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ABSTRACT 

 
 

      The use of genome-wide association studies (GWAS) to detect quantitative trait 
loci (QTL) controlling complex traits has become a popular approach for studying key 
traits in crop plants. The goal of this research was to identify regions of the barley 
(Hordeum vulgare L.) genome that impact both agronomic and malting quality traits. By 
identifying these regions of the genome and their associated diagnostic markers, we gain 
an understanding of the genetic architecture of the traits as well as develop informative 
markers that can be utilized for marker-assisted selection. We used the data generated by 
the Barley Coordinated Agricultural Program to identify marker-trait associations 
impacting agronomic performance using a Q+K mixed linear model accounting for 
population structure and relatedness among lines. This data was also used to develop a 
genotyping platform specific to the Montana State University (MSU) Barley Breeding 
Program. This genotyping platform was used to genotype 650 advance generation lines 
from eleven bi-parental families to investigate the genetic basis of malting quality traits 
and the regions of the barley genome impacting them. We detected 41 significant marker-
trait associations for the agronomic traits we studied with 31 of those being previously 
detected in bi-parental mapping studies. We detected 54 significant marker-trait 
associations for the malting quality traits with 24 of those being previously reported. The 
combined results from both studies indicate that major genes impacting key traits in 
barley are still segregating in US germplasm as well as in the MSU germplasm. This 
demonstrates that there is useful standing genetic variation that can be utilized for 
superior barley cultivar development and further genetic gain. Furthermore, by 
identifying the beneficial alleles, and their associated markers, we can form a "catalog" of 
major genes and QTL impacting agronomic and malting quality traits which can be used 
for marker-assisted selection. This work also demonstrates the feasibility and utility of 
conducting GWAS in narrow germplasm arrays like those found in regional breeding 
programs and serves as a paradigm for other cereal breeding programs. Together, these 
studies show how genomic data can be leveraged for varietal improvement in regional 
plant breeding programs. 
  



1 

CHAPTER ONE 
 
 

INTRODUCTION 
 
 

Barley and Agriculture 
 
 

Barley (Hordeum vulgare L.) represents one of the founder crops of ancient 

agriculture and is thought to have been domesticated approximately between 10,000 and 

8,000 years Before Common Era (BCE) in the region of the Fertile Crescent (Badr et al. 

2000). During the intervening time it has become an important agricultural crop whose 

production regions now span the entirety of the world excluding Antarctica. Today, 

barley is the fourth largest cereal crop in terms of area and biomass harvested 

(http://faostat.fao.org), making it an important commodity crop with numerous uses. Uses 

of barley include: annual forage for livestock; feed grain for livestock as some varieties 

have very high levels of protein compared to other cereal grains; for human consumption 

as varieties have been developed that are high in  soluble fiber; and most importantly for 

the production of malt used in making fermented beverages (Blake et al. 2011). Although 

a significant amount of progress has been made in terms of developing superior barley 

cultivars over the past 200 years, these effort must be increased in order to meet 

production demands despite changing climatic conditions. One of the avenues to 

achieving this progress is through a solid understanding of the genetic architecture of the 

traits that are of key importance to this crop. By understanding the genetic basis of these 

traits, subsequent breeding methods can be employed to maximize genetic gain therefore 

helping barley producers. 
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Quantitative Trait Loci Mapping 
 
 

Quantitative trait loci (QTL) mapping is technique developed to identify 

associations between genomic regions and traits that are of importance to the crop. This 

technique was pioneered by Lander and Botstein (1989) who used restriction fragment 

length polymorphisms (RFLPs) to generate linkage maps. The markers used to construct 

the map were then used as categorical variables, since a diploid organism like barley can 

only have two alleles, to test for differences among the means of groups harboring either 

allele. If a significant difference is found between the groups defined by the allele state, 

then that area of the genome is deemed to have some type of phenotypic impact on the 

trait. Although the statistical considerations of this method are beyond the scope of this 

work, the technique has proved invaluable as the plethora of QTL studies published is 

truly staggering (Bernardo 2008).  

 
Bi-Parental Mapping 
 

The traditional QTL mapping approach implemented in crop breeding has been 

bi-parental mapping. This method relies on constructing a population that is segregating 

for a trait of interest by crossing two inbred parents that differ with regard to respective 

trait. Once the population has been created it is genotyped using a set of informative 

markers i.e. markers that are polymorphic within the cross, and is extensively 

phenotyped. The data are then used to test for associations between markers and 

phenotype identifying those markers that show significant associations and are linked 

with a genomic region controlling the trait. Once these markers are identified they can be 
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utilized in subsequent breeding efforts by selecting on the marker in combination with 

phenotypic data. This process is called marker-assisted selection and has been successful 

in introgressing desirable traits into elite cultivars (Lande and Thompson 1990; Mohan et 

al. 1997). The results of bi-parental mapping also elucidate the genetic architecture of 

traits giving an idea of how many genes, inferred from the number of QTL found, are 

involved in the trait of interest (Hayes et al. 2003). This information is useful in 

designing breeding strategies to improve the desired trait since the methods of improving 

qualitative versus quantitative traits differ.  

 
Limitations of Bi-Parental Mapping. Although bi-parental mapping has been a 

successful method in identifying genomic regions impacting important traits in crop 

plants, it has numerous short comings that hamper its usefulness in applied breeding. One 

of the primary limitations is the requirement to cross two contrasting parents. By only 

choosing two parents to intermate, the amount of allelic diversity sampled is greatly 

reduced as the only diversity sampled is that present in the parents (Jannink et al. 2001). 

This has large ramifications on the results obtained as the effects of genetic background 

are not taken into account. One of the primary effects of this is that the allele effects are 

overestimated (Beavis 1998). This is of primary importance to plant breeders because 

when the QTL is introgressed into a new genetic background the effect of the QTL can be 

greatly diminished even to the point of having no effect, a phenomenon known as 

"vanishing QTL" or "ghost QTL." Another downside to bi-parental mapping is the 

limited number of recombination events that occur in the creation of the segregating 

population. Since populations are created and advanced to the F4 or F5 stage, the amount 
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of recombination that has occurred is greatly limited. This hinders the ability to localize 

QTL to well defined regions and previously QTL were declared in regions spanning 10 to 

even 30 cM in barley (USDA-ARS 2012). Although this resolution is sufficient for 

characterizing the genetic nature of traits, it is insufficient for incorporating desirable 

QTL into elite germplasm. This is due to the effects of linkage drag in which the 

undesirable genes surrounding the beneficial QTL are introgressed along with the desired 

QTL (Hospital 2001). By incorporating these undesirable genes, the genetic gain that 

would have been realized with the beneficial QTL is negated. Another limitation of bi-

parental mapping is the associated time and cost in developing a segregating population. 

Development of an experimental population in barley can take two years not including 

the time to phenotype and genotype the population. The developed populations also tend 

to be small, with the number of lines ranging from 150 to 400; this impacts the power of 

the statistical tests used to declare significant QTL which can lead to spurious results, 

overestimation of QTL effects, and only finding large effect QTL. Although bi-parental 

mapping has been useful in dissecting quantitative traits in advancing our understanding 

of genetics, its applicability to applied breeding has left something to be desired.  

 
Genome-Wide Association Studies 

The advent of high-throughput genotyping as well as genome sequencing has 

ushered in a new era of crop genomics (Morrell et al. 2012). Previously, the cost of 

scoring markers was the most resource intensive process but with current technologies, 

phenotyping is now the more laborious undertaking. This shift is due to the development 

of single nucleotide polymorphism (SNP) markers which allow thousands of markers to 



5 

be scored in a timely manner (Syvanen 2005). Paralleling the change in collecting 

genomic data has been the advancement of statistical tools and approaches to analyzing 

this data. One important realization of this data is the ability to conduct genome-wide 

associations studies (GWAS), which overcome many of the limitations that hinder bi-

parental mapping. GWAS take advantage of the historical recombination that has 

occurred within a germplasm collection by sampling a diverse panel of lines that are not 

constrained by specific crossing designs. The association between genotype and 

phenotype are dependent on linkage disequilibrium (LD), the nonrandom association of 

alleles, being broken down the numerous generations of recombination (Gupta et al. 

2005). Because of the increased amount of recombination, linkage blocks are more 

effectively broken up meaning that the mapping resolution is much higher than that of bi-

parental mapping; in some cases GWAS can lead to the identification of the causative 

allele (Cockram et al. 2010; Gupta et al. 2005). This has important considerations in 

applied breeding because the significant marker will be more tightly linked to the QTL of 

interest and therefore the likelihood of recombination between the marker and the loci is 

greatly reduced. Furthermore, since GWAS do not rely on the selection of contrasting 

parents and the creation of segregating populations, the results are more useful because 

the effects of genetic background are removed (Gutierrez et al. 2011). This leads to allele 

effect estimates being more accurate, and when QTL are introgressed they maintain their 

effect. The use of germplasm panels also offers the ability to include much more allelic 

diversity and to include diversity that is relevant to the study population. In bi-parental 

mapping the selection of parents is generally based on using one elite cultivar crossed to 
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a more exotic line that harbors unique properties e.g. using exotic lines that have disease 

resistance not found in elite cultivars. Although this allows for the identification of novel, 

useful QTL, the introgression of this QTL can be problematic due to linkage drag as 

explained above. With GWAS this is mitigated by using a study population that is more 

representative of the intended breeding goal i.e. using elite and adapted germplasm 

similar to what is found in a breeding program. By using relevant germplasm, candidate 

lines that harbor the favorable QTL can be used as the donor parent instead of exotic lines 

that have undesirable agronomic and end product qualities making QTL introgression 

much more feasible. These characteristics of GWAS lend themselves to being more 

useful in applied breeding.  

 
Limitations of Genome-Wide Association Studies. Although GWAS have 

numerous advantages over traditional bi-parental mapping, GWAS still have their own 

shortcomings, namely population structure which can lead to spurious marker-trait 

associations (Atwell et al. 2010). Several methods have been developed to handle 

population structure with the most successful and widely used being the application of 

mixed linear models. Mixed linear models can account for population structure, marker, 

and polygenic effects; this model is generally termed the Q+K approach (Yu et al. 2006). 

Population structure is typically investigated using two methods, principal component 

analysis (PCA) (Price et al. 2006) which is a nonparametric approach and a model based 

approach using the program STRUCTURE (Pritchard et al. 2000). Although the 

statistical methods to handle population structure are robust and have been proven 
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effective, knowledge of the germplasm and breeding history of the crop of interest is 

essential; this is especially true in barley. 

 
Population Structure in Barley 
 
 

Structure Due to Row Type. Many crop species exhibit population structure due 

to factors such as domestication events, geographical origins, reproductive nature, and 

selective breeding efforts by humans (Garris et al. 2005; Hamblin et al. 2010; Matsuoka 

et al. 2002). Barley is subject to all of these factors listed and as such a history of barley 

domestication is appropriate since it has shaped the current germplasm used by breeding 

programs. One of the distinct morphological characteristics of barley is kernel row type. 

At each rachis node there are three, one flowered spikelets with the lateral florets either 

being sterile, as in two-rowed barley, or fertile as in six-rowed barley. The discovery of 

the wild species, Hordeum spontaneum, lead many to believe that modern two-rowed 

barley varieties were a direct descendent of this wild progenitor based on their 

morphological similarities (Candolle 1959). Although this hypothesis was attractive, it 

failed to explain the occurrence of the six-rowed phenotype. Due to this dramatic 

morphological difference between the two row types, many believed that the occurrence 

of two and sixed-rowed barley represented distinct, divergent evolutionary events 

(Bothmer et al. 2003). The discovery of a six-rowed form, Hordeum agriocrithon, from 

China in the 1930s seemed to settle this debate and was described by Aberg (1938) who 

concluded that this species represented the progenitor of modern six-rowed barley 

cultivars. At this time, no one was aware of the simple genetic basis of row type in 
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barley, a trait controlled by the gene Vrs1 which was cloned by Komatsuda et al. (2007), 

leading to the adoption of the hypothesis that two and six-rowed barley represented two 

independent evolutionary events. Over the years the hypothesis of two evolutionary 

events has been discredited; now the accepted hypothesis of the evolution of barley is that 

two-rowed cultivated barley is a direct descendent of the wild progenitor Hordeum 

spontaneum, and that mutations and crossing in the wild led to the occurrence of six-

rowed barley most likely more than once and at different locations (Bothmer et al. 2003). 

Row type has a profound effect on population structure since breeders typically work 

within one of the groups as crosses between the two rarely yield progeny that are suitable 

for elite cultivar development (Hayes et al. 2003).  

 
Structure Due to Germplasm Subdivision. The germplasm used in North 

American barley breeding is further subdivided based on row type and growth habit, with 

growth habit referring to whether or not a vernalization period is required. The four main 

groups of barley germplasm used in North America are Manchurian, Coast, Hannchen, 

and Tennessee Winter (Mathre 1997). The Manchurian group originated from Asia and is 

characterized by spring growth habit and the six-rowed phenotype, and is primarily 

grown in the Midwest region extending into Canada. The Coast group consists of barleys 

that originated from North Africa and are spring growth habit, six-rowed phenotype, and 

are grown in areas with a climate characterized as Mediterranean. The Hannchen group 

originated from Europe and is two-rowed, spring growth habit. These lines are typically 

grown in areas with low rainfall such as the western plains region. The Tennessee Winter 

group has an unknown region of origin but probably came from either the Korean 
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peninsula or the Balkan-Caucasus area of Europe. This group is characterized by winter 

growth habit and the six-rowed phenotype and is grown in areas with mild winters. The 

majority of barley breeding programs in the United States are based either of the 

Manchurian or Hannchen germplasm groups (Horsley and Harvey 2011). By 

understanding the domestication history of barley and the subsequent germplasm 

divisions within North American germplasm, population structure can adequately 

accounted for in conducting GWAS, negating one of its limitations. This has been 

demonstrated by numerous GWAS studies in barley which have proven fruitful 

(Cockram et al. 2010; Comadran et al. 2011; Comadran et al. 2008; Massman et al. 2010; 

Ramsay et al. 2011; Roy et al. 2010; Wang et al. 2012; Wang et al. 2011; Zhou and 

Steffenson 2013a, b). 

 
Traits of Importance in Barley 

 
 

Barley breeding programs typically focus on two main areas of trait improvement; 

agronomic performance and malting quality. Improving agronomic traits is imperative to 

producing elite cultivars that have desirable characteristics for the producer; these traits 

include grain yield, plant height, heading date, grain test weight, and kernel plumpness. 

Another trait that is typically measured is grain protein content since it has such a large 

impact on the acceptance of the grain for producing malt (Schwarz and Li 2011). The 

improvement of malting quality traits is of utmost importance to barley breeders since 

barley for malt production is the highest value use for the grain. Given the quantitative 

nature of the traits impacting agronomic performance and malting quality, GWAS seem 
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particularly useful in dissecting these traits. By understanding the genes and regions of 

the genome impacting these traits, we can use marker-assisted selection in order to 

increase the rate of genetic gain per breeding cycle helping to meet producer and market 

demands in a timelier manner. 

 
Barley Coordinated Agricultural Project 

 
 

The US barley community has recognized the need to develop the genomic tools 

necessary to conduct this type of research and to address this need the Barley 

Coordinated Agricultural Project (CAP) was initiated. The goal of the Barley CAP was to 

develop a large database of genotypic and phenotypic data that could be leveraged for 

conducting GWAS in barley breeding germplasm (see www.barleycap.org for more 

information on project outline and goals, verified May 7, 2014). The first step taken by 

the Barley CAP was to develop a common genotyping platform so that genotypic data 

would uniform. The development of the genotyping platform is described in detail by 

Close et al. (2009) but a brief description follows. First, approximately 22,000 SNPs were 

identified using barley expressed sequence tags (ESTs) and sequenced amplicons. These 

SNP markers were then tested on pilot Illumina GoldenGate assays to assess the technical 

performance of the markers. Of these 22,000 SNP markers, 3,072 were chosen based on 

minor allele frequency (MAF), technical performance, map location, and biological 

interest. The markers were then split into two equal groups comprised of 1,536 SNPs 

each, termed Barley Oligonucleotide Pool Assays 1 and 2 (BOPA1 and BOPA2), and 

used to genotype the lines submitted to the Barley CAP. The germplasm submitted to the 
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Barley CAP was from public and private breeding programs and represented the genetic 

variation present in US barley breeding germplasm. Each year, the ten breeding programs 

of the Barley CAP submitted 96 elite lines each for evaluation; this was done for four 

years. The lines submitted represented a wide array of genetic diversity as lines were two 

and six-rowed, winter and spring growth habit, and of malt, feed, and food end use. 

Together, the genotypic and phenotypic data generated by the Barley CAP represent a 

wealth of data that can be utilized by barley breeding programs to study the genetic basis 

of important traits.  

 
Research Objectives 

 
 

In the first part of the present work, we set out with the goal of using the genomic 

technologies developed by the Barley CAP to study the genetic architecture of agronomic 

traits. Agronomic traits are critical to barley breeding programs because they are 

routinely evaluated, and because they are the first criteria used for selection and 

advancement. With this in mind, Montana State University's (MSU) contribution to the 

Barley CAP was to each year evaluate all the submitted spring lines to the Barley CAP in 

standard yield trials. In a given year there were 768 lines that were grown out in a 

randomized complete block design with two replications in two environments, dryland 

and irrigated conditions. This was done for all four years leading to the compilation of 

data on over 3,000 lines and leading to one of the largest data sets in cereal crops. We 

used this data set to conduct GWAS to identify marker-trait associations impacting five 

agronomic traits and one quality trait.  
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In the second part of our work, we utilized the results from the analysis of 

agronomic traits to develop a 384 SNP genotyping platform that was specific to the MSU 

breeding program. Our goal was to conduct GWAS on the MSU germplasm in order to 

identify QTL impacting malting quality since this is the primary objective of the MSU 

breeding program. We used the developed genotyping platform to genotype a population 

of 650 lines representing the elite malting germplasm of MSU. In addition to this 

analysis, we used the malting quality data of the lines MSU submitted to the Barley CAP 

to survey our broader germplasm for beneficial malt quality alleles for potential 

incorporation into elite malting cultivars. This work serves to demonstrate the feasibility 

of conducting GWAS in a narrower germplasm panel specific to a breeding program and 

to identify novel, beneficial malt quality alleles. 

The combined results of these two pieces of original research provide a 

comprehensive overview of the genes and QTL that impact key traits in barley. More 

importantly, the information gained from this research can be directly implemented in 

applied breeding and should help barley breeders make significant progress in developing 

superior cultivars to meet changing environmental conditions while meeting strict market 

standards. This research also demonstrates how the development of crop genomics will 

positively impact plant breeding and change our approach to cultivar development.  

