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Toi John Tsilo   

         215 Words 

Genome Mapping of End-use Quality Traits in a Wheat Recombinant Inbred Population  

ABSTRACT 

Development of high performing wheat cultivars, with high grain yield and end-use 

quality, is a major focus in wheat breeding programs worldwide. The main objective of 

the study was to identify chromosome regions harboring genes that influence end-use 

quality traits in hard red spring wheat lines. Agronomic traits, kernel characteristics, 

milling related traits, dough mixing strength, and bread-making properties were evaluated 

from a population of 139 recombinant inbred lines (RILs), two parental lines, and three 

check varieties grown at three Minnesota locations in 2006. Whole genome genetic 

linkage maps showing quantitative trait loci (QTL) were constructed. Genetic maps 

contained 531 SSR and DArT marker loci and covered all 21 chromosomes of wheat. 

Flanking markers were identified for the stem rust resistance gene Sr6 on chromosome 

2D. Stable QTL clusters influencing kernel characteristics were identified on 

chromosome 2A, 5B, and 7A. Of the twenty-eight QTL that influenced milling 

properties, QTL clusters were identified on six chromosomes: 1A, 1B, 5A, 5B, 5D, and 

7B. Six QTL were identified for endosperm texture, with the main QTL on chromosomes 

1A, 5A and 5D. Eleven chromosome regions were associated with endosperm polymeric 

proteins. Forty-three QTL influenced dough-mixing strength and bread-making 

properties. DNA markers linked to these QTL will provide opportunity for increasing the 

frequency of desirable alleles through marker-assisted selection.  



 v 

TABLE OF CONTENTS 

 

ACKNOWLEDGEMENTS .............................................................................................. I 

DEDICATION................................................................................................................. III 

ABSTRACT ..................................................................................................................... IV 

TABLE OF CONTENTS ................................................................................................ V 

LIST OF TABLES ....................................................................................................... VIII 

LIST OF FIGURES ...................................................................................................... XII 

CHAPTER ONE ............................................................................................................... 1 

Associations of Polymeric Proteins with Dough Mixing and Bread-making 
Characteristics in a Recombinant Inbred Population of Hard Red Spring Wheat .......... 1 

Introduction ............................................................................................................... 2 
Materials and methods ............................................................................................. 5 

Plant material and field trials .................................................................................. 5 
Mixograph ............................................................................................................... 6 
Baking tests ............................................................................................................. 6 
Extraction and SE-HPLC of proteins ...................................................................... 7 
SE-HPLC data analysis ........................................................................................... 8 
Statistical analysis ................................................................................................... 9 

Results and discussion ............................................................................................ 10 
Variation in dough mixing strength and bread-making parameters ...................... 10 
Relationships of mixograph parameters and SE-HPLC data ................................ 10 
Relationships of baking characteristics and SE-HPLC data ................................. 12 
Correlations of quality characteristics with SE-HPLC areas ................................ 13 

Conclusion ............................................................................................................... 15 

CHAPTER TWO ............................................................................................................ 32 

Identification of Flanking Markers for the Stem Rust Resistance Gene Sr6 in Wheat 32 
Introduction ............................................................................................................. 33 
Materials and methods ........................................................................................... 35 

Plant material ........................................................................................................ 35 
Stem rust screening ............................................................................................... 35 
DNA extraction and marker analysis .................................................................... 36 
Linkage analysis.................................................................................................... 37 

Results ...................................................................................................................... 38 
Discussion................................................................................................................. 40 



 vi 

CHAPTER THREE ........................................................................................................ 45 

Quantitative Trait Loci Associated with Kernel Characteristics in Hard Red Spring 
Wheat Breeding Lines................................................................................................... 45 

Introduction ............................................................................................................. 46 
Materials and methods ........................................................................................... 48 

Grain materials and agronomic traits .................................................................... 48 
Statistical analysis ................................................................................................. 50 
Molecular marker screening ................................................................................. 51 
Map construction and QTL analysis ..................................................................... 52 

Results ...................................................................................................................... 54 
Phenotypic variation ............................................................................................. 54 
Map construction .................................................................................................. 55 
QTL analysis for kernel weight, kernel size, and size distribution ....................... 56 
QTL analysis for grain protein content and grain yield ........................................ 57 
QTL analysis for other traits ................................................................................. 58 

