield and malt extract QTL share a peak at 108.52 cM on chromosome 1H and have 

overlapping QTL intervals with diastatic power, height, and grain protein.  Besides the 

region of 2H influencing heading date, height, and lodging, another region of 2H at 50.99 

cM has overlapping QTL for diastatic power and soluble protein.  On 3H, a locus at 

26.71 cM influences α-amylase activity, grain protein, and malt extract, and farther down 

the chromosome QTL intervals overlap for yield, malt extract and height in the region 

47.37 cM to 73.3 cM, although the peaks of these associations do not coincide.  

Chromosome 5H appears to have two clusters of QTL responsible for several malting 

quality characteristics.  One at 67.66 cM influences α-amylase activity, FAN, soluble 

protein, and ST ratio, and another locus at the distal end of 5HL influences these same 

traits in addition to β-glucan.  Lastly, QTL for β-glucan and dynamic viscosity are 

coincident on the distal end of chromosome 7HL.  
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Discussion 

 The Harrington × OUH-602 advanced backcross population (HOUH) was 

developed to explore wild barley alleles in a modern cultivar (Yun et al. 2006).  Because 

OUH-602 contains resistance alleles for many agronomically-important disease traits, 

several seedling disease resistance traits were previously mapped in a Harrington × 

OUH-602 RIL population and validated using the HOUH advanced backcross population 

(Yun et al., 2005; 2006).  However, unlike disease traits, selection for malting quality and 

other agronomically desirable traits does not occur in the wild.  Still, the genetic diversity 

present in wild barley populations provides an avenue for exploring natural variation for 

any trait of interest. The development of advanced backcross lines minimizes the 

presence of unadapted traits in individual HOUH lines, providing the opportunity to 

characterize exotic germplasm in standard field trials (Gyenis et al. 2007).  By examining 

agronomic and malting quality traits in addition to the previously examined disease and 

morphological traits, we were able to construct a more complete picture of the genetic 

architecture of breeding-relevant traits that may be masked by the many deleterious traits 

found in unadapted germplasm.  The results presented here indicate that some beneficial 

variation for yield-related and malting quality traits is present in the wild barley accession 

OUH-602, but for the most part we did not observe large improvement, particularly in 

valuable traits such as yield and malt extract. 

 

QTL for agronomic and malting quality traits correspond with previous studies 

In a previous analysis of the HOUH population, Gyenis et al. (2007) measured 

heading date and height as well as several morphological traits under field conditions in 
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St. Paul, MN and Cadriano, Italy and under greenhouse conditions in St. Paul.  The QTL 

identified here correspond to those previously identified.  Heading date QTL in both 

studies localize to two regions of chromosome 2H and height QTL localize to 

chromosomes 1H, 3H, and 7H with positive OUH-602 effects and to chromosome 2H 

with negative effect.  The SNP marker 12_30872 which tags the large effect heading date 

QTL, as well as the largest effect height and lodging QTL, is located in the Ppd-H1 gene 

responsible for photoperiod sensitivity under long day conditions (Turner et al. 2005).  

The increased photoperiod sensitivity caused by the wild barley allele contributes to early 

flowering, shorter stature plants, and increased lodging susceptibility in the HOUH 

population.  While generally, taller plants are found to have more severe lodging, many 

of the short statured plants in the HOUH population had thin stems and poor stalk 

strength.  The Ppd-H1 locus has been shown to have significant effects on heading date 

and other agronomic traits in several different wild x cultivated barley mapping 

populations (Li et al. 2005; von Korff et al. 2006), and further examinations have shown 

a wide range of epistatic and pleiotropic effects of wild barley Ppd-H1 alleles (Wang et 

al. 2010; von Korff et al. 2010). 

