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Chapter 2 

Impact of recent breeding history on patterns of linkage disequilibrium within a 

barley breeding program 

Abstract 

 Linkage disequilbrium (LD) underlies the detection of quantitative trait loci 

(QTL). Forces like selection, genetic drift and admixture create LD, while recombination 

decays LD. These forces are all at work in a breeding program. Here we compare the 

pattern of LD between two subpopulations with different breeding histories within a 

single barley breeding program. One subpopulation derived from crosses among parents 

within the breeding program (closed) and the other with recent introduction of parents for 

disease resistance (reopened). Over 1,500 single nucleotide polymorphism (SNP) were 

genotyped; after filtering out SNPs with  more than 10% missing data and less than 5% 

minor allele frequency, 261 (31.4%) markers were included in LD analysis in the closed 

subpopulation and 877 (57.1%) in the reopened subpopulation. Patterns of LD were 

highly variable across the genome. The closed subpopulation had 39 LD blocks 

averaging 3.24 cM in size while the reopened subpopulation had 108 blocks averaging 

1.16 cM. We estimate genome coverage for association mapping purposes to be 25.1% in 

the closed subpopulation and 44.1% in the reopened subpopulation based on the sum 

distance between adjacent markers with r
2
 greater than 0.2. Characterizing the patterns of 

LD in breeding germplasm should help inform strategies for QTL detection and marker 

assisted selection. 
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Introduction 

Linkage disequilibrium (LD), the non-random association of alleles at two or 

more loci, is a genetic attribute of a population at a specific point in time. For any given 

population, LD is created by selection, genetic drift and admixture (Mackay and Powell 

2007). Recombination can diminish LD to the point where after many generations of 

random mating in the absence of selection, drift, or admixture ‘spurious’ LD that is not 

due to close genetic proximity of markers will be uncommon (Flint-Garcia et al. 2003). 

Plant breeding populations are exposed to the forces that both create and destroy LD and 

as such are dynamic in nature. Recent advances in genetic marker technology have made 

it possible to easily and rapidly characterize allelic states across many loci in various 

kinds of populations and reveal underlying patterns of LD. Understanding LD patterns in 

plant breeding populations can provide tremendous insight into the effect of selection and 

breeding on LD, help identify regions of the genome that may be under selection, and 

provide the context to design LD approaches to quantitative trait loci (QTL) mapping and 

marker assisted selection.  

Detection of quantitative QTL for crop improvement has relied on the use of bi-

parental mapping populations. These populations, usually recombinant inbred or doubled 

haploid, are designed to maximize phenotypic variation for the trait(s) or interest, marker 

polymorphism between the parents, and LD between QTL and nearby markers. While 

this approach has been successful in identifying many QTL, it has been criticized for its 

lack of relevance to breeding populations and limited success in identifying useful targets 

for marker assisted selection (Mackay and Powell 2007). Identifying QTL directly in 

breeding populations by association mapping addresses some of the weaknesses in 

traditional bi-parental mapping populations (Jannink et al. 2001).  

One critical difference between bi-parental mapping populations and breeding 

populations is the extent and pattern of LD. In bi-parental mapping populations, LD can 

extend for large distances depending on how the population was created (recombinant 

inbred, double haploid, etc.) and is assumed to be relatively homogeneous across the 
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genome (Mackay and Powell 2007). Given this assumption, most bi-parental mapping 

studies strive to create genetic maps with markers that span as much of the genome as 

possible with distances between markers of 10-20 cM. However, this assumption does 

not hold for breeding populations and therefore a better understanding of the pattern of 

LD is needed. The pattern of LD across a genome will influence the power and resolution 

of association mapping studies, thus knowledge of these will allow for appropriate 

experimental design (Flint-Garcia et al. 2003).  

Linkage disequilibrium in barley (Hordeum vulgare) has been assessed with both 

a variety of genetic markers (SSR, SNP, DArT, AFLP) and germplasm types (cultivated, 

landraces, and H. spontaneum). Efforts focused on cultivated germplasm have assessed 

genome-wide LD in cultivars from a particular geographic region (Rostoks et al. 2006; 

Kraakman et al. 2004; Zhang et al. 2009) or worldwide (Malysheva-Otto et al. 2006), 

thus span multiple breeding programs. Estimates of LD decay appear to be impacted by 

the number of markers considered, as LD decay ranged from ~10 cM with AFLPs 

(Kraakman et al. 2004) to 50 cM with SSRs (Malshevay-Otto et al. 2007), both studies 

used relatively few markers, 236 and 48 respectively. When more markers are 

considered, using SNPs (612 markers) or DArT (846 markers), the extent of LD is 

smaller (2.6-3.9 cM) on region-wide germplasm (Zhang et al. 2009; Rostoks et al. 2006). 

Interestingly, when subsets of these same data are considered LD decay based on DArT 

in Canadian two- or six-row germplasm increased to 3.5cM (Zhang et al. 2009), while 

SNP based estimates for European two-row spring cultivars LD did not extend beyond 15 

cM and averaged 1.53 cM (Rostoks et al. 2006). The population dependent nature of LD 

is clear, as LD decays rapidly in wild populations and landraces, but more slowly in 

cultivated varieties (Morrell et al. 2005; Caldwell et al. 2006; Rostoks et al. 2006). 

Within a panel of Mediterranean barley accessions, LD decay to less than 0.15 r
2
 occurs 

at 3.2 cM, but subpopulations within the panel show different levels of basal LD, only in 

the North Mediterranean two-row subgroup did LD decay below 0.15 r
2
 at ~10 cM 

(Comadran et al. 2009). Linkage disequilibrium in barley and its wild relative Hordeum 

vulgare ssp. spontaneum has been characterized across specific genes or regions (Morrell 
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et al. 2005; Caldwell et al. 2006; Stracke et al. 2007). Linkage disequilibrium in the 

region surrounding the hardness locus decayed more slowly in barley cultivars than in 

landraces and wild barley, but that pattern of decay was not smooth, probably the result 

of differing selection intensity on nearby genes (Caldwell et al. 2006).  

In plant species, different populations have been compared for LD including 

tomato (Van Berloo et al. 2008), soybean (Hyten et al. 2007), maize (Stich et al. 2005), 

and durum wheat (Maccaferri et al. 2005). In tomato, a self-pollinated species, there were 

only minor differences in magnitude of LD between beef and round tomato cultivars and 

cherry tomato cultivars (Van Berloo et al. 2008). Soybean progenitors, landraces, 

ancestors of modern cultivars and modern cultivars show increasing levels of LD in three 

genic regions (Hyten et al. 2007). Slightly higher levels of LD were observed among 

SSRs in dent maize relative to flint maize (Stich et al. 2005). The rate of LD decay 

differed among three durum wheat populations based on geographic origin (Maccaferri et 

al. 2005). Thus, breeding history can impact both local and genome-wide LD decay. 

Existing studies on genome-wide LD in barley have utilized cultivars from 

national recommended lists or national variety trials, encompassing multiple breeding 

programs (Kraakman et al. 2004, 2006; Rostoks et al. 2006). Within a single breeding 

program there may be different breeding histories that impact the pattern of LD in 

particular subpopulations. Breeding populations will differ widely in terms of allelic 

variation, genome-wide extent of LD, and patterns of LD across the genome. These 

characteristics will be shaped by breeding history including the extent to which new or 

exotic parents are introduced, the number of parents selected to produce the next 

generation of progeny and selection imposed on these progeny. 

Advanced cycle breeding, where elite lines are crossed with elite lines, will result 

in a closed population unless new founders are introduced (Bernardo 2002). The 

University of Minnesota barley breeding program began such a program in 1958 and 

continued until 1992 when epidemic levels of Fusarium head blight (FHB) prompted 

breeders to incorporate outside germplasm with potential resistance (Condon et al. 2008; 
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Figure 1). While disease resistant germplasm was introduced, crosses of elite by elite 

malting lines continued such that a portion of the breeding program remained ‘closed’. 

The portion of the breeding program aiming to increase FHB resistance, along with 

desirable malt quality profile can be referred to as ‘reopened,’ due to the introduction of 

genetic diversity. This situation presents a unique opportunity to compare the pattern of 

LD in a closed subpopulation and a reopened subpopulation that are derived from the 

same base set of founders. Comparison of these two populations will allow for design of 

appropriate association mapping and marker assisted selection strategies that take into 

account LD patterns. 

We show that breeding history defining closed and reopened subpopulations 

within a breeding program influences LD patterns. Linkage disequilibrium extends over 

greater distances and more frequently between chromosomes in the closed subpopulation 

than the reopened subpopulation.  In addition, breeding history affects both the number 

and size of blocks of LD. The patterns of LD in breeding populations will have important 

implications for conducting association mapping within a breeding program, designing 

strategies for introgressing new genetic diversity, and applying marker assisted selection.  

Materials and Methods 

Plant materials 

 Two subpopulations of breeding lines were identified to compare the pattern of 

LD relative to breeding history. Both subpopulations are derived from the same base 

population. In this base population advanced cycle breeding was practiced since 1958 and 

only ten parents from outside the breeding program were introduced from 1958-1991 

(Figure 1). In response to the Fusarium head blight epidemic in the early 1990s, ten new 

parents were used in the breeding program to introduce disease resistance. During this 

same time period a portion of the breeding program continued using advanced cycle 

breeding in which no new parents were introduced. Thus the Fusarium head blight 

subpopulation (reopened) and the traditional advanced cycle breeding population (closed) 

have distinct breeding histories.  
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 Line development in the University of Minnesota barley program begins with a 

cross in greenhouse. F1 seed is grown in the greenhouse and the segregating F2 

population is space planted in the field. Individual heads are harvested without selection 

and advanced by single seed decent to the F4 generation. For the reopened subpopulation, 

F4:5 lines are planted in single row plots at two locations with two replicates to select for 

resistance to FHB. For the closed subpopulation, F4:5 lines are planted in unreplicated 

single row plots at a single location  and selected visually for general agronomic traits 

including maturity, heading date, plant height, stem breakage, lodging and plump kernels. 

Selected lines from each subpopulation are then advanced to preliminary yield trials. 

Lines included in our study were advanced to this preliminary yield trial phase (in yield 

trials from 2003 to 2006), from crosses made in 2000-2003. A total of 34 families that 

could be classified as part of the closed subpopulation made it to this stage in this 

timeframe, of which 32 (94%) families are represented in our sample. Sixty families 

reached this stage in the reopened subpopulation, of which 52 (87%) are represented in 

our sample. Within the closed subpopulation families include one to eight individuals 

with an average of 3.5, while the closed subpopulation has families of one to four 

individuals with an average of 2.5 individuals per family. We selected a representative 

sample from among these lines if DNA or seed was available; preference was given to 

lines for which malting quality data is also available for future studies. Finally, lines were 

selected to maximize the number of families represented within each subpopulation. This 

resulted in 127 and 128 breeding lines in the closed and reopened subpopulations, 

respectively. 

DNA extraction and genotyping 

 DNA was extracted from seedlings using the CTAB and chloroform method 

(Slotta et al. 2008). Genotyping was conducted at the USDA-ARS Regional Small Grains 

Genotyping Laboratory at Fargo, ND. All lines were genotyped with a set of 1,536 SNPs, 

referred to as Barley OPA 1, using Illumina GoldenGate technology (Illumina, San 

Diego, CA) (Fan et al. 2006). Genotypic calls were made using the Illumina Beadstation 

software. 
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Linkage disequilibrium 

 For each subpopulation, markers with greater than 0.05 minor allele frequency 

(MAF) and less than 0.10 missing data were included for LD analysis. Haploview version 

4.1 was used to calculate LD as r
2
 (squared allele frequency correlation coefficient) for 

all possible pairwise comparisons (Hill and Robertson 1968, Barrett et al. 2005). Linkage 

disequilibrium was visually represented using the r
2
 color scheme option. Blocks of LD 

were defined as a ‘spine of LD,’ where all markers in a block are in LD with each other 

(r
2
 >.6). Significance of each pairwise LD comparison was determined using the !2

 test 

!2
=2nr

2
 with df=1 (Weir 1996) where n is the number of individuals in the subpopulation 

(127 and 128 for the closed and reopened subpopulations, respectively).  

Population structure 

 Principal component analysis was conducted to examine population 

differentiation within the entire set of breeding lines using PROC PRINCOMP in SAS 

v9.1 (SAS Institute 2002, Cary, NC). All mapped markers which in the total population 

had greater than 5%MAF and less than10% missing data were included. Principal 

components were displayed in a two-dimensional scatter plot using Microsoft Excel 

(Redmond, WA). 

Mean heterozygosity (H) across all markers was calculated for each of the 

subpopulations (Falconer and Mackay 1996).  

Results 

Marker statistics and coverage 

Of 1,536 SNP markers genotyped, 483 (31.4%) were polymorphic in the closed 

subpopulation, while 877 (57.1%) were polymorphic in the reopened subpopulation. 

When markers with less than 0.05 minor allele frequency (MAF) from the set of the 

1,414 mapped markers were excluded, 273 (19.3%) were included in the closed 

subpopulation and 559 (39.5%) were included in the reopened subpopulation. Finally, 
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markers which had greater than 0.10 missing genotypes were excluded from further 

analysis, resulting in a final marker count of 261 (17.0%) for the closed subpopulation 

and 547 (35.6%) for the reopened subpopulation. 

 Marker positions were taken from the consensus map for Barley OPA1 and 2 

based on three double haploid mapping populations (Close et al. submitted). This map 

has 2,943 positioned markers spanning 1,090.07 cM, including 1,414 Barley OPA1 

markers which span 1,076.27 cM. Most gaps between Barley OPA1 markers are less than 

5 cM, (range 0 to 9.85 cM, 13 gaps greater than 5 cM). Based on these marker positions, 

261 SNPs span 915.19 cM in the closed subpopulation and 547 SNPs span 1,008.27 cM 

in the reopened subpopulation. Gaps between markers were as great as 3 cM in the closed 

subpopulation and up to 53 cM in the reopened subpopulation (Figure 2). Average gap 

size was 3.88 cM in the closed subpopulation and 1.87 cM in the reopened 

subpopulation. There were 77 and 36 gaps greater than 5 cM in the closed and reopened 

subpopulations, respectively. Minor allele frequency of included markers was 0.051-

0.496 in the closed subpopulation and 0.051-0.480 in the reopened subpopulation. Mean 

MAF in the closed and reopened subpopulations were 0.182 and 0.163, respectively. 

Mean observed heterozygosity of included markers was 0.014 in the closed 

subpopulation and 0.012 in the reopened subpopulation. 

Population structure 

 The first and second principal components accounted for 62.3% and 5.8% of the 

variation.  A two-dimensional scatter plot of the first and second components did not 

reveal any distinct pattern relative to the two subpopulations (Figure 3). The closed 

subpopulation primarily falls into two clusters, separated due to their second principle 

component values. The lower closed cluster (PC1 > 0.05, PC2 < 0) consists of 38 lines, 

27 of which have at least one of the three breeding lines (M115, M116 or M117) as a 

parent. M115 and M117 also share a common parent, which likely contributes to the 

commonality seen between these lines. The dense cluster (PC1 > 0.07, PC2 ! 0) contains 

lines from both the closed (50) and reopened (26) subpopulations. Breeding lines M109, 
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M111 and M117 are common parents for the lines from the closed subpopulation in this 

cluster, but are only parents of three lines from the reopened subpopulation lines in this 

cluster. The distribution of the reopened subpopulation is generally more scattered than 

the closed subpopulation, likely the result of the increased genetic diversity in these lines. 

No clear trend for parentage appears for the lines from the reopened subpopulation. The 

two most extreme lines from the reopened subpopulation (PC1<0.025, PC2 >0) are full-

sibs, while the outlying line from the reopened subpopulation in the lower quadrant (PC1 

<0.025, PC2 <0) is a half-sib line to these full-sibs. 

Linkage disequilibrium 

 Significant LD (r
2
) between adjacent markers extended up to 189 cM in both 

populations, though the magnitude was rarely that large (Figure 4 and data not shown). 

At large distances (>50 cM) significant LD between pairs of markers was observed in 

both subpopulations (18.0% closed and 11.9% reopened; Table 1). LD between markers 

at short distances (<5 cM) was similar (85.0% and 84.2% ) between the closed and 

reopened subpopulations, respectively (Table 1). At distances >5 cM the frequency of 

significant LD was 5-10% greater in the closed than in the reopened subpopulation 

(Table 1, Figure 4a). LD between markers on different chromosomes (interchromosomal 

LD), was common in the closed subpopulation (15.5% of all interchromosomal pair-wise 

comparisons) and slightly less so (13.9%) in the reopened subpopulation (Table 1). When 

only adjacent markers are considered, significant LD is more prevalent in the closed 

subpopulation (72.60%) than the reopened subpopulation (43.65%). Figure 4a shows that 

not all markers in close proximity are in strong LD. A moving average of 20 pairwise 

comparisons of adjacent marker LD shows that LD decay over genetic distance is more 

rapid in the reopened subpopulation (Figure 4b). 