 
 
 
 
 
 
 
 



13 

References 
 
 

Aberg E (1938) Hordeum agriocrithon nova sp., a wild six-rowed barley. Annual 
Agricultural Review of College of Sweden 6 
 
Atwell S, Huang YS, Vilhjalmsson BJ, Willems G, Horton M, Li Y, Meng D, Platt A, 
Tarone AM, Hu TT, Jiang R, Muliyati NW, Zhang X, Amer MA, Baxter I, Brachi B, 
Chory J, Dean C, Debieu M, de Meaux J, Ecker JR, Faure N, Kniskern JM, Jones JDG, 
Michael T, Nemri A, Roux F, salt DE, Tang C, Todesco M, Traw MB, Weigel D, 
Marjoram P, Borevitz JO, Bergelson J, Nordborg M (2010) Genome-wide association 
study of 107 phenotypes in Arabidopsis thaliana inbred lines. Nature 465:627-631 
 
Badr A, Muller K, Schafer-Pregl R, El Rabey H, Effgen S, Ibrahim HH, Pozzi C, Rohde 
W, Salamini F (2000) On the origin and domestication history of Barley (Hordeum 
vulgare). Molecular Biology and Evolution 17:499-510 
 
Beavis WD (1998) QTL analyses: power, precision, and accuracy. In: Patterson AH (ed) 
Molecular Dissection of Complex Traits. CRC, pp 145-162 
 
Bernardo R (2008) Molecular markers and selection for complex traits in plants: 
Learning form the last 20 years. Crop Science 48:1649-1664 
 
Blake T, Blake VC, Bowman JGP, Abdel-Haleem H (2011) Barley Feed Uses and 
Quality Improvement. In: Ullrich SE (ed) Barley: Production, Improvement, and Uses. 
Wiley-Blackwell, Oxford, UK, pp 522-531 
 
Bothmer Rv, Sato K, Komatsuda T, Yasuda S, Fishbeck G (2003) The domestication of 
cultivated barley. In: Bothmer Rv, Hintum Tv, Sato HKK (eds) Diversity in Barley 
(Hordeum vulgare). Elsevier, Amsterdam, pp 9-27 
 
Candolle Ad (1959) Origin of Cultivated Plants 2nd Edition, 2nd edn. Hafner, New York 
 
Close TJ, Bhat PR, Lonardi S, Wu Y, Rostoks N, Ramsay L, Druka A, Stein N, Svensson 
JT, Wanamaker S, Bozdag S, Roose ML, Moscou MJ, Chao S, Varshney RK, Szőcs P, 
Sato K, Hayes PM, Matthews DE, Kleinhofs A, Muehlbauer GJ, DeYoung J, Marshall 
DF, Madishetty K, Fenton RD, Condamine P, Graner A, Waugh R (2009) Development 
and implementation of high-throughput SNP genotyping in barley. BMC Genomics 
10:582 
 
 
 
 



14 

Cockram J, White J, Zuluaga DL, Smith D, Comadran J, Macaulay M, Luo Z, Kearsey 
MJ, Werner P, Harrap D, Tapsell C, Liu H, Hedley PE, Stein N, Schulte D, Steuemagel 
B, Marshall DF, Thomas WTB, Ramsay L, Mackay I, Balding DJ, Consortium TA, 
Waugh R, O'Sullivan DM (2010) Genome-wide association mapping to candidate 
polymorphism resolution in the unsequenced barley genome. Proceedings of the National 
Academy of Sciences USA 107:21611-21616 
 
Comadran J, Russell JR, Booth A, Pswarayi A, Ceccarelli S, Grando S, Stanca AM, 
Pecchioni N, Akar T, Al-Yassin A, Benbelkacem A, Ouabbou H, Bort J, Van Eeuwijk 
FA, Thomas WTB, Romagosa I (2011) Mixed model association scans of multi-
environment trial data reveal major loci controlling yield and yield related traits in 
Hordeum vulgare in Mediterranean environments. Theoretical and Applied Genetics 
122:1363-1373 
 
Comadran J, Russell JR, van Eeuwijk FA, Ceccarelli S, Grando S, M. B, Stanca AM, 
Pecchioni N, Mastrangelo AM, Akar T, Al-Yassin A, Benbelkacem A, Choumane W, 
Ouabbou H, Dahan R, Bort J, Araus JL, Pswarayi A, Romagosa I, Hackett CA, Thomas 
WTB (2008) Mapping adaptation of barley to droughted environments. Euphytica 
161:35-45 
 
Garris AJ, Tai TH, Coburn J, Kresovich S, McCouch S (2005) Genetic structure and 
diversity in Oryza sativa L. Genetics 169:1631-1638 
 
Gupta PK, Rustgi S, Kulwal PL (2005) Linkage disequilibrium and association studies in 
higher plants: present status and future prospects. Plant Molecular Biology 57:461-485 
 
Gutierrez L, Cuesta-Marcos A, Castro AJ, von Zitzewitz J, Schmitt M, Hayes PM (2011) 
Association mapping of malting quality quantitative trait loci in winter barley: positive 
signals from small germplasm arrays. The Plant Genome 4:256-272 
 
Hamblin MT, Close TJ, Bhat PR, Chao S, Kling JG, Abraham KJ, Blake T, Brooks WS, 
Cooper B, Griffey CA, Hayes P, J. HD, Horsley RD, Obert DE, Smith KP, Ullrich SE, 
Muehlbauer GJ, Jannink J-L (2010) Population structure and linkage disequilibrium in 
U.S. barley germplasm: Implications for association mapping. Crop Science 50:556-566 
 
Hayes P, Castro A, Marquez-Cedillo L, Corey A, Henson C, Jones BL, Kling JG, Mather 
D, Matus I, Rossi C, Sato K (2003) Genetic Diversity for Quantitatively Inherited 
Agronomic and Malting Quality Traits. In: Bothmer Rv, Hintum Tv, Knupffer H, Sato K 
(eds) Diversity in Barley (Hordeum vulgar). Elsevier, Amsterdam, pp 201-226 
 
Horsley RD, Harvey BL (2011) Barley Breeding History, Progress, Objectives, and 
Technology: North America. In: Ullrich SE (ed) Barley: Production, Improvement, and 
Uses. Wiley-Blackwell, Oxford, UK, pp 171-186 
 



15 

Hospital F (2001) Size of donor chromosome segments around introgressed loci and 
reduction of linkage drag in marker-assisted backcross programs. Genetics 158:1363-
1379 
 
Jannink J-L, Bink M, Jansen RC (2001) Using complex plant pedigrees to map valuable 
genes. Trends in Plant Science 6:337-342 
 
Komatsuda T, Pourkheirandish M, He C, Azhaguvel P, Kanamori H, Perovic D, Stein N, 
Graner A, Wicker T, Tagiri A, Lundqvist U, Fujimura T, Matsuoka M, Matsumoto T, 
Yano M (2007) Six-rowed barley originated from a mutation in a homeodomain-leucine 
zipper I-class homeobox gene. Proceedings of the National Academy of Sciences USA 
104:1424-1429 
 
Lande R, Thompson R (1990) Efficiency of Marker-Assisted Selection in the 
Improvement of Quantitative Traits. Genetics 124:743-756 
 
Lander ES, Botstein D (1989) Mapping Mendelian Factors Underlying Quantitative 
Traits using RFLP Linkage Maps. Genetics 121:185-199 
 
Massman J, Cooper B, Horsley RD, Neate S, Dill-Macky R, Chao S, Dong Y, Schwarz P, 
Muehlbauer GJ, Smith KP (2010) Genome-wide association mapping of Fusarium head 
blight resistance in contemporary barley breeding germplasm. Molecular Breeding 
27:439-454 
 
Mathre DE (1997) Compendium of Barley Diseases, Second edn. The American 
Phytopathological Society, St. Paul, Minnesota 
 
Matsuoka Y, Vigouroux Y, Goodman MM, Sanchez JG, Buckler ES, Doebley JF (2002) 
A single domestication for maize shown by multilocus microsatellite genotyping. 
Proceedings of the National Academy of Sciences USA 99:6080-6084 
 
Mohan M, Nair S, Bhagwat A, Krishna TG, Yano M, Bhatia CR, Saski T (1997) Genome 
mapping, molecular markers and marker-assisted selection in crop plants. Molecular 
Breeding 3:87-103 
 
Morrell PL, Buckler ES, Ross-Ibarra J (2012) Crop genomics: advances and applications. 
Nature Review Genetics 13:85-96 
 
Price AL, Patterson NJ, Plenge RM, Weinblatt ME, Shadick NA, Reich D (2006) 
Principal component analysis corrects for stratification in genome-wide association 
studies. Nature Genetics 38:904-909 
 
Pritchard JK, Stephens M, Donnelly P (2000) Inference of Population Structure Using 
Mulitlocus Genotype Data. Genetics 155:945-959 



16 

Ramsay L, Comadran J, Druka A, Marshall DF, Thomas WTB, Macaulay M, Mackenzie 
K, Simpson C, Fuller J, Bonar N, Hayes PM, Lundqvist U, Franckowiak JD, Close TJ, 
Muehlbauer GJ, Waugh R (2011) INTERMEDIUM-C, a modifier of lateral spikelet 
fertility in barley, is an ortholog of the maize domestication gene TEOSINTE 
BRANCHED 1. Nature Genetics 43:169-172 
 
Roy JK, Smith KP, Muehlbauer GJ, Chao S, Close TJ, Steffenson B (2010) Association 
mapping of spot blotch resistance in wild barley. Molecular Breeding 26:243-256 
 
Schwarz P, Li Y (2011) Malting and Brewing Uses of Barley. In: Ullrich SE (ed) Barley: 
Production, Improvement, and Uses. Wiley-Blackwell, p 505 
 
Syvanen A-C (2005) Toward genome-wide SNP genotyping. Nature Genetics 37:S1-S10 
USDA-ARS (2012) GrainGenes 2.0.  
 
Wang H, Smith KP, Combs E, Blake T, Horsley RD, Muehlbauer GJ (2012) Effect of 
population size and unbalanced data sets on QTL detection using genome-wide 
association mapping barley breeding germplasm. Theoretical and Applied Genetics 
124:111-124 
 
Wang M, Jiang N, Jia T, Leach L, Cockram J, Waugh R, Ramsay L, Thomas B, Luo Z 
(2011) Genome wide association mapping of agronomic and morphologic traits in highly 
structured populations of barley cultivars. Theoretical and Applied Genetics 124:233-246 
 
Yu J, Pressoir G, Briggs WH, Bi IV, Yamasaki M, Doebley JF, McMullen MD, Gaut BS, 
Nielsen DM, Holland JB, Kresovich S, Buckler ES (2006) A unified mixed-model 
method for association mapping that accounts for multiple levels of relatedness. Nature 
Genetics 38:203-208 
 
Zhou H, Steffenson BJ (2013a) Association Mapping of Septoria Speckled Leaf Blotch 
Resistance in U.S. Barley Breeding Germplasm. Phytopathology 103:300-609 
 
Zhou H, Steffenson BJ (2013b) Genome-Wide Association Mapping Reveals Genetic 
Architecture of Durable Spot Blotch Resistance in US Barley Breeding Germplasm. In: 
Zhang G, Li C, Liu X (eds) Advance in Barley Sciences. Springer, pp 257-267 

 

 

 

 

 



17 

CHAPTER TWO  
 
 

ASSOCIATION MAPPING OF AGRONOMIC QTLs IN  
US SPRING BARLEY BREEDING  

GERMPLASM 
 
 
 

Contribution of Authors and Co-Authors 
 
 

Manuscript in Chapter 2 
 
Author: Duke Pauli 
 
Contributions: Collected and processed experimental data. Analyzed and interpreted 
results for preparation of manuscript including preparation of all figures and graphs. 
Wrote manuscript for journal submission. 
 
Co-Author: Gary J. Muehlbauer 
 
Contributions: Provided critical review of manuscript and interpretation of results 
 
Co-Author: Kevin P. Smith 
 
Contributions: Reviewed manuscript and provided experimental lines 
 
Co-Author: Blake Cooper 
 
Contributions: Provided experimental lines for analysis 
 
Co-Author: David Hole 
 
Contributions: Provided experimental lines for analysis  
 
Co-Author: Don E. Obert 
 
Contributions: Provided experimental lines for analysis  
 
Co-Author: Steven E. Ullrich 
 
Contributions: Provided experimental lines for analysis 
 



18 

Contribution of Authors and Co-authors Continued 
 
Co-Author: Thomas K. Blake 
 
Contributions: Provided critical input at all stages of experiment including interpreting 
results and manuscript preparation. Also provide experimental lines for analysis. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



19 

Manuscript Information Page 
 
 

Duke Pauli, Gary J. Muehlbauer, Kevin P. Smith, Blake Cooper, David Hole, Don E. 
Obert, Steven E. Ullrich, and Thomas K. Blake   
The Plant Genome 
Status of Manuscript:  
____ Prepared for submission to a peer-reviewed journal 
____ Officially submitted to a peer-review journal 
__X_ Accepted by a peer-reviewed journal 
____ Published in a peer-reviewed journal 
 
Crop Science Society of America 
Posted online March 27, 2014 
 
 

  



20 

CHAPTER TWO 
 
 

ASSOCIATION MAPPING OF AGRONOMIC QTLs IN 

 US SPRING BARLEY BREEDING  

GERMPLASM 

 

The following chapter has been accepted for publication in the journal The Plant Genome 
and appears in this thesis with the journal's written expressed permission. It is available 
online at https://www.crops.org/files/publications/tpg/first-look/tpg13-11-0037.pdf and 

will be published in the next edition of the journal 
 

Duke Pauli1, Gary J. Muehlbauer2, Kevin P. Smith2, Blake Cooper3, David Hole4, Don E. 
Obert5, Steven E. Ullrich6, and Thomas K. Blake1 

 

1. Department of Plant Sciences and Plant Pathology, Montana State University, 
Bozeman, MT 59717  

2. Department of Agronomy and Plant Genetics, University of Minnesota, St. Paul, 
MN 55108 

3. Limagrain Cereal Seeds, Fort Collins, CO 80525 
4. Plants, Soils, and Climate Department, Utah State University, Logan, UT 84322 
5. Limagrain Cereal Seeds, Lafayette, IN 47905 
6. Department of Crop and Soil Science, Washington State University, Pullman, WA 

99164 

 
Abstract 

 
 

The use of genome-wide association studies (GWAS) to detect quantitative trait 

loci (QTL) controlling complex traits has become a popular approach for studying key 

traits in crop plants. The goal of this study was to identify the genomic regions of barley 

(Hordeum vulgare L.) that impact five agronomic and one quality trait in US elite barley 

breeding lines as well as to identify markers tightly linked with these loci for further use 

in barley improvement. Advanced recombinant inbred lines submitted to the U.S. Barley 
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Coordinated Agricultural Program (CAP) were genotyped using a platform of 3,072 

single nucleotide polymorphism (SNP) markers from the barley oligonucleotide pool 

assays (BOPA) 1 and 2. In each of four years, approximately 770 lines were evaluated in 

a replicated, randomized complete block design under both irrigated and dryland 

conditions. This gave an overall population size of more than 3,000 lines, which we 

analyzed in a hierarchical fashion, including analyzing the lines in aggregate using a 

mixed model to account for population structure and relatedness among the lines. We 

identified 41 significant marker-trait associations, of which 31 had been previously 

reported as QTL using bi-parental mapping techniques; ten novel marker-trait 

associations were identified. The results of this work show that genes with major effects 

are still segregating in US barley germplasm and demonstrate the utility of GWAS in 

barley breeding populations. 

Introduction 
 
 

The aim of quantitative trait loci (QTL) mapping in agronomically important 

crops is to find associations between genomic regions and traits that are of importance to 

the value of that crop. Once a significant association is found, the markers delimiting that 

genomic region can be used for selection in a breeding program with the aim of 

increasing gain per unit time (Lande and Thompson 1990). By identifying regions of the 

genome that impact traits of interest we also gain insight into the overall genetic 

architecture of traits, which may subsequently influence breeding methods used to 

improve the trait. The traditional approach to identify genomic regions of interest has 

been bi-parental mapping.  In bi-parental mapping, a population segregating for the trait 



22 

of interest is created by intermating two parents that differ for the respective trait. This 

technique has proven extremely useful as indicated by the plethora of published studies 

using the approach (Bernardo 2008). However, bi-parental mapping is not without its 

limitations including: only a small fraction of species-wide allelic diversity is sampled by 

using two parents; the estimation of the allelic effects are restricted to the genetic 

backgrounds used; the limited number of recombination events within the population 

leads to poor localization of the QTL; and the need to construct a population segregating 

for the trait of interest (Jannink et al. 2001). Although bi-parental mapping has proved 

valuable to crop improvement, advances in genomic technologies and statistical methods 

have led to the implementation of genome-wide association studies (GWAS). 

GWAS take advantage of historical recombination that has occurred within a 

germplasm collection by sampling numerous lines from a broader population not 

constrained by specific crossing. The associations between genotype and phenotype are 

dependent on linkage disequilibrium (LD), the nonrandom association of alleles, being 

broken down by many generations of recombination. In contrast to bi-parental mapping, 

the number of markers implemented in GWAS must be substantially larger so that LD is 

ensured between causative alleles and markers (Newell et al. 2012). High marker density 

has become possible by the rapidly declining cost of marker development and assays.  

GWAS can realize higher mapping resolution of QTL due to the decreased size of 

linkage blocks. This has important implications in applied breeding since the significant 

marker will be more tightly linked to the QTL of interest and therefore the likelihood of 

recombination between the marker and QTL will be reduced. Genome-wide association 
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studies are not without their own complications – most notably the potential for the 

confounding effect of population structure which can lead to spurious associations 

(Marchini et al. 2004). Several statistical methods have been used to account for 

population structure including principal component analysis (Price et al. 2006) as well as 

fitting mixed linear models to account for population structure, marker, and polygenic 

effects, termed Q+K model (Yu et al. 2006).  

Barley (Hordeum vulgare L.) represents one of the earliest domesticated crops 

and today is the fourth largest cereal crop in terms of area and biomass harvested 

(http://faostat.fao.org). Barley has also had the advantage of being the focus of a large 

international collaborative effort to develop new genomic technologies to aid in the 

genetic understanding of the crop as well as to assist in breeding efforts. The Barley 

Coordinated Agriculture Project (CAP) was designed to conduct association mapping 

within breeding program materials provided by public and private U.S. breeding 

programs.  

The overall structure of the Barley CAP was for each of ten breeding programs to 

submit 96 elite lines each for four years for evaluation. The submitted germplasm 

contained a wide array of genetic diversity as lines were two and six-rowed, winter and 

spring growth habit, and of malt, feed, and food end use (Hamblin et al. 2010). Subsets of 

the submitted entries were evaluated in numerous trials spanning the entire region of 

barley production in the US so that phenotype data could be collected and cataloged for 

further study. Since the germplasm of the Barley CAP consisted of elite breeding 

material, identified beneficial alleles could be incorporated into the creation of new 
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cultivars with limited deleterious effects (i.e. linkage drag). By identifying novel, useful 

alleles and associated diagnostic markers, barley breeders will be better able to develop 

cultivars at a more rapid pace to meet environmental changes as well as production and 

market demands. 

Key agronomic traits that are routinely evaluated in barley yield trials include 

grain yield, plant height, heading date, grain test weight, and kernel plumpness. Grain 

protein content is also commonly measured due to its large impact on malting barley 

acceptance since protein levels that are too high lead to grain being rejected for malt use 

(Schwarz and Li 2011; See et al. 2002). Improvement of these key traits, especially grain 

yield, kernel plumpness, and grain protein content, is critical in the development of new 

barley varieties (Schwarz and Li 2011).  

A large number of QTL studies have been conducted on agronomic traits in 

barley using traditional bi-parental mapping populations (Hayes et al. 2003), but the 

employment of these QTLs in applied breeding has been limited due to the shortcomings 

listed above. GWAS conducted in barley have already proven useful in studying multiple 

traits (Cockram et al. 2010; Comadran et al. 2011; Comadran et al. 2008; Massman et al. 

2010; Ramsay et al. 2011; Roy et al. 2010; Wang et al. 2012; Wang et al. 2011; Zhou and 

Steffenson 2013a, b) so its application to agronomic traits should prove to be beneficial. 

Because agronomic traits are evaluated and used in selection on a continual basis, 

efficient marker-assisted selection for these traits could accelerate the development of 

new barley lines. 
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In the present study, we sought to identify marker-trait associations for yield, 

heading date, plant height, test weight, kernel plumpness and protein content. To achieve 

this, we evaluated all of the spring barley entries in the Barley CAP over the course of 

four years in one location under dryland and irrigated conditions. Using these data in 

conjunction with the genotypic data, we conducted GWAS to identify the regions of the 

barley genome that impact these traits in our given target environment. By using such a 

large and diverse population for study, we were able to identify several major QTLs 

impacting these traits, supporting much of the previous work conducted on agronomic 

trait analysis. We were also able to identify ten novel marker-trait associations that 

impact plant height (3 associations), kernel plumpness (4), test weight (2), and yield (1). 

Some of these associations had a relatively large impact on the respective trait and should 

be quite useful. Overall, the marker-trait associations identified in this work will be 

valuable tools which can be directly utilized for the improvement of barley cultivars.  

 
Materials and Methods 

 
 

Germplasm and Experimental Design 

The entire spring Barley CAP germplasm panel was used for these analyses. This 

panel consists of lines submitted by eight spring barley breeding programs which include 

the following: Montana State University (MT), USDA-ARS, Aberdeen, ID (AB), Busch 

Agricultural Resources Inc. (BA), University of Minnesota (MN), North Dakota State 2-

rowed (N2), North Dakota State 6-rowed (N6), Utah State University (UT), and 

Washington State University (WA). Each year, participating breeding programs 
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submitted 96 lines each of advanced material that included varieties and advanced lines 

that were inbred to at least the F4 generation, which gave a total annual population size of 

768 individuals. The evaluation of the Barley CAP spring lines was conducted over a 

period of four years giving a grand total of 3,070 lines (AB omitted 2 lines in 2006). An 

irrigated and dryland field trial was conducted in the years 2006, 2007, and 2009; 2008 

was lost due to hail. In 2010, only the dryland trial was conducted. The germplasm used 

in this panel represented the current genetic diversity of US spring barley breeding 

efforts.  

The lines that were submitted by each program in the respective year were 

evaluated in Bozeman, MT at the Arthur Post Research Farm (latitude 45° 40' N, 

longitude 111° 09' W). The representative panel of each year was planted in a randomized 

complete block design with two replications in two environments - dryland and irrigated. 

Plots were 1.22 meters in length by four rows wide seeded at a rate of 20 grams per plot 

and managed with standard practices. Feekes scale was used to assess the developmental 

stages of the plants (Large 1954). The ten common checks used throughout the 

experiments were: AC Metcalfe, Baronesse, Craft, Eslick, Geraldine, Harrington, Haxby, 

Hockett, Robust, and Tradition. Checks were included in subsequent association 

analyses.  

Data from an onsite weather station was also collected and analyzed to assess 

yearly growing conditions using PROC GLM in SAS v9 (SAS Institute 2012). 
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Genotype and Phenotype Data 

All submitted lines in the Barley CAP were genotyped at the USDA-ARS 

Biosciences Research Lab located in Fargo, ND. Lines were genotyped using two Barley 

Oligo Pool Assays (BOPA1 and BOPA2), composed of 1,536 single nucleotide 

polymorphisms (SNPs) on the Illumina GoldenGate platform (Illumina Inc., San Diego, 

CA). The design and development of the two BOPAs is described in detail in Close et al. 

(2009). For placement of markers, the genetic map generated by Close et al. (2009) was 

used. It is available for downloading on barley HarvEST database (Wanamaker and Close 

2012). 