Yield was not measured in the previous Gyenis et al. (2007) study, but fragile 

rachis morphology was.  The yield QTL identified here on chromosomes 1H and 3H 

correspond with the fragile rachis QTL that explained the most variation in the Gyenis et 

al. (2007) study.  The locus on 3H corresponds to the brittle rachis locus (Btr1/Btr2), 

which is the primary domestication locus that controls seed shattering in barley 

(Azhaguvel and Komatsuda 2007).  The yield QTL on 1H appears to correspond with 

thresh-1 locus fine-mapped by Schmalenbach et al. (2011) using a set of wild barley 
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introgression lines.  These results reflect that large effect, domestication-related loci are 

highly influential on the agronomic performance of wild × cultivated barley crosses.  

Because these two loci have such major effect on the yield measurement, identifying 

additional small effect QTL will require larger population sizes and/or alternative 

population designs that minimize these confounding effects even more than what was 

possible with the AB population. 

Malting quality QTL analysis also revealed previously identified loci, found in a 

variety of mapping populations including wild barley as a parent (Matus et al. 2003; Li et 

al. 2005; von Korff et al. 2008), association mapping of U.S. barley breeding lines 

(Mohammadi et al. 2015) and biparental mapping (Mather et al. 1997; Marquez-Cedillo 

et al. 2000) populations.  Malting quality trait QTL were often clustered in regions of the 

genome, indicating the likelihood of the pleiotropic effect of loci on multiple traits.  As 

compared to the agronomic traits measured, there was a larger range of heritabilities 

observed across malting quality traits.  

 

Utility of OUH-602 for breeding and future studies 

The addition of SNP marker genotypes has increased the marker coverage in the 

HOUH population, allowing for higher resolution mapping than the previous 111 SSR 

marker data.  Additionally, a set of 35 HOUH BC2- and BC3-derived lines were identified 

that contain complete coverage of the OUH-602 genome in a Harrington genetic 

background.  These lines are available for future validation studies. 

The wild barley OUH-602 did not contribute beneficial alleles for yield nor for a 

majority of the malting quality traits examined.  Still, wild barley contributed positive 
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and negative alleles for three malting traits: diastatic power, free amino nitrogen, and 

soluble protein content, and transgressive segregation did exist for yield and many 

malting quality traits in the HOUH population.  Understanding the genetic architecture 

for these traits in unadapted, diverse germplasm provides breeders with information that 

can aid in the introgression of valuable disease resistance traits while avoiding linkage 

drag of deleterious agronomic and malting characteristics.    
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Table 4.1 Trait values and heritabilities for agronomic and malting quality traits. 
Trait n Mean Min Max CV Harr h2 
Heading date (HD, days)a 98 57.2 47.8 61.9 15.1 59.6 0.97 

CR10b 98 61.3 53.0 65.0 19.7 63.3  
CR11 98 55.6 47.0 61.0 14.1 58.3  
SP09 98 57.1 47.7 64.7 15.3 61.7  
SP10 98 56.8 46.0 62.7 12.6 58.0  
SP11 98 55.5 44.0 62.0 11.9 59.0  

Height (HT, cm) 98 78.1 66.9 87.3 19.0 75.1 0.84 
CR10 98 83.2 66.0 98.0 12.6 80.3  
SP09 98 69.1 54.5 82.5 12.8 64.5  
SP10 98 84.1 72.3 95.3 17.4 81.5  
SP11 98 76.1 65.3 88.3 13.9 66.3  

Lodging (LG, 0-9) 98 5.9 4.2 8.0 8.3 5.5 0.79 
SP10 98 5.6 3.7 8.0 5.9 5.5  
SP11 98 6.2 3.7 9.0 6.3 5.7  

Yield (YD, kg/ha) 98 5143 2638 6356 5.5 5677 0.87 
CR10 98 6662 3566 8345 5.7 7349  
CR11 98 6037 2620 7818 5.8 5868  
SP10 98 4334 903 6554 3.2 5640  
SP11 98 3539 814 5159 3.6 3822  