For QTL mapping, marker coverage is defined as the portion of the genome that 

has markers adequately spaced to detect QTL. We estimate genome coverage, we 

summed the total distance between adjacent markers with r
2
 greater than 0.2. In the 

closed subpopulation 229.36 cM (25.2% of mapped distance 915.19 cM) was ‘covered,’ 



!

!

"#!

while the reopened population had 444.45 cM (44.1% of 1,008.27 cM) covered (Figure 

5). If the total mapped distance is replaced in this calculation with the mapped distance 

less the distance spanned by gaps greater than 20 cM, the coverage proportion becomes 

63.6% (229.36 of 360.69 cM) and 49.0% (444.45 of 907.82 cM) for the closed and 

reopened subpopulations, respectively. 

 Blocks of LD were declared by the ‘spine of LD’ method, where a group of 

adjacent markers in LD greater than 0.6 r
2
 with each other are considered a block. There 

were 39 blocks in the closed subpopulation covering 126.2 cM and 108 blocks in the 

reopened subpopulation covering 125.5 cM (Table 2). The average block size in the 

closed subpopulation is 3.24 cM, which is significantly greater than the 1.16 cM average 

of the reopened subpopulation. In the closed subpopulation 75.5% (197) of markers are in 

LD blocks, while 58.7% (321) of markers are in blocks in the reopened subpopulation. A 

haplotype is a specific pattern of alleles across a series of loci, here across a block of LD. 

The average number of haplotypes per LD block was similar in the two populations (2.77 

and 2.67 closed and reopened, respectively). Both subpopulations had two to six 

haplotypes per block. The blocks in the reopened subpopulation have predominately two 

to three haplotypes (92.4% of all blocks) while 82% of the blocks have two to three 

haplotypes in the closed group. The reopened group had nine blocks with four or more 

haplotypes (8.6%). 

 Using a portion of chromosome 4H as an example (Figure 6), we found allele 

fixation in the closed subpopulation where blocks of LD occur in the reopened 

subpopulation. In the centromeric region the closed subpopulation has a large block of 

LD, while the same region shows four blocks of LD breaking up the LD in the reopened 

subpopulation. The region around the SSR locus HVM40 is known to be under selection 

in the breeding program and we see allelic fixation in this region in the closed 

subpopulation. 
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Discussion 

 In this study we characterized patterns of LD in two subpopulations derived from 

the same base breeding population. We found that the closed subpopulation had fewer but 

larger blocks than the reopened subpopulation. The differences in LD patterns may be 

explained by the recent differences in breeding histories of the two subpopulations.  

Variability of LD and Marker Coverage 

The magnitude and distribution of LD (r
2
) is variable across the genome and 

between the two subpopulations with different breeding histories (Figure 5). Generally, 

larger blocks of LD are observed in the closed subpopulation than in the reopened 

subpopulation. This variation is at least in part attributable to differences in the extent of 

marker coverage (Figure 2). The introduction of allelic diversity to the reopened 

population has resulted in more polymorphic SNPs within this population. This is most 

noticeable on chromosomes 1H, 3H and 7H (Figure 2). Marker coverage is lower in the 

closed subpopulation because many of the markers were fixed or did not meet our criteria 

of MAF ! 5%.  This leads to the appearance of blocks of LD that are fractured in the 

reopened subpopulation due to more polymorphic markers in this population (e.g. Figure 

5 and 6). The relationship between marker coverage and blocks of LD is clear in Figure 6 

where all markers across a ~55 cM region on chromosome 4H were included, regardless 

of our !5% MAF criterion. Pair-wise comparisons that involve a non-polymorphic 

marker are the color gray of the background. Four monomorphic regions in the closed 

subpopulation plot correspond to blocks of LD in the reopened subpopulation (indicated 

by dark pixels enclosed by a triangle). In contrast, other regions show a large block of LD 

in the closed subpopulation and a few smaller blocks of LD in the reopened 

subpopulation (‘breaking up of LD’ Figure 6).  

The difference in marker coverage is most dramatic on chromosome 7H (Figure 

5) where a large region (~50 cM) near the centromere is fixed in the closed 

subpopulation. Two major malt quality related QTL regions are on the short arm of 7H; 

one at the telomere and the other near the centromere (Han et al. 2004). Markers in the 
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centromeric region are fixed in the closed population, but are polymorphic in the 

reopened population, indicating that the introduction of diverse parents has increased the 

allelic diversity in this region (Figure 2).  

Population structure 

 Admixture of populations can increase LD, particularly inter-chromosomal LD 

which is problematic in association mapping (Mackay and Powell 2007). In barley, 

spring and winter growth habits show strong population structure in European barley 

cultivars (Rostoks et al. 2006). We did not see a strong population structure between the 

closed and reopened subpopulations (Figure 3). While we identify the closed and 

reopened subpopulations based on breeding history, principal component analysis did not 

support the distinction between the two subpopulations. Condon et al. (2008) saw 

differentiation among elite lines over time in the University of Minnesota breeding 

program only after more than two decades of advanced cycle breeding. This indicates that 

the insufficient breeding cycles may have passed since the introduction of new 

germplasm for the closed and reopened subpopulations to clearly differentiate. Within the 

closed subpopulation there are two groups distinguished by principal component 2 

(Figure 3). Structure within a population can lead to greater levels of LD. Thus the 

greater magnitude of LD observed in the closed subpopulation may in part be due to the 

apparent structure revealed by principal component analysis.  

Effect of selection and recombination on LD 

Directional selection should increase LD in the region under selection (Mackay 

and Powell 2007). Localized studies of LD have found inconsistent relationships between 

LD and evidence of selection (Caldwell et al. 2006; Stracke et al. 2007). A study of 

localized LD patterns in the region surrounding a gene conferring resistance to barley 

yellow mosaic virus found rapid decay of LD within 1 cM of the gene (Stracke et al. 

2007). However, when only lines carrying the most commonly deployed form of the 

resistance gene were analyzed a large block of LD was observed (Stracke et al. 2007). A 

study of LD surrounding the hardness locus in barley found evidence of selection 
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corresponded to higher levels of LD (Caldwell et al. 2006). Hitchhiking (high LD) and 

balancing selection (low LD) are possible mechanisms resulting in inconsistent patterns 

of LD surrounding a locus under selection (Hurst 2009). Condon et al. (2008) assessed 

allelic variation over time within the University of Minnesota breeding program, from 

founders to contemporary variety candidates. They showed substantial allelic variation at 

the HVM40 SSR locus on 4H in the founders of the breeding program, but that this locus 

had become fixed by 1958 and remained that way for forty years in variety candidates. 

Since 1992, new parents were introduced for disease resistance and we observed twice as 

many polymorphic markers across the genome within the reopened subpopulation 

compared to the closed subpopulation. Comparison of the LD pattern in the HVM40 

region (Figure 6) shows many fixed markers in the closed subpopulation and two blocks 

of LD in the reopened subpopulation. The fixation of the region in the closed 

subpopulation may be due to selection, as QTL related to malt quality are linked to 

HVM40, but drift due to small population size cannot be ruled out (Falconer and Mackay 

1996, Marquez-Cedillo et al. 2000 and Gao et al. 2004). Massman et al. (submitted) 

conducted association mapping for FHB resistance in Upper Midwest breeding 

germplasm, including lines from the University of Minnesota program and identified the 

region of HVM40 as associated with FHB and deoxynivalenol (DON). None of the ten 

SNP markers that they identified in the FHB4H.24-36 QTL and none of the 11 SNPs in 

the DON4H.21-36 QTL were polymorphic in the closed subpopulation. In the reopened 

subpopulation, nine of 10 and ten of 11 SNPs were polymorphic in FHB4H.24-36 and 

DON4H.21-36, respecitively. Whether the favorable alleles at these QTL are in coupling 

or repulsion with the favorable malt related alleles is still to be determined. The blocks of 

LD in the reopened population may be generated by selection for malt quality related, 

FHB or DON QTL in the region or founder effects from the introduction of new parents. 

Selection for multiple traits within a region will influence patterns of LD, the variable 

nature of this pattern across the genome means some regions will need greater marker 

density than others to achieve the same QTL detection power. 
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Recombination will decay LD over generations. The physical map of barley 

shows high recombination regions account for less than 5% of the genome (Kunzel et al. 

2000). The region on chromosome 4H we have focused on spans bins 1 to 9 and HVM40 

is in bin 2 (Kleinhofs available at http://barleygenomics.wsu.edu/). Bin 2 is a region of 

greatly increased recombination (!1 Mb/cM), so we would expect more rapid decay of 

LD here. We find one block of LD in the reopened subpopulation and allele fixation in 

the closed subpopulation (Figure 6). The maintenance of LD in a high recombination 

region may be due to selection, drift or simply not enough cycles of breeding to decay the 

LD. Across the centromeric region of chromosome 4H, recombination is suppressed and 

we observe a large block of LD in the closed subpopulation, but four smaller blocks in 

the reopened subpopulation. Thus even in a low recombination region there is evidence 

for LD decay. Since the differences in LD patterns between the closed and reopened 

subpopulations does not appear to be related to differences in recombination, it is likely 

that selection is playing an important role in this region. 

Implications for breeding and association mapping 

Estimates of the average extent of LD across the genome are often reported as a 

means to predict the necessary marker coverage for genome-wide association mapping 

studies. In barley, these estimates have ranged from 2.6-3.9 cM with relatively dense 

SNP and DArT maps to 10 cM with more sparse maps (Zhang et al. 2009, Rostoks et al. 

2006, Kraakman et al. 2004). Zhang et al. (2009) proposed to estimate genome coverage 

by summing the distance of all gaps between adjacent markers greater than 5.2 cM 

because average LD (r
2
 >0.2) extended for 2.6 cM in their population of Canadian barley. 

They found 883 DArT markers provided 86.2% coverage in Canadian barley, but the 

range by chromosome was large, 54.2% on 4H and 99.1% on 1H. This estimate does not 

take into account the highly variable pattern of LD across the genome. As an alternative, 

we propose to sum the distance of all gaps where adjacent markers are in LD (r
2
>0.2). In 

our study, this results in genome coverage of 25.1% in the closed subpopulation and 

44.1% in the reopened subpopulation. Large gaps (9 >30 cM) between markers in the 

closed subpopulation will leave QTL in these regions undetected in association mapping 
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efforts. Intervals of fixed markers may be flanked by ‘adjacent’ polymorphic markers that 

are in low LD. Thus these estimates likely under estimate coverage. A more meaningful 

estimate would be the sum of gaps in LD over the portion of the genome that is not fixed. 

When we deduct the distance spanned by marker pairs greater than 20 cM apart from the 

mapped distance and use this for the genome coverage estimate we find the closed 

subpopulation coverage increases to 63.6% from 25.1% and the reopened subpopulation 

increases from 44.1% to 49.0%. Thus the closed subpopulation has better coverage than 

the reopened subpopulation in those regions of the genome that not fixed. 

We also considered the relationship between MAF and LD on power and 

resolution in association mapping. When LD is large and MAF is low, for example from 

30-40 cM on 5H in both the closed and reopened subpopulations (Fig. 5), we expect low 

mapping resolution and lower power of detection due to fewer informative individuals. A 

region such as 50-70 cM on 3H in the closed subpopulation, where MAF exceeds 0.2 and 

LD is greater than 0.6 should have greater power of detection, but the large block of LD 

is likely to result in poor resolution of a QTL within the region. Low LD (<0.2) and high 

MAF (>0.2), such as on 1H around 120 cM in the closed subpopulation, is expected to 

provide maximum power and resolution. Finally, when both LD and MAF are low, as is 

the case at 90 cM on 4H in the reopened subpopulation, association mapping approaches 

will be unlikely to detect a QTL unless it is very tightly linked to an observed marker and 

the few informative individuals may not provide adequate power even in that case. 

Identifying populations that are likely to have good power of detection in a region of 

interest, along with the desired potential QTL resolution will maximize information 

gained through association mapping. 

QTL mapping can be accomplished by generating LD in designed populations or 

exploiting LD in existing populations. If the intent is to identify QTL with major effect 

greater genetic diversity is preferred, while more elite germplasm is useful for genome-

wide selection approaches (Bernardo 2008). Within the University of Minnesota breeding 

program the reopened subpopulation would be more powerful for QTL discovery, while 

the closed subpopulation is better suited to genome-wide selection. One approach to a 
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designed population for association mapping is nested association mapping (NAM), 

which has been implemented in maize (Yu et al. 2008). Essentially NAM aims to capture 

a maximal amount of allelic diversity and leverage the power of both linkage and 

association mapping approaches, but still requires substantial time for development of 

recombinant inbred lines (RILs, Yu et al. 2008). Other complex crossing schemes could 

also offer the increased allelic diversity and power to detect marker trait associations 

(Rockman and Kruglyak 2008). The resolution of association mapping within complex 

crossing depends greatly on the population size and the number of generations, with 

increases in both increasing resolution (Rockman and Kruglyak 2008). But exploiting 

existing LD in available populations has the advantage of no RIL development. A 

population such as the reopened subpopulation allows for greater allelic diversity to be 

tested, but within adapted lines that are the result of a few breeding cycles. Thus the 

power of more diverse germplasm in association mapping may be harnessed in a manner 

that allows for robust phenotyping. 

Plant breeding shapes intentionally or unintentionally the allelic diversity and 

patterns of LD in a breeding population. High throughput parallel genotyping techniques 

allow us for the first time to characterize and visualize the effects of breeding on these 

patterns. Selection over many cycles of breeding should generate favorable linkage 

blocks that have desirable alleles in coupling. These favorable linkage blocks may 

correspond to LD blocks. Assuming at least some of the blocks of LD that we observed 

in this breeding population were due to selection, it would be desirable to know which 

were under selection and maintain selection on favorable haplotypes using markers. 

Identification of QTL for important traits in the breeding program superimposed over 

patterns of LD will help to identify desirable linkage blocks that should be preserved as 

well as regions where introgression of genetic diversity will not be disruptive.  

In conclusion, we observed that recent breeding history can shape patterns of LD 

within a breeding program. Appropriate estimates of genome coverage based on LD will 

be useful for designing genotyping platforms for association mapping studies using 

breeding populations. The patterns of LD observed here indicate association mapping 
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may be conducted in such germplasm, with greater coverage and power in the more 

genetically diverse reopened subpopulation. Given the variable pattern of LD observed in 

this breeding population, greater numbers of markers than used in this study may be 

needed to improve genome coverage. Understanding the underlying patterns of LD in 

breeding populations may inform marker assisted selection strategies for crop 

improvement.
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Table 1. Percent of markers in significant linkage disequilibrium in the closed and 

reopened subpopulations as determined by the !2
 test (p<0.01). 