Discussion................................................................................................................. 59 
Phenotypic variation and correlations of kernel characteristics ........................... 59 
QTL analysis for kernel weight, kernel diameter, and size distribution ............... 59 
QTL analysis for grain protein and grain yield ..................................................... 61 

CHAPTER FOUR ........................................................................................................... 76 

Genetic Mapping and QTL Analysis of Flour Color and Milling Yield Related Traits 
Using Recombinant Inbred Lines in Hard Red Spring Wheat ...................................... 76 

Introduction ............................................................................................................. 77 
Materials and methods ........................................................................................... 79 

Plant material ........................................................................................................ 79 
Milling yield and flour color evaluation ............................................................... 79 
Statistical analysis ................................................................................................. 80 
QTL analysis ......................................................................................................... 81 

Results and discussion ............................................................................................ 82 
Phenotypic variation and correlation analysis of milling yield and flour color 
characteristics ........................................................................................................ 82 
QTL analysis for flour color parameters ............................................................... 84 
QTL analysis for milling properties ...................................................................... 87 

CHAPTER FIVE .......................................................................................................... 104 

Quantitative Trait Loci Influencing Endosperm Texture, Endosperm Polymeric 
Proteins, Dough Rheology, and Bread-making Properties of the Hard Red Spring 
Wheat Breeding Lines................................................................................................. 104 

Introduction ........................................................................................................... 105 
Materials and methods ......................................................................................... 108 

Mapping population ............................................................................................ 108 
Field trials and quality analysis........................................................................... 109 
Statistical analyses .............................................................................................. 111 



 vii 

Results .................................................................................................................... 113 
Phenotypic variation ........................................................................................... 113 
QTL analysis for endosperm texture................................................................... 115 
QTL analysis for dough mixing and bread-making properties ........................... 115 
QTL analysis for SE-HPLC of endosperm proteins ........................................... 116 

Discussion............................................................................................................... 118 
Phenotypic variation and correlations among quality traits ................................ 118 
QTL analysis for endosperm texture................................................................... 119 
QTL analysis for dough mixing strength and bread-making properties ............. 121 
QTL analysis for endosperm polymeric proteins................................................ 124 

REFERENCES .............................................................................................................. 143 

APPENDICES ............................................................................................................... 163 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 viii 

LIST OF TABLES 

 

CHAPTER ONE 

 

Table I Phenotypic values and analysis of variance (ANOVA) of flour quality traits of 

the recombinant inbred line (RIL) population evaluated in three environments…...16 

 

Table II Correlation coefficients of protein and size exclusion HPLC areas with 

mixograph and bread-making characteristics…………………………………….…17 

 

CHAPTER TWO 

 

Table I Segregation of Sr6 and DNA marker alleles in a RIL population derived from a 

cross between MN99394 and MN98550……………………………………………42 

 

CHAPTER THREE 

 

Table I Mean values, standard deviations, and range of all traits evaluated in three 

environments in 2006……………………………………………………………….64 

 

Table II Mean squares and heritabilities for agronomic traits and kernel characteristics 

of the recombinant inbred line population (n=139) evaluated in three environments 

in 2006………………………………………………………………………………66 

 

Table III Phenotypic correlation coefficients among traits based on trait values 

averaged across three environments in 2006………………………………………..67 

 

Table IV Summary of QTL identified for kernel weight, kernel diameter, and size 

kernel size distribution using 139 recombinant inbred lines grown in three 

environments in 2006………………………………………………………….……68 



 ix 

 

Table V Total phenotypic variation explained by all the QTL using multiple regression 

analysis on trait values of 139 recombinant inbred lines averaged across three 

environments………………………………………………………………………..69 

 

Table VI Summary of QTL identified for grain protein content, grain yield, heading 

date, and plant height using 139 recombinant inbred lines grown in three 

environments…………………………………………………………………..……70 

 

CHAPTER FOUR 

 

Table I Mean values, standard deviations, and range of flour color and milling 

properties evaluated in a recombinant-inbred population in three environments in 

2006…….……………………………………………………………………..…….90 

 