α-amylose (AA, DU)  98 63.1 41.5 75.3 8.9 70.2 0.83 
CR10 98 68.7 38.8 95.3 5.9 84.2  
CR11 98 60.2 37.5 81.8 6.0 70.9  
SP09 96 58.9 35.2 78.5 6.4 69.4  
SP10 98 60.9 32.0 79.0 6.7 69.1  
SP11 97 66.6 45.9 88.6 6.9 83.3  

β-glucan (BG) 97 378.6 208.5 676.4 3.5 223.3 0.79 
CR10 97 358.0 103.0 781.0 2.4 337.0  
CR11 97 313.5 46.0 866.0 1.7 142.0  
SP09 95 438.0 88.0 681.0 2.6 106.0  
SP10 97 448.1 102.0 826.0 2.6 285.0  
SP11 96 332.3 76.0 850.0 1.9 165.0  

Barley protein (BP, %) 98 13.4 12.5 14.7 27.6 12.7 0.33 
CR10 98 11.6 9.9 14.2 12.1 11.6  
CR11 98 11.8 9.8 14.7 12.6 10.7  
SP09 96 15.4 13.1 18.5 17.1 14.2  
SP10 98 14.2 12.7 16.3 19.0 13.4  
SP11 97 14.1 12.3 17.5 15.6 13.3  
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Table 4.1 continued 
Trait n Mean Min Max CV Harr h2 
Heading date (HD, days)a 98 57.2 47.8 61.9 15.1 59.6 0.97 

CR10b 98 61.3 53.0 65.0 19.7 63.3  
CR11 98 55.6 47.0 61.0 14.1 58.3  
SP09 98 57.1 47.7 64.7 15.3 61.7  
SP10 98 56.8 46.0 62.7 12.6 58.0  
SP11 98 55.5 44.0 62.0 11.9 59.0  

Height (HT, cm) 98 78.1 66.9 87.3 19.0 75.1 0.84 
CR10 98 83.2 66.0 98.0 12.6 80.3  
SP09 98 69.1 54.5 82.5 12.8 64.5  
SP10 98 84.1 72.3 95.3 17.4 81.5  
SP11 98 76.1 65.3 88.3 13.9 66.3  

Lodging (LG, 0-9) 98 5.9 4.2 8.0 8.3 5.5 0.79 
SP10 98 5.6 3.7 8.0 5.9 5.5  
SP11 98 6.2 3.7 9.0 6.3 5.7  

Yield (YD, kg/ha) 98 5143 2638 6356 5.5 5677 0.87 
CR10 98 6662 3566 8345 5.7 7349  
CR11 98 6037 2620 7818 5.8 5868  
SP10 98 4334 903 6554 3.2 5640  
SP11 98 3539 814 5159 3.6 3822  

α-amylose (AA, DU)  98 63.1 41.5 75.3 8.9 70.2 0.83 
CR10 98 68.7 38.8 95.3 5.9 84.2  
CR11 98 60.2 37.5 81.8 6.0 70.9  
SP09 96 58.9 35.2 78.5 6.4 69.4  
SP10 98 60.9 32.0 79.0 6.7 69.1  
SP11 97 66.6 45.9 88.6 6.9 83.3  

β-glucan (BG) 97 378.6 208.5 676.4 3.5 223.3 0.79 
CR10 97 358.0 103.0 781.0 2.4 337.0  
CR11 97 313.5 46.0 866.0 1.7 142.0  
SP09 95 438.0 88.0 681.0 2.6 106.0  
SP10 97 448.1 102.0 826.0 2.6 285.0  
SP11 96 332.3 76.0 850.0 1.9 165.0  

Barley protein (BP, %) 98 13.4 12.5 14.7 27.6 12.7 0.33 
CR10 98 11.6 9.9 14.2 12.1 11.6  
CR11 98 11.8 9.8 14.7 12.6 10.7  
SP09 96 15.4 13.1 18.5 17.1 14.2  
SP10 98 14.2 12.7 16.3 19.0 13.4  
SP11 97 14.1 12.3 17.5 15.6 13.3  
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Table 4.1 continued 
Trait n Meana Min Max CV Harr h2 
Diastatic power (DP, °ASBC) 98 124.5 103.2 157.0 11.5 124.2 0.71 