 Closed subpopulation Reopened subpopulation 

Distance 

Total 

compariso

ns  

No. significant 

comparisons
a
 

Percent 

(%) 

Total 

comparisons

  

No. 

significant 

comparisons 

Percent 

(%) 

0-4.99 cM 1,224 1,040 85.0 2,613 2,200 84.2 

5-9.99 cM 784 610 77.8 2,105 1,486 70.6 

10-19.99 cM 935 515 55.1 3,512 1,731 49.3 

20-29.99 cM 369 164 44.4 2,913 997 34.2 

30-49.99 cM 492 139 28.3 3,913 753 19.2 

>50 cM (to 193 

cM) 1,832 330 18.0 7,994 954 11.9 

Interchromosomal 28,294 4,383 15.5 126,281 17,550 13.9 

a
 based on a !2

 test with 126 df in closed subpopulation and 127 df in reopened 

subpopulation (Weir 1996).
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Table 2. Summary of linkage disequilibrium (LD) blocks in the closed and reopened 

subpopulations by solid spine of LD (r
2
>.6) 

  Closed Reopened 

Number of blocks 39 108 

Total distance in blocks (cM) 126.2  125.5 

Total number of markers in 

blocks 

197 321 

Total marker number 261 547 

Percent markers in blocks 75.5 58.7 

Average block size 3.24 1.16 (p=0.011*) 

Average number of markers 

per block 

5.05 2.97  (p=0.044) 

Average marker density 

within blocks 

1.56 2.56  (p=0.083) 

 

* p value for t test comparing closed and reopened subpopulations 
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Fig. 1. Parents introduced from outside the breeding program from 1944 to 2003. Year is 

when the parent was first used in crosses. Parents in bold contributed >4% to elite lines in 

the University of Minnesota barley breeding program based on pedigree analysis 

(Condon et al. 2008). Parents introduced after 1987 were to incorporate disease 

resistance. 
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Fig. 2. Marker coverage comparison of the closed and reopened subpopulations. The top 

and bottom of each chromosome are marked to indicate coverage of telomeres. The 

number below each chromosome is the number of polymorphic markers for that 

subpopulation and chromosome. 
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Fig. 3. Scatter plot of principal components 1 (PC1) and 2 (PC2) for breeding lines from 

the closed and reopened subpopulations. Principal component 1 accounts for 62.3% of 

variation, principal component 2 for 5.8%. Open circles represent lines from closed 

subpopulation and open triangles represent lines from reopened subpopulation. 
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Fig. 4. Adjacent marker linkage disequilibrium. A) Linkage disequilibrium (r
2
) decay 

between adjacent markers as a function of genetic distance. Note that markers in close 

genetic proximity are not always in linkage disequilibrium. B) Moving average of 20 

SNPs (adjacent pairs) over genetic distance.  
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Fig. 5. See next page. 
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Fig. 5. Pattern of linkage disequilibrium (LD) relative to minor allele frequency. For the closed 

(C) and reopened (R) subpopulations. Each chromosome is represented by a schematic with 

relative marker position. Heat maps below this indicate LD with black r
2
>0.9, white r

2
<0.1; 

triangles enclose regions where adjacent markers are in LD (r
2
>0.2). Minor allele frequency at 

each marker is plotted again genetic distance (cM) (grey line). The LD between each pair of 

adjacent markers is plotted against the midpoint of each pair of adjacent markers (black line). The 

dashed line indicates the 0.2 r
2
 threshold used to declare genetic coverage of a region.  
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Fig. 6. Disruption of linkage disequilibrium blocks in the reopened subpopulation. 

Linkage disequilibrium heat map of the region on 4H from 1.64 cM to 86.27 cM. 

Triangles surround blocks of LD (r
2
>0.6). This region includes HVM40, known to be 

under selection in the University of Minnesota breeding program and near important malt 

quality breeding targets (arrow, Condon et al. 2008). In the closed subpopulation the 

SNPs in the immediate vicinity are fixed indicated by the grey background color, while 

the reopened subpopulation shows a block of strong LD. The vertical bar shows 

approximate centromere position. 
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Chapter 3 

Association mapping of !-glucan and !-glucanase in a single barley breeding 

program 

Abstract 

 Association mapping can leverage large phenotypic data sets generated in 

breeding programs. Here we utilize 182 breedling lines from a single breeding program to 

detect marker trait associations for !-glucan related traits. !-glucans are important cell 

wall polysaccharides that are beneficial to human health, but undesirable in brewing. We 

used a mixed linear model to identify marker-trait associations for malt !-glucan, wort !-

glucan, malt !-glucanase activity, thermostability of !-glucanase, residual !-glucanase 

activity, and the difference between malt and wort !-glucan. More than 3,000 SNPs were 

genotyped, 756 were utilized in the final analysis. We estimate the genome coverage to 

be 36.5% in the entire dataset. Even with low genome coverage over 100 QTL for !-

glucan related traits were identified on all seven chromosomes. Novel putative QTL were 

identified in addition to previously detected QTL. QTL for malt !-glucan that were 

previously detected were identified on 4H and 5H and a QTL for thermostability of !-

glucanase activity was identified 6 cM from a region frequently detected for a range of 

malt quality traits. Our conclusion is that association mapping within a single breeding 

program is possible with appropriate genome coverage and population size. 
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Introduction 

 Association mapping using breeding germplasm is a promising approach to 

identify relevant quantitative trait loci (QTL) to speed crop improvement. Association 

mapping captures all of the allelic diversity within a population rather than only the two 

alleles segregating in traditional bi-parental QTL mapping populations (Flint-Garcia et al. 

2003). Not only can QTL be identified in relevant germplasm, but impact of genetic 

background effects can be reduced. In some cases, major QTL identified in wide crosses 

bi-parental mapping populations have been shown to be fixed in breeding populations 

(Condon et al. 2008). Association mapping panels have broader utility than many bi-

parental populations as they may be segregating for many traits, so one investment in 

genotyping can be exploited to map many phenotypes (Zhu et al. 2008) 

 Association mapping does have its challenges, notably accounting for population 

structure that can lead to spurious associations; different genotype arrays used in 

association mapping will have varying population structure (Pritchard et al. 2000). Even 

in highly structured populations, e.g. world-wide Arabidopsis accessions, genome-wide 

association mapping has been used to successfully identify previously known genes for 

flowering time and disease resistance (Aranzana et al. 2005). In barley, large-scale 

population structure exists that corresponds to spike morphology (2-row vs. 6-row) and 

growth habit, in part due to the separation of modern plant breeding efforts (Rostoks et al. 

2006). Association mapping has been successful in barley for identifying genes 

controlling vernalization, even though this trait is associated with population structure 

(Cockram et al. 2008). Other examples of successful association mapping in plants 

include phytate in Brassica rapa (Zhao et al. 2007), agronomic traits in rice (Zhang et al. 

2005), flowering time and oleic acid content in maize (Thornsberry et al. 2001; Beló et al. 

2008) iron deficiency chlorosis in soybean (Wang et al. 2008) and yield, adaptation and 

growth habit in barley (Kraakman et al. 2004 and 2006, Cockram et al. 2008). These 

studies focus on the use of diverse accessions or regional cultivars for germplasm. 

Application of association mapping within a single breeding program could identify QTL 
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that are effective in the relevant genetic background and are segregating in contemporary 

germplasm making them immediately accessible for marker assisted breeding. 

The cell wall polysaccharides (1!3)(1!4)-!-D-glucan (!-glucans) is the primary 

component of barley endosperm cell walls and its modification during malting is a major 

determinant of malting quality in barley and therefore an important breeding target 

(Fincher 1992; Bamforth and Barclay 1993). !-glucan is a linear polymer of glucosyl 

residues, with single 1!3 linked residues separated by two or more 1! 4 linked residues 

(Fincher 2008). Families of genes related to the synthesis of barley !-glucan have 

recently been identified (for review see Fincher, 2008). !-glucans are deposited during 

the grain fill period and degraded during malting and mashing. !-glucans are important in 

the brewing industry where low !-glucan content in the wort is preferred, as high levels 

result in filtration problems in the brewhouse due to the increase in wort viscosity 

(Bamforth and Barclay 1993). For human health, diets high in barley !-glucans reduce 

blood cholesterol, leading the US Food and Drug Administration to acknowledge the 

benefit of barley consumption to heart health (Baik and Ullrich 2008; Federal Register 

2008). Barley !-glucan content is not predictive of malting performance, but malt !-

glucan is to some degree, as enzymatic degradation during malting can counteract high 

grain !-glucan (Stuart et al. 1988). Barley !-glucan is influenced by genotype more than 

environment (Stuart et al. 1988). 

(1!3, 1!4)-!-D-glucan endohydrolase (!-glucanase, E.C.3.2.1.73) catalyzes the 

hydrolysis (1!4) linkages from a glucosyl residue linked (3!1) releasing 

oligosaccharides (MacGregor and Fincher 1993). !-glucanase degrades endosperm cell 

walls during the germination phase of malting, allowing for other enzymes to access the 

starch granules in the endosperm. Some enzymatic activity remains in the finished 

(kilned) malt and is active in the mash during brewing (Bamforth and Barclay 1993). 

Two isozymes, I and II, of !-glucanase have been characterized and their structural genes 

mapped to chromosomes 1H and 7H, respectively (Woodward and Fincher 1982a, b; 

Woodward et al. 1982; Loi et al. 1988). Genes encoding !-glucanase have been 

sequenced (Wolf 1991; Litts et al. 1990; Slakeski et al. 1990). Isozyme II is more heat 
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stable and hydrolyzes !-glucan more rapidly in vitro than isozyme I (Woodward and 

Fincher 1982b). The environment in which barley is grown has a strong effect on !-

glucanase activity in the resulting malt (Stuart et al. 1988).  

At least nine bi-parental mapping populations have been used to identify QTL for 

!-glucan related traits. All chromosomes of barley have been implicated in !-glucan 

content of barley, malt, wort or !-glucanase activity (Ayoub and Mather 2002; Emebiri et 

al. 2004; Gao et al. 2004; Han et al. 1995, 2004; Igartua et al. 2002; Li et al. 2008; Loi et 

al. 1988; Mather et al. 1997; Molina-Cano et al. 2007; Okada et al. 2006; Oziel et al. 

1996; Ullrich et al. 1997; Zwickert-Menteur et al. 1996). The bi-parental mapping 

populations used to identify QTL include wide crosses of feed by malt barley (Steptoe x 

Morex), winter by spring (Dicktoo x Morex), 2-row by 6-row (Harrington x Morex), as 

well as narrower crosses e.g. Galleon x Haruna Nijo, Beka x Logan. Most of these studies 

phenotype a single !-glucan related trait, frequently wort !-glucan. !-glucanase has only 

been mapped in two populations, one of them the wide Steptoe x Morex cross (Emebiri et 

al. 2004; Han et al. 1995, Ullrich et al. 1997, Zwickert-Menteur et al. 1996).  

 Here we present association mapping results for barley and malt !-glucan, !-

glucanase activity and thermostability along with wort !-glucan. Within a single breeding 

program we show that both novel and previously detected QTL can be identified for !-

glucan related traits. The potential implications of coincident QTL are discussed. 

Methods 

Germplasm 

 Breeding lines were selected to encompass the breadth of the breeding program. 

In the Minnesota program, lines are advanced by single seed decent to the F4 generation 

with some selection for plant architecture. In the F5 generation some lines are selected for 

resistance to Fusarium head blight. The first selection for malting quality uses grain 

samples from first year yield trials. Lines used in this study were selected prior to 

evaluation for malting quality. Two sets of F5:6 lines, designated as CAP I (93 lines) and 
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CAP II (89 lines), were identified from first-year yield trial entries in 2006 and 2007, 

respectively. Each set represents all the families that were advanced to the first year yield 

trial phase in 2006 and 2007 for CAP I and CAP II, respectively. The CAP I lines are 

from 23 families, represented by one to seven individuals, with an average of four per 

family. The CAP II lines come from 34 families of one to six individuals, with an average 

of 2.7 per family. Sixty unique genotypes (32 for CAP I and 40 for CAP II) are the direct 

parents of the breeding lines included in the study. Twelve genotypes were parents in 

both years. CAP I lines were grown in 2006 and CAP II lines were grown in 2007, both 

sets were grown at Crookston, Morris and St. Paul MN with two field replications in a 

randomized complete block design with nine common check varieties. Seed was sown at 

a density of approximately 330 plants m
-2

 in two row plots 3.0 m in length spaced 30 cm 

apart with a Winterteiger Plotmatic ERS Plot Seeder (Wintersteiger, Lincoln, Nebraska). 

Plots were individually harvested with a Wintersteiger Master Elite combine plot 

harvester and the grain from the two replicates was bulked before phenotyping. 

Genotypic data 

 A single seed from the F5:6 seed lot that was used to plant field trials for each 

breeding line was sown in the greenhouse and leaf tissue collected for DNA isolation. 

Leaf tissue was lyophilized and DNA extracted as described by Slotta et al. (2008). DNA 

was genotyped for 3,072 single nucleotide polymorphisms (SNPs) designed from ESTs 

organized as two oligo pool assays (OPA), known as barley OPA1 and OPA2 (BOPA1 

and BOPA2) (Close et al. submitted). The genotyping was performed using the 

GoldenGate assay on the Illumina BeadStation as described by Fan et al. (2003). 

Genotypic data was filtered to include SNPs with less than 10% missing data and a minor 

allele frequency (MAF) of greater than 0.05. Finally, only those SNPs with a map 

position were included (Close et al. submitted).  Genome coverage was estimated by 

summing the distance of all intervals between adjacent markers with LD r
2
>0.2 and 

taking the ratio of this to the total map distance. 
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Phenotypic analysis 

 The grain from two field replicates at each of three locations was bulked for all 

analyses. Barley !-glucan content was determined on 50 mg grain samples at the USDA-

ARS Cereal Crops Research Unit (CCRU, Madison, WI) using the microplate method 

described in Schmitt and Wise (2009). A 170 g grain sample was micromalted at the 

CCRU as described in Schmitt and Budde (2007). Green malt refers to germinated barley 

before it is kilned; while after kilning the product is referred to as finished malt. Finished 

malt !-glucan was measured in the same manner as barley !-glucan (Schmitt and Wise, 

2009). Mashing conditions for Congress wort were followed using a 25 g malt sample 

and wort !-glucan content measured following the wort-18 protocol (ASBC 2004). The 

percent loss of !-glucan during malting (ie. from barley to malt) was calculated on a ug/g 

basis. Malt to wort !-glucan percent loss was calculated on a ug/g malt basis. !-glucanase 

activity was measured on a 0.5 g subsample of the finished malt as described in Li et al. 

(2008). Thermostability was the residual !-glucanase activity after a 10 min 50° C heat 

treatment (Li et al. 2009). Residual activity of !-glucanase was the ratio of the 

thermostable !-glucanase activity to the initial !-glucanase activity. 

Statistical analysis 

 Correlations between barley !-glucan, malt !-glucan, malt !-glucanase activity, 

residual !-glucanase activity, !-glucanase thermostability, barley to malt percent loss and 

malt to wort percent loss were calculated with PROC CORR (SAS v9.1 Cary, NC) based 

on raw phenotypic values. Analysis of variance was calculated for CAP I and CAP II 

breeding line sets across locations with and without a location by line interaction to 

determine significance of genotype and calculate heritabilities using PROC GLM.  

Association mapping 

 Population structure was characterized using the Markov Chain Monte Carlo 

method implemented in STRUCTURE v2.2 (Pritchard et al. 2000). Briefly, 

STRUCTURE utilizes molecular marker data, here SNPs, to identify underlying 
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population structure in the form of subpopulations (k). Each individual is assigned a 

proportion of membership to each of the subpopulations. Using the admixture model with 

linkage, k=1 to 6 were modeled with a 25,000 iteration burn-in and 25,000 iteration run 

with five independent runs. The ad hoc statistic of Evanno et al. (2005) was used to select 

an appropriate k value. The resulting k was then used in an additional run of 

STRUCTURE with the same settings, except a burn-in of 100,000 and run of 100,000 

iterations, and the resulting Q matrix was used in the mixed linear model (MLM) for 

association mapping. 

 A MLM implemented by TASSEL v2.01 (Bradbury et al. 2007, Yu et al. 2006) 

was used to identify marker trait associations in the CAP I, CAP II and entire dataset. 

Briefly, the MLM accounts for coarse population structure through the inclusion of the Q 

matrix generated in STRUCTURE (Yu et al. 2006). Relative kinship between lines 

(probability of identity by descent) was calculated within TASSEL (Lynch and Ritland 

1999). The final predictor in the model is the marker genotype of the marker being tested. 

Phenotypic data was standardized for each location by dividing the value of each 

breeding line by the mean of the common check cultivars from the trial for each location, 

then calculating the grand mean across locations. For the MLM analysis, we used the 

EMMA algorithm with heritability calculated for each marker individually for the model 

Y= Q + k+ marker + error. The EMMA algorithm (efficient mixed-model association) 

improves computational efficiency and improves convergence (Kang et al. 2008). The Q 

matrix included in the model is the individual membership for each line for k-1 

subpopulations. Default parameters were used: convergence criterion of 1.0E-10; 

maximum number of iterations of 200; and an Aitken step size of five. 

 Correction for multiple testing is critical with the large number of non-

independent tests conducted with genome-wide association mapping. We use a modified 

Bonferroni correction; the SNP tagger function in Haploview v4.1 (Barret et al. 2005) 

was used to determine the number of independent tests. The tagger determines how many 

SNPs need to be genotyped to capture the information of the maximum number of SNPs 

based on a high correlation (LD, r
2
 >0.8). The resulting number of ‘tag’ SNPs was used 
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as the basis for a Bonferroni correction for an experiment-wise p<0.05. Markers were 

declared significant if they were below the threshold set by the modified Bonferroni 

correction for p=0.05.  

 Patterns of LD were explored using Haploview (Barrett et al. 2005). For markers 

significantly associated with a trait, LD with other significant markers for the same trait, 

both inter- and intrachromosomally were examined to define the QTL region. Markers in 

close proximity were declared to be part of a single QTL if a marker was less than 5 cM 

from the most significant marker in the region, or for markers up to 20 cM away, were in 

high LD (r
2
>0.6) with the most significant marker. For comparison to known QTL the 

Oregon Wolfe Barley integrated map was used to compare common markers (Szucs et al. 