Table II Mean squares and heritabilities for flour color and milling properties of a 

recombinant inbred line population (n=139) evaluated in three environments in 

2006………………………………..……………………………………………..…91 

 

Table III Phenotypic correlation coefficients among milling traits and with dough 

mixing and bread-making characteristics based on trait values averaged across three 

environments in 2006………………………………………………………….……92 

 

Table IV Phenotypic correlation coefficients between milling and kernel characteristics 

based on trait values averaged across three environments in 2006………………....93 

 

Table V Summary of QTL identified for flour color and milling related traits of 139 

recombinant inbred lines evaluated in three environments in 2006………………...94 

 



 x 

Table VI Total phenotypic variation explained by all the QTL using multiple regression 

analysis on trait values of 139 recombinant inbred lines averaged across three 

environments…………………………………………………………………….….96 

 

CHAPTER FIVE 

 

Table I Mean values, standard deviations, and range of endosperm texture and 

endosperm proteins in a recombinant-inbred population evaluated in three 

environments in 2006………………………………………………………..…….126  

 

Table II Mean squares and heritabilities for endosperm properties, dough mixing and 

bread-making properties of a recombinant inbred line population (n=139) evaluated 

in three environments in 2006………………………………………………….….127 

 

Table III Phenotypic correlation coefficients among endosperm proteins, among 

mixograph and bread-making properties, and endosperm texture based on trait 

values averaged across three environments in 2006………………………………129 

 

Table IV Summary of QTL identified for endosperm texture, dough mixing strength 

and bread-making properties using 139 recombinant inbred lines evaluated in three 

environments in 2006…………………………………………………………...…130  

 

Table V Total phenotypic variation explained by the QTL using multiple regression 

analysis on trait values of 139 recombinant inbred lines averaged across three 

environments………………………………………………………………………132 

 

Table VI Summary of QTL influencing SDS-extractable polymeric protein fractions 

using 139 recombinant inbred lines grown in three environments in 

2006……………………………………………………………………………..…134 



 xi 

Table VII Summary of QTL influencing SDS-unextractable polymeric protein fractions 

using 139 recombinant inbred lines grown in three environments in 

2006……………………………………………………………………………..…135 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 xii 

LIST OF FIGURES 

 

CHAPTER ONE 

 

Figure 1 Typical size exclusion HPLC chromatograms of sodium dodesyl sulfate (SDS) 

extractable and unextractable proteins, and total protein………….……………..…18 

 

Figure 2 Spectrum of correlation coefficients (r) between size exclusion HPLC 

absorbance areas of SDS-extractable proteins and mixograph peak times over 

retention time…………………………………………………………………….….20 

 

Figure 3 Spectrum of correlation coefficients (r) between size exclusion HPLC 

absorbance areas of SDS-unextractable proteins and mixograph peak times over 

retention time………………………………………………………………………..22 

 

Figure 4 Spectrum of correlation coefficients (r) between size exclusion HPLC 

absorbance areas % of SDS-unextractable proteins and mixograph peak times over 

retention time………………………………………………………………..………24 

 

Figure 5 Spectrum of correlation coefficients (r) between size exclusion HPLC 

absorbance areas of SDS-unextractable proteins and bread loaf volumes over 

retention time………..……………………………………………...............………26 

 

Figure 6 Spectrum of correlation coefficients (r) between size exclusion HPLC 

absorbance areas of total proteins and loaf volumes over retention time……..……28 

 

Figure 7 Spectrum of correlation coefficients (r) between size exclusion HPLC 

absorbance area % values of total proteins and baking mix time over retention 

time………………………………………………………………………………….30 

 



 xiii 

CHAPTER TWO 

 

Figure 1 Alignment of Sr6-linked DNA markers on chromosome 2DS. a Partial genetic 

linkage map depicting the location of Sr6 with linked co-dominant SSR loci 

reproduced from Tsilo et al. (2009a). b The genetic linkage map derived from 

MN99394 x MN98550 recombinant inbred population with map distances (cM) in 

Kosambi mapping function…………………………………………………………43  

 

CHAPTER THREE 

 