CR10 98 119.4 79.0 193.8 5.7 106.1  
CR11 98 118.1 74.9 169.8 5.8 112.0  
SP09 96 136.2 97.0 199.5 6.9 161.3  
SP10 98 131.0 88.2 204.5 6.1 126.9  
SP11 97 118.0 85.1 173.6 7.1 110.3  

Free amino nitrogen (FAN) 98 270.6 172.6 320.3 9.1 297.3 0.71 
CR10 98 247.5 136.0 323.0 7.3 277.0  
CR11 98 240.6 124.0 353.0 5.4 388.0  
SP09 96 254.5 143.0 354.0 6.2 288.0  
SP10 98 323.8 194.0 392.0 7.7 349.0  
SP11 97 286.8 159.0 449.0 4.9 358.0  

Fine grind malt extract (ME, %) 98 77.6 72.0 79.9 46.3 79.9 0.90 
CR10 98 78.7 72.4 81.2 42.6 79.8  
CR11 98 78.8 73.4 81.8 45.2 81.3  
SP09 96 77.1 71.5 80.4 45.0 79.9  
SP10 98 76.4 69.8 78.6 40.8 79.0  
SP11 97 76.9 68.7 79.6 41.5 79.5  

Soluble protein (SP, %) 98 6.0 4.3 7.2 9.6 6.7 0.77 
CR10 98 5.7 3.7 7.1 8.6 6.6  
CR11 98 5.2 3.7 6.8 7.4 5.6  
SP09 96 5.8 3.9 7.6 7.3 6.6  
SP10 98 6.5 4.7 7.9 10.0 7.0  
SP11 97 6.9 4.4 9.2 6.5 8.3  

Soluble/total protein (ST) 98 45.2 29.9 54.3 9.3 53.3 0.79 
CR10 98 49.4 25.9 59.0 7.8 56.6  
CR11 98 44.4 27.0 58.2 7.8 52.1  
SP09 96 37.5 24.4 50.0 7.6 46.4  
SP10 98 45.7 30.4 55.9 9.5 52.0  
SP11 97 49.1 33.8 68.1 6.2 62.2  

Viscosity (VIS, cP) 97 1.52 1.47 1.61 53.5 1.49 0.56 
CR10 97 1.47 1.41 1.63 32.1 1.46  
CR11 97 1.50 1.43 1.68 28.3 1.48  
SP09 95 1.58 1.45 1.89 16.8 1.45  
SP10 97 1.50 1.41 1.68 31.6 1.45  
SP11 96 1.53 1.43 1.92 19.1 1.55  

aValues calculated for multi-environment best linear unbiased predictors 
bValues calculated for individual environments: Crookston, MN 2010 and 2011 (CR10, 
CR11) and St. Paul, MN 2009-2011 (SP09, SP10, SP11).
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Table 4.2 Pearson correlation coefficients between agronomic and malting quality traits. 

 
HD HT LG YD AA BG BP DP FAN ME SP ST VIS 

HD 
             HT 0.39*** 

            LG -0.75*** -0.36** 
           YD ns ns ns                   

 AA 0.38** ns ns 0.28* 
         BG ns ns ns ns -0.33** 

        BP ns 0.28* ns -0.49*** ns ns 
       DP ns ns ns ns ns ns 0.52*** 

      FAN ns ns ns ns 0.58*** -0.39*** ns ns 
     ME ns -0.34** ns 0.69*** 0.46*** ns -0.70*** -0.41*** 0.29* 

    SP ns ns ns ns 0.54*** -0.42*** ns ns 0.90*** ns 
   ST ns ns ns ns 0.63*** -0.52*** -0.28* ns 0.88*** 0.51*** 0.92*** 