2009). 

 The SNPs used here are derived from ESTs (Close et al. submitted). We queried 

the annotations available of all genotyped SNPs for ‘glucan’ to determine if any of the 

significantly associated SNPs were from genes relating to !-glucan synthesis or 

degradation. 

Results 

Phenotypic variation and trait correlations 

 Check varieties were grown in all trials to determine if phenotypic ranges of traits 

were similar to previous work and provide a basis for pooling data between CAP I and 

CAP II. Least significant differences between varieties are presented in Table 1. !-

glucanase traits showed little variation amongst the malting varieties, but the feed variety 

Baronesse !-glucanase and !-glucanase thermostability were significantly different from 

the malting cultivars in the CAP II dataset. The performance of the varieties currently 

grown in the Midwest was similar to previous data with Lacey, Stellar-ND, and Tradition 

having low wort !-glucan and Robust and Legacy having higher values. As expected, 

there was little variation among the varieties for barley !-glucan. Significant variation 

among breeding lines was detected for !-glucan concentration in the barley, malt, and 



!

!

"#!

wort (Table 2). Phenotypic variation for !-glucanase activity and malt to wort percent 

loss were not significant in either the CAP I or CAP II sets of breeding lines. !-glucanase 

thermostability and residual activity were significant in only the CAP II germplasm. 

Coefficients of variation for most traits were similar for the CAP I and CAP II datasets 

with the exception of malt to wort percent loss and residual !-glucanase activity (Table 

2). Heritabilities calculated on an entry-mean basis are presented for traits with 

significant phenotypic variation in Table 2. Wort !-glucan shows the highest heritability 

of 0.76 to 0.81, while malt !-glucan has a heritability of 0.41. Correlations based on 

phenotypic values consistently showed a negative correlation between !-glucanase 

activity traits and wort !-glucan (Table 3). Malt !-glucan was positively correlated with 

wort !-glucan, and both were positively correlated with the malt to wort percent loss. 

Malt to wort percent !-glucan loss was not significantly correlated with any of the !-

glucanase traits.  

Genome coverage and association mapping 

 After filtering SNPs to exclude markers with less than 0.05 MAF and greater than 

10% missing data, 756 mapped SNPs were included in subsequent analyses. Within CAP 

I and CAP II, 621 and 742 markers met these standards, respectively. More markers had 

low MAF in CAP I compared to CAP II. To assess genome coverage we calculated LD 

for all adjacent markers using Haploview. Average LD (r
2
) for adjacent markers was 

0.565 in the whole set and 0.583 and 0.572 in CAP I and CAP II, respectively. The sum 

distance for all intervals in which the adjacent markers were in LD (r
2
"0.2) was obtained 

and divided by the total map distance to determine the extent of genome coverage 

(Barrett et al. 2005). The percent of the genome with adjacent markers in LD was 33.5% 

for CAP I, 38.4%% for CAP II and 36.5% for the whole dataset (Figure 2). Each set was 

then subjected to the SNP tagger function in Haploview to determine the number of 

independent SNPs in the set based on LD (r
2
>0.8 non-independent). CAP I was tagged 

with 238 SNPs, CAP II 273 and the whole set 292. When used in a Bonferroni correction, 
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these result in QTL significance thresholds of 0.00021 for CAP I, 0.00018 for CAP II and 

0.00017 for the whole dataset based on a comparison-wise p value of 0.05. 

 Two subpopulations (k=2) were identified as being most likely based on 

STRUCTURE output and the ad hoc statistic (L''(K)) of Evanno et al. (2005) (Figure 1). 

The Q matrix containing assignment to the two subpopulations for each line was used as 

a fixed effect in the mixed linear model to detect QTL using TASSEL. A total of 29 malt 

!-glucan QTL were detected and were distributed on all chromosomes except 1H (Table 

4, Figure 2). Barley to malt percent !-glucan loss QTL (33) were identified on all seven 

chromosomes. The malt !-glucan and barley to malt percent !-glucan loss are coincident 

at 14 QTL, four of which are also significant for wort !-glucan. Three QTL for residual 

!-glucanase and one for !-glucanase thermostability were detected within CAP II; the 

thermostability QTL is coincident with one of the residual !-glucanase QTL. Results for 

!-glucanase and malt to wort percent !-glucan loss are not reported, as there was not 

significant phenotypic variation (Table 2). Finally, five QTL for wort !-glucan were 

found, on chromosomes 4H, 6H and 7H. Many more QTL were detected when data from 

only CAP II were used (9, Table 4) compared to CAP I (2). Some of these QTL were for 

different traits, e.g. four QTL for wort !-glucan were detected with CAP II, while none 

were detected with CAP I. Using the whole dataset, 62 QTL were identified for all the 

non-enzymatic traits.  

 Regions predicted to have adequate genome coverage do contain detected QTL 

(Figure 2). Other regions not predicted to have good genome coverage, such as 3-9 cM 

on 6H, also contain detected QTL. The relationship between MAF, r
2
 and power of QTL 

detection is not uniform across the genome (Figure 2). Power of detection appears to be 

greater when MAF is greater, as 86% of the most significant markers within a declared 

QTL here had the largest MAF within the QTL. A strong relationship between magnitude 

of LD and power of detection is not apparent in this dataset, as QTL are identified in 

regions of both high and low r
2
. More QTL are detected in regions with higher LD than 

low LD, and in the latter case tend to be at loci with higher MAF. 
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 Twenty SNPs screened for the Close et al. (submitted) map have a gene 

annotation that includes glucan. Of these, 12 are included in the genotyping here. Only 

three these 12 SNPs (12_30841 at 3H 151.22 cM, 12_10371 at 4H 40.36 cM, 11_21096 

at 2H 54.95 cM) met our data filtering standards; none of these were associated with the 

traits with significant phenotypic variation. SNP 12_10371 is a putative endo- 1!4 !-

glucanase Cel1; the other two SNPs are putative glucosidases. SNP 11_21096 is less than 

1 cM from bml3 (Table 4) and SNP 12_10371 is 4 cM from bml13, so merit further 

investigation of their relationship with barley to malt percent !-glucan loss. 

Discussion 

Relationship between !-glucans and !-glucanase activity 

 Barley breeders seeking to improve modification of !-glucan can target grain, 

malt or wort !-glucan or !-glucanase activity in green or finished malt. In studies with 

few cultivars (8-15), barley !-glucan was not highly correlated with overall malting 

quality (Edney et al. 1998; Wang et al. 2004). Rather, malt !-glucan is more predictive of 

wort !-glucan and beer !-glucan (Edney et al. 1998). We found a fairly strong correlation 

(0.57) between malt !-glucan and wort !-glucan similar to a study of 15 Canadian 

malting varieties or breeding lines (0.86) (Edney et al. 1998). The negative relationship 

between !-glucan content of both malt and wort with !-glucanase activities seem 

reasonable as !-glucanase degrades !-glucan. Stuart et al. (1988) reported a correlation of 

-0.61 between malt !-glucan and !-glucanase activity based on three genotypes and four 

environments.  We saw a much weaker correlation between malt !-glucan and !-

glucanase activity (-0.14, Table 3), which may be due to a lack of genetic variation for !-

glucanase activity. The malt-wort !-glucan difference was not significantly correlated 

with any of the !-glucanase traits. This is consistent with the primary phase of !-glucan 

degradation occurring during malting. A genetic correlation between wort !-glucan and 

!-glucanase of -0.43 (Emberi et al. 2004) is greater than our phenotypic correlation of -

0.29 (Table 3). This may be due to our non-significant genetic variation of !-glucanase 
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activity (Table 2). As expected, we observed a positive correlation between 

thermostability of !-glucanase and residual !-glucanase, as residual activity is a function 

of thermostability. The relatively weak correlations between !-glucanase activity and 

malt and wort !-glucan suggests that breeders who have been selecting for low wort !-

glucan have not been selecting for increased !-glucanase activity in the mash. Increased 

thermostability of !-glucanase is likely to impact the amount of degradation possible in 

the mash, which occurs at temperature high enough to eliminate the enzyme’s activity. 

High !-glucanase activity during malting can result in low wort !-glucan (Wang et al. 

2004), so is possible to have both high grain !-glucan and good malting quality. Direct 

selection for the desired level of !-glucan in grain, malt or wort is likely to be more 

effective than selection of !-glucanase, as this is indirect and the correlation is not strong. 

Genome coverage for association mapping 

Calus et al. (2008) showed that an average r
2
 between adjacent markers of 0.2 was 

sufficient to accurately predict breeding values for very low heritability traits. This would 

similarly suggest that this level of LD between adjacent markers in an association 

mapping study should be sufficient to detect QTL with low heritabilities. It is important 

to note that the study by Calus et al. (2008) was based on simulation and assumed 

relatively evenly spaced markers. We determined the percent of the genome adequately 

covered by markers to detect QTL (ie. proportion of marker intervals with r
2
>0.2) was 

33-38%. This suggests that additional markers would be needed to be confident in 

detecting all QTL. Large intervals (greater than 10 cM) between adjacent markers 

accounts for much of the uncovered portion of the genome (>300 cM in all sets), 

particularly in the CAP I set. Many markers not included in analysis of the CAP I set, but 

in the CAP II set, were excluded because of low minor allele frequency. Advanced cycle 

breeding practiced in the Minnesota breeding program has been shown to greatly reduce 

allelic diversity (Condon et al. 2008). Detecting QTL in regions nearly fixed will not be 

possible using these data sets, but QTL within those regions will likely be contributing 

little to currently observed phenotypic variation. We did observe detection of QTL in 
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regions where adjacent r
2
 values were less than 0.2, often associated with MAF greater 

than 0.1 (Figure 2). These estimates of genome coverage are conservative, as it is very 

likely that larger effect QTL could be detected in marker intervals with adjacent marker r
2
 

values less than 0.2. Additionally, some of the large gaps are likely to be in fixed regions, 

meaning the percent coverage would be higher in the ‘non-fixed’ portion of the genome.  

Association mapping within a single breeding program reveals both previously 

identified and potentially novel QTL. 

 We detected many QTL for !-glucan related traits. The five to six QTL identified 

for !-glucanase traits is similar in number to those identified in bi-parental mapping 

(Emebiri et al. 2004, Han et al. 1995). As two !-glucanase isozymes have been 

characterized, we would hope to identify QTL that correspond to the two genes that have 

been placed on 1H and 7H (Woodward and Fincher 1982a,b, Woodward et al. 1982, Loi 

et al. 1988). All !-glucanase related traits were detected only in the CAP II germplasm 

because significant phenotypic variation was not present in CAP I or the dataset as a 

whole. !-glucanase thermostability QTL TBG1 was coincident with residual !-glucanase 

QTL rbg1, making this region on chromosome 1H at 20.82-23.86 cM a candidate for a 

more heat stable form of !-glucanase. Han et al. (1995) identified a QTL for !-glucanase 

activity of both green malt and finished malt (QBgn.StMo-1H) at 77cM on chromosome 

1H based on a common marker on the Oregon Wolfe Barley (OWB) integrated map 

(Szucs et al. 2009). The nearest QTL we detected to QBgn.StMo-1H is RBG2, 

approximately 17 cM distal of ABC160, the common marker. Emebiri et al. (2004) also 

identified a QTL for !-glucanase activity on the long arm of 1H. Loi et al. (1988) used 

wheat-barley addition lines to determine which chromosomes contain !-glucanase genes. 

The QTL RBG1 and TBG1 we detected distal on the short arm on 1H appear to be novel 

QTL, but correspond to the isoenzyme that has been localized to 1H (Loi et al. 1988).  

 We also observed coincidence of QTL for malt and wort !-glucan and barley to 

malt percent !-glucan loss on 4H at 96.59-97.06 cM and 147.48 cM 

(MALTBG9/WBG2/BML15 and MALTBG10/WBG3/BML16, respectively), and on 7H 
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at 10.06 and 128.36 cM (MALTBG21/WBG4 and MALTBG27/WBG5/BML31, 

respectively). The coincidence of malt and wort !-glucan and barley to malt percent !-

glucan loss QTL may be the result of QTL contributing to !-glucanase activity during 

malting. However, we did not directly detect QTL for !-glucanase activity in these 

regions. 

 Several of the QTL we detected correspond to QTL reported in previous studies. 

One QTL for malt !-glucan (MALTBG6, 44.94-50.40 cM 4H) we detected is 2 cM distal 

to a previously detected QTL for !-glucanase activity in green malt on the OWB 

integrated map (Zwikert-Menteur et al. 1996, Szucs et al. 2009). Another QTL for malt 

!-glucan, MALTBG11, maps 4 cM proximal to a previously detected wort !-glucan QTL 

(Oziel et al. 1996). At least five additional QTL we identified here, two for wort !-glucan 

and three for malt !-glucan, have map positions on the OWB map that are 10-22 cM 

from previously detected QTL for malt !-glucan, !-glucanase activity or extract viscosity 

(data not shown, Szucs et al. 2009). Lack of consensus markers across maps makes it 

difficult to determine if QTL detected in different populations are actually the same, 

however, those that can be placed close to previously mapped QTL are the most 

attractive targets for MAS strategies.  

 On 4H we identified a QTL at 24.59-26.66 cM (TBG2), which is 6 cM proximal 

to the SSR HVM40 on the OWB integrated map (Szucs et al. 2009). This region has been 

repeatedly detected for QTL related to malting quality, including alpha-amylase activity, 

soluble/total protein, test weight, grain protein content, kernel plumpness and malt extract 

(Han et al. 1995, Gao et al. 2004). In preliminary association mapping efforts in our lab 

we also detected malt quality QTL in this region and have generated near isogenic lines 

(NIL) that can be used to validate the !-glucanase thermostability QTL detected here, as 

well as other QTL related to malt quality detected within the same datasets (unpublished 

data K. Smith, F. Condon, K. Beaubien; Ch. 4 this volume).  

One SNP (12_10371) near BML13 is a putative endo-1!4 !-glucanase based on 

the rice unigene annotation. This may then be considered a candidate gene worth further 
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investigation. Two other SNPs that have annotations for glucan glucosidase activity were 

also near QTL for barley to malt percent !-glucan loss. These annotations are for a much 

more general activity, the cleavage of glucose from a glucan. Phenotyping and genetic 

analysis of larger datasets for these traits may provide more insight into whether these 

SNPs are the cause of the marker-trait associations in these regions. 

Association mapping within plants has focused on panels of elite regional 

cultivars or accessions selected to maximize diversity (e.g. Agrama et al. 2007; Aranzana 

et al. 2005; Beló et al. 2008; Kraakman et al. 2004, 2006). These association mapping 

studies have been able to identify QTL for a variety of traits. In barley, early studies used 

relatively few markers and smaller populations (Kraakman et al. 2004, 2006). Later 

studies focused on candidate genes and larger populations (Cockram et al. 2008, Stracke 

et al. 2008). Here we use greater marker density to conduct a genome-scan using a 

modest population size from within a single breeding program. Population structure 

within a breeding program will differ from that of regional panels because common 

factors separating crop histories are not relevant such as spike morphology and growth 

habit (Rostoks et al. 2006). Including a kinship matrix to account for relatedness between 

individuals in the mixed model is therefore important (Yu et al. 2006). Association 

mapping was indeed successful within a single breeding program, but is still sensitive to 

many of the caveats of bi-parental QTL mapping such as repeatability of QTL detection 

and population size. Genome coverage will be important to estimate as it can vary widely 

depending on the narrowness of the germplasm used (see above). 

A concern in any QTL mapping approach is the repeatability of QTL detection. 

With the current datasets, repeat detection was low for most traits, with 19 QTL 

identified in more than one set of germplasm; one for !-glucanase activity on 4H and the 

other for malt !-glucan on 5H and 17 for malt-wort !-glucan difference (Table 3). The 

difference in power of QTL detection between the sets is not likely explained by genome 

coverage, as our coverage estimates vary by only 3%. The low repeatability may be due 

to population size, particularly the smaller CAP I and CAP II sets. Further mapping 

efforts with additional breeding lines will be useful for validating these QTL. Additional 
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lines from other breeding programs have been phenotyped for wort !-glucan and malt !-

glucan, thus comparison with QTL detected among those lines will also strengthen 

confidence in any QTL that are detected repeatedly. 