All data used in this study are available from The Triticeae Toolbox, 

http://triticeaetoolbox.org, which now houses The Hordeum Toolbox (Blake et al. 2012). 

The genotype data were downloaded from The Hordeum Toolbox setting the minor allele 

frequency (MAF) to 0.01, and the maximum missing data to 20%. The associated 

phenotype data was downloaded as well. 

Five agronomic traits, plant height, heading date, percent kernel plump, grain test 

weight, yield and one quality trait, grain protein content, were analyzed in this study. 

Plant height was measured as the average height of an arbitrary sample of plants gathered 

from the middle of the plot. Height is reported as distance, in centimeters, from the 

ground to the top of the inflorescence, excluding awns. Heading date was assigned when 

50% of the spikes had emerged from the boot, reported as Julian days. Protein and kernel 

plumpness were both reported as percentages. Kernel plumpness is the percentage of 

sample remaining on top of a 0.24 by 1.9 cm slotted screen after 30 seconds on a plump 
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shaker. Grain protein content was measured using near infrared spectroscopy with an 

Infratec Grain Analyzer (Foss, Hillerod, Denmark). Test weight was reported as 

grams/liter, and yield as kilograms/hectare.  Data for protein and kernel plumpness were 

not transformed so that results and estimated allele effects could be interpreted in a 

meaningful manner.  Descriptive statistics were calculated using PROC MEAN and trait 

means were analyzed using PROC GLM in SAS v9. To assess the homogeneity of 

variances of the six different traits among respective data sets (i.e. 2006 dryland, 2006 

irrigated, 2007 dryland etc.), Levene's test was conducted in SAS v9.3 using PROC 

GLM. 

 
Population Structure 

Given that all lines from the eight barley breeding programs were analyzed in 

aggregate for each year as well as all years, strong population structure was expected. To 

assess this structure, principal component analysis (PCA) was conducted using the SNP 

marker data for all lines in a given year using the program TASSEL version 3.0 

(Bradbury et al. 2007). SNP data was imputed using a 3-nearest neighbors algorithm with 

distances measured in Manhatten distance with an unweighted average. The covariance 

and number of components options were selected in the PCA analysis window and the 

resulting principal component loadings for each line were exported for the creation of 

graphs in the statistical program R (R Development Core Team 2012).  

Population structure was also investigated using the program STRUCTURE 

(Version 2.3.4) (Falush et al. 2003; Prictchard et al. 2000). A reduced set of 136 markers 

that were spaced approximately 9 cM apart were used to estimate population structure 
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and to calculate a subpopulation membership matrix (Q). Two to 15 hypothetical 

subpopulations were modeled using a burn-in of 10,000 cycles with 50,000 iterations 

with 20 independent runs at each subpopulation level. The entire Barley CAP spring 

panel was used for assessing population structure and the values from the Q matrix for 

each of the lines were used in subsequent analyses. The optimal subpopulation level was 

chosen using the method of Evanno et al. (2005). Once the optimal subpopulation 

number was found, it was used in the final analysis conducted by using a burn-in of 

50,000 and 200,000 iterations to calculate the final Q matrix.  

 
Association Analyses 

Since the goal of the study was to identify marker-trait associations in the entire 

US spring Barley CAP population, GWAS were conducted in three steps based on how 

the phenotype data was utilized. Analysis 1 was conducted using the least square means 

for each environment and year. PROC GLM in SAS v9.3 was used to calculate the line 

least square means in each environment for each year (i.e. 2006 dryland, 2006 irrigated, 

2007 dryland, 2007 irrigated etc.). GWAS were then performed on each set of phenotype 

data and the results were compared across environments and years. Marker-trait 

associations detected in multiple years and/or across multiple environments were deemed 

most significant. Analysis 2 was based on using yearly averages. Again the PROC GLM 

statement was used to calculate line least square means across each replication in both 

environments so that there was one phenotype data set for years 2006, 2007, and 2009. In 

2010, only the dryland trial data was available; therefore the yearly averages were not 

used in this analysis. Analysis 3 was based on using standardized data sets. The PROC 
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STANDARD statement was used to standardize the adjusted means data from each year 

in both the dryland and irrigated conditions using their respective means and standard 

deviations giving distributions of N(0,1). Since each distribution was similar, they were 

then combined across years for each condition giving two overall data sets; the dryland 

standardized set comprised of 3,057 lines and the irrigated standardized set comprised of 

2,293 lines (again, no 2010 irrigated trial).  

Association analyses were conducted using the R package "GAPIT" (Lipka et al. 

2012). The Q + K mixed-model approach was used, setting the number of principal 

components to 3 for all analyses conducted given the population structure present in the 

germplasm. The options of compression and population parameters previously 

determined, P3D, were selected for all analyses as well (see Lipka et al. 2012 for further 

explanation). Marker-trait associations that had a false discovery rate (FDR) adjusted p-

value of less than 0.05 were retained for further analyses. Markers with a minor allele 

frequency (MAF) of less than 5% were not retained for analysis. The results of the 

analyses were checked using the program TASSEL v3.0 (Bradbury et al. 2007) to verify 

that the obtained results were consistent. This was done since both programs incorporate 

the same features such as P3D and compression.  

The association analyses were also performed in an identical manner using the Q 

matrix generated from STRUCTURE. 

 
Combined Results 

Since the same data were being used in all three analyses, the results were 

compared across the three analyses. Marker-trait associations were first grouped together 
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based on mapping to a common 2-3 cM region of the genome. These marker-trait 

association groups were further ranked by assigning a simple rating of one to three to 

indicate whether they were found in one, two, or all three analyses. Those with a rating of 

two or three were retained for further analysis. The FDR adjusted p-value was lowered to 

0.01 and marker-trait association groups that did not have at least one marker meeting 

this criterion were removed. Marker-trait association groups were also assessed on 

whether the same marker was repeatedly found significant as well as multiple markers 

that had the same map position. These marker-trait associations were further cross-

referenced against all reported QTLs in the GrainGenes 2.0 database (USDA-ARS 2012), 

as well as through reports in the literature. Although the QTLs reported in GrainGenes 

are based on various bi-parental populations with varying map lengths, comparing 

significant marker-trait associations against this database provided a qualitative way to 

compare our results with prior studies. 

 
Results 

 
 

Phenotypic and Genotypic Data 

Summary information for phenotypic data for all four years as well as the two 

environments (dryland and irrigated) are presented in Figure 2.1 as well as Table 2.1. The 

results of an ANOVA to assess the means of the six traits with respect to genotype, 

environment, and year found that there were highly significant differences (<.0001) for 

all of the comparisons (results not shown).  The summary information as well as the 

ANOVA results readily indicates that there was a large amount of phenotypic variation 
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present in the Barley CAP spring barley germplasm. The standard deviations for each 

trait across years and environments appear to be stable, indicating that the amount of 

phenotypic variation in a trait was similar across years. However, the results of Levene's 

test for the homogeneity of variance did indicate that there were significant differences, 

p-value <.001, in the variances for all six traits (results not shown). The four growing 

seasons were also not dramatically different (Tables 2.2 and 2.3; Figure 2.2). 

The summary of genotypic data is presented in Table 2.4. An average of 775 

genotypes were analyzed each year (including the ten common checks included in each 

year) with the average number of markers meeting the requirements of MAF>0.01 and 

maximum missing data <20 % being 2,603. The trait heritabilities for each year and 

environment did fluctuate as expected but overall were fairly consistent. The following 

are the mean heritabilities; yield – 0.50, plant height – 0.56, heading date – 0.55, kernel 

plumpness – 0.68, test weight – 0.64, and protein content – 0.60. These estimates are all 

relatively high which is beneficial for conducting GWAS. 

 
Population Structure 

The population structure of the US Barley CAP spring barley lines was 

investigated so population structure could be accounted for in the association analyses. 

The results of the principal component analysis revealed that there was significant 

population structure, which came as little surprise given that breeding lines comprised the 

population. On average, principal component (PC) 1 accounted for 30.98% of the 

variation in the germplasm (Table 2.4) and served to separate the genotypes into two 

subpopulations of two and six-rowed varieties (Figure 2.3). This division also clearly 
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demarcates the 8 breeding programs and the amount of genetic diversity contained 

therein.  The second PC accounted for 6.01% of the variation in the germplasm and 

further separated the two-rowed programs but had limited impact on the six-rowed 

breeding programs. Finally, the third PC accounted for 4.33% of the variation in the CAP 

germplasm. The structure present in the Barley CAP germplasm was consistent across 

years; the principal component values were relatively similar for each year with little 

variation among them.  

The results from the STRUCTURE analysis found that the optimal number of 

subpopulations, K, was equal to 6 (results not shown), implying significant population 

structure. These results are consistent with those reported by Wang et al. (2012) who also 

found that K=6 in the Barley CAP spring germplasm. The six subpopulations were 

divided into three, two-rowed populations and three, six-rowed populations which 

approximately correspond to the breeding programs. The Utah germplasm was unique in 

that the subpopulation was comprised almost entirely of Utah lines. Compared to the 

principal component analysis, the groupings were similar.  

 
Association Analyses of US  
Barley CAP Spring Germplasm 
 

Association mapping was conducted for one quality and five agronomic traits to 

identify marker-trait associations in the US Barley CAP spring germplasm. Table 2.5 

summarizes the results found in each analysis and presents summary information of 

overall results. Our approach to these hierarchical analyses was to start with the single 

year-single environment data sets to identify environment specific or moderate effect 



34 

marker-trait associations, looking for associations that were detected across years and 

environments. We then proceeded to the yearly adjusted means and standardized data sets 

so that we could assess the consistency of these marker-trait associations by comparing 

their results in all three analyses, focusing on the associations that were detected in 

multiple analyses. By using this hierarchical approach we were better able to evaluate the 

validity of the marker-trait associations. The number of significant marker-trait 

associations that identified unique genomic regions (accounting for overlap in results 

among the three analyses) is as follows: heading date-5, plant height-9, kernel 

plumpness-11, protein content-9, test weight-5, and yield-2.  The number of associations 

with supporting information in GrainGenes as well as the published literature is as 

follows: heading date-5, plant height-6, kernel plumpness-7, protein content-9, test 

weight-3, and yield-1. For the sake of brevity, refer to Table 2.6 for complete information 

on the identified marker-trait associations as well as corresponding references in which 

QTLs were previously reported. A brief summary of the six traits is presented below and 

the results from the STRUCTURE based analysis are reported in Table 2.7. The 

Manhattan plots from the analyses using PCA are shown in Figure 2.4. The results from 

the association analyses using the Q matrix generated by STRUCTURE were not 

substantially different from those generated from using PCA; however there were some 

minor differences. For simplicity, the results from the association analyses using PCA are 

described here with the differences highlighted.  

 
Heading Date. Our analyses for heading date found five marker-trait associations 

located on chromosomes 1H, 2H, 3H, 4H, and 7H that were consistently identified. 
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Cross-referencing these significant associations with previous work of others, all five of 

these marker-trait associations have been previously identified in bi-parental mapping 

studies. We identified QTLs in the region near the two photoperiod response genes, Ppd-

H1 and Ppd-H2 on chromosomes 2H and 1H respectively, that collectively explained 

over 2% of the trait variation (Laurie et al. 1995). The other major QTL that we identified 

was on chromosome 3H at 126.27 cM, which is the genomic region where the denso gene 

has been mapped. The denso gene has been shown to impact both flowering time and 

plant height (Barua et al. 1993; Bezant et al. 1996; Laurie et al. 1995; Pan et al. 1994). 

Two other marker-trait associations consistently detected were on chromosome 7H at 

37.55 cM and 4H at 96.59 cM, both of which have been previously identified (Backes et 

al. 1995; Laurie et al. 1995; Marquez-Cedillo et al. 2001).  

The results of our analysis for heading date are similar to those of Wang et al. 

(2012) who also investigated this trait using the Barley CAP germplasm and associated 

genotyping platform. They identified the marker-trait associations on chromosomes 2H at 

63.53 cM, 3H at 126.27 cM, and 7H at 37.55 cM; two of their most significant markers 

were the same as those identified in the present study (markers 12_30265 at 2H, 63.53 

cM and 12_30893 at 7H, 37.55 cM). Wang et al. (2012) highlight that the maker 

12_30893 is located within the VRN-H3 gene, which controls vernalization and is a 

homolog to Flowering Locus T in Arabidopsis (Yan et al. 2006). 

Although none of the significant marker-trait associations that we are reporting 

are novel, the consistency of our results compared with those of previous studies lends 

credence to the basic genetic architecture of heading date in barley, namely that it is a 
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trait controlled by a few, large-effect QTLs with other minor effect QTLs most likely 

involved. 

 
Plant Height. We identified nine significant marker-trait associations for plant 

height located on all of the chromosomes with the exception of chromosome 2H; three of 

these associations were novel. Plant height and heading date are traits that are typically 

correlated in barley which is indicative of pleiotropic gene action (Bezant et al. 1996). 

This was borne out by our results in which two of the significant marker-trait associations 

for plant height were found in the same genomic locations as those for heading date but 

not in identical positions. These marker-trait associations were on chromosomes 3H at 

position 127.1 cM and 7H at position 39.04 cM and have been previously reported (Barua 

et al. 1993; Bezant et al. 1996; Laurie et al. 1995). Both of these associations had 

relatively high r2 values in the context of our results - 1.71 % and 3.31 %, respectively. 

The other significant associations for plant height were found on chromosomes 1H, 3H, 

4H, and 5H and collectively accounted for 6.87 % of plant height variation. All have been 

previously reported (see Table 2.6 for references). The novel marker-trait associations 

that we identified in this work are on chromosomes 1H, 5H, and 6H, which together 

explained an additional 6.14 % of plant height variation. The associations on 5H at 

position 113.83 cM and 6H at position 0 cM did have low minor allele frequencies (0.07), 

which is at the limit of detection. However, their FDR p-values and multiple detections in 

our analyses provides strong evidence that these are not false positive associations but are 

true significant regions of the barley genome that impact plant height. The novel marker-

trait association on chromosome 1H at 47.47 cM was the only association in this study 
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that was not also found in the analyses using the STRUCTURE generated Q matrix. The 

FDR p-values from the two analyses in which it was identified were 0.067 and 0.071. 

Although the FDR p-values are above the 0.05 threshold, they are only marginally so and 

given the results from the analyses using PCA it seems reasonable this could be a true 

association. 

 
Kernel Plumpness. We detected eleven significant marker-trait associations for 

kernel plumpness on chromosomes 1H, 2H, 4H, and 7H of which four were novel. 

Together these QTLs explained 8.86 % of the trait variation (see Table 2.6 for 

references). These associations all had very good FDR p-values (< 1.0E-5) with 

corresponding minor allele frequency values between 0.1 and 0.2. The combination of the 

low FDR p-values and minor allele frequencies providing adequate sample sizes lends 

strength that these associations are not false positives but represent genomic regions 

affecting kernel plumpness. A noticeable feature of the kernel plumpness trait was the 

high number of significant markers that were below an FDR p-value of 0.01. This was 

due to areas of the genome that were identified as significant which had multiple markers 

map to the same position (e.g. 8 markers all mapped to chromosome 1H at 55.49 cM, a 

region found to be significant). The results from the analyses using the Q matrix from 

STRUCTURE identified all the same marker-trait associations that were found using 

PCA. The difference in results were that marker-trait associations were not found in as 

many of the data sets using the Q matrix e.g. an association was only found in analysis 2 

whereas with PCA it may have been found in analysis 1, 2, and 3.  
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Grain Protein Content. We identified nine marker-trait associations for grain 

protein content on chromosomes 2H, 4H, 5H, 6H, and 7H (see Table 2.6 for complete 

information and references). The marker-trait association detected on chromosome 6H 

had the lowest FDR p-value. This association was located at 45.44 cM and accounted for 

2.12 % of the trait variation, which is relatively high with respect to our results. The 

association at 45.44 cM is the marker-trait association that has the largest impact; in other 

analyses we have conducted it generally accounts for a 1% difference in protein levels 

between lines (data not shown). This QTL has been previously mapped by See et 

al.(2002) using a bi-parental population made by crossing "Karl," a low protein line, with 

"Lewis."  Further work conducted on this population by Distelfeld et al. suggested that 

the gene responsible for this QTL is the barley NAC transcription factor HvNAM-1 

(Distelfeld et al. 2008). This QTL has been named Gpc-6H. Given the high FDR p-value 

for the marker 12_10199 (9.21E-14), and its large effect on protein content, this marker 

appears to be in tight linkage with the HvNAM-1 gene and serves as an excellent marker 

for marker-assisted breeding in the reduction of grain protein content. 

 
Test Weight. In our analyses for test weight, we identified five significant marker-

trait associations with two of those being novel. Associations were identified on all of the 

chromosomes except 3H and 5H. The three associations that were not novel have been 

mapped by Marquez-Cedillo et al. (2001) using the Harrington-Morex double haploid 

population. The locations of those three associations are as follows: 2H at 85.92 cM, 4H 

at 33.38 cM, and 6H at 75.21 cM.  
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One of the novel associations that we detected was located on chromosome 1H at 

101.45 cM. The minor allele frequency value for this marker was low, 0.09, but the FDR 

p-value of 1.70E-4 indicates that this not a false positive. The marker-trait association 

was also detected in all three analyses conducted, which also supports it being a 

significant marker-trait association. The other significant marker-trait association that we 

identified was located on chromosome 7H at 70.4 cM. The minor allele frequency value 

for this allele was 0.45 with a corresponding FDR p-value of 7.8E-4. This marker-trait 

association was also found in all three analyses, which strengthens the position that this is 

a true association that could be utilized for variety improvement. 

 
Yield. We identified fewer marker-trait associations for yield compared to the 

other traits we investigated. Given the heterogeneous nature of the CAP lines, the 

multiple growing seasons, and the use of small, 1.22 meter plots it was challenging to get 

an accurate estimate of the true yield potential of the lines. The estimates of heritability 

for yield were typically lower, which would influence the results we obtained (Table 2.1). 

In our analyses we identified two marker-trait associations that were on chromosomes 2H 

and 3H. The chromosome 2H QTL at 132.48 cM may be the same as that identified by 

Bezant et al. (1996) using a traditional bi-parental mapping population. Their identified 

QTL spanned a region from 134.8 cM to 146.2 cM. Although our identified association 

falls just outside of this region, it may be the same QTL. In the analysis using the Q 

matrix form STRUCTURE, this association was only identified in one of the data sets 

whereas in the PCA based analysis it was identified in analyses 1 and 3. The other 

marker-trait association that we identified was located on chromosome 3H at 55.57 cM; 



40 

this association was novel. The MAF value for this allele was 0.08 and the corresponding 

FDR p-value was only 0.015, but this association did show up in all three analyses. The 

r2 values for the chromosome 2H and 3H QTLs were 1.7 and 1.45 %, respectively. With 

regard to the association on chromosome 3H, we also identified this genomic region in 

our plant height analyses. The correlation between plant height and yield varies 

considerably so it is hard to say if it is pleiotropic gene action or two distinct QTLs. 

 
Discussion 

 
 

One of the main goals of the Barley CAP was to integrate new genomic 

technologies into the development of superior cultivars. To achieve this goal, the 

development and implementation of a common marker based platform was used to 

identify QTLs that could be used in barley breeding. Over the course of four years, a total 

of approximately 3,000 advanced generation lines were phenotyped in one location in 

two environments to provide a large data set that could be leveraged for conducting 

GWAS. By conducting these "meta-analyses" we hoped to take full advantage of the 

Barley CAP germplasm, which represents the current genetic diversity in elite spring 

barley breeding programs in the US. In analyzing this data set we sought to identify the 

regions of the barley genome that impact five agronomic traits (heading date, plant 

height, kernel plumpness, grain test weight, and yield) as well as one quality trait (grain 

protein content). This work demonstrates the utility of using breeding populations for 

GWAS. 
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Structure of U.S. Barley  
Spring Breeding Populations 
 

It has been well demonstrated that population structure can lead to an increased 

number of false positive associations in GWAS (Atwell et al. 2010; Pritchard et al. 2000). 

Many crop species exhibit strong population structure due to factors such as geographical 

origins, reproductive nature, and selective breeding efforts by humans. Although 

population structure can adversely affect the results of association mapping, studies have 

been conducted in the Poaceae family, which exhibits highly structured populations. 

These studies include rice (Agrama et al. 2007), wheat (Breseghello and Sorrels 2006), 

and barley (Cockram et al. 2010; Massman et al. 2010; Wang et al. 2011). Since the 

Barley CAP consists of lines from breeding populations which have been under high 

selective pressure, correction for population structure was needed. This was 

accomplished using principal component analysis and a model-based analysis using the 

program STRUCTURE (Price et al. 2006; Prictchard et al. 2000).  

The major population subdivision was detected between two and six-rowed barley 

types, which has been a common feature of population structure in barley (Brantestam et 

al. 2007; Hamblin et al. 2010; Hayes and Szucs 2006). Breeders typically work within 

these groups, as crosses between the two groups result in progeny that are rarely suitable 

for cultivar development (Hayes et al. 2003). Because of this, the subdivision between 

two and six-rowed barleys also led to the separation of the breeding programs, the two 

major six-rowed breeding programs are the University of Minnesota and the North 

Dakota six-rowed program, which are clearly demarcated in Figure 2.3. The North 
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Dakota two-rowed program was distinctly different from the other two-rowed programs 

as it grouped away from the other two-rowed breeding programs.   