Figure 1 Histogram patterns of 139 RILs for 3-location mean values of (a) kernel weight 

(1000-kernel weight); (b) kernel size (single-kernel diameter); (c) kernel size 

distribution (% of larger kernels); and (d) grain protein content. Parental means are 

marked with arrows…………………………………………………………………71 

 

Figure 2 Stable quantitative trait loci associated with kernel weight, kernel diameter, and 

kernel size distribution. The approximate QTL location for each trait is based on the 

mean of 3 environments and is indicated by the intersection of vertical bar 

(confidence interval based on the LOD scores above 2.5) and horizontal bar 

(indicates the maximun LOD score, and the maximum magnitude of the LOD score 

at any environment is indicated by the thickness of the bar). Detailed information 

about each QTL is given in Table IV and Appendix I. Map distances were 

determined based on Haldane mapping function and are given on the left. 

Chromosome names with decimal numbers indicate the linkage group in which QTL 

were detected……………………………………………………………………….74 

 

CHAPTER FOUR 

 



 xiv 

Figure 1 Histogram patterns of 139 RILs for 3-location mean values of flour color (a) 

yellowness (b*);  (b) brightness (L*); (c) greenness (a*); (d) bran; (e) flour yield; 

and (f) flour ash content…………………………………………………………….97 

 

Figure 2 Partial chromosome regions depicting quantitative trait loci associated with 

flour color: L* (FL*), b* (Fb*), and a* (Fa*); bran; shorts; flour yield (Fyld); flour 

protein content (Fpc); and flour ash content (Fash). The approximate QTL location 

for each trait is based on the mean of 3 environments or one of the two 

environments, and is indicated by the intersection of vertical bar (confidence interval 

based on the LOD scores above 2.5) and horizontal bar (indicates the maximun LOD 

score, and the magnitude of the LOD score is indicated by the thickness of the bar). 

Detailed information for each QTL is given in Table V. Separate linkage groups 

within a partial chromosome are indicated by discontinuous genetic distance.  The 

full chromosomes were presented in the Appendix I. Map distances were determined 

based on Haldane mapping function and are given on the 

left………………….………………………………………………………………101 

 

CHAPTER FIVE 

 

Figure 1 Typical size exclusion HPLC chromatograms of sodium dodesyl sulfate (SDS) 

extractable and unextractable proteins, and total protein, showing protein fractions 

(Fr) at different retention times…………………………………………………....137 

 

Figure 2 Partial chromosome regions depicting quantitative trait loci associated with 

endosperm texture, polymeric proteins, dough-mixing strength and bread-making 

properties. Each QTL is designated by the abbreviation of the trait. The approximate 

QTL location for each trait is based on the mean of 3 environments or one of the two 

environments, and is indicated by the intersection of vertical bar (confidence interval 

based on the LOD scores above 2.5) and horizontal bar (indicates the maximum 

LOD score, and the magnitude of the LOD score is indicated by the thickness of the 



 xv 

bar). Detailed information for each QTL is given in Tables IV, VI and VII. Separate 

linkage groups within a partial chromosome are indicated by discontinuous genetic 

distance. The full chromosomes were presented in the Appendix I. Distances are 

determined based on Haldane mapping function given on the 

left………………………………………………………………………………….139  

 

 



 1 

 

 

 

 

 

 

 

 

CHAPTER ONE 

 

Associations of Polymeric Proteins with Dough Mixing and Bread-making 

Characteristics in a Recombinant Inbred Population of Hard Red Spring Wheat 
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Introduction 

 

A major portion of wheat endosperm proteins that are not extractable by sodium dodecyl 

sulfate (SDS) buffer solutions could be resolved by a sonication procedure (Singh et al. 

1990a). The proteins that are extractable by sonication are largely composed of polymeric 

glutenin proteins that have significant associations with baking quality of flours, 

specifically dough strength parameters (Bangur et al. 1997; MacRitchie and Lafiandra 

1997; Singh et al. 1990b; Morel et al. 2000; Ohm et al. 2006; Park et al. 2006). Gluten 

comprises of a mixture of polymers that are defined based on their molecular weight 

(MW) distribution. Due to size and structural complexity of the polymers, the most 

studied protein fractions are low and high MW glutenins subunits (Southan and 

MacRitchie 1999), which could not explain all the variation in end-use quality (Carrillo et 

al. 1990; Weegels et al. 1996).  