Conclusion 

 Barley breeders may want to manipulate !-glucan content for contrasting uses, 

such as increased grain !-glucan for human consumption, decreased for poultry feed and 

low malt and wort !-glucan for the brewing industry. As many QTL for the related !-

glucan traits are coincident and the phenotypes correlated, breeders must take into 

consideration these relationships in selecting breeding targets. For malt barley breeders, 

decreased wort !-glucan content can be achieved by lowering grain !-glucan content or 

increasing !-glucanase activity and selection for them simultaneously may be 

advantageous. 
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2006 (CAP I) 

BBG
1 

(ug/g barley) 
 

MBG 

(ug/g malt) 
 

BML 

(%) 
 

WBG 

(ppm) 
 

MWL 

(%) 
 

Bgase 

(U) 
 

TBGase 

(U) 
 

RBGase 

(%) 
 

Variety Mean n Mean n Mean n Mean n Mean n Mean n Mean n Mean n 

Baronesse 4.20 ab 6 0.26    cde 5 94.11     cd 5 132.2  bc 6 60.34 a 5 384.8 2 310.6 2 79.9 2 

Harrington 4.65 ab 6 0.10        e 5 97.88 a 5 174.7 a 6 -34.85  b 5 524.7 2 364.6 2 69.4 2 

Lacey 4.66 ab 12 0.26  bcde 11 94.49 abc 11 107.9    c 12 52.68 a 11 nd  nd  nd  

Legacy 5.03 a 5 0.44 ab 5 90.89      de 5 187.2 a 5 60.00 a 5 nd  nd  nd  

MNBrite 5.02 a 12 0.29 abcd 11 94.20    cd 11 118.7  bc 12 66.55 a 11 nd  nd  nd  

Robust 4.80 ab 12 0.45 a 12 90.56       e 12 150.1 ab 12 65.15 a 12 485.4 2 335.2 2 69.2 2 

Stander 5.21 a 13 0.30 abc 12 94.34  bcd 12 154.3 ab 13 53.04 a 12 nd  nd  nd  

Stellar-ND 4.98 a 6 0.12     de 5 97.74 ab 5 68.5       d 6 29.80 a 5 nd  nd  nd  

Tradition 4.73 ab 6 0.33 abc 5 93.52    cde 5 96.0     cd 6 63.46 a 5 nd  nd  nd  

LSD (0.05) 0.66  0.18  3.51  38.2  38.75  182.2  367  61.3  
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2007 (CAP II) BBG 
 

MBG 
 

BML 
 

WBG 
 

MWL 
 

Bgase 
 

TBGase 
 

RBGase 
 

Variety Mean n Mean n Mean n Mean n Mean n Mean n Mean n Mean n 

Baronesse 4.58 6 0.62 ab 6 84.80    cd 6 220.7 abc 6 63.70 a 6 353.1  b 4 199.73  b 4 56.9 4 

Harrington 4.95 6 0.76 a 6 83.75    c 6 231.0 ab 6 74.53 a 6 484.8 a 4 303.93 a 4 62.8 4 

Lacey 4.69 6 0.37    cd 6 91.88 ab 6 112.0        e 6 67.98 a 6 446.1 a 4 294.7   a 4 66.8 4 

 Legacy 5.05 5 0.78 a 6 83.52      d 5 257.0 a 6 74.23 a 6 nd  nd  nd  

MNBrite 4.64 6 0.35    cd 6 92.34 ab 6 186.3   bcd 6 50.17 a 6 nd  nd  nd  

Robust 4.54 6 0.59 abc 6 86.65   bcd 6 222.3 abc 6 68.79 a 6 460.7 a 4 289.75 a 4 62.8 4 

Stander 5.04 6 0.41  bcd 6 91.97 ab 6 167.2     cde 6 48.88 a 6 nd  nd  nd  

Stellar-ND 4.86 5 0.28     d 6 94.13 a 5 131.3       de 6 -49.28  b 6 nd  nd  nd  

Tradition 4.61 6 0.40  bcd 6 91.16 abc 6 120.3         e 6 76.21 a 6 485.3 a 4 297.3 a 4 61.5  4 

LSD (0.05) 0.78  0.25  6.42  59.5  79.31  90.9  58  10.3  

!

*!++,-!./0123!45617%/'8!9+,-!:/1;!45617%/'!8!+9<-!./0123!;&!:/1;!=!1&>>!45617%/'8!?+,-!@&0;!45617%/'!8!9?<-!:/1;!;&!@&0;!=!

1&>>!45617%/'8!+6/>2-!:/1;!45617%/'/>2!/%;ABA;38!C+,/>2-!45617%/'/>2!;D20:&>;/.A1A;38!E+,/>2-!02>AF7/1!45617%/'//>2!/%;ABA;38!'-!

'7:.20!&G!&.>20B/;A&'>8!!'F-!'&;!F2;20:A'2F(!
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Table 2. Phenotypic ranges of raw data for !-glucan traits, means across three locations, significance of genotypes, coefficient of 

variation (CV) and broad sense heritability calculated on an entry-mean basis across CAP I and CAP II. 

 CAP I 
  

CAP II 
 

trait min max mean p value CV heritability min max mean p value CV heritability 

Barley !-glucan 

(%) 
2.76 6.81 4.43 0.0063 12.14 0.355  2.66 6.48 4.61 0.0001 12.72 0.299 

Malt !-glucan 

(%) 
0.01 0.99 0.36 0.0016 48.74 0.405  0.0006 1.24 0.48 0.0014 44.33 0.414 

Barley to malt 

% loss 
77.22 99.75 91.88 0.0016 4.33 0.405  59.37 99.99 89.33 0.0244 5.93 0.299 

Wort !-glucan 

(ppm) 
12.6 359.7 135.4 <0.0001 26.76 0.813  34.6 589.4 166.2 <0.0001 32.76 0.764 

Malt to wort % 

loss 
-412.30 93.96 57.34 0.1544 76.86 nd

1 
 -7060.91 94.16 31.05 0.5165 1424.02 nd 

!-glucanase (U) 
332 671 489 0.4954 11.00 nd  332 651 507 0.1871 11.49 nd 

!-glucanase 

thermostability 

(U) 
225 492 

 

335 0.9937 15.51 nd  194 546 306 0.0005 13.56 0.510 

Residual !-

glucanase (%) 
55.2 88.0 68.7 0.9947 11.41 nd  44.8 84.9 60.2 <0.0001 6.84 0.617 

1
 nd: heritability is not reported for traits that did not have significant genetic variation (p <0.05)
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Table 3. Pearson correlation coefficients of !-glucan related traits based on phenotypic values. 

 

Barley  

!-glucan 

Malt 

!-glucan  
Barley to malt % 

loss 

Wort !-

glucan 

Malt to 

wort % loss 

!-glucanase 

activity 
1
 

!-glucanase 

thermostability 

Malt !-glucan  ns       

Barley to malt % 

loss 0.158*** -0.963***      

Wort !-glucan ns 0.701*** -0.672***     

Malt to wort % 

loss -0.088* 0.137** -0.133** ns    

!-glucanase 

activity  0.154** -0.139** 0.18091** -0.291*** ns   

!-glucanase 

thermostability ns -0.250*** 0.25479*** -0.375*** ns 0.721***  

Residual !-

glucanase 

activity  -0.175*** -0.212*** 0.16967*** -0.235*** ns ns 0.618*** 

 

1: Correlations with a !-glucanase activity trait based on 363 observations, all others 544 observations. *, **, *** p=0.05, 0.01, 0.001
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Table 4. Declared QTL for !-glucan related traits with most significant SNP and its minor allele frequency. 

Trait Chromosome cM 

QTL 

designator 

Max p 

value Dataset 

Coincident 

QTL
1 

Most 

significant 

marker 

Minor 

allele 

frequency 

Barley to malt % loss 1H 54.4 BML1 1.42E-04 Whole  12_10693 0.072 

Barley to malt % loss 2H 8.57-10.06 BML2 4.52E-09 Whole  12_30781 0.184 

Barley to malt % loss 2H 49.03-53.53 BML3 2.22E-08 Whole  12_30703 0.203 

Barley to malt % loss 2H 62.82 BML4 1.51E-04 Whole  11_20690 0.151 

Barley to malt % loss 2H 85.21 BML5 3.93E-09 Whole  12_10579 0.332 

Barley to malt % loss 2H 

125.46-

133.94 BML6 3.93E-09 Whole  11_20895 0.332 

Barley to malt % loss 3H 39.45 BML7 4.53E-08 Whole  11_20410 0.069 

Barley to malt % loss 3H 52.5-69.6 BML8 6.81E-09 Whole MBG 11_11391 0.236 

Barley to malt % loss 3H 71.49-74.78 BML9 2.98E-09 Whole  12_30754 0.066 

Barley to malt % loss 3H 85.99-89.31 BML10 9.71E-10 Whole MBG 12_31299 0.066 

Barley to malt % loss 3H 

122.14-

123.68 BML11 1.36E-09 Whole  11_20944 0.22 

Barley to malt % loss 3H 129.41 BML12 3.82E-09 Whole  12_10173 0.06 

Barley to malt % loss 4H 44.94-50.4 BML13 1.82E-08 Whole MBG 11_11405 0.118 

Barley to malt % loss 4H 86.27-88.22 BML14 6.49E-09 Whole  11_20358 0.124 

Barley to malt % loss 4H 96.59-97.06 BML15 4.32E-06 Whole 
MBG, 

12_30117 0.096 
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Trait Chromosome cM 

QTL 

designator 

Max p 

value Dataset 

Coincident 

QTL
1 

Most 

significant 

marker 

Minor 

allele 

frequency 

WBG 

Barley to malt % loss 4H 147.48 BML16 8.96E-05 Whole 

MBG, 

WBG 12_10824 0.091 

Barley to malt % loss 5H 9.84 BML17 3.89E-08 Whole MBG 12_11010 0.264 

Barley to malt % loss 5H 100.28 BML18 1.15E-08 Whole MBG 11_10771 0.404 

Barley to malt % loss 5H 189.6 BML20 3.60E-06 Whole  12_31292 0.371 

Barley to malt % loss 6H 3.11-9.06 BML21 4.67E-11 Whole MBG 11_21032 0.06 

Barley to malt % loss 6H 16.97 BML22 7.80E-09 Whole  12_30842 0.107 

Barley to malt % loss 6H 42.36-58.55 BML23 1.47E-10 Whole MBG 11_10461 0.154 

Barley to malt % loss 6H 75.21-7655 BML24 2.16E-05 CAP II  11_20889 0.146 

Barley to malt % loss 6H 124.85 BML25 7.89E-08 Whole  11_10828 0.14 

Barley to malt % loss 7H 33.73-34.82 BML26 4.65E-09 Whole  12_10368 0.275 

Barley to malt % loss 7H 45.71-46.19 BML27 1.52E-09 Whole  12_30143 0.28 

Barley to malt % loss 7H 68.46 BML28 1.52E-09 Whole MBG 12_10979 0.28 

Barley to malt % loss 7H 98.5-99.67 BML29 4.65E-08 Whole  11_21448 0.102 

Barley to malt % loss 7H 119.54 BML30 5.42E-09 Whole MBG 12_30164 0.088 

Barley to malt % loss 7H 128.36 BML31 1.37E-09 Whole 

MBG, 

WBG 11_10182 0.412 

Barley to malt % loss 7H 136.62 BML32 5.86E-09 Whole MBG 11_10078 0.159 
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Trait Chromosome cM 

QTL 

designator 

Max p 

value Dataset 

Coincident 

QTL
1 

Most 

significant 

marker 

Minor 

allele 

frequency 

Barley to malt % loss 7H 143.68 BML33 1.11E-08 Whole   11_10550 0.077 

Barley to malt % loss 7H 

179.64-

187.38 BML19 2.08E-08 Whole, CAP I 12_30577 0.376 

Beta-glucanase 

thermostability 
1H 20.82-23.86 

TBG1 1.57E-04 CAP II RBG 11_20712 0.056 

Malt beta-glucan 2H 8.57 MALTBG1 1.38E-04 Whole  12_30781 0.184 

Malt beta-glucan 3H 55.57-56.40 MALTBG2 1.05E-05 Whole BML 11_10365 0.199 

Malt beta-glucan 3H 85.99-89.31 MALTBG3 1.87E-05 Whole BML 11_20136 0.093 

Malt beta-glucan 
3H 

117.10-

120.59 MALTBG4 3.61E-06 Whole  12_30927 0.055 

Malt beta-glucan 3H 162.15 MALTBG5 9.76E-05 Whole  12_30767 0.096 

Malt beta-glucan 4H 44.94-50.40 MALTBG6 3.45E-05 Whole BML 11_10793 0.118 

Malt beta-glucan 4H 66.00 MALTBG7 1.52E-04 Whole  12_31385 0.302 

Malt beta-glucan 4H 88.22 MALTBG8 7.26E-05 Whole  11_20358 0.124 

Malt beta-glucan 
4H 96.59-97.06 

MALTBG9 5.22E-05 Whole 

BML, 

WBG 11_20838 0.091 

Malt beta-glucan 
4H 147.48 

MALTBG10 5.22E-05 Whole 

BML, 

WBG 12_10824 0.091 

Malt beta-glucan 5H 9.84 MALTBG11 1.43E-04 Whole BML 12_11010 0.264 

Malt beta-glucan 5H 39.97 MALTBG12 2.15E-05 Whole  11_20845 0.088 
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Trait Chromosome cM 

QTL 

designator 

Max p 

value Dataset 

Coincident 

QTL
1 

Most 

significant 

marker 

Minor 

allele 

frequency 

Malt beta-glucan 5H 100.28 MALTBG13 1.15E-04 Whole BML 11_11473 0.06 

Malt beta-glucan 5H 179.64 MALTBG14 8.25E-05 CAP I, Whole 11_21138 0.077 

Malt beta-glucan 6H 3.11-9.06 MALTBG15 1.51E-05 Whole BML 11_21521 0.06 

Malt beta-glucan 6H 29.05-30.06 MALTBG16 1.41E-04 Whole  12_30697 0.129 

Malt beta-glucan 6H 40.79-42.36 MALTBG17 1.72E-06 Whole BML 12_30361 0.371 

Malt beta-glucan 6H 55.65 MALTBG18 6.08E-05 Whole  11_20329 0.236 

Malt beta-glucan 6H 72.54 MALTBG19 1.59E-04 Whole  11_20053 0.126 

Malt beta-glucan 6H 126.18 MALTBG20 8.06E-05 Whole  12_31469 0.154 

Malt beta-glucan 
7H 10.06 

MALTBG22 3.91E-05 Whole 

BML, 

WBG 12_11279 0.418 

Malt beta-glucan 7H 55.94 MALTBG21 3.93E-05 Whole  12_11051 0.321 

Malt beta-glucan 7H 33.73-46.19 MALTBG23 3.11E-05 Whole  12_30143 0.28 

Malt beta-glucan 7H 68.46 MALTBG24 3.11E-05 Whole BML 12_10979 0.28 

Malt beta-glucan 
7H 

102.85-

103.62 MALTBG25 3.93E-05 Whole  11_20103 0.321 

Malt beta-glucan 7H 119.54 MALTBG26 2.07E-05 Whole BML 12_30164 0.088 

Malt beta-glucan 
7H 128.36 

MALTBG27 2.45E-05 Whole 

BML, 

WBG 11_21229 0.341 

Malt beta-glucan 7H 136.62 MALTBG28 5.36E-05 Whole BML 11_10078 0.159 

Malt beta-glucan 7H 143.68- MALTBG29 1.64E-05 Whole   11_21223 0.094 
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Trait Chromosome cM 

QTL 

designator 

Max p 

value Dataset 

Coincident 

QTL
1 

Most 

significant 

marker 

Minor 

allele 

frequency 

144.45 

Residual beta-glucanase 1H 20.82-23.86 RBG1 4.38E-05 CAP II TBG 11_20712 0.056 

Residual beta-glucanase 1H 51.70-55.49 RBG2 7.80E-05 CAP II  11_21357 0.112 

Residual beta-glucanase 5H 2.09-5.68 RBG3 7.50E-05 CAP II   12_30976 0.157 

Wort beta-glucan 4H 15.75 WBG1 8.58E-05 Whole  12_30540 0.099 

Wort beta-glucan 
4H 96.59-97.06 

WBG2 1.14E-04 CAP II 

BML, 

MBG 11_20838 0.073 

Wort beta-glucan 
4H 147.48 

WBG3 1.14E-04 CAP II 

BML, 

MBG 12_10824 0.073 

Wort beta-glucan 
7H 10.06 

WBG4 1.46E-04 CAP II 

BML, 

MBG 12_11279 0.404 

Wort beta-glucan 
7H 128.36 

WBG5 1.46E-04 CAP II 

BML, 

MBG 11_10182 0.404 

1
: Coincident QTL abbreviations: BBG= barley !-glucan, BML= barley-malt !-glucan percent loss, MBG= malt !-glucan, WBG= 

wort !-glucan, RBG= residual !-glucanase, TBG= !-glucanase thermostability



!