The germplasm of the Utah program was the most distinct. It did not group 

strongly with either the two or six-rowed programs, but instead spread out along the axis 

of principal component one and two. When the third principal component was plotted, 

the Utah germplasm again clustered by itself indicating its uniqueness among the Barley 

CAP germplasm. This result was also found in the STRUCTURE analysis as one 

subpopulation was composed almost entirely of the Utah germplasm.  These results are 

most likely due to the fact that the Utah breeding program has been selecting for six-

rowed barleys for livestock feed and agronomic performance instead of malting. Another 

contributing factor to Utah's unique genetic variance is the source of the parental 

germplasm. Most of the Utah breeding germplasm is based on North African material, 

which is unique among barley breeding programs in the United States. North American 

breeding programs are typically based on European and Asian germplasm (Horsley and 

Harvey 2011).  

This division of the Barley CAP germplasm into component subpopulations has 

been observed before. Hamblin et al. (2010) investigated the population structure of the 

Barley CAP germplasm, including winter barleys, and found approximately the same 

groupings of lines i.e. lines fell into respective breeding programs. The Utah population 

was not considered a separate population due to only 96 lines from the Utah program 

being included in the analysis. Zhou et al. (2012) also performed an investigation of the 

entire Barley CAP germplasm using both principal component analysis and the program 
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STRUCTURE. The results from their STRUCTURE analysis found that K=9 was the 

optimal number of subpopulations but their analysis included the two additional winter 

barley breeding programs, which would be expected to be distinctly different from the 

spring barley germplasm. Their results from using principal component analysis are 

similar to the groupings that we are reporting. 

When the population structure was assessed separately over the four years, the 

same pattern emerged. The values for the amount of variation explained by each principal 

component remained consistent which led to similar groupings when graphed (Table 2.4 

and Figure 2.3). The consistency of the subpopulations in the Barley CAP from year to 

year is most likely due to the nature of using breeding populations for a germplasm 

source, as each program has its own "genetic identity" that changes slowly.  

 
Association Analyses of Agronomic Traits 

Conducting replicated yield trials of all the spring Barley CAP entries at one 

location afforded us the opportunity to use these data in conducting genome-wide 

association studies in a hierarchical fashion. Our approach was to first conduct the 

analyses on the single year-single environment data sets because this would allow us to 

detect marker-trait associations that are specific to an environment or perhaps have 

moderate effects. This also served as a way to identify associations that had large, 

consistent effects as they would be detected in multiple analyses across years and 

environments. The second analysis was conducted by averaging across the two 

environments within a year. By doing this we hoped to identify those marker-trait 

associations with moderate to large effects, confirming those found in the single year-
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single environment analyses. Associations that were significant in only one of the seven 

data sets were more likely viewed as potential false positives.  

We next proceeded to the data sets that were standardized using their respective 

means and standard deviations as described in the Materials and Methods. Given that the 

first two analyses were based on data sets in which field variation was controlled for (i.e. 

environment, replication, and block effects) we felt it acceptable to proceed with data 

standardization. We chose to use data standardization within each year as a way to 

remove year effects similar to what is practiced in animal breeding by the use of 

contemporary groups (Bourdon 2000). This method has also been used in plant breeding 

(Skovmand et al. 2001). We also chose standardization in order to deal with the 

heteroscedasticity of the phenotypic data. Although our approach to these analyses may 

seem basic, it is this simplicity and reliance on few statistical assumptions that speak to 

the validity of the results. Given that we were unable to fully account for all the variation 

due to year effects but still able to detect strong associations through this excess "noise" 

supports the use of our method. Of the 41 marker-trait associations identified in our 

study, 26 of those were found in all three analyses. This indicates that the data 

standardization was able to produce results similar to the other two methods which did 

not rely on this type of data manipulation.  

The use of data standardization allowed us to combine multiple years' worth of 

data to better localize marker-trait associations and achieve the highest resolution 

possible in the Barley CAP data. Up to this point, QTL localization has been poor (i.e. 

QTLs declared in regions spanning 10 even 30 cM). The SNP marker platform developed 
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through the Barley CAP made it feasible to refine these regions to much smaller 

intervals. By using all of the lines we were able to take maximum advantage of years of 

recombination events, leading to higher resolution and tighter linkage between markers 

and causative genomic regions. This should be beneficial for the barley breeding 

community at large since significant markers should be useful across multiple programs 

and environments despite being identified in just the Montana environment.  

Another impetus for analyzing all lines in aggregate is that it increased the 

frequency of minor alleles. By increasing the frequencies of minor alleles to more 

moderate values, specifically those below 0.05 in the single-year, single-environment 

data sets, the statistical power to detect them increases, reducing the probability of false 

positives and assisting in identification of some potential moderate effect marker-trait 

associations (Mackay et al. 2009). This was evident in cases like the association found on 

chromosome 2H at 53.53 cM for grain protein content which had an overall minor allele 

frequency of 0.06. In the single year-single environment data sets it was below 0.05. The 

MAF of 0.06 is at the limit of detection, but by combining all the lines we were able to 

detect it. This proved useful as this region has been identified as a QTL and has been 

previously mapped with the Steptoe x Morex mapping population (Hayes et al. 1993).  

A final advantage of combining the lines across the different years was the 

increase in allele replication. A potential drawback to our work is the lack of line 

replication present in the study. Lander and Botstein (1989) highlight that the power to 

test for the mean allelic effects between alleles is influenced by replication of lines. 

However, replication of alleles and population size are large contributing factors to the 
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power of the test for differences between allele means. Knapp and Bridges (1990) 

investigated the relationship between line replication, allele replication, progeny 

population size, and QTL parameters. Their results showed that increasing the replication 

of alleles as well as the population size always led to an increase in power regardless of 

the number of replications of lines used for the study. Given these findings, the absence 

of line replication in our work is easily mitigated by the extensive replication of alleles 

and the vast population size.  

Our analyses also incorporated the use of two methods to correct for population 

structure, the nonparametric approach of principal component analysis and the model-

based approach used in the program STRUCTURE. The differences in results were not 

substantial, but it does demonstrate the sensitivity of the different uses of population 

structure control. The use of STRUCTURE does appear to represent a more conservative 

analysis. This is best exemplified by the results for the kernel plumpness trait. In our 

results from the PCA, nine of the eleven declared marker-trait associations were found in 

all three analyses whereas in the STRUCTURE analysis only two were (both were novel 

associations). Also, four of those marker-trait associations in the STRUCTURE analysis 

were only found in one of the three analyses we conducted; three of these four 

associations were previously identified QTL in bi-parental mapping studies. 

 
Agronomic Traits 

The results we obtained using a genome-wide association approach agree with 

numerous independent, traditional bi-parental mapping population studies conducted for 

agronomic traits as can be seen in Table 4. This serves as validation in two ways; our 
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results obtained by using a genome-wide association approach lends support to our 

method of analysis, and the results also serve to validate those QTLs identified in bi-

parental populations which have their own inherent shortcomings. Although we found 

only a small number of novel marker-trait associations in this study, we believe that these 

novel associations are true associations since their effects were large enough to be 

detected in such a heterogeneous population. Although this large amount of heterogeneity 

limits our ability to detect marker-trait associations that have smaller effects, it does lead 

to the identification of those QTLs that have a major impact on traits. Also, detection of 

QTLs with minor effects is not as important given that the application of marker-assisted 

selection for these QTLs would be largely ineffective; the use of genomic selection 

would be more applicable. By identifying those QTLs with large effects in a population 

with an assorted genetic background, we can be certain that these QTLs will maintain 

their effect as they are incorporated into other genetic backgrounds avoiding the 

phenomenon of "ghost" or "vanishing" QTLs.  

The r2 values that we obtained in our results were relatively low; they ranged 

from .42 to 3.31 %. These low values are not surprising given the large amount of 

additive genetic variance and heterogeneous composition of the Barley CAP. With a 

larger amount of additive genetic variance, the trait variation is distributed over more 

markers than one would observe in a traditional bi-parental mapping study as there are 

more segregating loci. Berger et al. (2012) performed a GWAS on a sample of 329 barley 

lines from the Virginia Tech winter barley program (also part of the Barley CAP) looking 

at several traits. The r2 values that were obtained for the agronomic traits (heading date, 
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plant height, test weight, and yield) ranged from 3 to 10%. Given that those values were 

obtained within just the Virginia Tech program the results we obtained seem agreeable 

since the current study population encompasses eight breeding programs and a much 

larger sample size. Both of these results indicate that there may be more potential loci 

that impact these agronomic traits that remain to be found. 

The marker-trait associations that we identified in the single year-single 

environment analyses are perhaps the most intriguing. Clearly there are statistical 

difficulties in validating them due to limited sample size, but they do offer the possibility 

that they are novel marker-trait associations with minor effects that might have a more 

prominent role in targeted environments. These marker-trait associations could serve as 

the genetic variability that could be used to produce optimal cultivars once the beneficial 

major genes have been fixed in breeding programs.  

Our results also show the effects of assortative mating in self-pollinated crops as 

like phenotypes are more frequently mated with lines of similar phenotype, the basis of 

advanced cycle breeding (crosses based on good x good) (Falconer and Mackay 1996). 

These effects are manifested by marker-trait associations being found in "clusters" more 

often than not throughout the barley genome due to the formation of linkage blocks. 

These linkage blocks also represent untapped genetic variability that could be utilized 

through breakage of these blocks through recombination and lead to new genetic gain in 

populations with unfavorable linkage (Simmonds 1979).  

The other salient feature of our results is that these major genes are still 

segregating in US elite barley lines, which creates useful genetic variation for these 



49 

agronomic traits. Most breeding programs employ advance cycle breeding, which can 

rapidly degrade genetic variability within a breeding program. With the genomic tools 

developed by the Barley CAP, breeders should be able to identify lines that are 

phenotypically similar but vary genetically, based on a kinship analysis using available 

marker data. This should aid in selection of new parents for line development by 

maintaining some level of genetic diversity while still intermating lines that are 

phenotypically similar. An example of this would be first selecting high yielding lines 

from programs that are similar with regard to target environment. Next, by looking at a 

kinship matrix for those selected lines, given by 2fijVa with fij representing the coefficient 

of coancestry and Va the additive genetic variance, the amount of genetic diversity 

between those candidate lines could be assessed. Candidate lines that are sufficiently 

diverse could then be evaluated based on the QTL reported in this study. Candidate lines 

that carry contrasting favorable alleles at these QTL could then be crossed with the hope 

of producing transgressive segregates identified with marker-assisted selection. 

Furthermore, the marker information could be used to monitor the progress of breeding to 

assess if favorable allele frequencies are moving in the right direction representing 

genetic gain. 

This study addresses one of the goals of the US Barley CAP, which was to 

identify genetic resources that could be employed to meet the ever changing demands of 

production. With this work we show that there is the potential to identify and incorporate 

useful genetic variation from adapted lines into the development of new US cultivars 
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with superior performance, and that the resources of the Barley CAP will greatly aid in 

that endeavor.  
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Figure 2.1. Boxplots of the 
investigated based on year for both dryland (dry) and irrigated (irr) environments.
width of box for 2010 indicating that only 
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the phenotypic data showing distributions for the six traits 
d on year for both dryland (dry) and irrigated (irr) environments.

width of box for 2010 indicating that only the dryland data was available for that year.

 
 

showing distributions for the six traits 
d on year for both dryland (dry) and irrigated (irr) environments. Note 

and data was available for that year. 
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Table 2.1. Summary information for phenotypic data of the six traits investigated. Data is 
from all four years across both dryland (Dry) and irrigated (Irr) environments. Trait 
heritabilities estimated by the R package "GAPIT." 

Trait Year  & Environment Mean Std Dev Range h2 
Yield 

(kg/ha) 
2006 Dry 4761.7 727.4 4812.0 0.45 

Irr 5323.2 898.9 4939.0 0.56 
2007 Dry 6999.7 966.9 6103.0 0.43 

Irr 7483.9 1059.2 6479.0 0.46 
2009 Dry 6659.2 893.6 6588.0 0.65 

Irr 5377.6 878.6 4689.0 0.41 
2010 Dry 4744.9 906.4 5552.0 0.57 

Plht 
(cm) 

2006 Dry 79.8 6.6 48.5 0.52 
Irr 76.7 5.8 56.0 0.50 

2007 Dry 70.7 5.2 37.5 0.49 
Irr 72.4 5.3 33.0 0.50 

2009 Dry 70.7 5.6 38.0 0.66 
Irr 75.9 6.1 40.5 0.58 

2010 Dry 75.2 5.2 34.5 0.66 
Hddt 

(Day of Year) 
 

2006 Dry 177.4 1.4 9.0 0.57 
Irr 183.2 1.1 8.0 0.57 

2007 Dry 191.8 1.8 9.0 0.32 
Irr 194.9 2.1 14.0 0.42 

2009 Dry 192.0 2.0 13.0 0.59 
Irr 191.4 2.6 14.5 0.68 

2010 Dry 190.2 1.7 15.5 0.67 
Plump 

(%) 
2006 Dry 73.8 12.5 67.5 0.28 

Irr 88.5 8.4 77.9 0.64 
2007 Dry 84.4 8.6 57.1 0.64 

Irr 86.4 8.9 54.2 0.67 
2009 Dry 84.9 8.6 64.5 0.82 

Irr 88.7 7.6 58.0 0.81 
2010 Dry 90.7 8.5 58.1 0.89 

TW 
(g/L) 

2006 Dry 657.0 23.5 215.0 0.40 
Irr 671.0 22.2 204.2 0.38 

2007 Dry 681.0 31.6 480.2 0.60 
Irr 684.0 25.9 229.8 0.62 

2009 Dry 680.9 31.4 228.9 0.84 
Irr 633.1 32.4 256.1 0.81 

2010 Dry 622.6 28.9 217.1 0.85 
Protein 

(%) 
2006 Dry 12.4 0.9 7.7 0.54 

Irr 13.9 0.8 6.2 0.38 
2007 Dry 12.3 0.9 8.7 0.54 

Irr 11.8 0.8 5.6 0.56 
2009 Dry 12.1 1.0 7.5 0.66 

Irr 12.2 0.9 6.3 0.69 
2010 Dry 12.0 1.0 7.1 0.82 
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Table 2.2. Results of ANOVA for the environmental conditions at the Arthur Post 
Research Farm located in Bozeman, MT. ANOVA was conducted for the yearly averages 
of 2006, 2007, 2009, and 2010. Data was collected from an on-site weather station that is 
monitored daily. 

 

 

 

 
 

 

 Table 2.3. Results of ANOVA assessing the ten common check varieties over the 
duration of phenotypic evaluation of experimental lines, p-values reported. The 
combination of growing condition (dryland and irrigated) and individual years was 
treated as a unique environment, i.e. 2006 dryland is environment 1 and 2006 irrigated is 
environment 2. Replications were nested in environment. 

Source 
Yield 

(kg/ha) 
Plht 
(cm) 

Hddt 
(Day of 
Year) 

Plump 
(%) 

TW 
(g/L) 

Protein 
(%) 

Environment <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 
Rep(Environment) 0.0646 0.0454 0.6401 0.9276 0.9896 0.0297 

Genotype <.0001 <.0001 <.0001 <.0001 0.0008 <.0001 
Genotype*Environment 0.3372 0.9142 0.1485 0.2824 0.2803 .0138 
 

  

Parameter P value Scheffe Grouping 
Temperature (C) <.0001 2006 & 2007, 2006 & 2009 

Precipitation (cm) 0.5777 no significant difference 
Humidity (%) <.0001 2006 & 2007 

Growing-Degree Day <.0001 2006 & 2007, 2006 & 2009 
Solar Radiation (Watts/m2) 0.013 2006-2007 & 2009, 2007-2009 & 2010 
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Figure 2.2. Average daily temperature at the Arthur Post Research Farm in Bozeman, 
MT. Dashed line represents the mean temperature for the respective growing season, the 
blue line represents mean daily temperature, and the red smoothed line is LOESS fitted 
line. Planting typically occurs approximately at day 14-21 and harvest at approximately 
day 110. Data collected at Arthur Post Research Farm. 
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Table 2.4. Summary information for the data sets as well as values for the population 
structure parameters, as estimated with principal component analysis, used in the 
association analyses. 

 

 

 

 

 

† Number of lines evaluated in each year. 
‡ Number of markers downloaded meeting the requirements of MAF>0.01 and maximum missing data 
<20%. 
§ The principal components for each year and the percent variation that it explains. 
 
  

 2006 2007 2009 2010 4 Year Mean 
# Lines† 776 771 778 777 775.5 

# Markers‡ 2664 2599 2592 2557 2603 
PC1§ 31.44% 30.53% 29.93% 32.01% 30.98% 
PC2 6.01% 6.05% 5.92% 6.04% 6.01% 
PC3 4.91% 4.68% 4.22% 3.49% 4.33% 



 

Figure 2.3. Principal Component Analysis of US Barley Coordinated Agricultural Project spring germplasm. PC 1 accounts for 
30.98% of the variation in the CAP germplasm and separates the lines into two and six-rowed varieties. PC 2 accounts for 6.01% of 
the variation and further subdivides the two-rowed populations, note clustering of six-rowed breeding programs. The eight breeding 
programs are University of Idaho (AB), Busch Agricultural Resources Inc. (BA), University of Minnesota (MN), Montana State 
University (MT), North Dakota State 2-rowed (N2), North Dakota State 6-rowed (N6), Utah State University (UT), and Washington 
State University (WA). CC stands for Barley CAP Core panel which are standard barley cultivars. 
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Table 2.5. Summary of marker-trait associations found in the US Barley CAP using PCA. The table summarizes the number of 
significant marker-trait associations found in Analysis 1, 2, and 3; numbers include markers mapping to the same position. The table 
also summarizes how many of those unique genomic regions were identified in 1, 2, or all 3 analyses. The number of putative QTLs as 
well as QTLs supported in GrainGenes 2.0 and published literature are reported. Average FDR adjusted p-values and average minor 
allele frequencies are also reported for each separate analysis. FDR <.05, indicates markers below .05 threshold but above the .01 
significance level.  

 

 

 

 

 

 

 

 

 

 

 

† Analysis 1 used the single-year/single-environment data sets for association analyses. Analysis 2 used the yearly adjusted means data set, averaged over 
dryland and irrigated environments. Analysis 3 used standardized data. The single-year/single-environment data sets were standardized using their respective 
means and standard deviations. These were then combined across environment to generate two data sets, standardized dryland and standardized irrigated.

 
# Significant Associations # Significant Associations in Combined Results 

 Analysis 1
†
 Analysis 2 Analysis 3 1 Analysis 2 Analyses 3  Analyses 

Putative 
QTLs 

# Supported in 
GrainGenes 
and literature 

 
FDR 
<.01 

FDR 
<.05 

FDR 
<.01 

FDR 
<.05 

FDR 
<.01 

FDR 
<.05    

 
 

Heading Date 3 13 7 1 10 11 6 2 3 5 5 

Plant Height 17 8 8 13 5 15 13 4 5 9 6 

Kernel Plumpness 22 28 33 51 123 8 6 9 10 11 7 

Protein Content 20 12 27 17 24 32 7 8 7 9 9 

Test Weight 19 26 26 28 29 51 5 12 2 5 3 

Yield 1 7 1 4 11 30 3 1 1 2 1 

Total 176 216 349 40 36 28 41 31 

Average FDR      p-
value 

0.017 0.016 0.014 
   

 
 

Average MAF 0.28 0.3 0.27 
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Table 2.6. Significant marker-trait associations identified in the US Barley CAP spring germplasm based on analyses using PCA to control for population structure. 