  VIS -0.36** ns 0.33* ns ns 0.79*** ns ns ns ns ns -0.28* 
 *p < 0.01, **p < 0.001, ***p < 0.0001 
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Table 4.3 Summary of significant QTL for agronomic and malting quality traits. 
Trait Markera Chr Posb Rangec LODd R2 e Environmentsf Harrg OUHh RPi 

HD 12_30872 2H 25.33 9.12-27.50 28.39 70.2 Allj 58.5 49.0 -0.16 

 
11_11072 2H 77.76 57.29-94.25 3.26 14.2 *CR10 61.8 58.5 -0.05 

HT 11_11037 1H 86.25 48.29-108.52 3.18 8.4 SP10 77.5 81.8 0.05 

 
12_30872 2H 25.33 9.12-27.50 9.59 28.8 All 79.1 71.7 -0.09 

 
11_21533 3H 47.37 26.71-82.62 3.2 5.1 CR10 77.5 81.7 0.05 

 
11_20485 7H 91.67 79.08-116.28 3.36 14.1 *Cr10 82.1 89.0 0.08 

LG 12_30872 2H 25.33 9.12-27.5 21.27 63.3 All 5.7 7.4 0.30 

YD 11_20780 1H 108.52 89.77-117.24 13.76 31.0 All 5372 3326 -0.38 

 
12_30467 3H 53.86 47.37-73.30 7.75 13.9 All 5327 3688 -0.31 

 
11_20379 6H 115.31 98.68-127.76 4.06 17.4 *SP10, SP11 4552 2905 -0.36 

AA 11_10559 3H 26.71 14.00-32.92 2.95 5.7 CR10, SP09 64.2 56.5 -0.12 

 
11_21133 5H 67.66 56.77-79.68 3.3 14.5 *SP11 68.0 56.9 -0.16 

 
12_31123 5H 189.89 167.40-189.89 4.1 15.3 CR10, CR11, SP09 64.3 56.4 -0.12 

 
11_11147 6H 95.7 78.52-115.31 6.23 23.0 CR10, CR11, SP09, SP10 64.5 54.7 -0.15 

BG 12_31123 5H 189.89 167.40-189.89 5.17 21.8 *SP11 302.7 560.0 0.85 

 
12_30826 7H 162.03 152.41-162.03 8.66 33.7 CR10, CR11, SP10, SP11 355.2 544.1 0.53 

BP 11_10586 1H 123.1 117.24-133.47 5.53 10.6 CR10, SP10, SP11 13.3 14.1 0.06 

 
11_10559 3H 26.71 14.00-32.92 3.91 10.2 

 
13.3 13.9 0.04 

 
12_30361 6H 43.38 20.62-78.52 3.17 13.9 *CR10 11.5 12.8 0.11 

 
11_10303 7H 89.78 64.98-105.07 3.64 11.1 CR10 13.3 13.9 0.04 
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Table 4.3 continued 
Trait Markera Chr Posb Rangec LODd R2 e Environmentsf Harrg OUHh RPi 