!

""!

 

Fig. 1. Probability of subpopulations within the CAP I and II population. a) Average 

Ln(PD) from 5 independent runsof 25,000 iterations from STRUCTURE, a ‘plateau’ 

indicates likely number of subpopulations . b) Ad hoc statistic L’’(K) from Evanno et al 

(2005). Highest value indicates likely number of subpopulations. 
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Fig. 2. See next page. 
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Fig. 2. See next page. 
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Fig. 2. Relationship between minor allele frequency (MAF), adjacent marker linkage 

disequilibrium (r
2
) and significance of markers [log(p value)] from association mapping 

as a function of genetic distance. Above the x-axis are MAF and r
2
; r

2
 for adjacent 

markers plotted versus the average of their positions. The r
2
 threshold indicates our cutoff 

for predicted genome coverage (r
2 
>0.2). Probability, as log(p value), from a mixed linear 

model are plotted below the x-axis. 

!
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Chapter 4 

Association mapping of malt quality traits in 6-row barley 

Abstract 

 Malting quality is a set of complex, interacting traits that are expensive to 

measure and challenging to improve through breeding.  Association mapping can 

leverage phenotypic data generated in breeding programs to identify quantitative trait loci 

(QTL) for traits of interest. Here we utilize breedling lines from a single breeding 

program to detect QTL for barley protein, kernel plumpness, kernel weight, malt extract, 

wort protein, soluble/total protein, !-amylase, diastatic power and wort "-glucan. We 

used a mixed-linear model to identify QTL in a set of 182 breeding lines from a single 

breeding program for these malting quality traits. More than 3,000 SNPs were genotyped, 

of which 756 were utilized in the final analysis. We conservatively estimate the genome 

coverage to be 36.5% in the entire dataset. Even with low genome coverage, 94 QTL for 

malt related traits were identified on all seven chromosomes. Novel putatitve QTL were 

identified in addition to previously detected QTL. Comparison of haplotypes across one 

important QTL region with those of bi-parental mapping population parents indicates 

greater haplotype diversity in the breeding germplasm. Breeding lines with recent exotic 

parentage made possible the detection of this QTL which had been previously fixed in the 

breeding program. We conclude that association mapping within a single breeding 

program can identify novel and previously detected QTL. 
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Introduction 

 Many quantitative trait loci (QTL) have been detected in bi-parental mapping 

populations, but the success of implementing marker assisted selection (MAS) from these 

results has been limited, particularly for complex traits (Bernardo 2008). In barley, 

diverse parents have been used to develop mapping populations to maximize phenotypic 

and genetic variation. This approach has been useful in identifying many QTL for a wide 

variety of traits including disease resistance, malt quality and agronomic traits (e.g. Barr 

et al. 2003; Han et al. 1995; Hayes et al. 1993). However, the usefulness of these major 

QTL to breeders for MAS may be low as they are likely already targets of phenotypic 

selection, and likely fixed in elite breeding germplasm. In barley, Condon et al. (2008) 

showed that the region of a major complex of malt quality traits identified in a wide cross 

between a malt barley and feed barley cultivar (Hayes et al. 1993; Gao et al. 2004; 

Ullrich et al. 1997) was fixed in the Minnesota breeding program in the 1960s. Thus in 

this case, while QTL mapping studies have illuminated the genetic architecture of a 

complex set of traits, it has made limited contributions to breeding. 

 Association mapping may be more relevant to breeding when used with extant 

individuals in breeding programs to identify QTL for traits of interest. When breeding 

program data is used for association mapping it is possible to assess more than two alleles 

per locus, identify QTL that are variable in contemporary breeding germplasm, and 

leverage large phenotypic data sets that are routinely generated in the breeding process. 

This should lead to the identification of QTL that are segregating and can be immediate 

targets for MAS in breeding germplasm. If population sizes are large enough, power may 

be sufficient to identify QTL left undetected in bi-parental populations derived from wide 

crosses with limited population sizes.  QTL identified in breeding populations may be of 

greater use as QTL effects are measured in a relevant background and the segregating 

alleles are directly available for MAS. Utilizing phenotypic data collected through routine 

breeding efforts means genetic information in the form of QTL identification can be 

acquired without additional phenotyping. Finally, association mapping can lead to higher 
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map resolution, as the many meiotic recombination events over time break up linkage 

blocks separating markers and QTL (Gaut and Long 2003).   

 Malting  barley cultivars must meet strict guidelines for an array of traits set by 

the brewing industry and can therefore command a premium price for growers (Taylor et 

al. 2003). Breeders use these guidelines for quality parameters to develop new cultivars 

that will meet the needs of growers, maltsters and brewers. Malting is a three step process 

where barley is steeped in water to ~45% moisture, allowed to germinate for 3-4 days and 

then kilned dry. During germination grain endosperm is modified, including cell wall 

degradation, protein degradation, starch accessibility and the activation and synthesis of 

amylase enzymes. Malting is a destructive process, making predictive measures 

important for malthouse and brewhouse performance. Barley quality traits including 

kernel weight, percent plump kernels and grain protein content are used to grade barley, 

along with cultivar, to increase uniformity of batches in the malthouse. Enzymatic traits 

are critical to acceptance of a malting barley cultivar and its performance in brewing. !-

amylase is a starch degrading enzyme that results in available fermentable sugars. 

Diastatic power is a measure of starch degradation highly correlated with "-amylase 

activity (Clancy et al. 2003). Both of these enzymes contribute to malt extract, the 

amount of soluble content of wort; the sugary solution generated in the first step of 

brewing. Malt extract is an indicator of the amount of beer that may be made from a 

given amount of malt (Burger and LaBerge 1985). Other traits are measures of the degree 

of endosperm modification. Wort with high levels of "-glucans indicates poor 

modification as these cell wall compounds must be degraded for amolytic enzymes to 

have access to starch (Lewis and Bamforth 2006). Protein modification is measured by 

wort protein and soluble/total protein. Amino acids are needed for yeast nutrition in the 

fermentation process, thus excess total protein and low soluble protein leads to poor 

fermentation (Lewis and Bamforth 2006).  

In a breeding program, analysis of malting quality is generally done at the F4 head row 

stage or later, uses bulk grain samples, and is destructive and costly. Marker assisted 

selection for malt quality QTL offers the possibility to impose selection on individual 
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plants earlier in the breeding cycle without relying on grain samples from field trials and 

subsequent time consuming and expensive analyses. Some success for marker assisted 

selection for malting quality has been demonstrated in barley, but the practice is not 

widespread (Coventry et al. 2003). 

 In this study, we set out to identify QTL for malt quality related traits within the 

University of Minnesota barley breeding program using association mapping approaches 

and phenotypic data normally generated during the breeding process. We identify many 

QTL segregating within the breeding population that may be appropriate targets for 

MAS.  

Methods 

Germplasm 

 Breeding lines were selected to represent the breadth of the crosses made in the 

program. In the Minnesota program, lines are advanced by single seed decent to the F4 

generation with some selection for plant architecture. In the F5 generation, most lines are 

evaluated for resistance to Fusarium head blight. The first selection for malting quality 

uses grain samples from first year yield trials. All lines included in this study were not 

previously selected for malting quality. Two sets of F5:6 lines, designated as CAP I (93 

lines) and CAP II (89 lines), were identified from first-year yield trial entries in 2006 and 

2006, respectively. CAP I includes one to seven individuals from 23 families with an 

average of four per family. CAP II has individuals from 34 families, one to six from each, 

with an average of 2.7 individuals. Twelve parents were in common between the 32 CAP 

I parents and 40 CAP II parents. CAP I lines were grown in 2006 and CAP II lines were 

grown in 2007, both sets were grown at Crookston, Morris and St. Paul MN with two 

field replications per location in a randomized complete block design with nine common 

check cultivars that were replicated four times per location. Seed was sown at a density of 

approximately 330 plants m
-2

 in two row plots 3.0 m in length spaced 30 cm apart with a 

Wintersteiger Plotmatic ERS Plot Seeder (Wintersteiger, Lincoln, Nebraska). Plots were 

individually harvested with a Wintersteiger Master Elite combine plot harvester and the 

grain from the two replicates was bulked before phenotyping. 
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Genotypic data 

 For each breeding line, a single seed from the F5:6 seed lot used for field trials was 

sown in the greenhouse and leaf tissue collected for DNA isolation. Leaf tissue was 

lyophilized and DNA extracted as described by Slotta et al. (2008). DNA was genotyped 

for 3,072 EST-derived single nucleotide polymorphisms (SNP), organized as two oligo 

pool assays (OPA) known as Barley OPA1 and OPA2 (Close et al. submitted). 

Genotyping was conducted using the GoldenGate assay on the Illumina Beadstation as 

described by Fan et al. (2003). Genotypic data was filtered to exclude markers with 

greater than 10% missing data and less than 0.05 minor allele frequency. Finally, only 

mapped SNPs are considered in the final analysis (Close et al. submitted). To assess 

genome coverage, we summed the distance between adjacent markers that were in LD 

(r
2
!0.2) with each other and divided by the total covered map distance (Chapter 3). 

Phenotypic analysis 

 The two field replications, at each of three locations, were bulked for malt 

analysis. From these grain samples percent plump 0.238 cm screen was determined. 

Kernel weight was based on a 20g sample whose kernel number was counted 

electronically and the ‘1,000 kernel weight‘ was calculated. Barley protein was 

determined by an automated Dumas combustion method. Grain was micromalted at the 

USDA-ARS Cereal Crops Research Unit (Madison, WI). Congress mash was extracted 

from each malt sample and malt extract, !-amylase activity, total protein, soluble protein, 

soluble/total protein and "-glucan content were assessed on the resulting solution (wort) 

as per ASBC methods (wort-18, malt-4, wort-17, malt-6A; ASBC, 1992).   

Statistical analysis 

Raw phenotypic values were analyzed for location and line effect using PROC 

GLM of SAS v9.1 (SAS Institute 2002, Cary, NC). Heritabilities were calculated on an 

entry-mean basis across locations within each CAP group. Pearson’s correlation 

coefficients were calculated using the raw phenotypic values with PROC CORR of SAS. 
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Trait values were standardized by dividing the raw trait value by the mean of all available 

checks at a location. This adjusted mean was used for association mapping (see below). 

Association mapping 

 To account for population structure in our association mapping model, we 

estimated the number of subpopulations (k) with STRUCTURE v2.2 (Pritchard et al. 

2000). Five independent runs of 25,000 burn-in and 25,000 iterations were run for k=1-6 

using the admixture with linkage option. The ad hoc statistic of Evanno et al. (2004) was 

used to select the appropriate k. The analysis of STRUCTURE was repeated for this k as 

before, but with a burn-in of 100,000 and 100,000 iterations. The resulting Q matrix with 

assignments of individuals to each subpopulation was used as a fixed effect in the mixed 

linear model implemented in TASSEL v2.1 (Yu et al. 2006). Relatedness between 

individuals was accounted for by a kinship (K) matrix, generated within TASSEL, and 

included as a random effect in the model (Lynch and Ritland 1999). TASSEL has many 

settings for MLM, we used the EMMA (efficient mixed-model association) algorithm 

with heritability calculated for each marker individually for the model Y= Q + k+ marker 

+ error. The EMMA algorithm improves computational speed and improves convergence, 

allowing each marker heritability to be calculated (Kang et al. 2008). The Q matrix 

included in the model is the individual membership for each line for k-1 subpopulations. 

Default parameters were used: convergence criterion of 1.0E-10; maximum number of 

iterations of 200; and an Aitken step size of five.  

To account for experiment-wise error, we used SNP tagger in Haploview v4.1 to 

determine the number of independent marker tests (r
2
 >0.8) for each germplasm set 

(Barrett et al. 2005). This value was then used as the denominator in a Bonferroni 

correction for p=0.05 to set the experimentwise threshold for QTL declaration. The 

pattern of linkage disequilibrium (LD) was explored with Haploview (Barrett et al.  

2005). For each trait, significant markers within 5 cM the most significant marker for the 

trait were declared to be within the QTL region.  Because of the heterogeneity of LD 

across the genome within this population, markers up to 20 cM away and in LD greater 

than 0.6 r
2
 with the most significant marker were also used to define the QTL region. 
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To compare the QTL we identified to those previously identified in the literature, 

we utilized the Oregon Wolfe Barley integrated map (Szucs et al. 2009) which includes 

placement of malt related QTL and BOPA SNPs. We also compared the rice gene 

annotations to the SNPs declared significant for the enzymatic traits !-amylase activity 

and diastatic power, and determined if genes with amylase in their annotation were 

included in our final analysis. Additionally, we compared in detail haplotypes of a 

malting quality region on 4H that has been previously mapped and validated. The 

haplotype for this QTL region was compared between the breeding lines in our study and 

parents of bi-parental mapping populations in which malt traits had been previously 

mapped. Two subpopulations within the University of Minnesota barley breeding 

program exist relative to genetic diversity and composition of founding parents (Chapter 

1). The ‘closed’ subpopulation is the result of over 50 years of advanced cycle breeding 

(Bernardo 2002) with a limited number of parents from outside the breeding program 

(Condon et al. 2008). The other ‘reopened’ subpopulation is derived from the 

introduction of new exotic parents to introduce disease resistance into the breeding 

program. We compared the frequency of the observed haplotypes between these two 

subpopulations.  

Results 

Phenotypic variation for malting quality 

 Common check cultivars were included in all trials for standardization of 

phenotypic data. Means and least significant differences between these cultivars are 

reported in Table 1. Phenotypic rankings of cultivars generally followed expected 

patterns, e.g. the feed barley Baronesse had significantly lower malt extract than all the 

malting cultivars. The phenotypic ranges for CAP I and CAP II are shown in Table 2. 

Highly significant genetic variation was present for all traits. Broad-sense heritability was 

not consistent between CAP I and CAP II, most dramatically for percent plump kernels 

and malt extract (Table 2). The 2007 environments resulted in higher barley proteins 

(12.4-14.6% location means) than 2006 (10.0-13.0% location means). Pearson’s 

correlation coefficients are shown in Table 3. Most correlations are highly significant, but 
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many are not of large magnitude e.g. the correlation between barley protein and percent 

plump at -0.0914 (Table 3). Wort protein and !-amylase were not significantly correlated 

with the agronomic traits kernel weight and percent plump kernels. The greatest 

magnitude correlation was 0.87602 between diastatic power and wort protein. Other 

highly positively correlated traits include soluble/total protein and malt extract and wort 

protein and !-amylase. Strongly negatively correlated traits include diastatic power and 

malt extract and barley protein and malt extract. All the protein traits are positively 

correlated, except between soluble/total protein and barley protein. 

Quantitative trait loci 

 Marker-trait associations were identified for all traits and are shown in Table 4 

and graphically in Figure 1. Associations were found on all chromosomes. The number of 

QTL detected per trait ranged from four for diastatic power to 16 for both !-amylase and 

malt extract. Many QTL regions were significant for more than one trait; 57 of the 94 

declared QTL were coincident with at least one additional trait (Figure 1). Three 

locations were associated with four or more traits, one on the short arm of 4H and two on 

5H at 36.95 and 110.26 cM. The length of QTL ranged from a single marker to a 23 cM 

region on 3H associated with kernel weight (kw1). 

 The gene annotations for the ESTs corresponding to the SNPs declared significant 

for !-amylase and diastatic power were queried. No annotations corresponded to genes 

for !- or "-amylase. Eleven SNPs included in the Close et al. (submitted) map contain 

‘amylase’ in their annotation. Of these five are not included in the genotyping panel used 

here. The remaining six SNPs were removed during data filtering due to low MAF or the 

level of missing data.  

Haplotype comparison of breeding lines and bi-parental populations 

 The haplotypes based on the nine markers (24.59 to 26.66 cM) in the previously 

identified QTL region on 4H are shown in Table 5. A total of seven haplotypes were 

identified in the 182 lines, four lines were heterozygous across at least part of the region. 

Among breeding lines from the advanced cycle breeding subpopulation, all but two share 
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the haplotype of ‘Morex’ a cultivar released from the University of Minnesota breeding 

program in 1979 (Rasmusson and Wilcoxson 1979). All the ‘unique’ haplotypes and 

heterozygotes were identified in breeding lines from the subpopulation that has recent 

parents for novel disease resistance alleles. 