Trait† Marker‡ Chr§ cM¶ MAF# FDR†† r2‡‡ QTL‡‡‡ 
Effect of 

Minor Allele§§ 
Rating¶¶ Type## Map

†††
 References 

Hddt 11_20772 1H 139.79 0.16 5.98E-05 .73 QHd1H.140 Pos 2 QHd.HaMo-1H.2 (145.72) Hordeum-QTLConsensus-Agronomic-1 Laurie et al. (1995)    Marquez-
Cedillo et al. (2001) 

Hddt 12_30265 2H 63.53 0.39 0.0014 1.38 QHd2H.64 Pos 3 
QHd.IgDa-2H (61.82) 

QHd.HaMo-2H (67.26) 
QHd.umn-2H.1 

Hordeum-QTLConsensus-Agronomic-2 
Hordeum-QTLConsensus-Agronomic-2 

Backes et al. (1995) 
Laurie et al. (1995) 

Marquez-Cedillo et al. (2001) 
Mesfin et al. (2003) 

Hddt 12_31525 3H 126.27 0.09 0.0014 1.29 QHd3H.126 Pos 3 QHd.DiMo-3H (118.86-138.62) Hordeum-QTLConsensus-Agronomic-3 Pan et al. (1994) 

Hddt 12_30554 4H 96.59 0.32 0.0069 .42 QHd4H.97 Pos 2 QHd.IgTr-4H (90.93) Hordeum-QTLConsensus-Agronomic-4 Laurie et al. (1995) 

Hddt 12_30893 7H 37.55 0.32 0.0017 1.23 QHd7H.36-38 Pos 3 
QHd.IgDa-7H.1 (41.42) 
QHd.IgTr-7H.1 (41.42) 

QHd.HaMo-7H (40.15-48.60) 

Hordeum-QTLConsensus-Agronomic-7 
Hordeum-QTLConsensus-Agronomic-7 
Hordeum-QTLConsensus-Agronomic-7 

Backes et al. (1995) 
Laurie et al. (1995) 

Marquez-Cedillo et al. (2001) 

Plht 12_31276 1H 27.35 0.23 0.0069 1.5 QHt1H.27 Neg 2 
QHt.StMo-1H (14.76-26.80) 

QPh-1H.30 (30.15) 
Hordeum-QTLConsensus-Agronomic-1 

Barley, OPA 2011, Consensus 
Hayes et al. (1993) 
Berger et al. (2012) 

Plht 12_31467 1H 47.47 .50 0.0069 1.4 QHt1H.47 Pos 2 novel   

Plht 11_10224 3H 56.4 0.41 0.00076 2.34 QHt3H.56 Pos 2 
QHt.HaMo-3H.3 (49.06-62.23) 

QHt-3H.56 
Hordeum-QTLConsensus-Agronomic-3 Marquez-Cedillo et al. (2001) 

Rode et al. (2012) 

Plht 12_30096 3H 127.1 0.39 0.0054 1.71 QHt3H.127 Neg 3 QHt3HL  
Barua et al. (1993) 
Bezant et al. (1996) 
Laurie et al. (1993) 

Plht 11_21070 4H 26.19 0.4 8.34E-05 1.03 QHt4H.26 Neg 3 QHei.pil-4H.1 (24) Hordeum-Pillen-4H Pillen et al. (2003) 

Plht 11_10870 5H 0 0.06 0.0025 2 QHt5H.0 Pos 3 QHt.HaTR-5H.1 (9.05) Hordeum-QTLConsensus-Agronomic-5 Spaner et al. (1999) 
Tinker et al. (1995) 

Plht 12_30619 5H 113.83 0.07 4.41E-05 2.63 QHt5H.114 Pos 2 novel   

Plht 12_30319 6H 0 0.07 0.0024 2.11 QHt6H.0 Neg 3 novel   

Plht 12_10218 7H 39.04 0.3 5.15E-05 3.31 QHt7H.39 Neg 3 QHt.7HL  Bezant et al. (1996) 

Plump 12_30348 1H 55.49 0.12 7.35E-05 .69 QKp1H.55 Pos 3 novel   

Plump 11_20340 2H 85.92 0.45 4.61E-12 1.75 QKp2H.86 Neg 3 QKps.nab-2H (89.30-97.1) Hordeum-HxM-base-2H Marquez-Cedillo et al. (2001) 

Plump 12_31095 2H 116.49 0.22 0.0029 .42 QKp2H.113-116 Neg 3 QKp.HaMo-2H (113.49) Hordeum-OWB-OPA2008-2H Marquez-Cedillo et al. (2001) 
Szucs et al. (2009) 

Plump 11_10065 2H 130.01 0.17 7.62E-06 .84 QKp2H.130 Neg 3 novel   

Plump 11_20777 4H 26.66 0.41 4.17E-07 3.08 QKp4H.27 Pos 3 QKp.HaMo-4H (25.94) Hordeum-OWB-OPA2008-4H Marquez-Cedillo et al. (2001) 
Szucs et al. (2009) 

Plump 11_20894 5H 2.09 0.19 0.0019 .45 QKp5H.2 Neg 3 QKp.HaTr-5H (0) Hordeum-OWB-OPA2008-5H Mather et al. (1997) 
Szucs et al. (2009) 

Plump 11_20708 5H 51 0.32 0.0029 .42 QKp5H.51 Pos 2 QKp.nab-5H.1 (42-49.5) Hordeum-HxM-base-5H Marquez-Cedillo et al. (2001) 

Plump 11_21061 5H 110.26 0.46 1.60E-04 2.31 QKp5H.110 Pos 3 QKp.HaMo-5H.1 (113.77) Hordeum-OWB-OPA2008-5H Marquez-Cedillo et al. (2001) 
Szucs et al. (2009) 

Plump 11_20076 7H 0 0.11 6.01E-10 1.43 QKp7H.0 Neg 3 novel   
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† 
Agronomic trait; Hddt-Heading date, Plht-Plant height, Plump-Kernel plumpness, Protein-Grain protein content, Tw-Grain test weight, Yld-Grain yield. 
‡ Marker; most significant marker showing association with agronomic trait based on Barley Oligonucleotide Pool Assay nomenclature. 
§ Chr; chromosome on which significant marker-trait association was identified. 
¶ cM; position on chromosome, in centimorgans, where significant marker-trait association was identified according to Close et al. (2009). 
# MAF; minor allele frequency. 
†† FDR; false discovery rate p-value, calculated according to Benjamini and Hochberg (Benjamini and Hochberg 1995). 
‡‡ r2; Percent of trait variation explained by the SNP, taken from most significant association from the three analyses. 
‡‡‡ QTL; tentative QTL name for significant marker-trait association, name consists of trait, chromosome, and location. 
§§ Effect of Minor Allele; indicates whether the minor allele has a positive or negative impact on the respective trait. 
¶¶ Rating; indicates the rating given to the marker-trait association, see text for explanation. 
##Type; indicates whether the marker-trait association has been previously identified, if previously identified reported QTL name is given. 
††† Map; gives the name of the supporting map in GrainGenes 2.0 in which previously identified QTL are reported.  

      
 

 
 

  
 

 
Plump 11_10346 7H 61.32 0.16 0.0026 .43 QKp7H.61 Neg 3 QKp.nab-7H (60.60-76.7) Hordeum-HxM-base-7H Marquez-Cedillo et al. (2001) 

Plump 11_21201 7H 98.5 0.12 3.18E-08 1.18 QKp7H.98 Neg 3 novel   

Protein 11_11400 2H 53.53 0.06 2.50E-04 .64 QGpc2H.54 Neg 2 QGpc.StMo-2H.1 (55.21) Hordeum-OWB-OPA2008-2H Hayes et al. (1993) 
Szucs et al. (2009) 

Protein 11_20340 2H 85.92 0.45 1.64E-05 1.72 QGpc2H.86 Neg 2 QPc.nab-2H.1 (89.3-97.1) Hordeum-HxM-base-2H Marquez-Cedillo et al. (2001) 

Protein 11_21070 4H 26.19 0.4 3.50E-04 .74 QGpc4H.26 Neg 3 QGpc.HaMo-4H (25.94) Hordeum-OWB-OPA2008-4H Marquez-Cedillo et al. (2001) 
Szucs et al. (2009) 

Protein 12_20770 5H 42.32 0.08 0.0040 1.27 QGpc5H.42 Neg 2 QGpc.DiMo-5H.1 (44.85) Hordeum-OWB-OPA2008-5H Oziel et al. (1996) 
Szucs et al. (2009) 

Protein 11_10095 5H 137.16 0.24 1.50E-04 1.92 QGpc5H.137 Pos 3 QPro.pil-5H.1 (141) Hordeum-Pillen-5H Pillen et al. (2003) 

Protein 11_10254 5H 179.06 0.45 0.0057 1.28 
QGpc5H.177-

180 
Pos 3 QGpc.DiMo-5H.2 (176.13) Hordeum-OWB-OPA2008-5H Oziel et al. (1996) 

Szucs et al. (2009) 

Protein 12_10199 6H 45.44 0.16 9.21E-14 2.12 QGpc6H.45 Neg 3 QGpc.6H-Hvm74  See et al. (2002) 

Protein 12_31199 7H 86.44 0.09 0.0028 1.43 QGpc6H.86 Pos 3 QGpc.HaMo-7H (90.65) Hordeum-OWB-OPA2008-7H Marquez-Cedillo et al. (2001) 
Szucs et al. (2009) 

Protein 11_21209 7H 129.91 0.33 0.0074 1.14 QGpc7H.130 Pos 2 QGpc.DiMo-7H (122.25) Hordeum-OWB-OPA2008-7H Oziel et al. (1996) 
Szucs et al. (2009) 

Tw 12_11173 1H 101.45 0.09 1.70E-04 1.27 QTw1H.101 Neg 3 novel   

Tw 11_20340 2H 85.92 0.45 6.36E-06 1.3 QTw2H.86 Neg 2 
QTw.nab-2H (89.3-97.1) 

QTwt-2H.89 (89.68) 
Hordeum-HxM-base-2H 

Barley, OPA 2011, Consensus 
Marquez-Cedillo et al. (2001) 

Berger et al. (2012) 

Tw 12_30865 4H 33.38 0.43 0.0017 .46 QTw4H.33 Pos 2 QTw.nab-4H.2 (25-35.8) Hordeum-HxM-base-4H Marquez-Cedillo et al. (2001) 

Tw 11_20682 6H 75.21 0.41 0.0064 1.47 QTw6H.75 Neg 2 QTw.nab-6H.2 (67.6-75) Hordeum-HxM-base-6H Marquez-Cedillo et al. (2001) 

Tw 12_31441 7H 70.4 0.45 0.00078 .83 QTw7H.70 Neg 3 novel   

Yld 12_10579 2H 132.48 0.37 0.00019 1.7 QYld2H.132 Neg 2 QYld.Blky-2H.2 (134.8-146.2) Hordeum-QTLConsensus-Agronomic-2 Bezant et al. (1997) 

Yld 12_31010 3H 55.57 0.08 0.015 1.45 QYld3H.52 Pos 3 novel   

Table 2.6 Continued 
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Table 2.7. Significant marker-trait associations identified in the US Barley CAP spring germplasm based on analyses using STRUCTURE generated Q matrix to control for 
population structure. 

Trait† Marker‡ Chr§ cM¶ MAF# FDR†† r2‡‡ QTL‡‡‡ 
Effect of 

Minor Allele§§ 
Rating¶¶ Type## Map

†††
 References 

Hddt 11_20772 1H 139.79 0.16 6.84E-07 .99 QHd1H.140 Pos 3 QHd.HaMo-1H.2 (145.72) Hordeum-QTLConsensus-Agronomic-1 Laurie et al. (1995)    Marquez-
Cedillo et al. (2001) 

Hddt 12_30265 2H 63.53 0.39 2.28E-05 .77 QHd2H.64 Pos 3 
QHd.IgDa-2H (61.82) 
QHd.HaMo-2H (67.26) 

QHd.umn-2H.1 

Hordeum-QTLConsensus-Agronomic-2 
Hordeum-QTLConsensus-Agronomic-2 

Backes et al. (1995) 
Laurie et al. (1995) 

Marquez-Cedillo et al. (2001) 
Mesfin et al. (2003) 

Hddt 12_31525 3H 126.27 0.09 0.0003 .58 QHd3H.126 Pos 3 QHd.DiMo-3H (118.86-138.62) Hordeum-QTLConsensus-Agronomic-3 Pan et al. (1994) 

Hddt 12_30554 4H 96.59 0.32 0.0004 .56 QHd4H.97 Pos 2 QHd.IgTr-4H (90.93) Hordeum-QTLConsensus-Agronomic-4 Laurie et al. (1995) 

Hddt 12_30893 7H 37.55 0.32 0.0004 1.36 
QHd7H.36-

38 
Pos 3 

QHd.IgDa-7H.1 (41.42) 
QHd.IgTr-7H.1 (41.42) 

QHd.HaMo-7H (40.15-48.60) 

Hordeum-QTLConsensus-Agronomic-7 
Hordeum-QTLConsensus-Agronomic-7 
Hordeum-QTLConsensus-Agronomic-7 

Backes et al. (1995) 
Laurie et al. (1995) 

Marquez-Cedillo et al. (2001) 

Plht 12_31276 1H 27.35 0.23 0.0164 .53 QHt1H.27 Neg 2 
QHt.StMo-1H (14.76-26.80) 

QPh-1H.30 (30.15) 
Hordeum-QTLConsensus-Agronomic-1 

Barley, OPA 2011, Consensus 
Hayes et al. (1993) 
Berger et al. (2012) 

Plht 12_31467 1H 47.47 .50 0.0658 .89 QHt1H.47 Pos 2 novel   

Plht 11_10224 3H 56.4 0.41 0.0299 .45 QHt3H.56 Pos 2 
QHt.HaMo-3H.3 (49.06-62.23) 

QHt-3H.56 
Hordeum-QTLConsensus-Agronomic-3 Marquez-Cedillo et al. (2001) 

Rode et al. (2012) 

Plht 12_30096 3H 127.1 0.39 0.0164 .53 QHt3H.127 Neg 3 QHt3HL  
Barua et al. (1993) 
Bezant et al. (1996) 
Laurie et al. (1993) 

Plht 11_21070 4H 26.19 0.4 9.25E-05 1.04 QHt4H.26 Neg 3 QHei.pil-4H.1 (24) Hordeum-Pillen-4H Pillen et al. (2003) 

Plht 11_10870 5H 0 0.06 0.0059 .63 QHt5H.0 Pos 3 QHt.HaTR-5H.1 (9.05) Hordeum-QTLConsensus-Agronomic-5 Spaner et al. (1999) 
Tinker et al. (1995) 

Plht 12_30619 5H 113.83 0.07 9.87E-05 2.70 QHt5H.114 Pos 2 novel   

Plht 12_30319 6H 0 0.07 0.0039 .68 QHt6H.0 Neg 3 novel  
 

Plht 12_10218 7H 39.04 0.3 2.45E-05 3.51 QHt7H.39 Neg 3 QHt.7HL  Bezant et al. (1996) 

Plump 12_30348 1H 55.49 0.12 0.0001 2.43 QKp1H.55 Pos 2 novel  
 

Plump 11_20340 2H 85.92 0.45 9.04E-10 1.59 QKp2H.86 Neg 2 QKps.nab-2H (89.30-97.1) Hordeum-HxM-base-2H Marquez-Cedillo et al. (2001) 

Plump 12_31095 2H 116.49 0.22 0.0093 .47 
QKp2H.113-

116 
Neg 2 QKp.HaMo-2H (113.49) Hordeum-OWB-OPA2008-2H Marquez-Cedillo et al. (2001) 

Szucs et al. (2009) 

Plump 11_10065 2H 130.01 0.17 0.0277 .44 QKp2H.130 Neg 1 novel  
 

Plump 11_20777 4H 26.66 0.41 3.02E-06 3.17 QKp4H.27 Pos 2 QKp.HaMo-4H (25.94) Hordeum-OWB-OPA2008-4H Marquez-Cedillo et al. (2001) 
Szucs et al. (2009) 

Plump 11_20894 5H 2.09 0.19 0.0270 1.08 QKp5H.2 Neg 1 QKp.HaTr-5H (0) Hordeum-OWB-OPA2008-5H Mather et al. (1997) 
Szucs et al. (2009) 

Plump 11_20708 5H 51 0.32 0.0403 .39 QKp5H.51 Pos 1 QKp.nab-5H.1 (42-49.5) Hordeum-HxM-base-5H Marquez-Cedillo et al. (2001) 

Plump 11_21061 5H 110.26 0.46 0.0064 1.39 QKp5H.110 Pos 2 QKp.HaMo-5H.1 (113.77) Hordeum-OWB-OPA2008-5H Marquez-Cedillo et al. (2001) 
Szucs et al. (2009) 

Plump 11_20076 7H 0 0.11 0.0004 .73 QKp7H.0 Neg 3 novel  
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† 

Agronomic trait; Hddt-Heading date, Plht-Plant height, Plump-Kernel plumpness, Protein-Grain protein content, Tw-Grain test weight, Yld-Grain yield. 
‡ Marker; most significant marker showing association with agronomic trait based on Barley Oligonucleotide Pool Assay nomenclature. 
§ Chr; chromosome on which significant marker-trait association was identified. 
¶ cM; position on chromosome, in centimorgans, where significant marker-trait association was identified according to Close et al. (2009). 
# MAF; minor allele frequency. 
†† FDR; false discovery rate p-value, calculated according to Benjamini and Hochberg (Benjamini and Hochberg 1995). 
‡‡ r2; Percent of trait variation explained by the SNP, taken from most significant association from the three analyses. 
‡‡‡ QTL; tentative QTL name for significant marker-trait association, name consists of trait, chromosome, and location. 
§§ Effect of Minor Allele; indicates whether the minor allele has a positive or negative impact on the respective trait. 
¶¶ Rating; indicates the rating given to the marker-trait association, see text for explanation. 
##Type; indicates whether the marker-trait association has been previously identified, if previously identified reported QTL name is given. 
††† Map; gives the name of the supporting map in GrainGenes 2.0 in which previously identified QTL are reported.   

             
Plump 11_10346 7H 61.32 0.16 0.0459 .96 QKp7H.61 Neg 1 QKp.nab-7H (60.60-76.7) Hordeum-HxM-base-7H Marquez-Cedillo et al. (2001) 

Plump 11_21201 7H 98.5 0.12 0.0021 .60 QKp7H.98 Neg 3 novel  
 

Protein 11_11400 2H 53.53 0.06 8.83E-05 .68 QGpc2H.54 Neg 2 QGpc.StMo-2H.1 (55.21) Hordeum-OWB-OPA2008-2H Hayes et al. (1993) 
Szucs et al. (2009) 

Protein 11_20340 2H 85.92 0.45 0.0107 1.21 QGpc2H.86 Neg 3 QPc.nab-2H.1 (89.3-97.1) Hordeum-HxM-base-2H Marquez-Cedillo et al. (2001) 

Protein 11_21070 4H 26.19 0.4 0.0263 .42 QGpc4H.26 Neg 3 QGpc.HaMo-4H (25.94) Hordeum-OWB-OPA2008-4H Marquez-Cedillo et al. (2001) 
Szucs et al. (2009) 

Protein 12_20770 5H 42.32 0.08 0.0082 1.45 QGpc5H.42 Neg 2 QGpc.DiMo-5H.1 (44.85) Hordeum-OWB-OPA2008-5H Oziel et al. (1996) 
Szucs et al. (2009) 

Protein 11_10095 5H 137.16 0.24 0.0226 1.06 QGpc5H.137 Pos 2 QPro.pil-5H.1 (141) Hordeum-Pillen-5H Pillen et al. (2003) 

Protein 11_10254 5H 179.06 0.45 0.0417 .36 
QGpc5H.177

-180 
Pos 2 QGpc.DiMo-5H.2 (176.13) Hordeum-OWB-OPA2008-5H Oziel et al. (1996) 

Szucs et al. (2009) 

Protein 12_10199 6H 45.44 0.16 1.71E-16 2.58 QGpc6H.45 Neg 3 QGpc.6H-Hvm74  See et al. (2002) 

Protein 12_31199 7H 86.44 0.09 0.0158 .46 QGpc6H.86 Pos 3 QGpc.HaMo-7H (90.65) Hordeum-OWB-OPA2008-7H Marquez-Cedillo et al. (2001) 
Szucs et al. (2009) 

Protein 11_21209 7H 129.91 0.33 0.0371 .97 QGpc7H.130 Pos 2 QGpc.DiMo-7H (122.25) Hordeum-OWB-OPA2008-7H Oziel et al. (1996) 
Szucs et al. (2009) 

Tw 12_11173 1H 101.45 0.09 0.0007 .51 QTw1H.101 Neg 3 novel  
 

Tw 11_20340 2H 85.92 0.45 1.53E-05 .74 QTw2H.86 Neg 2 
QTw.nab-2H (89.3-97.1) 

QTwt-2H.89 (89.68) 
Hordeum-HxM-base-2H 

Barley, OPA 2011, Consensus 
Marquez-Cedillo et al. (2001) 

Berger et al. (2012) 

Tw 12_30865 4H 33.38 0.43 0.0056 .89 QTw4H.33 Pos 2 QTw.nab-4H.2 (25-35.8) Hordeum-HxM-base-4H Marquez-Cedillo et al. (2001) 

Tw 11_20682 6H 75.21 0.41 0.0264 .3 QTw6H.75 Neg 2 QTw.nab-6H.2 (67.6-75) Hordeum-HxM-base-6H Marquez-Cedillo et al. (2001) 

Tw 12_31441 7H 70.4 0.45 0.0054 .41 QTw7H.70 Neg 3 novel  
 

Yld 12_10579 2H 132.48 0.37 0.0321 1.8 QYld2H.132 Neg 1 QYld.Blky-2H.2 (134.8-146.2) Hordeum-QTLConsensus-Agronomic-2 Bezant et al. (1997) 

Yld 12_31010 3H 55.57 0.08 0.0210 1.42 QYld3H.52 Pos 2 novel  
 

Table 2.7 Continued 
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Figure 2.4. Manhatten plots of the results obtained from all analyses using PCA to control 
for population structure. Chr
and are not included in the results.
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. Manhatten plots of the results obtained from all analyses using PCA to control 
for population structure. Chromosome 10 represents markers that have not been mapped 
and are not included in the results. Panels are labeled accordingly. 