DP 12_10420 1H 0.54 0.54-22.04 3.68 7.8 SP10 126.0 112.4 -0.11 

 
11_10903 1H 133.47 89.77-133.47 3.72 10.4 

 
123.1 137.3 0.12 

 
12_30703 2H 51 47.48-57.29 3.83 8.1 

 
126.2 113.2 -0.10 

FAN 11_21133 5H 67.66 33.55-71.93 3.85 16.5 *CR10 252.6 210.6 -0.17 

 
12_31123 5H 189.89 184.99-189.89 9.04 34.6 All 277.5 227.9 -0.18 

 
12_30368 7H 118.52 116.28-121.36 2.8 12.5 *SP11 282.0 308.9 0.10 

ME 11_20780 1H 108.52 89.77-117.24 12.59 34.2 All 78.0 74.4 -0.05 

 
11_10559 3H 26.71 14.00-32.92 3.97 6.8 SP09 77.8 75.8 -0.03 

 
12_31281 3H 67.86 47.37-73.29 5.2 21.7 *SP10 76.7 73.7 -0.04 

SP 12_30703 2H 51 47.48-57.29 3.81 16.5 *CR10 5.83 5.04 -0.14 

 
11_21133 5H 67.66 33.55-71.93 3.19 9.3 CR10, CR11 6.10 5.39 -0.12 

 
12_31123 5H 189.89 184.99-189.89 7.82 26.4 All 6.15 5.17 -0.16 

 
12_10605 7H 58.53 41.51-79.08 3.71 8.6 CR10, CR11, SP10, SP11 5.90 6.58 0.11 

ST 11_21133 5H 67.66 56.77-71.93 3.23 13.0 CR10 45.9 40.3 -0.12 

 
12_31123 5H 189.89 184.99-189.89 7.69 29.2 All 46.3 38.7 -0.16 

VIS 12_30826 7H 162.03 152.41-162.03 8.77 34.1 CR11, SP10 1.51 1.56 0.03 
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Table 4.3 continued 
 

a Marker with highest significance 
b cM position of marker with highest significance (Muñoz-Amatriaín et al. 2011) 
c cM interval over which a 1.5 LOD decrease occurs on either side of the peak 
d Likelihood odds ratio of peak marker as calculated by R/qtl BCsFt mapping function (Shannon et al. 2013) 
using multi-environment BLUP values 
e Variation explained by peak marker in an ANOVA of a linear model containing each peak marker for the 
trait 
f QTL identified in analysis of individual environment data in addition to BLUP, those marked with an * 
were only identified in individual environments, and not identified in the multi-environment analysis 
g Mean phenotypic value of individuals containing the homozygous Harrington genotype at the given loci 
h Mean phenotypic value of individuals containing the homozygous OUH-602 genotype at the given loci 
i Relative performance of the OUH-602 genotype: (Harr – OUH)/Harr (von Korff et al. 2005) 
j QTL identified in all measured environments in addition to the multi-environment analysis 
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Figure 4.1 Graphical genotype of 35 HOUH lines that collectively contain homozygous 
introgressions of the entire OUH-602 genome.  Darker regions are homozygous OUH-
602, while lighter regions indicate heterozygosity or uncertainty in recombination 
breakpoint.  Lines marked with a * are BC3-derived lines. 
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Figure 4.2 Genetic map positions (Muñoz-Amatriaín et al. 2011) of QTL intervals as 
indicated by vertical lines.  Cross hatches on QTL intervals indicate the location of peak 
significance.  No QTL were identified on chromosome 4H (not shown). 
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Supplemental Table 4.1 Marker coverage throughout the genome 

Chromosome N markers 

Mean distance 
between 
markers (cM) 

Max gap 
between 
markers (cM) 

1H 13 11.1 38.0 
2H 22 8.1 20.5 
3H 26 6.3 20.2 
4H 23 6.4 23.3 
5H 29 6.6 23.2 
6H 19 7.9 22.8 
7H 30 5.5 17.0 

Mean 23 7.4 23.6 
Max 30 11.1 38.0 
Min 13 5.5 17.0 
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Supplemental Figure 4.2 Allele frequency of 162 SNP markers in the Harrington x OUH-602 advanced backcross 
population.  Horizontal dashed line indicates expected allele frequency = 0.125 for BC2 individuals.  
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Supplemental Figure 4.3 Graphical genotype of the 98 HOUH lines and 26 BC3 lines.  
Lines are arranged in order from left to right by decreasing percent OUH-602 
introgression.  HOUH BC2 lines have introgressed regions highlighted in blue, and BC3 
lines have introgressed regions in red.  Dark colors indicate homozygous OUH-602 
alleles.  Light colors indicate heterozygosity or uncertainty in recombination breakpoint. 
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