For the four bi-parental mapping populations in which malt traits have been 

mapped, the Harrington/TR306 population is monomorphic across the region. The spring 

by winter population Morex/Dicktoo is only polymorphic at two of the nine loci. The two 

populations, Morex/Steptoe and Harrington/Morex, that have identified QTL in the 4H 

region for malt traits are both polymorphic. We did not observe any of the ‘Steptoe’ 

haplotype in the CAP I and II lines. Four breeding lines were heterozygous across at least 

part of the region. Of the remaining 178 lines, 45 have the ‘Harrington’ haplotype and 

108 have the ‘Morex’ haplotype. Five unique haplotypes were identified in 25 breeding 

lines. Within the set of lines from the advanced cycle breeding subpopulation, 68 of 70 

lines have the ‘Morex’ haplotype; the other two lines have haplotype ‘u1’. The other 

subpopulation is much more variable, 45 of 99 lines have the ‘Harrington’ haplotype and 

the remaining are the unique haplotypes. 

For ten other QTL previously detected, the frequency of the Morex haplotype is 

reported in Table 6. For three QTL, pl4,pl10 and kw1, no Morex haplotypes were 

detected in the advanced cycle breedling lines or the more diverse reopened lines. Other 

QTL showed high frequency of the Morex haplotype in the closed lines, e.g. wp1 and 

aa14. In some cases the reopened subpopulation has many Morex haplotypes as well, 

such as wp1 and wp4. But other QTL have much lower Morex haplotype frequency in the 

reopened lines, e.g. aa14 and aa5. In two instances, aa6 and aa8, the Morex haplotype 

frequency is greater in the reopened lines than in the closed lines. In other cases, e.g. 

me14 and pl10, the frequency of the ‘Harrington’ haplotype is substantial in both the 

closed and reopened lines. 

 

 



! "#!

Discussion 

Phenotypic comparisons to bi-parental mapping 

 Prior genetic studies of malting quality in barley have used bi-parental mapping 

populations with diverse parents including the feed by malting cultivar double haploid 

population Steptoe/Morex (Hayes et al. 1993), the two-row by six-row cross 

Harrington/Morex (Marquez-Cedillo et al. 2000) and the winter by spring cross 

Dicktoo/Morex (Oziel et al. 1996). Phenotypic variation within a breeding population 

may be expected to be less than populations resulting from a wide cross, but for some 

traits we observed similar phenotypic ranges to previously published work. For example, 

grain protein in the wide cross Dicktoo/Morex population ranged from 8.9-15.4% while 

CAP I ranged from 8.7-15.1% and CAP II 12.5-17.7% (Table 2, Oziel et al. 1996). 

Alternatively, we observed a slightly smaller range for malt extract in breeding 

germplasm compared to bi-parental mapping populations. Malt extract ranged from 75.6-

82.2% in CAP I and 71.9-80.6% in CAP II while in the Dicktoo/Morex population the 

range was 70.4-78.9% and in the Steptoe/Morex population 71-79% (Oziel et al. 1996, 

Ullrich et al. 1997). A much larger range of malt extract values is observed in the 

Harrington/Morex population of 69-80% (Marquez-Cedillo et al. 2000). Previous work 

within the breeding program has shown a narrower and higher range for malt extract, 

indicative of malt extract being a target of selection (Condon et al. 2009). In general, 

barley protein, kernel plumpness and malt extract had similar ranges and diastatic power 

and !-amylase had larger ranges in breeding germplasm compared to previously 

published bi-parental mapping populations.  

 Many malt quality traits show strong correlations, in part because the traits 

measure different components of a system. For example, starch degrading enzymes 

including !-amylase and "-amylase, which contribute to diastatic power, are expected to 

be positively correlated with malt extract which is the soluble content of the sugary wort 

solution (Burger and LaBerge 1985). We observed a strong negative correlation between 

diastatic power and malt extract (Table 3), which is similar to the observation of Emebiri 

et al. (2004) in a cross between Australian and North American barley cultivars. 
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However, others have reported a positive correlation between diastatic power and malt 

extract (Ullrich et al. 1997). Recent work within a single cultivar includes diastatic power 

in an equation to predict malt extract (Li et al. 2008). Correlations estimated in a breeding 

population are likely to be more informative to a breeder developing a selection index, as 

they will be more reflective of the behavior of the breeding population than a mapping 

population from a wide cross. 

Numerous QTL detected for malting traits 

 We detected 94 QTL for nine malt related traits. For some traits like malt extract 

and !-amylase, we detected more QTL compared to previously published mapping 

studies (Emebiri et al. 2003; Hayes et al. 1993; Marquez-Cedillo et al. 2000; Oziel et al 

1996; Ullrich et al. 1997). We detected a similar number of QTL for diastatic power as 

some studies (Emebiri et al. 2003; Oziel et al. 1996), but fewer than others (Hayes et al. 

1993; Marquez-Cedillo et al. 2000). Caveats of these comparisons include the differences 

in stringency of significance threshold for declaring a QTL, marker densities, population 

size and power. We might expect to identify more QTL than in a bi-parental mapping 

population due to greater allelic diversity and more QTL potentially segregating, 

although selection on the breeding population is expected to reduce the number of major 

effect QTL segregating (Condon et al. 2008). Our whole dataset has a greater population 

size than many bi-parental mapping populations, but the CAP I and CAP II subsets are 

similar in size to previously used populations. A QTL was declared at a single marker 

based on the p-value. If nearby markers were also significant we considered their 

proximity and the pattern of LD to declare the region a single QTL, whereas bi-parental 

mapping generally utilizes a form of composite interval mapping that accounts for effects 

of other QTL (Mather et al. 1997).  

 Correlated traits can be explained in part by coincident QTL. Nine of eleven 

barley protein QTL were coincident with malt extract QTL. An inverse relationship 

between malt extract and barley protein is expected, as higher protein barley has less 

starch that can be converted to sugars and contribute to the soluble materials in the 

extract. We and others have observed such a negative correlation (Emebiri et al. 2004). In 
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terms of breeding, higher malt extract is always desirable. Lower grain protein is also 

generally desirable as keeping grain protein concentrations with the range of 115 – 135 g 

kg
-1

 becomes challenging in some environments and when increasing application rates of 

nitrogen to increase yields. Surprisingly, kernel weight mapped to only two of the ten 

kernel plumpness QTL despite the strong correlation (r
2
 = 0.76) between these two traits. 

As these are both measurements of kernel size, one as mass and the other volume, it 

might be expected that QTL for these traits would coincide. 

Association mapping detects previously identified QTL 

 The integrated Oregon Wolfe Barley (OWB) map (Szucs et al. 2009) offers a bridge to 

comparing previously detected QTL to those detected with SNPs from Barley OPA1 and 

Barley OPA2. Based on this map, ten of the unique QTL positions representing 17 total 

QTL map within 10 cM of a previously detected QTL for either the same trait or a related 

trait. For example, on chromosome 2H pl4 is 4 cM distal to BCD266 a significant marker 

in QTL QTwBlKy-2H.2 for test weight mapped in the Blenheim/Kym bi-parental 

population (Bezant et al. 1997; Szucs et al. 2009). Haplotype analysis of 11 QTL that 

map within 6 cM of a previously detected QTL revealed that the Morex haplotype, 

generally thought to be the favorable allele, is not always the most frequent within the 

advanced cycle breeding lines or the lines from the reopened part of the breeding 

program. For three QTL, pl4, pl10, kw1, the Morex haplotype was not observed. All 

these QTL relate to the size of the kernel. 

A major complex of malt related QTL on 4H has been repeatedly detected (Hayes 

et al. 1993, Han et al. 1995, Mather et al. 1997, Oziel et al. 1997, Marquez-Cedillo et al. 

2000,) and fine mapped (Gao et al. 2004). This region has shown evidence of fixation 

early in the University of Minnesota breeding program, based on reduction of allelic 

diversity at SSR marker locus HVM40 over a 40 year period of breeding (Condon et al. 

2008). We detected QTL for alpha-amylase, barley protein, malt extract and soluble/total 

protein in this region (24.59-26.66 cM, Table 3). Based on the OWB map, our QTL are 

positioned 6 cM distal of QTL for alpha-amylase, soluble/total protein, test weight and 

grain protein content detected in the Harrington/Morex population (Marquez-Cedillo et 
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al. 2000) and alpha-amylase, kernel plumpness and malt extract detected in the 

Steptoe/Morex population (Hayes et al. 1993). Multiple markers were significant in this 

region, so we compared the haplotypes to those of the bi-parental mapping parents that 

were available (Table 5). Five unique haplotypes were identified in our breeding 

population relative to the mapping parents; three of these differ from either the frequent 

Morex- and Harrington-like haplotypes by one SNP. One, observed only once, differs by 

two SNPs from Harrington and the last differs by three SNPs from Morex. As we would 

expect, lines from the advanced cycle breeding portion of the breeding program showed 

much lower diversity across this haplotype block, with only two lines varying from the 

Morex haplotype. This agrees with patterns of LD we observed in the same region when 

comparing lines from the advanced cycle breeding portion of the program to lines 

resulting from the recent introduction of outside germplasm for disease resistance 

(reported in Ch. 2). We found many monomorphic SNPs in this region for the advanced 

cycle breeding group, while the region was polymorphic in the rest of the germplasm. 

These polymorphic regions had blocks of LD that may be the result of admixture, 

selection or genetic drift. The recent introduction of allelic diversity in this region 

allowed us to detect QTL here, indicating that the region is still essentially fixed in the 

advanced cycle breeding portion of the program, but segregating in the rest of the 

program. The Morex haplotype at this locus should be an important target for MAS as it 

is important for malting quality. Interestingly, this same region was identified in 

association mapping for FHB resistance (Massman et al., submitted). The higher 

frequency of non-Morex haplotypes in the more diverse portion of the program may 

indicate selection for a FHB resistance haplotype over the malting quality haplotype. 

Further validation will need to be done to determine if the FHB resistance and malt 

quality QTL are in coupling phase or repulsion, which will determine the appropriate 

MAS strategies.  

At ten other QTL that were also detected in previous studies, the Morex haplotype 

is often not the most frequent in the advanced cycle breeding lines (Table 6). This is 

unexpected as the Morex alleles are anticipated to be the favorable alleles for malt quality 

related traits. Notably three QTL (pl4, pl10, kw1), all relating to kernel size, did not have 
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any Morex haplotypes present in our sample. At one of these, pl10, the Harrington 

hapotype was frequently observed in both the closed and reopened lines. Harrington 

tends to be more plump than Morex. This would suggest that the Harrington allele is 

more favorable than the Morex allele. Another possibility is that there was selection for a 

a non-Morex haplotype at QTL for other traits nearby. For the ten QTL detected in 

previous studies, we identified a genetic marker common to the study genetic map and 

the OWB consensus map, such that distance between this ‘common’ marker and the 

significant SNP could be determined. Distance between the common marker and the 

SNPs considered does not explain the lack of Morex haplotypes, as SNPs from pl10 co-

localize with the QTw.BlKy-6H marker (Table 6). The size of the QTL interval may play 

a role as kw1 spans 23 cM so the chance for recombination is greater. Approximately 5 

cycles of breeding have occurred since the release of Morex, giving opportunity for 

recombination across this region to have occurred.  

Identification of previously identified QTL provides some validation of the 

association mapping approach and suggests that it will be useful for identifying targets 

for MAS. However, if these MAS strategies are aimed at tracking individual QTL, it will 

be necessary to validate those QTL prior to investing resources into MAS. Several 

approaches are typically used to validate QTL including near-isogenic lines, independent 

populations, and independent lines from the same bi-parental cross. Two more sets of 

breeding lines (CAP III and CAP IV) have been genotyped and phenotyping is ongoing 

that will be used to confirm QTL detected in this study. Near-isogenic lines can also be 

generated to validate a QTL. The approach we took here does not provide estimates of 

allele effects, so a validation approach that could provide such estimates would provide 

more information to design the most effective MAS. If it appears that the trait is 

controlled by many loci with small allelic effects,another option would be to conduct 

genomic selection utilizing these data sets to derive prediction models without validation 

of individual QTL effects (Heffner et al. 2009). This would allow for more immediate  

application of MAS for crop improvement. 
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Selection of lines for inclusion in an association mapping panel will impact the 

power and precision of the analysis. We observed that inclusion of lines known to have 

more recent ‘exotic’ parentage that would increase phenotypic diversity and genetic 

diversity based on SNPs allowed us to detect known major QTL. If the aim of association 

mapping is to identify relevant QTL for a breeding program, then selecting lines that 

represent the whole program will maximize the representation of alleles. However, if a 

portion of the program is known to be more diverse, greater detection power may be 

obtained by including more lines from that sector. More mature breeding programs that 

favor advanced cycle breeding will likely be fixed for the favorable allele at larger effect 

QTL (Condon et al., 2008).  Therefore, large population sizes will likely be necessary to 

identify those smaller effect QTL that are still providing gain in such a narrow 

germplasm pool. Exploration of haplotypes in QTL regions detected in both association 

and bi-parental QTL mapping allows for connections to be drawn between wide-cross 

populations and breeding germplasm.  

 Association mapping within a single breeding population using phenotypic data 

generated during normal breeding activities detected both novel and previously identified 

QTL. Further analysis of haplotypes in QTL regions will inform MAS strategies, 

particularly where there are coincident QTL.  
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Table 1. Means and least significant differences between check cultivars grown at all locations in 2006 (CAP I) and 2007 (CAP II)  

for malting traits.   

Cultivar KW (mg) 
 

Plump (% on 

0.238 cm 

screen) 
 

ME (%) 
 

BP (%) 
 

WP (%) 
 

S/T (%) 
 

DP 

(˚ASBC) 
 

AA 

(20˚DU) 
 

WBG 

(ppm) 
 

Baronesse 42.18 a 87.8 ab 78.6     d 10.8    c 3.92      f 37.7 e 72           f 54          f 132     cd 

Harrington 39.98  b 88.5 a 81.2 a 11.3  bc 5.21  bc 49.4 a 96         e 88 a 175 ab 

Lacey 37.26    c 84.6 abc 79.0   cd 11.7  b 4.79    de 42.9 d 139   cd 67      de 108      d 

Legacy 35.95      de 83.4 c 79.7 bc 11.4  b 5.25  bc 48.7 ab 129     d 81 ab 189 a 

MNBrite 36.32   cd 82.9 c 78.7    d 13.0 a 5.71 a 45.6 c 170 a 78   bc 119    cd 

Robust 36.86   cd 85.1 abc 79.7 bc 11.2  bc 4.94     d 46.3 bc 130     d 60        ef 150   bc 

Stander 36.86   cd 87.9 ab 79.6 bc 11.4  b 5.36  b 49.5 a 122     d 86 ab 151   bc 

Stellar-ND 36.47   cd 87.0 abc 80.3 bc 11.2  bc 5.00   cd 47.9 abc 149  bc 80 abc 69          e 

Tradition 35.13       e 84.3 bc 79.6 bc 11.5  b  4.60       e 42.3 d 165 ab 72     cd 96        de 

LSD 1.04 4.2 0.8 0.5 0.27 2.6 18 9 39 
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Table 1. (con.) 

2007          

 KW (mg) 

Plump 

(% on 

0.238 cm 

screen) ME (%) BP (%) WP (%) S/T (%) 

DP 

(˚ASBC) 

AA 

(20˚DU) 

WBG 

(ppm) 

Baronesse 37.95 a 80.9   bc 75.9         f 13.9   bc 4.02        f 29.7           g  91      d 54          e 221 abc 

Harrington 35.23   b 84.6 abc 79.7 a 13.7   bc 5.43   bc 41.8 abc 142    c 94   b 231 ab 

Lacey 33.38   bc 80.0   bc 77.9      de 13.9   bc 5.19     cd 38.3      de 192  b 77       d 112        e 

Legacy 31.33       d 77.9     c 77 .9   cd 13.8   bc 5.62 ab 41.9 ab 183  b 93   b 257 a 

MNBrite 32.83     cd 84.0 abc 77.1        e 14.9 a 5.74 a 39.7     cde 234 a 89   bc 186   bcd 

Robust 34.38   bc 89.0 ab 78.4  bcd 14.0   bc 5.12       d 38.1         e 183  b 60         e 222 abc 

Stander 33.73   bc 89.2 ab 78.7  bc 14.2 ab 5.83 a 42.8 a 195  b 103 a 167     cde 

Stellar-ND 35.18   b 92.8 a 79.2 ab 13.4     c 5.22     cd 40.4   bcd 189  b 83     cd 131       de 

Tradition 32.65     cd 84.1 abc 77.8      de 14.1   bc 4.84        e 35.3           f 229 a 82     cd 120       e 

LSD 2.03 10.5 0.81 0.8 0.25 2.2 22 8 60 
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Table 2. Phenotypic ranges*, coefficient of variation and heritability for malt quality traits for CAP I and CAP II based on three 

locations. 