 

 
 
 
 
 
 
 

 

. Manhatten plots of the results obtained from all analyses using PCA to control 
omosome 10 represents markers that have not been mapped 
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Abstract 
 
 

Malting quality has been one of the primary focuses in barley (Hordeum vulgare 

L.) breeding programs but has been difficult for breeders to manipulate due to the 

quantitative nature of the traits involved. To assist in breeding for malt quality traits, 

identifying the genomic regions that impact these traits is essential. Two populations 

were used to conduct genome-wide association studies in order to elucidate the alleles 

responsible for variation in malting traits. The first population, composed of 367 lines 

genotyped with 3,072 SNP markers, represented the entire germplasm of the Montana 

State University barley breeding program, including feed, food, and malt lines. The 

second population, with 650 lines genotyped with 384 SNPs, consisted of eleven bi-

parental families whose parents were cultivars and elite experimental lines developed 

strictly for malting purposes. Lines were phenotyped at the USDA-ARS Cereal Crops 
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Research Unit in Madison, Wisconsin. Mixed linear models were applied to the data 

using a Q+K approach in order to identify single marker-trait associations accounting for 

population structure and relatedness among lines. Fifty four significant marker-trait 

associations were found. The results of this work give a comprehensive overview of the 

salient regions of the barley genome impacting malting traits.in Western US adapted two-

rowed barley germplasm. 

 
Introduction 

 
 

Malting quality has been one of the primary foci of barley (Hordeum vulgare L.) 

improvement in contemporary breeding programs throughout the world. This is due to 

the fact that the production of malt for fermented beverages represents the largest value-

added use for barley (Schwarz and Li 2011b), and as such a high premium is paid for 

quality malting grade barley. However, malting quality has been difficult for breeders to 

manipulate due to the quantitative nature of the traits involved as well is the 

interrelatedness among the quality component traits (Hayes and Jones 2000). Another 

factor impacting malting quality improvement is that malt quality phenotyping is 

typically done at later stages of the breeding cycle after a significant amount of resources 

have been used in the development of potential lines (Mather et al. 1997). A significant 

amount of time and money is required for malt quality phenotyping which further hinders 

development of superior malting cultivars (Han et al. 1997). If gains in malting quality 

performance are to be achieved, than new methods of barley breeding will need to be 

incorporated into breeding programs. 
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Quantitative trait loci (QTL) mapping is a technique used to detect associations 

between phenotype and regions of a genome impacting that phenotype using molecular 

markers (Lander and Botstein 1989). The common method that has been used in plant 

research is bi-parental mapping. This method involves the creation of a population that is 

segregating for traits of interest followed by genotyping the experimental lines and 

testing for associations. Although this method has proven successful for numerous crop 

species (see (Bernardo 2008) for a review), it has its own shortcomings which limit its 

applicability to breeding. These include: limited allelic variation due to only using two 

parents; genetic background effects limit inference of allelic effects estimates; limited 

recombination in study population causes poor localization of QTL; low power and 

accuracy due to small population sizes; and having to construct a population segregating 

for the traits of interest (Gutierrez et al. 2011; Jannink et al. 2001). Although bi-parental 

mapping has been valuable in dissecting crop traits for improvement, advances in 

genomic tools in conjunction with improved statistical methods have led to the 

widespread use of genome-wide association studies (GWAS). 

GWAS overcome many of the limitations that hamper traditional bi-parental 

mapping methods (Jannink et al. 2001). GWAS rely on linkage disequilibrium (LD), the 

nonrandom association alleles, being degraded over many generations of recombination 

events. Due to the increased amount of historical recombination present in a mapping 

panel, mapping resolution is greatly increased since linkage blocks are more effectively 

broken up (Gupta et al. 2005). This is important in applied breeding because it leads to 

the significant marker being more tightly linked to the QTL impacting the trait, and 
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reduces the likelihood that recombination will occur between the QTL and the diagnostic 

marker in further rounds of crossing and selection. Since GWAS are not dependent on 

specific crossing designs or population development, a mapping panel can be assembled 

that has direct relevance to the intended goals of the study (Wurschum 2012). Other 

advantages include sampling more allelic variation as mapping panels contain more 

diversity than can be achieved by using two contrasting parents, use of historical data that 

is available in breeding programs, and direct applicability to applied breeding as QTL and 

their associated effects are estimated in breeding populations (Kraakman et al. 2006; 

Kraakman et al. 2004).  

In order to effectively utilize GWAS, a large number of molecular markers must 

be used to make sure that LD is present between causative alleles and the marker (Newell 

et al. 2012). Previously, this was problematic as the testing and screening of markers on 

lines was a time consuming process. With the declining cost of marker development and 

subsequent assays, having a sufficient number of markers is often of little concern. This 

is beneficial for regional barley breeding programs because it opens the possibility of 

genotyping an even greater number of lines without exorbitant costs. Breeding programs 

routinely collect phenotypic data on a large number of experimental lines, including 

agronomic and malting quality data. With the addition of genotypic information, the 

germplasm of a breeding program becomes an ideal association mapping panel. 

The benefit of using breeding germplasm is that the results of the GWAS apply 

directly to breeding programs; this means that identified QTL and their associated effects 

can be interpreted in a meaningful manner and that significant markers can be 
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immediately used for marker-assisted selection for trait improvement (Asoro et al. 2013). 

This has large ramifications for improving malting quality performance. As stated 

previously, malting quality phenotyping is time consuming and expensive and thus only 

the most promising lines should be evaluated. This is deleterious because typically only 

lines that have been advanced to final stages of development are tested, and thus inferior 

lines receive an equal portion of limited resources. Marker-assisted selection allows the 

possibility of identifying lines carrying beneficial alleles for malting quality traits at an 

early stage of evaluation which translates into more efficient use of resources. Marker-

assisted selection also offers the possibility of shortening the breeding cycle as lines 

harboring the desirable alleles at key loci can be used as parents in the next generation 

without undergoing extensive testing. By decreasing the cycle time, more genetic gain be 

realized leading to improved malting cultivars that are developed at a faster rate while 

still maintaining the strict quality standards required of malting grade barley (Moose and 

Mumm 2008). 

In the present study, our goal was to identify marker-trait associations impacting 

malting quality performance in the Montana State University (MSU) barley breeding 

program. To accomplish this goal we used two germplasm panels, one representing the 

entire germplasm of the MSU breeding program and the other representing the elite 

malting germplasm. Using the associated genotypic data, we conducted GWAS studies in 

both panels to identify regions of the barley genome impacting malting quality traits, as 

well as agronomic traits, so that the results could be utilized in our program. We were 

able to detect 54 significant marker-trait associations demonstrating that contemporary 
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breeding germplasm is useful for conducting GWAS. Furthermore, we have implemented 

the results of this study for selection of superior malting cultivars in our own breeding 

program.  

 
Materials and Methods 

 
 

Germplasm Material 

For our study we used two germplasm panels representing the entirety of the 

Montana State University Barley Breeding Project. The first panel was comprised of elite 

lines representing the malt, feed, and food end use categories of barley. These lines were 

part of the Barley Coordinated Agricultural Program (CAP), for more information please 

see www.barleycap.org. As part of the Barley CAP, 96 lines were submitted each year for 

malting quality analysis with years running from 2006 through 2009 giving a total of 367 

lines. This panel is subsequently referred to as the CAP panel. 

The other panel of lines that was used for analysis represent the elite malting 

germplasm of the MSU breeding program. This panel is comprised of eleven families 

derived from crosses between advanced generation malting lines as well as two current 

accepted malting varieties; the total population size was 650 lines. These lines were 

grown out in 2012 and this panel is subsequently referred to as the Malt panel. 

All of the lines used in this study were grown at the Arthur Post Research Farm 

(latitude 45° 40' N, longitude 111° 09' W) located near Bozeman, MT. A randomized 

complete block design was used for field trials of lines used in this study and 
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experimental plots were managed following standard yield trial procedures. For the Malt 

population this included two replications under irrigated conditions. 

 
Phenotype and Genotype Data 

The malting quality phenotyping was conducted at the USDA-ARS Cereal Crops 

Research Unit located in Madison, WI. All traits were measured according to American 

Society of Brewing Chemists (1992) protocols. The traits that were measured are as 

follows: kernel weight (mg), kernel plumpness (% on 6/64 sieve), grain protein content 

(%), malt extract (%), wort protein (%), soluble to total protein ratio (%), diastatic power 

(°ASBC), alpha-amylase activity (20°DU), beta glucan content (ppm), and free amino 

nitrogen (ppm). The data for beta glucan content were transformed using a log 

transformation, and the data for kernel plumpness were also transformed using an arcsine 

square root transformation. Summary statistics were generated using PROC 

UNIVARIATE in the statistical software SAS version 9.3 (SAS Institute 2012). PROC 

CORR was used to determine the correlation coefficients among traits. 

Due to the nature of malting quality traits being correlated and the fact that some 

traits measure similar properties, e.g. wort protein, soluble to total protein ratio, and free 

amino nitrogen measure protein levels in the wort, principal component analysis (PCA) 

was used to generate a set of uncorrelated variables using the princomp function in R (R 

Development Core Team 2012). The corresponding eigenvectors were then used as the 

phenotypes in subsequent association analyses. The results of the PCA were also used to 

construct a biplot using the biplot function in R. This was done for only the Malt panel. 
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In addition to the malting quality analysis data, agronomic data were also 

collected on the Malt panel for inclusion in analysis. The traits that were measured were 

heading date, plant height, grain test weight, and yield. Heading date was measured as the 

time at which 50% of the spikes had emerged from the boot, reported as Day of Year. 

Plant height was measured as the average height of an arbitrary sample of plants gathered 

from the middle of the plot and reported in centimeters. Grain test weight was reported as 

grams/liter and yield was reported as kilograms/hectare The least square means from the 

two replications under irrigated conditions were found using PROC GLM in SAS; 

summary statistics were also generated using PROC UNIVARIATE. 

The lines in the CAP panel were genotyped at the USDA-ARS Biosciences 

Research Lab located in Fargo, ND. Lines were genotyped using two Barley Oligo Pool 

Assays (BOPA1 and BOPA2), composed of 1,536 single nucleotide polymorphism 

markers, SNPs, each, on the Illumina GoldenGate platform (Illumina Inc., San Diego, 

CA). The design and development of the two BOPAs is described in detail in Close et al. 

(2009). For placement of markers, the genetic map developed by Munoz-Amatriain et al. 

(2011) was used.  

The lines in the Malt panel were genotyped using a subset of 384 markers from 

the two BOPAs previously described. These markers were selected based on the criteria 

of being polymorphic in the parents of the eleven crosses as well as providing good 

genome coverage. The selected markers were genotyped using the Illumina VeraCode 

Assay (Illumina Inc., San Diego, CA) at the USDA-ARS Eastern Regional Small Grains 

Genotyping Lab located in Raleigh, NC.  
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Population Structure and 
 Linkage Disequilibrium Analyses 

Since the CAP panel was a collection of numerous lines, population structure 

needed to be assessed in order to control for spurious marker-trait associations. In order 

to assess if there was any significant population structure present in the CAP panel, PCA 

was conducted on the SNP marker data using the prcomp function in R. The resulting 

principal component loadings for each line were then graphed to see if there was any 

distinct clustering. In conjunction with the PCA, a model-based Bayesian MCMC method 

employed by the program STRUCTURE (Falush et al. 2003; Pritchard et al. 2000) was 

also used. A reduced set of 136 markers that were spaced approximately 7 to 11 cM apart 

were used to estimate population structure and to calculate a subpopulation matrix, Q. A 

range from 1 to 10 hypothetical subpopulations was modeled using a burn-in of 5,000 

cycles with 25,000 MCMC iterations with 20 independent runs at each subpopulation 

level. The optimal subpopulation level was chosen using the method of Evanno et al. 

(2005). Once the optimal subpopulation number was found, it was used in the final 

analysis conducted using a burn-in period of 50,000 and 200,000 MCMC iterations to 

calculate the final Q matrix. 

Linkage disequilibrium was measured as the squared correlation, r2, between pairs 

of SNP markers (Pritchard and Przeworski 2001). To calculate the r2 values, the software 

program TASSEL version 3.0 (Bradbury et al. 2007) was used with a sliding window of 

50 adjacent pairwise SNPs measuring intrachromosomal LD. The calculated r2 values 

were exported to R were they were plotted against the genetic distance between markers, 
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in cM. A smoothed line was fitted to the points and the point at which LD decayed below 

0.2 was used as the estimate of LD. 

 
Association Analyses 

Association analyses were performed using a mixed linear model (Zhang et al. 

2010) implemented in the “GAPIT” R package (Lipka et al. 2012). Analysis of the CAP 

panel was performed using a Q+K mixed model approach by setting the number of 

principal components equal to one. Since the phenotypic data represent multiple years, a 

covariate was added to the model to account for the year effects. To analyze the Malt 

panel a different approach was taken. Because the pedigree and therefore the population 

structure was known a priori, family was fitted as covariate in the model to account for 

structure due to the crossing design. This was fitted in conjunction with kinship matrix 

(K) which accounts for between line relatedness. Both analyses used P3D (see Lipka et 

al. for further explanation). Significant marker-trait associations that had a false 

discovery rate (FDR) adjusted p-value of less than 0.05 were declared significant. 

Markers with minor allele frequencies (MAF) below 0.05 were not included in the results 

and those markers with more than ten percent missing data were removed prior to the 

analyses. The percent variation explained by each SNP (r2 not to be confused with r2 for 

correlation between allele frequencies) was taken from the “GAPIT” output. 
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Results 
 
 

Phenotypic and Genotypic Data 

Summary statistics for each trait are presented in Table 3.1. The barley lines used 

in this study represent the genetic variation that is present in the Montana State 

University breeding germplasm and as such there is an appreciable amount of phenotypic 

variation for all of the traits investigated in this work. Comparing the standard deviations 

across years for each of the traits revealed that the amount of variation appears to be 

consistent. The amount of phenotypic variation present in the Malt panel was comparable 

to the CAP panel. This is beneficial since the Malt panel represents a narrower 

germplasm base than the CAP panel; this implies that genes and QTL impacting malting 

quality are segregating in the Malt panel which is ideal for GWAS. An analysis of 

variance also confirmed that there were significant differences among genotypes as well 

as years (results not shown).  

To investigate the relationship among the traits, a correlation analysis was also 

performed, with results presented in Table 3.2. The correlation coefficients ranged from -

0.6 to 0.95. The results from the principal component analysis of the traits found that the 

first four principal components captured 79% of the total variation in the malting quality 

data set (results not shown). Principal component 1 (PC1) accounted for 43.6% of the 

malting quality data variation, PC2- 15.5%, PC3- 10.7%, and PC4- 9%. In order to 

visualize the relationship among traits a biplot was constructed, Figure 3.1. The biplot 

highlights the relationship among traits with the angle between trait vectors representing 
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correlation among the traits and the length of the vector indicating the variation for that 

trait. The biplot shows that traits that measure similar characteristics group together e.g. 

kernel weight, kernel plumpness, and test weight, traits that measure seed size and 

density, all have vectors in the same direction with similar amounts of trait variation. This 

pattern is also seen for the developmental traits heading date and plant height whose 

vectors are nearly on top of each other. The malting quality traits also grouped together. 

The genotype information used in this study can be summarized as follows. After 

removing markers missing more than 20% of their data and monomorphic markers, there 

were 2064 markers in the CAP panel and 357 markers in the Malt panel. Both panels had 

good genomic coverage with an average distance between markers of 1.18 and 3.38 cM 

for the CAP and Malt panels, respectively. The number of unique genomic locations, 

accounting for markers mapping to the same location, was 969 for the CAP panel and 

346 for the Malt panel. In terms of genome coverage, there was one and four gaps greater 

than ten cM in the CAP and Malt panels, respectively.  

 
Population Structure 

The population structure of the CAP panel was investigated so that population 

structure could be accounted for in subsequent association analyses. The results of PCA 

revealed that there was some subdivision within the germplasm. Principal component one 

accounted for ~12.5% of the variation in the CAP panel and separated a subgroup of lines 

from the rest of the germplasm. Principal component two accounted for ~9.5% of the 

germplasm variation and further separated the subgroup of lines which can be seen in 
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Figure 3.2A. Also, the lines comprising the 2009 entries tend to fall on the right of the y 

axis which is further support of population subdivision. With respect to the remainder of 

the germplasm, there appeared to be no strong population structure among the 2006, 2007 

and 2008 entries as the lines were dispersed about both axes. To further investigate 

population structure we conducted a model-based structure analysis using the program 

STRUCTURE. The results indicated that the optimal subpopulation number was K=2.  

We also used PCA to investigate the population structure present in the Malt 

panel. Due to the Malt panel being composed of eleven bi-parental families we knew that 

there would indeed be population subdivision. The results of the PCA confirmed this, 

Figure 3.2B. Principal component one accounted for ~12% of the Malt germplasm 

variation and principal component two accounted for ~9.6%, similar results to those 

obtained from the analysis of the CAP panel. These two principal components divided the 

Malt panel into approximately four subgroups with three of those subgroups composed of 

individual families and the fourth a collection of the other families.  

The squared allele-frequency correlations (r2) for all intrachromosomal, pairwise 

SNP comparisons were evaluated in both panels to assess the amount of LD and the 

resolution of the mapping panels. In the CAP panel, LD was found to extend up to 

approximately 7.5 cM and in the Malt panel it was found to be approximately 13 cM, 

which is comparable to other studies with narrower germplasm (Berger et al. 2012; Rode 

et al. 2012). 
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Association Analyses 

Genome-wide association mapping was conducted on two germplasm panels in 

the MSU barley breeding program. The CAP panel represents the entire germplasm 

including lines developed for malting, feed, and food barleys and the Malt panel which 

represents the elite malting germplasm. We analyzed the two populations independently 

for ten malting quality traits and for the Malt panel we included the agronomic traits of 

heading date, plant height, grain test weight, and grain yield as well as the additional 

malting trait free amino nitrogen.  

We found a total of 54 significant marker-trait associations representing 33 

unique genomic locations. The number of marker-trait associations found on each 

chromosome is as follows: 1H-3, 2H-13, 3H-1, 4H-7, 5H-17, 6H-3, and 7H-10. The 

number of marker-trait associations for each trait analyzed are as follows: alpha amylase 

activity (AA)-2, beta glucan content (BG)-5, diastatic power (DP)-3, malt extract (ME)-6, 

kernel plumpness (PLP)-6, free amino nitrogen (FAN)-4, kernel weight (KW)-4, grain 

protein content (PRO)-3, ratio of soluble to total protein (ST)-4, and wort protein (WP)-3. 

For the agronomic traits we found for heading date (HDT)-3, plant height (PLT)-4, grain 

test weight (TW)-5, and grain yield (YLD)-2. The median minor allele frequency of 

significant marker-trait associations was .181 and the median FDR p-value was    

6.33x10-3. There were nine significant marker-trait associations identified in the CAP 

panel, forty identified in the Malt panel, and five identified in both panels. 

We cross-referenced our findings with the QTLs deposited in GrainGenes 2.0 

(USDA-ARS 2012) to assess the consistency of our results with previous works. The 
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QTL deposited in GrainGenes are from numerous bi-parental studies and have been 

integrated with the marker platform used in this work. Of the 54 marker-trait associations 

we found, 24 had been previously reported. In numerous cases we detected associations 

that mapped to regions that had QTL reported for similar traits e.g. a wort protein 

association was found on 2H at 68.07 and in GrainGenes there is a QTL for grain protein 

at the same location. These instances are not included in the 24 previously reported. The 

results were used to construct a genetic map showing the location of significant 

associations, Figure 3.3. For the sake of brevity, refer to Table 3.3 for complete 

information on the identified marker-trait associations as well as the corresponding 

reference in which QTLs were previously reported. A brief summary of the results is 

presented below. 

There were three regions of the genome that had several marker-trait associations, 

these three regions were on chromosome 2H at approximately 68 cM, 5H at ~ 189 cM, 

and 7H at ~32 cM. Significant marker-trait associations for plant height were found at all 

three locations and associations for heading date were found at two of the locations (on 

2H and 7H). Heading date and plant height are traits that are typically correlated in barley 

(Bezant et al. 1996) which is indicative of pleiotropic gene action. This was observed in 

our work, the correlation between the traits was 0.57, and the heading date and plant 

height marker-trait associations located on chromosome 2H and 7H correspond with 

regions of the genome known to contain genes impacting flowering time response. The 

region on chromosome 2H corresponds with Ppd-H1, a gene that controls photoperiod 

response (Laurie et al. 1995; Turner et al. 2005). This region accounted for 1.84 % and 
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2.24 % of trait variation for heading date and plant height respectively. The region on 

chromosome 7H is near VRN-H3, a gene that is involved in vernalization response and a 

determinate of flowering time (Karsai et al. 2008). VRN-H3 is a homolog to Flowering 

Locus T in Arabidopsis (Yan et al. 2006). This region accounted for 3.76% and 3.48% of 

trait variation for heading date and plant height, respectively. Our results are in 

agreement with previous works; Wang et al. (2012) identified the same two regions in 

their GWAS of heading date in contemporary barley breeding programs using a similar 

marker platform. These regions have also been found to be significant in multiple bi-

parental mapping studies (Backes et al. 1995; Marquez-Cedillo et al. 2001).  

There were numerous malting quality traits that mapped to these three locations as 

well. On chromosome 2H there were five traits, beta glucan content, malt extract, free 

amino nitrogen, soluble to total protein ratio, and wort protein, that all had significant 

marker-trait associations. This region of the barley genome contains the HvCslF cluster 

which has multiple cellulose synthase-like (Csl) F genes implicated in (1,3:1,4)-β-glucan 

synthesis (Schreiber et al. 2014). This region accounted for 1.13% of variation in beta 

glucan content in our study. Beta glucan content was strongly, negatively correlated with 

the other four quality traits that mapped to this region with values ranging from -0.42 for 

free amino nitrogen to -0.6 for malt extract.  In addition, traits that impact seed size and 

density, kernel weight, kernel plumpness, and test weight, also mapped to this same 

location.  

Several traits mapped to the genomic region on chromosome 5H near the end of 

the chromosome. We detected significant marker-trait associations in this region for the 
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following traits (with percent of phenotypic variation explained): alpha amylase (8.25%), 

beta glucan content (2.46%), wort protein (6.69%), malt extract (2.57%), free amino 

nitrogen (7.4%), and soluble to total protein ratio (6.47%). All of the marker-trait 

associations that we are reporting for this region have been previously detected in bi-

parental mapping studies with the exception of wort protein which is not reported in 

GrainGenes. This region of the barley genome has consistently been detected for multiple 

malt quality traits in several studies (Collins et al. 2003; Hayes et al. 2003; Li et al. 2003; 

Li et al. 2005; Marquez-Cedillo et al. 2000; Mather et al. 1997; Panozzo et al. 2007) and 

our results agree with those. Mano and Takeda (1997) mapped an abscisic acid QTL to 

this region which impacts germination rate, and other studies have identified this region 

as impacting seed dormancy, vigor, and pre-harvest sprouting (Gao et al. 2003; Han et al. 

1996; Li et al. 2003; Ullrich et al. 1996). Given the high percent phenotypic variation 

explained (r2) values, the exceptionally low FDR p-values, and the results of previous 

studies, this region of the barley genome has a significant impact on malting quality 

traits.  

The third region of the barley genome that had multiple marker-trait associations 

was located on 7H at 32 cM. The traits that mapped to this region included kernel weight, 

kernel plumpness, and grain test weight, traits that are highly correlated, as well as 

heading date and plant height which were previously discussed. The percent phenotypic 

variation explained by these marker-trait associations were all approximately 1%, and 

these significant associations have all been previously identified in bi-parental mapping 

studies. As described earlier, the gene VRN-H3 is located in this region and has a 
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significant impact on heading date and plant height as it regulates the vernalization 

response and is involved in determining flowering time. The three traits measuring seed 

size and density are all strongly, negatively correlated with heading date (-0.42 to -0.57) 

and to a lesser extent plant height (-0.28 to -0.3) which could explain their co-localization 

to this region of the genome. 

There were other marker-trait associations that corresponded with known genes. 

On chromosome 1H at 4.7 cM we detected an association for diastatic power in the same 

region where Aglu3 has been mapped (Szucs et al. 2009). Aglu3 is a gene that encodes for 

an α-glucosidase enzyme that is used to convert gelatinized starch and glucans into 

sugars. This association accounted for 1.57% of the phenotypic variation and had a strong 

FDR p-value implying it is a true association. On chromosome 4H we detected an 

association for heading date in the same region that the gene PhyB, a regulator of 

flowering time, has been mapped (Szucs et al. 2006). In this region we also detected 

marker-trait associations for free amino nitrogen and wort protein. The gene PDI, which 

encodes a protein disulfide isomerase that is used to catalyze proper protein formation, 

has been placed in this area (Szucs et al. 2009). Another gene residing in this area of 

chromosome 4H is DTDP, d-TDP-glucose dehydratase, which could impact seed starch 

levels (Szucs et al. 2009). Another major gene located on chromosome 4H is Bmy1, β-

amylase 1, which is the primary enzyme involved in degradation of terminal ends of 

amylopectin and amylose (Fincher 2011). In our results the most significant marker for 

diastatic power, a measure of β-amylase activity, was found at 130.8 cM and had an 

associated r2 value of 4.85%. Szucs et al. (2009) placed this gene more proximal to the 
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centromere at 125.36 cM whereas Walker et al. (2013) placed it at 145 cM. Our strong 

association for diastatic power, as measured by an FDR p-value of 1.39x10-18, is strong 

evidence that our placement of the Bmy1 gene, in context of the mapping panels used, is 

accurate despite not agreeing exactly with previous reports. We also found a significant 

marker-trait association for beta glucan content on chromosome 7H at 54.4 cM. This 

region has been previously reported to impact beta glucan content but has also been 

detected for α-amylase, diastatic power, and soluble to total protein ratio. The gene SS1, 

sucrose synthase 1 which is involved in the metabolism of sucrose, maps to this location 

(Szucs et al. 2009), but its relationship to beta glucan content is unknown.  

The results from the association analyses using principal components as traits 

identified eight regions of the genome impacting malting quality. Of the eight regions 

identified, only two did not correspond to marker-trait associations found in the analyses 

using the malting quality phenotype data. Those two associations were located on 

chromosome 1H at 96.95 cM and 6H at 86.96 cM. The three regions that had multiple 

traits map to them as described above (on chromosome 2H, 5H, and 7H) were all found 

to be significant for components one and two which together accounted for 59.1% of the 

malting trait variation. The region detected on chromosome 1H at 96.95 cM is close to a 

QTL reported in GrainGenes that impacts malt extract, beta glucan content, fine course 

difference, and grain test weight. The chromosome segment on 6H at 86.96 cM that we 

detected has also been previously reported in GrainGenes as a QTL impacting diastatic 

power. The results from this analysis elucidate which regions of the barley genome are 

responsible for controlling the majority of phenotypic variation in malt quality traits.  



102 

 

Discussion 
 
 

In the present study, we conducted genome-wide association mapping using two 

mapping panels to detect regions of the barley genome impacting mating quality traits. 

One of the panels encompasses all of the germplasm of the Montana State University 

barley breeding program and the other represents just the elite malting germplasm. We 

were able to identify 54 significant marker-trait associations impacting both malting 

quality as well as agronomic traits with 24 of those being previously reported from 

traditional bi-parental mapping studies. Our results show that genome-wide association 

mapping using contemporary breeding germplasm is effective at detecting both 

previously known QTL as well as novel QTL impacting important traits in barley. 

One of the potential drawbacks of using breeding germplasm for conducting 

genome-wide association studies is the reduced amount of phenotypic variation compared 

with the variation present in assembled diverse panels and the impacts that has on the 

ability to detect QTL. In our study we used two mapping panels, the CAP panel which 

was comprised of lines representing feed, food, and malting end use (broader genetic 

variation) and the Malt panel which was comprised of only malting lines (narrower 

genetic variation). In comparing the standard deviations for all the traits across the years, 

it can be seen that the Malt panel had similar amounts of variation when compared to the 

CAP panel even though the Malt panel is comprised of less diverse lines. This is not 

surprising given that the main focus of the MSU breeding program is development of 

malting cultivars and as such most of the germplasm is composed of malting lines. This is 
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advantageous because the results obtained have direct relevance to applied breeding in 

terms of estimated allele effects and important QTL impacting the traits in our 

germplasm. 

We chose to analyze these two populations separately for several reasons. The 

first was due to the composition of the panels, as stated above. The second reason was 

that the CAP panel was genotyped with a much denser set of SNP markers (2,064 

markers) than the Malt panel (357 markers) which can provide higher mapping 

resolution. Mapping resolution is impacted by the number of markers used as well as 

linkage disequilibrium (LD), the non-random association of alleles. In the CAP panel, LD 

was found to extend up to approximately 7.5 cM whereas in the Malt panel it was double, 

LD extended up to ~13 cM meaning that CAP panel had higher mapping resolution to 

better localize QTL. Another reason for analyzing them separately was controlling for 

year to year variation. In analyzing the CAP population, the data was combined over four 

separate years in order to increase the total population size. Although year was fitted as a 

covariate in the model to control for yearly variation in analyzing the CAP panel, this is 

not as ideal as having data from just one year. With the Malt panel, all 650 lines were 

grown out in one season eliminating the year to year variation that was present in the 

CAP panel. This has implications with regards to the results we obtained. The majority of 

marker-trait associations were found in the Malt panel, with only nine found exclusively 

in the CAP panel. This is likely due to the fact that combining data across years 

introduces a level of heterogeneity that cannot be accounted for solely by fitting year as a 

covariate which leads to excess "noise" in the data set. Often associations identified as 
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significant in the Malt panel were also found in the CAP panel, but in the CAP panel they 

did not pass the significance threshold of an FDR p-value of 0.05 and thus were not 

included. Associations that were found in the CAP panel were generally larger effect 

QTL, as assessed with percent phenotypic variation explained, which is not surprising 

since they would have to have a large effect to be detected in the more heterogeneous 

data set. 

The one potential drawback to our study was the lack of line replication. Malting 

quality phenotyping is expensive so replicating lines for analysis is not as advantageous 

as phenotyping more lines. Furthermore, allele replication is more important than line 

replication when conducting QTL studies. Knapp and Bridges (1990) investigated the 

relationship between line replication, allele replication, and population size. They found 

that regardless of the number of line replications used, power was more significantly 

impacted by increasing the replication of alleles and the population size. The absence of 

line replication in our study is allayed by the high replication of alleles and large 

population size. A final reason for analyzing the two panels independently is that each 

panel had its own respective population structure which would influence results.  

Population structure has been demonstrated to cause an increase in the number of 

false positive associations in genome-wide association studies (Atwell et al. 2010; 

Pritchard et al. 2000). Many crop species exhibit population stratification due to 

domestication events (Matsuoka et al. 2002), geographical centers of origins (Garris et al. 

2005), and selective breeding by humans (Hamblin et al. 2010). Although population 

structure can negatively affect the results of genome-wide association studies, several 
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studies have been conducted in the Poaceae family including rice (Agrama et al. 2007), 

wheat (Breseghello and Sorrels 2006), and more importantly barley (Cockram et al. 2010; 

Massman et al. 2010; Rode et al. 2012; Wang et al. 2012; Wang et al. 2011; Zhou and 

Steffenson 2013). Correction for population structure was needed in our study based on 

the fact that the lines used have been under strong selective pressure. Population structure 

was investigated using principal component analysis as well as a model-based analysis 

using the program STRUCTURE (Falush et al. 2003; Price et al. 2006; Pritchard et al. 

2000). The CAP panel did exhibit population stratification that needed to be corrected for 

in the analyses. It can be seen in Figure 3.2A that the lines from 2009 were not as 

dispersed as the other three years and formed their own subgroup in the upper right-hand 

corner of the plot. This subgroup was also identified by the STRUCTURE analysis which 

found the optimal number of subpopulations, K, to be 2. The subgroup identified by both 

analyses is a series of lines that were created by backcrossing to the dominant malting 

cultivar Hockett. The lines from the other three years were well dispersed implying that 

there was no other significant structure present in the CAP panel. These results led us to 

using one principal component in the association analyses as it adequately captured the 

subdivision present in the germplasm. The Malt panel was highly structured, which we 

expected. This is due to the fact that the Malt panel was composed of eleven bi-parental 

families made by crossing elite cultivars as well as promising experimental lines. 

Principal component analysis was carried out on the Malt panel and the family structure 

can clearly be seen in Figure 3.2B. Families 4, 5, and 10 all formed separate, distinct 

groupings whereas the remainder of the families formed one large grouping. Because the 
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structure of the Malt panel was known prior, and confirmed by PCA, we used family as 

covariate to control for the structure as opposed to using PCA or STRUCTURE results. 

This provided the best fitting model, as assessed with QQ plots and Bayesian Information 

Criteria (BIC) outputted by GAPIT (results not shown), compared with using PCA or 

STRUCTURE.  

In our analysis of malting quality traits, we included the agronomic data as well. 

This was done because agronomic data is used as the first selection criteria of promising 

malting lines and as such, identifying the regions of the genome that impact these traits 

can be useful. Also, agronomic traits provide a method of indirect selection since the two 

categories of traits tend to show correlation, as can be seen in the bottom half of Table 

3.2. This can best be exemplified by looking at the correlation between heading date and 

plant height with kernel weight/ plumpness, malt extract, wort protein, soluble to total 

protein ratio, free amino nitrogen, and α-amylase. The correlations are moderate, ranging 

from -0.23 to -0.51, implying that early generation selection on agronomic traits would 

lead to some genetic gain with respect to malting traits. Furthermore, acceptable 

agronomic performance would identify which lines should be evaluated for malting 

quality since, as pointed out before, phenotyping is expensive and should be reserved for 

the most promising lines. Our results also show that within our breeding program, 

malting quality is related to agronomic performance as a number of malting quality 

marker-trait associations mapped to the same regions as those controlling agronomic 

performance, e.g. the regions on chromosomes 2H and 7H. However, with our current 
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study we are unable to determine if this joint association of malting and agronomic traits 

mapping to the same region is due to linkage or pleiotropic gene action. 

The traits measured in malting quality analysis tend to be correlated as several of 

the traits measure similar properties e.g. wort protein, soluble to total protein ratio, and 

free amino nitrogen measure protein levels in wort and kernel plumpness and kernel 

weight measure grain size (Schwarz and Li 2011a). This can be seen by looking at the 

biplot in Figure 3.1. The traits listed above have vectors that lie nearly on top of each 

other indicating their strong relationship. This correlation among traits is one of the 

reasons we detected a significant number of marker-trait associations in our study, and 

the primary reason we also decided to use principal component analysis to construct a set 

of uncorrelated variables to be used in an association analysis. By using principal 

component analysis to deconstruct the malting quality data, we were able to identify the 

regions of the barley genome that have the largest impact on malting performance in our 

breeding program. This information is useful because it highlights the regions of the 

genome where selection will be the most useful in generating genetic gain. Although 

using PCA on phenotypic data in association mapping is not commonly employed, it is a 

viable method as demonstrated in our study by the identification of two previously 

reported QTL that impact malting quality.  

The combination of genetic and phenotypic variation, good marker coverage of 

the barley genome, acceptable levels of linkage disequilibrium, and the use of two 

germplasm panels proved to be ideal for conducting genome-wide association studies 

within a breeding program. We were able to identify 54 significant marker-trait 
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associations that impact malting quality and agronomic performance with almost half of 

those being previously reported from bi-parental mapping populations. This has 

important ramifications because it demonstrates that we had an ideal study population, 

correctly accounted for population structure, and that we were able to detect QTL in a 

narrower germplasm than is typically used in genome-wide association studies. A number 

of significant marker-trait associations map to regions known to contain genes that 

impact malting quality, Figure 3.3. Although the levels of linkage disequilibrium in our 

panels is higher than what would be seen in a more diverse germplasm panel, they still 

allowed us to localize QTL to reasonably well defined regions. However, with the 

mapping resolution present in our study, we are unable to rule out that the associations 

may be detecting other genes that are impacting malting quality traits other than the ones 

previously characterized since tens to hundreds of genes can reside in the area of the 

declared QTL. Nevertheless, even if the causative gene is unknown, having diagnostic 

markers in tight linkage with it is useful for marker-assisted selection. 

The region of the barley genome that had the most significant impact on malting 

quality in our study was the end of chromosome 5H, a common feature in QTL studies of 

malting quality (Zhang et al. 2011). The marker-trait associations that mapped to this area 

typically exhibited their highest percent phenotypic variation explained (r2) values, again 

implying that this region has a large impact on malting quality. This region of 

chromosome 5H affects two important features of malt barley performance, enzymatic 

activity and dormancy/pre-harvest sprouting (Li et al. 2003; Li et al. 2005). Our results 

support this area being vital with regard to enzymatic activity, however, we lack 
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germination data which precludes us from determining if this region also impacts 

germination/dormancy in our breeding program. Zhang et al. (2011) performed a detailed 

analysis of this region and determined that there exist multi-locus clusters for different 

malting quality traits which opens up the possibility that recombination in this area could 

generate new, useful genetic variation. For us to capitalize on malting improvement 

utilizing this genomic region, more markers would have to be developed as currently the 

high amount of linkage disequilibrium in this area, average r2 value of 0.98 for the four 

terminal markers, limits our ability to detect any recombination in this area with our 

current marker platform. Care would have to be taken to maintain the favorable alleles 

influencing germination/dormancy as reincorporating deleterious alleles would reduce 

genetic improvement associated with other allelic clusters in the area. One thing is clear, 

that genetic dissection of the telomeric region of chromosome 5H could have profound 

effects on malting quality improvement and should be an active area of investigation. 

One of the important findings of our study was that major genes impacting 

malting quality and agronomic performance are still segregating in our breeding program. 

This is somewhat surprising given that the lines used in this study, and specifically the 

Malt panel lines, have been under very strong selection pressure to meet strict quality 

standards and thus we would have predicted that these large effect loci would have 

become fixed. Most breeding programs, ours included, employ advanced cycle breeding 

(parental crosses based on good x good) which can decrease genetic variability (Falconer 

and Mackay 1996). The effects of advanced cycle breeding can be seen in our results as a 

number of marker-trait associations occur in “clusters,” like those on chromosomes 2H, 
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5H, and 7H already highlighted, due to the formation of linkage blocks. Recombination 

in these linkage blocks could release unexploited genetic variation and lead to additional 

genetic gain by breaking unfavorable allelic combinations (Simmonds 1979). The 

combination of large effect loci segregating in our breeding program, the identified 

linkage blocks, and the phenotypic variability present in our Malt panel indicates there is 

still relatively large amount of useable genetic variation for the development of superior 

malting cultivars. 

The goal of conducting genome-wide association studies in our breeding program 

was to identify regions of the barley genome impacting malting quality and agronomic 

performance so that the information could be directly applied in our breeding program. 

The QTL that we have detected represent genomic regions that have significant impact 

on these traits and thus represent areas where marker-assisted selection could be highly 

beneficial. This is especially true in cases where QTL aligned with known genes 

impacting malting quality such as Bmy1, Aglu3, and SS1. By having markers in tight 

linkage with known genes, we can monitor breeding progress in our program, assessing if 

allele frequencies are moving in the right direction and whether or not we have fixed 

beneficial alleles in our malting germplasm. The tight linkage between markers and genes 

also has a large impact on marker-assisted selection because the marker information can 

be used for many generations due to the diminished chance of recombination between the 

marker and known gene.  

We have already implemented the results from this study in our breeding program 

by using the marker information to select experimental lines based on their allelic states 
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at identified loci in conjunction with phenotypic data. These selected lines have been 

advanced to regional trials and are continuing to be evaluated. Another application of the 

genetic data is in the selection of parents. As noted above, advanced cycle breeding can 

decay genetic variation thereby reducing genetic gain and cultivar improvement. By 

using the genetic data we can assess the relatedness among individuals. By selecting lines 

that have high phenotypic performance but are more genetically diverse with respect to 

the base germplasm, we can make crosses that capitalize on genetic variability while 

maintaining high phenotypic performance. This should enable us to make significant 

genetic gain in our program with respect to malting performance, a hallmark of an 

effective breeding program. 

 
Conclusion 

 
 

Our study shows that carrying out genome-wide association studies in 

contemporary barley breeding programs can have very beneficial impacts. We were able 

to identify loci that have significant effects not only on malting quality but also on 

agronomic performance. These results have been directly applied to our breeding 

program and are yielding tangible results. This work also provides a paradigm for other 

barley breeding programs as it demonstrates the feasibility and utility of conducting this 

type of research and should yield valuable information for applied breeding. 
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Trait Year N µ σ Max Min Trait Year N µ σ Max Min 

Alpha amylase 
(20° DU) 

2006 95 56.01 15.68 97.18 35.63 Kernel Plumpness 
(%) 

2006 95 83.59 5.24 96.60 71.40 

2007 96 61.39 14.14 96.96 31.67 2007 96 89.82 9.30 98.10 44.30 

2008 80 52.01 15.60 95.00 31.22 2008 80 91.11 10.19 99.60 39.30 

2009 96 68.19 13.21 95.93 46.77 2009 96 88.72 6.69 96.60 66.70 

2012 650 73.21 19.63 124.10 35.00 2012 650 91.08 5.44 99.00 48.40 

Beta Glucan 
(ppm) 

 

2006 95 338.83 153.64 677.10 28.40 Grain Protein 
(%) 

2006 95 13.96 0.63 15.23 12.30 

2007 96 434.84 139.75 737.00 75.20 2007 96 14.09 0.89 16.75 12.38 

2008 80 245.22 190.70 1247.80 29.80 2008 80 12.35 0.86 14.40 10.35 

2009 96 154.99 64.80 391.00 68.70 2009 96 10.72 0.50 12.05 9.66 

2012 650 289.50 136.90 940.00 51.00 2012 650 14.16 0.81 16.60 11.90 

Diastatic Power 
(°ASBC) 

2006 95 126.04 32.02 283.00 71.72 Soluble/Total 
Protein 

(%) 

2006 95 32.91 5.44 45.24 25.89 

2007 96 126.09 27.52 209.30 75.52 2007 96 30.85 3.79 41.22 24.32 

2008 80 100.75 26.59 171.34 40.17 2008 80 34.83 4.66 48.83 25.98 

2009 96 112.15 20.58 157.77 79.38 2009 96 44.57 4.71 52.94 33.61 

2012 650 157.26 39.77 275.00 59.00 2012 650 33.32 5.35 52.10 23.30 

Malt Extract 
(%) 

2006 95 77.12 1.36 79.89 73.59 Wort Protein 
(%) 

2006 95 4.45 0.79 6.31 3.33 

2007 96 78.68 2.18 84.17 75.60 2007 96 4.21 0.51 5.48 3.38 

2008 80 77.65 1.60 81.17 74.07 2008 80 4.13 0.51 5.54 3.39 

2009 96 79.87 0.79 81.59 78.34 2009 96 4.53 0.45 5.34 3.50 

2012 650 76.85 1.78 82.10 70.90 2012 650 4.55 0.70 6.37 3.38 

Kernel Weight 
(mg) 

2006 95 40.35 1.84 44.35 35.32 FAN 2012 650 165.85 45.15 298.00 91.00 

2007 96 39.08 2.70 44.34 31.13 Hddt 2012 650 189.38 1.79 195.00 184.91 

2008 80 38.55 3.96 45.70 28.57 Plht 2012 650 78.33 5.91 94.74 60.85 

2009 96 36.37 3.23 41.09 28.11 TW 2012 650 52.97 1.18 55.60 48.96 

2012 650 40.61 2.80 48.70 32.00 Yield 2012 650 7258.72 531.5 5032.06 8821.68 

Table 3.1  Summary information for phenotypic data of the traits analyzed. Data is reported for each respective year, the CAP panel is represented by years 2006 
through 2009. The Malt Panel is represented by year 2012. The sample size, mean, standards deviation, minimum, and maximum are reported. Units are reported 
below trait. The following traits were only measured in the Malt panel; FAN-free amino nitrogen reported as ppm, Hddt-heading date reported as Day of Year, 
Plht-plant height reported as cm, TW-grain test weight reported as g/L, and Yield-grain yield reported as kg/ha. See text for explanation of traits. 
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Table 3.2. Trait correlations for respective mapping panels. The values above the diagonal correspond with the CAP panel and the 
values below the diagonal correspond to the Malt panel. NS signifies non-significant correlation value (p-value >.05). Note that free 
amino nitrogen (FAN), heading date (Hddt), plant height (Plht), grain test weight (TW), and grain yield (yield) were only measured in 
the Malt panel. Trait abbreviations in header correspond to trait names on left hand side of table.  