 

CAP I 
 

CAP II 
 

 min max mean CV heritability min max mean 

p value 

line CV 

KW
1
 (mg) 32.4 42.5 37.2 2.332 0.848 25.8 41.1 33.7 <0.0001 4.077 

plump (% on 6/64
th

 inch 

screen) 67.8 97.3 86.6 3.822 0.807 26.7 

99.0 

84.6 <0.0001 9.220 

barley protein (%) 8.7 15.1 11.8 4.495 0.792 12.5 17.7 14.3 <0.0001 3.924 

wort protein (%) 3.8 7.1 5.2 4.050 0.879 4.3 6.6 5.3 <0.0001 3.868 

S/T (%) 32.5 55.8 46.1 3.868 0.907 27.6 47.3 38.5 <0.0001 3.691 

malt extract (%) 75.6 82.2 79.4 0.616 0.877 71.9 80.6 78.1 <0.0001 0.751 

Diastatic power (˚ASBC) 68 219 135.0 11.949 0.695 121 324 192.2 <0.0001 9.134 

!-amylase (20˚DU) 49.8 101.3 72.6 6.749 0.857 54.9 107.8 76.9 <0.0001 6.476 

wort !-glucan (ppm) 13 360 135 26.738 0.813 35 589 166 <0.0001 32.733 
1
 KW= kernel weight, S/T= soluble/total protein 

* There was significant (p<0.001) variation among breeding lines for all traits in both CAP I and CAP II.  
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Table 3. Pearson correlation coefficients of malt quality related traits based on values from three locations. 

 

Kernel 

weight
1 Plump kernels Malt extract Barley protein Wort protein 

Soluble/total 

protein 

Diastatic 

power 

!-

amylase 

Plump kernels 0.760***        

Malt extract 0.484*** 0.300***       

Barley protein -0.359*** -0.091*** -0.703***      

Wort protein ns ns ns 0.562***     

Soluble/total 

protein 0.422*** 0.062*** 0.796*** -0.702*** 0.167***    

Diastatic 

power -0.394*** -0.173*** -0.647*** 0.876*** 0.460*** -0.652***   

!-amylase ns ns 0.144*** 0.322*** 0.677*** 0.192*** 0.328***  

Wort !-glucan -0.475*** -0.418*** -0.362*** 0.341*** 0.139** -0.284*** 0.255*** ns 

1: * p<.05, ** p<0.01, *** p<0.001, ns not significant 
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Table 4. Quantitative trait loci identified by association mapping within CAP I, CAP II 

or whole (CAP I and CAP II) datasets. 

Trait
1 

Position 

Chromosome cM 

QTL 

designator
2 

p
3 

Datasets Coincident trait 

AA 2H 133.94 aa1 1.05E-32 CAP I st 

AA 3H 54.40-64.19 aa2 3.67E-21 CAP I kw, me 

AA 4H 0.74 aa3 1.31E-04 Whole  

AA 4H 12.02 aa4 5.66E-06 CAP I  

AA 4H 24.59-26.66 aa5 5.13E-06 CAP I, Whole bp, dp, me, st 

AA 4H 81.69 aa6 7.30E-05 Whole  

AA 5H 179.64 aa7 8.67E-05 CAP I  

AA 5H 189.60 aa8 2.79E-09 CAP I, Whole st 

AA 6H 2.86 aa9 4.02E-05 CAP I  

AA 6H 22.35 aa10 5.73E-05 CAP I  

AA 6H 31.73 aa11 4.12E-05 CAP II  

AA 6H 41.64-43.15 aa12 7.79E-07 CAP I, Whole  

AA 6H 55.94-67.70 aa13 3.78E-07 CAP I, Whole  

AA 6H 72.54-77.89 aa14 7.28E-06 CAP I, Whole  

AA 6H 81.22 aa15 2.77E-05 CAP I, Whole  

AA 7H 10.06 aa16 2.04E-04 CAP I bg 

BG 4H 15.75 bg1 2.38E-05 Whole bp 

BG 4H 96.59-97.06 bg2 1.25E-04 CAP II st 

BG 4H 147.48 bg3 1.25E-04 CAP II st 

BG 6H 70.04-71.08 bg4 7.14E-05 CAP II  

BG 7H 128.36 bg5 1.58E-04 CAP II aa 

BP 3H 19.15 bp1 3.45E-07 CAP I me, st 

BP 4H 3.74 bp2 1.25E-04 Whole  

BP 4H 15.75 bp3 1.28E-04 Whole bg 

BP 4H 24.59-26.66 bp4 1.03E-22 

CAP I, CAP II, 

Whole aa, dp, me, st 

BP 4H 33.38-39.76 bp5 1.82E-10 CAP I, Whole me, st 

BP 4H 59.89 bp6 1.12E-11 CAP I, Whole me, st 

BP 4H 122.53 bp7 7.44E-07 CAP I, Whole me, st 

BP 5H 36.95 bp8 2.54E-05 CAP I, Whole kw, me, p 

BP 5H 110.26 bp9 2.54E-05 CAP I, Whole kw, me, p 

BP 5H 152.79 bp10 1.90E-04 CAP I me, wp 
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Trait
1 

Position 

Chromosome cM 

QTL 

designator
2 

p
3 

Datasets Coincident trait 

BP 5H 179.06-182.88 bp11 8.47E-10 CAP I me 

DP 4H 26.19 dp1 6.66E-05 Whole aa, bp, me, st 

DP 5H 2.09-5.68 dp2 1.95E-05 CAP I  

DP 5H 94.43-95.08 dp3 1.11E-05 Whole  

DP 5H 100.28-104.50 dp4 5.27E-06 Whole p 

KW 3H 51.73-74.48 kw1 1.97E-07 

CAP I, CAP II, 

Whole aa, me 

KW 4H 1.64 kw2 1.54E-05 CAP II  

KW 4H 76.03 kw3 9.17E-05 CAP I  

KW 4H 86.27 kw4 3.62E-05 CAP I  

KW 5H 36.95 kw5 5.83E-05 CAP II bp, me, p 

KW 5H 110.26 kw6 5.83E-05 CAP II bp, me, p 

KW 6H 75.21-76.55 kw7 1.41E-04 Whole  

ME 3H 19.15 me1 1.13E-34 Whole bp, st 

ME 3H 54.40-59.89 me2 2.39E-35 Whole aa, kw 

ME 3H 64.19 me3 1.06E-04 Whole kw 

ME 4H 24.59-26.66 me4 3.79E-13 CAP I, Whole aa, bp, dp, st 

ME 4H 33.38 me5 3.17E-35 CAP I, Whole bp, st 

ME 4H 38.63-40.36 me6 1.99E-36 Whole bp, st 

ME 4H 50.40-51.30 me7 1.19E-35 Whole  

ME 4H 59.89-64.34 me8 5.85E-38 CAP I, Whole bp, st 

ME 4H 73.75 me9 3.03E-35 Whole  

ME 4H 122.53 me10 4.95E-34 Whole bp, st 

ME 5H 36.95 me11 1.70E-09 CAP I, Whole bp, kw, p 

ME 5H 110.26 me12 1.70E-09 CAP I, Whole bp, kw, p 

ME 5H 152.79 me13 1.16E-04 CAP I bp, wp 

ME 5H 175.90-179.06 me14 5.24E-06 CAP I bp, st 

ME 5H 181.43-182.88 me15 1.41E-05 CAP I bp 

ME 6H 93.12-94.73 me16 5.24E-06 CAP I, Whole st 

P 1H 51.23-66.70 pl1 2.73E-05 CAP II, Whole  

P 1H 117.80-121.12 pl2 8.66E-05 CAP II, Whole  

P 1H 136.31-138.31 pl3 8.82E-06 CAP II, Whole  

P 2H 125.46-133.94 pl4 6.85E-46 Whole  

P 4H 54.25-59.37 pl5 7.74E-06 CAP I, CAP II  



! "#!

Trait
1 

Position 

Chromosome cM 

QTL 

designator
2 

p
3 

Datasets Coincident trait 

P 4H 69.51 pl6 7.38E-06 CAP I  

P 5H 36.95 pl7 1.30E-06 CAP II, Whole bp, kw, me 

P 5H 100.28 pl8 6.28E-08 Whole dp 

P 5H 110.26 pl9 1.30E-06 CAP II, Whole bp, kw, me 

P 6H 52.75-55.94 pl10 1.19E-04 CAP I  

ST 2H 133.94 st1 9.78E-10 Whole aa 

ST 3H 19.15 st2 1.51E-07 Whole bp, me 

ST 4H 24.59-26.66 st3 2.13E-46 CAP I, Whole aa, bp, dp, me 

ST 4H 33.38 st4 9.90E-44 Whole bp, me 

ST 4H 39.76 st5 2.12E-42 Whole bp, me 

ST 4H 59.89 st6 1.91E-46 Whole bp, me 

ST 4H 96.59-97.06 st7 2.56E-05 CAP I bg 

ST 4H 122.53 st8 9.12E-43 Whole bp, me 

ST 4H 147.48 st9 2.56E-05 CAP I bg 

ST 5H 175.90-180.71 st10 1.48E-04 CAP I me 

ST 5H 189.60 st11 1.11E-04 CAP I, Whole aa 

ST 6H 12.54 st12 1.53E-17 Whole  

ST 6H 55.94-56.48 st13 6.88E-06 CAP I wp 

ST 6H 65.03 st14 4.50E-06 CAP I wp 

ST 6H 93.12-94.73 st15 1.49E-04 CAP I me 

WP 2H 15.15 wp1 1.29E-04 Whole  

WP 2H 56.40 wp2 1.10E-04 Whole  

WP 2H 78.03 wp3 1.10E-04 Whole  

WP 3H 142.32 wp4 7.66E-05 CAP I, Whole  

WP 5H 150.34-153.51 wp5 1.93E-05 CAP I me, bp 

WP 6H 43.15-43.83 wp6 1.37E-04 Whole  

WP 6H 52.75-56.48 wp6 1.26E-07 CAP I, Whole st 

WP 6H 60.23-65.03 wp8 1.61E-06 CAP I, Whole st 

WP 6H 72.26 wp9 6.01E-05 CAP I, Whole  

WP 6H 111.66 wp10 1.21E-05 CAP I, Whole  

1
Trait names: AA= !-amylase, BG= wort "-glucan, BP= barley protein, DP= diastatic power, KW= kernel 

weight, ME= malt extract, P= % plump kernels, ST= soluble/total protein, WP= wort protein 

2
QTL designators: aa=!-amylase, bg= wort "-glucan, bp= barley protein, dp= diastatic power, kw= kernel 

weight, me= malt extract, pl= % plump kernels, st= soluble/total protein, wp= wort protein 

3
p: most significant  p value in the interval 
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Table 5. Comparison of SNP marker haplotypes at 23-24 cM region of 4H among parents of bi-parental mapping populations and the 

CAP I and II germplasm. 
  Bi-parental QTL mapping parents 

  

Other haplotypes 
 

Marker cM 

H
ar
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g
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 M
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p
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M
o
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 u1 u2 u3 u4 u5  

11_10132 24.59 
B B  A B  A A  B A  A B A A B  

11_20210 24.59 
B B  A B  A A  B A  A A A A A  

11_20422 24.59 
A A  B B  B B  A B  B A B A A  

11_20109 26.19 
A A  B B  B A  A B  A A B A A  

11_20302 26.19 
A A  B B  B B  A B  B A B A A  

11_20680 26.19 
B B  A A  A A  B A  B B A B B  

11_21070 26.19 
A A  B B  B B  A B  B A B A A  

11_20777 26.66 
B B  A A  A B  B A  B B A B B  

11_21418 26.19 
B B  A A  A A  B A  A B B B B  

        Germplasm Haplotype count  Total 

         All CAP
1 

45 108  6 3 1 6 9 178 

         reopened 45 31  4 3 1 6 9 103
2 

         closed 0 58  2 0 0 0 0 60 

1: All CAP is all 182 lines, reopened is lines with recent founders for disease resistance and closed is lines from the advanced cycle breeding portion of the 

program, 2: four heterozygous lines not shown.
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Table 6. Frequency of ‘Morex’ haplotype at eleven previously detected QTL regions in the closed advanced cycle breeding lines and 

the more diverse reopened lines.  

Position 

chromosome             cM QTL designator 

Distance to 

common marker 

on OWB map 

previously detected 

QTL
1 

Morex haplotype 

freqeuncy 

Closed      Reopened Citation 

2H 15.15 wp1 co-localizes QMe.StMo-2H.2 0.983 0.922 Hayes et al. 1993 

    QAa.StMo-2H   

Zwickert-Mentaur et al. 

1996 

    QGN.BlE2-2H   Thomas et al. 1996 

    QMe.HaMo-2H   Marquez-Cedillo et al. 2000 

2H 125.46 pl4 3.29 QTw.BlKy-2H.2 0 0 Bezant et al., 1997a 

3H 51.73-74.78 kw1 5.48 QKp.StMo-3H 0 0 Larson et al.,1997 

    QTw.StMo-3H   Larson et al.,1997 

    QGpc.StMo-3H.1   Larson et al.,1997 

3H 142.32 wp4 5.5 QS/T.DiMo-3H 0.867 0.893 Oziel et al. 1996 

4H 24.59-26.19 

aa5, bp4, dp1, 

me4, st3 5.48 QAa.HaMo-4H 0.967 0.301 Marquez-Cedillo et al. 2000 

    QS/T.HaMo-4H   Marquez-Cedillo et al. 2000 

    QTw.HaMo-4H.1   Marquez-Cedillo et al. 2000 
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Position 

chromosome             cM QTL designator 

Distance to 

common marker 

on OWB map 

previously detected 

QTL
1 

Morex haplotype 

freqeuncy 

Closed      Reopened Citation 

    QGpc.HaMo-4H   Marquez-Cedillo et al. 2000 

    QAa.StMo-4H.1   Hayes et al. 1993 

    QKp.HaMo-4H   Marquez-Cedillo et al. 2001 

    QMe.StMo-4H   Hayes et al. 1993 

4H 81.69 aa6 1.08 QAa.StMo-4H.2 0.600 0.738 

Zwickert-Mentaur et al. 

1996 

    QGpc.HaTR-4H.2   Mather et al. 1997 

5H 175.90 

me14, bp11, 

st10  4.37 QMe.DiMo-5H.3 0.033 0.359 Oziel et al. 1996 

   co-localizes QTw.HaTR-5H.2   Tinker et al. 1995 

5H 189.60 aa8, st11 3.28 QAa.HaTR-5H 0.333 0.767 Marquez-Cedillo et al. 2000 

    

QBgnm.HaTR-

5H.2   Mather et al. 1997 

    QDp.HaTR-5H   Mather et al. 1997 

    QFcd.HaTR-5H   Mather et al. 1997 

    QFge.HaTR-5H.2   Mather et al. 1997 

    QGN.BlKy-5H   Bezant et al. 1997b 
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Position 

chromosome             cM QTL designator 

Distance to 

common marker 

on OWB map 

previously detected 

QTL
1 

Morex haplotype 

freqeuncy 

Closed      Reopened Citation 

    QS/T.HaTR-5H   Mather et al. 1997 

6H 52.75-55.94 p10 co-localizes QAa.StMo-6H 0 0 Hayes et al. 1993 

    QTw.BlKy-6H   Bezant et al. 1997a 

6H 72.54 aa14 4.37 QAa.ChHa-6H 0.95 0.621 Barr et al. 2003 

    QAa.HaTR-6H.2?   Barr et al. 2003 

    QDp.HaTR-6H   Mather et al. 1997 

    QTw.BlE2-6H.2   Thomas et al. 1995 

7H 128.36 aa16, bg5 4.45 QDp.HaTR-7H 0.783 0.515 Mather et al. 1997 

    QFcd.HaTR-7H   Mather et al. 1997 

    QTw.HaTR-7H.2   Mather et al. 1997 

1
: QTL name as given at Grain Genes(http://!wheat.pw.usda.gov/GG2/index.shtml
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Figure 1. See next page. 
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Figure 1. See next page. 
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Figure 1. Relationship between minor allele frequency (MAF), adjacent marker linkage 

disequilibrium (r
2
) and detection of QTL [log(p value)] from association mapping across 

genetic distance. Above the x-axis are MAF and r
2
 (for adjacent markers plotted versus 

the midpoint of their positions). r
2
 values greater than 0.2 (horizontal dotted line) indicate 

sufficient LD for QTL detection in that region. Probability, as log(p value), from a mixed 

linear model, are plotted below the x-axis.
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