Trait K 
Weight 

K 
Plump 

ME Protein Wort 
Protein 

S/T DP AA Beta 
Glucan 

FAN Hddt Plht TW 

Kernel Weight  0.74 -0.10 NS NS NS NS NS NS     

Kernel 
Plumpness 

0.78  NS NS NS NS NS NS NS     

Malt Extract 0.53 0.44  NS 0.53 0.59 0.17 0.52 -0.37     

Protein -0.11 -0.12 -0.42  0.31 -0.12 0.47 0.13 NS     

Wort Protein 0.29 0.14 0.67 0.12  0.88 0.30 0.87 -0.42     

Soluble/Total 
Protein 

0.33 0.19 0.82 -0.24 0.93  0.11 0.83 -0.45     

Diastatic Power NS -0.09 0.20 0.25 0.45 0.32  0.22 -0.40     

Alpha Amylase 0.20 0.09 0.64 -0.09 0.84 0.85 0.31  -0.43     

Beta Glucan -0.35 -0.35 -0.60 0.11 -0.50 -0.53 -0.29 -0.46      

Free Amino 
Nitrogen 

0.28 0.15 0.66 NS 0.95 0.90 0.34 0.83 -0.42     

Heading Date -0.51 -0.42 -0.38 NS -0.34 -0.35 NS -0.32 0.19 -0.38    

Plant Height -0.30 -0.28 -0.29 0.11 -0.23 -0.27 NS -0.24 0.17 -0.28 0.57   
Test Weight 0.67 0.65 0.34 0.10 0.24 0.20 NS 0.19 -0.24 0.25 -0.57 -0.28  

Yield 0.19 0.27 0.14 -0.25 NS NS -0.14 NS NS NS -0.09 NS 0.29 
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Figure 3.1. Biplot of phenotypic data from the Malt panel showing relationship between 
traits. The length of a vector represents the phenotypic variation for that trait and the 
angle between vectors represents the correlation among the respective traits. Vectors are 
plotted with relation to the first two principal components (PC), PC 1 accounts for 43.6% 
of the variation in the overall data set and PC accounts for another 15.5%. The axes on 
the left-hand side and bottom correspond to the loadings on the variables, i.e. how much 
each trait is involved with respect to the first two PCs. FAN-free amino nitrogen, S/T-
soluble to total protein ratio, AA-alpha amylase activity.  

 

  



 

 

Figure 3.2 A) Population structure of the CAP panel. Lines are grouped according to the year in which they were evaluated. Principal 
component (PC) 1 accounts for 12.5% of the genetic variance of the CAP panel and separates the series of backcross lines in 2009 (the 
cluster in the upper right-hand corner) from the other years. PC 2 accounts for 9.5% of the variation. B) Population structure of the 
Malt panel. Families are designated 1-11 and color coded, "check" indicates a group of cultivars that are used as experimental checks 
throughout the study. PC 1 accounts for 12% of the genetic variance in the Malt panel with PC 2 accounting for another 9.6%. These 
two PCs separate the families into four subpopulations. 
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Figure 3.3   Genetic map showing location of identified significant marker
reported QTL are listed on the left-hand side of chromosomes, and marker
associations that have been previously reported from bi
content; DP-diastatic power; FAN-free amino nitrogen; ME
heading date; KW-kernel weight; PLT-plant height; PLP
mapped to also given on right-hand side of significant marker
summarized from [39, 50, 51, 53]. Placement of markers was based on the map of 

 

 

Genetic map showing location of identified significant marker-trait associations impacting malting quality and agronomic traits. Known genes and 
hand side of chromosomes, and marker-trait associations are listed on the right

associations that have been previously reported from bi-parental mapping studies. Trait abbreviations are as follows: AA
amino nitrogen; ME-malt extract; PRO-grain protein content; ST-
plant height; PLP-kernel plumpness; TW-grain test weight; and YLD

hand side of significant marker-trait associations with number indicating components one through four. Gene information was 
Placement of markers was based on the map of [20]. 

trait associations impacting malting quality and agronomic traits. Known genes and 
sted on the right-hand side. The asterisks indicates those 

parental mapping studies. Trait abbreviations are as follows: AA-alpha amylase activity; BG-beta glucan 
-soluble to total protein ratio; WP-wort protein; HDT-

grain test weight; and YLD-grain yield. Location of where principal components 
trait associations with number indicating components one through four. Gene information was 
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Figure 3.3 Continued
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Trait Chr Pos SNP MAF Allele effect r2 FDR p-value Panel Reference 
AA 

 
5H 169.72 12_30656 0.422 5.326 2.14 0.00137 CAP  
5H 189.22 12_10322 0.418 17.062 8.25 5.43E-35 Both (Szucs et al. 2009) 

BG 
 

2H 68.07 11_20032 0.165 -0.202 1.13 0.00431 Malt (Han et al. 1995; Szucs et al. 2009) 
5H 83.17 11_11290 0.052 -0.364 3.40 0.00073 CAP  
5H 165.28 11_10869 0.178 -0.150 1.04 0.00599 Malt (Mather et al. 1997; Szucs et al. 2009) 
5H 189.22 12_10322 0.418 -0.240 2.46 1.20E-6 Malt (Mather et al. 1997; Szucs et al. 2009) 
7H 54.37 11_20074 0.282 0.113 0.77 0.03910 Malt  

DP 
 

1H 4.71 12_31144 0.100 -15.056 1.57 4.11E-6 Malt (Hayes et al. 1993; Szucs et al. 2009) 
2H 113.53 11_10398 0.391 -8.832 0.60 0.03400 Malt  
4H 130.81 11_10387 0.164 -22.172 4.85 1.39E-18 Malt (Coventry et al. 2003; Oziel et al. 1996; Szucs et al. 2009) 

FAN 
 

2H 68.07 11_20032 0.165 13.664 0.68 0.00467 Malt  
4H 56.22 12_30605 0.180 -9.592 0.51 0.02418 Malt  
5H 25.42 11_21324 0.145 -10.706 0.55 0.01646 Malt  
5H 189.89 12_31123 0.422 36.987 7.40 1.01E-31 Malt (Bezant et al. 1997b; Szucs et al. 2009) 

ME 
 

2H 44.04 12_30432 0.488 0.567 1.58 0.02229 CAP (Oziel et al. 1996; Szucs et al. 2009) 
2H 68.07 11_20032 0.165 0.588 0.85 0.01744 Malt  
4H 0 12_30764 0.071 0.582 1.42 0.03802 CAP  
5H 189.89 12_31123 0.422 0.833 2.57 1.60E-7 Both (Szucs et al. 2009) 
6H 52.19 12_30658 0.428 .485 1.04 0.00667 Malt  
7H 84.3 11_10673 0.057 1.090 2.27 0.00319 CAP  

PRO 
 

3H 145.84 11_11127 0.061 -0.456 0.93 0.03321 CAP (Larson et al. 1997; Szucs et al. 2009) 
6H 52.19 12_30658 0.428 -0.448 4.83 3.85E-9 Malt (See et al. 2002) 
7H 97.65 12_11044 0.052 0.576 0.98 0.03321 CAP  

ST 
 

2H 67.63 12_10474 0.172 1.802 0.81 0.00098 Malt  
5H 25.42 11_21324 0.145 -1.253 0.52 0.01416 Malt  
5H 189.89 12_31123 0.422 4.180 6.47 2.46E-29 Both (Mather et al. 1997; Szucs et al. 2009) 
6H 52.19 12_30658 0.428 1.176 0.62 0.00474 Malt  

WP 
 

2H 68.07 11_20032 0.165 0.193 0.55 0.00793 Malt  
4H 56.22 12_30605 0.180 -0.156 0.55 0.00793 Malt  
5H 189.22 12_10322 0.418 0.546 6.69 1.21E-33 Both  

 
 
 
 
 

 
 
 
 
 

 
 
 
 
 

 
 
 
 
 

 
 
 
 
 

 
 
 
 
 

 
 
 
 
 

 
 
 
 
 

 
 
 
 
 

 
 
 
 
 

Table 3.3   Significant marker-trait associations identified in both the CAP and Malt panels. Table lists the respective traits (Trait), the chromosome 
(Chr), the position, as measured in cM, along the chromosome (Pos), most significant SNP marker (SNP), the minor allele frequency (MAF), the 
allele effect with respect to the minor allele (Allele effect), the percent phenotypic variation explained by the association (r2), the false discovery rate 
p-value (FDR p-value), the panel in which the significant association was identified in (Panel), and the reference information for those QTL 
previously reported (Reference). Trait abbreviations can be found in text. 
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HDT 

 

2H 68.07 11_20032 0.165 -0.904 1.84 2.25E-7 Malt (Marquez-Cedillo et al. 2001) 
4H 56.22 12_30605 0.180 -0.380 0.50 0.04601 Malt (Laurie et al. 1995) 
7H 31.35 12_30893 0.375 -0.875 3.76 9.90E-15 Malt (Bezant et al. 1996) 

KW 
 

2H 68.07 11_20032 0.165 1.258 1.54 0.00150 Malt  
2H 147.37 11_20215 0.052 -2.748 2.33 0.00683 CAP (Bezant et al. 1997a; Szucs et al. 2009) 
7H 32.13 12_10218 0.302 0.807 1.02 0.02031 Malt (Backes et al. 1995; Szucs et al. 2009) 
7H 125.16 11_20354 0.088 -0.893 0.94 0.02545 Malt (Mather et al. 1997; Szucs et al. 2009; Tinker et al. 1995) 

PLT 
 

2H 67.63 11_20039 0.174 -3.187 2.24 2.82E-5 Malt (Marquez-Cedillo et al. 2001) 
5H 4.15 12_31023 0.182 1.444 1.02 0.01691 Malt (Spaner et al. 1999; Tinker et al. 1995) 
5H 188.04 12_30382 0.485 -1.664 1.15 0.00970 Malt (Backes et al. 1995) 
7H 32.13 12_10218 0.302 -3.105 3.48 9.03E-8 Malt  

PLP 
 

1H 140.69 11_20840 0.495 0.039 1.14 0.02753 Malt  
2H 68.07 11_20032 0.165 0.079 2.07 1.23E-5 Malt  
4H 139.97 11_10610 0.360 -0.04 0.76 0.03385 Malt  
5H 24.76 11_11048 0.114 0.052 2.15 0.03419 CAP  
5H 143.29 11_21077 0.184 -0.048 1.25 0.00243 Malt (Marquez-Cedillo et al. 2001; Szucs et al. 2009) 
7H 32.01 11_10838 0.345 0.024 1.01 0.04414 Both (Backes et al. 1995; Szucs et al. 2009) 

TW 
 

1H 134.96 11_20383 0.457 -0.328 1.42 0.00135 Malt  
2H 68.07 11_20032 0.165 0.534 1.43 0.00135 Malt  
4H 111.81 12_30990 0.281 -0.287 0.87 0.01974 Malt  
7H 32.13 12_10218 0.302 0.409 1.35 0.00135 Malt (Szucs et al. 2009; Tinker et al. 1995) 
7H 125.16 11_20354 0.088 -0.372 0.85 0.01982 Malt  

YLD 
 

5H 55.44 12_30745 0.300 -178.08 2.04 0.01362 Malt  
5H 143.29 11_21077 0.184 -199.30 1.91 0.01362 Malt  
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CHAPTER FOUR 
 
 

CONCLUSION 
 
 

The past 150 years have seen many advances in plant breeding, with each step 

adding to our general understanding of the genetic principals involved and opening new 

approaches to plant improvement. More recently in the last decade, there has been a 

dramatic increase in the availability of genetic information brought about by 

advancements in sequencing technology and the rapidly declining cost of obtaining this 

information. This explosion of genetic data has led plant breeding to enter the genomics 

era. Although the generation of genomic data has become commonplace, how we apply 

this information to plant breeding for the benefit of man is of utmost importance. 

Successful application of this information will lead to a better understanding of the 

genetic architecture of traits which will subsequently influence the breeding methods 

used to improve them. 

In the work presented herein, we sought to apply the genomic technologies 

developed by the barley breeding community to dissect the quantitative traits that are of 

primary interest to breeding programs. These traits are broken down into two categories, 

agronomic performance and malting quality. Using the technique of genome-wide 

association mapping, we investigated these two groups of traits to identify regions of the 

barley genome that impact trait performance. By identifying these regions and their 

associated diagnostic markers, we have developed a set of tools that can be implemented 

for marker-assisted selection. Marker-assisted selection offers the ability to increase 
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genetic gain per breeding cycle time by selecting lines that harbor beneficial alleles, as 

well as having desirable phenotypic performance, at an earlier stage in cultivar 

development. By selecting lines at an early stage of cultivar development, resources can 

be used more efficiently since inferior lines are discarded earlier. Marker information can 

also be used to assess the progress of a breeding program. This can be accomplished by 

monitoring the frequencies of beneficial alleles indicating that favorable alleles are being 

fixed and that deleterious alleles are being removed from the population, an indication of 

efficient selection. There are numerous other applications of genotypic data to applied 

breeding, which are not covered in this work, that further underscore the importance of 

this kind of information. Ultimately, the goal of the plant breeding is to produce cultivars 

that are valuable to mankind and the genomic tools now available should aid greatly in 

that endeavor. 

The data generated by the Barley CAP is an invaluable resource to the barley 

breeding community. This data encompasses the current genetic variation present in US 

barley germplasm and serves as an excellent study population for conducting GWAS. We 

used the Barley CAP data to investigate the genetic nature of five agronomic traits, 

heading date, plant height, kernel plumpness, grain test weight, and grain yield, and one 

quality trait, grain protein content. Our results showed that performing GWAS in 

contemporary breeding material was effective; we identified forty one significant marker-

trait associations and of those, thirty one had been previously identified in traditional bi-

parental mapping. This result is important for applied breeding and genetic studies in 

general because it serves as validation for both GWAS and bi-parental mapping. Both 
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QTL mapping approaches have their strengths and weaknesses and complement each 

other. The fact that our results, obtained by using GWAS, agree with so many numerous 

bi-parental studies supports the methodology of using breeding germplasm compared 

with diverse panels.  

Extending this idea to the next level, we sought to investigate the utility of 

conducting GWAS in an even narrower germplasm array. To do this we assembled a 

panel of 650 lines representing the elite malting germplasm of the Montana State 

University (MSU) Barley Breeding Program; the panel consisted of eleven bi-parental 

families. This drastic reduction in genetic diversity gave some concern for limiting the 

power to detect marker-trait associations in this panel but with appropriate changes made 

to the model used, we were successful in identifying significant marker-trait associations. 

This result is extremely exciting due to its application to applied breeding. The lines used 

in this association mapping panel all have desirable agronomic performance and a 

majority have acceptable malting quality. By selecting the lines that carry the beneficial 

alleles at the QTL identified, potential parents can be immediately identified and used for 

crossing. This is important because QTL can be introgressed without the deleterious 

effects associated with less desirable genetic backgrounds and linkage drag, a highly 

desirable situation. 

One notable feature of the results we obtained in both studies was that major 

genes are still segregating in barley germplasm despite the intense selection pressure 

applied during breeding. In the Barley CAP analysis this was not as surprising since we 

combined the germplasm of eight spring barley breeding programs and as such we would 
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expect that alleles would be fixed in some populations and not others. This would hold 

true for morphological traits like heading date and plant height, traits that are optimized 

for a target environment. However, for traits like grain yield, kernel plumpness, grain 

protein content, and grain test weight one would expect that selection, which has been 

applied for a considerable amount of time, would have fixed the beneficial alleles. The 

fact that our results show this is not the case is encouraging from the standpoint that there 

exists standing genetic variation that can be utilized for trait improvement. With regards 

to the results we obtained from our analysis of malting quality in our breeding 

germplasm, the segregation of large effect QTL was more surprising. The MSU breeding 

program focuses mainly on improving malting quality and due to this, the lines used as 

parents in generating the mapping panel have been under intense selection. Since the 

lines have been under such intense selection for malting quality, one would assume that 

major genes would have been fixed in the breeding germplasm. This was clearly not the 

case. Diastatic power is a trait largely controlled by the gene beta-amylase, Bmy1, and by 

selecting for lines that have higher diastatic power one would assume that the positive 

allele would have become fixed. In our results, the frequency of the positive allele was 

quite high (.84) but still one would expect that the gene would not be segregating. A more 

pronounced example of this lack of fixation is the region on chromosome 5H that was 

found to significantly impact six traits. The favorable allele frequencies were all 

approximately .42 which is lower than expected given their large impact on malting 

quality. Although this means that there is useful variation that can used, it demonstrates 

that phenotypic selection alone is not sufficient to fix alleles. This provides an excellent 
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opportunity for marker-assisted selection and demonstrates how it could be effectively 

applied in breeding programs. 

Results from both studies also demonstrate the effects of advance cycle breeding 

based on crossing good by good. In both sets of results, significant marker-trait 

associations were typically found in groups throughout the genome. This is evidence for 

the formation of linkage blocks due to assortative mating and has implications with 

regard to plant breeding. The linkage blocks represent unused genetic variation since they 

recombine as a unit and the breaking of these linkage blocks would release the genetic 

variation contained therein. This could lead to further genetic gain within a breeding 

program without introducing new germplasm which can have its own complications.  

Taken together, these two pieces of work represent an exhaustive investigation of 

the barley genome and its impact on phenotypic performance. By identifying the regions 

of the barley genome impacting key traits and their associated beneficial alleles, we have 

created a "catalog" of barley genes and QTL that can be used for marker-assisted 

selection. With regards to the agronomic results, the barley community as a whole should 

be able to us the information in their respective breeding programs. This is due to the fact 

we used the largest possible sample size composed of all the spring barley germplasm 

meaning that our inference population is the same as our sample population. Furthermore, 

since the QTL were identified in such a heterogeneous data set with excess "statistical 

noise," the QTL should have a large effect because they were able to be detected through 

this excess "noise." This is beneficial for the reason of introgressing these QTL into elite 

cultivars - the QTL should maintain their effects. The results from our analysis of the 
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MSU malting germplasm will be extremely useful within our program, as highlighted 

earlier. We identified several QTL that have large effects on phenotypic performance and 

that are segregating at intermediate frequencies. This is an optimal situation since these 

QTL can be selected for using the available marker data and the associated change in the 

population mean for respective traits should be large due to the intermediate allele 

frequencies of the QTLs. Also, with the developed genotyping platform that is specific to 

the MSU breeding program, we should be able to successfully monitor the breeding 

progress as we select for beneficial alleles in our population. The genotyping platform 

and the data generated by it should also be useful for selection of parents to cross. The 

genotypic data offers us the unique ability to select lines based not only on the beneficial 

alleles that they carry, but also on the relatedness among the lines. By selecting lines that 

are genetically diverse as ascertained by the marker data, we can avoid the deleterious 

effects of advance cycle breeding, the rapid decay of genetic variation. This should allow 

us to keep making genetic gain within our program leading to the development of 

superior malting cultivars. 

This work serves to demonstrate how the development of crop genomics is 

shaping the future of plant breeding. More importantly, the developed tools can be 

directly applied to breeding programs helping breeders maximize the amount of genetic 

gain per breeding cycle. With these advances, the plant breeding community should be 

able to develop superior cultivars that meet market demands and ultimately help 

producers. 
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