The MW distribution of wheat endosperm proteins has been extensively analyzed 

by size-exclusion HPLC (SE-HPLC) since the initial work by Bietz (1984), followed by 

improvements of chromatographic procedures by Batey et al. (1991) and Larroque and 

Bekes (2000). Through this method, the MW distribution of wheat endosperm proteins 

could be resolved into polymeric protein, gliadins, and other soluble monomeric proteins. 

Variations in MW distribution of wheat endosperm proteins have been significantly 

associated with wheat end-use quality (Singh et al. 1990a, b; Gupta et al. 1993; Bangur et 

al. 1997; Huebner et al. 1997; Borneo and Khan 1999; Zhu and Khan 2002; Suchy et al. 

2003; Kuktaitie et al. 2004; Labuschagne et al. 2004; Békés et al. 2006; Ohm et al. 2006, 
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2008, 2009). However, for bread-making quality, most of the results so far have been 

related to the percentage of SDS-unextractable polymeric protein in total polymeric 

proteins and the percentage of total polymeric protein in total protein or flour. 

Specifically, Gupta et al. (1993) reported that % SDS-unextractable polymeric protein in 

total polymeric proteins strongly affected dough strength parameters.  

Recently, Ohm et al. (2008, 2009) showed associations of wheat quality 

characteristics with MW distribution of proteins (i.e., color of salted noodles and quality 

of soft white winter wheats) by presenting continuous correlation spectrum between 

quality characteristics and SE-HPLC absorbance area values calculated at 0.05 min 

retention time. From those investigations, they identified small fractions of proteins that 

showed distinct correlations with quality characteristics. Ohm et al. (2006, 2009) also 

reported that SE-HPLC data could be applied to develop prediction models of wheat 

quality characteristics by multivariate analysis methods, which combine contributions of 

specific protein fractions to variations in quality characteristics of white winter wheats. 

The relationships of dough mixing strength and bread-making characteristics with 

specific protein fragments or components of the SDS-extractable and unextractable 

polymeric proteins, as determined by Ohm et al. (2008, 2009) using SE-HPLC data, have 

not been reported in hard spring wheat.  

The objective of this study was to analyze the associations of specific protein 

fractions of the SDS-extractable, -unextractable and total polymeric proteins with dough 

mixing strength and bread-making characteristics in a segregating recombinant inbred 

population. The recombinant inbred lines (RILs) were derived from the cross of two hard 

red spring wheat lines adapted to the Upper Midwest region of the United States. 
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Specifically we used the methods of Ohm et al. (2006, 2008) and Gupta et al. (1993) to 

investigate associations of quality characteristics with the SDS-unextractable very high 

MW polymeric proteins (UVHP), SDS-extractable polymeric proteins (EPP), ratio of 

UVHP to EPP, and the total polymeric proteins.  
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Materials and methods 

 

Plant material and field trials 

A population of 139 RILs was developed from a cross between two hard red spring wheat 

lines MN98550 and MN99394. Both parents, MN98550 (BacUp/McVey) and MN99394 

(SD3236/SBF0402), are breeding lines developed at the University of Minnesota. Parents 

were chosen because of their different protein content, water absorption, and dough 

mixing strength. RILs were developed by single seed descent from F2 to F6 followed by 

generations of seed increase to produce F6 derived F8 lines. The 139 RILs were sown 

during spring 2006 at three Minnesota locations (St Paul, Morris, and Crookston) with 

two replications per line. Three check varieties (Alsen, Verde, and Oklee) and two 

parents were included as controls with eight replications. Each experiment was carried 

out in a randomized complete block design with replications as blocks. For all the fields, 

each experimental line was planted in 2.6 m2 plot with seven rows. Plants were treated 

with fungicides to reduce damage from fungal pathogens. The grain was harvested using 

a combine harvester, and seed was thoroughly cleaned and all non-wheat materials were 

removed. A 700-g composite grain sample derived from two replicated plots of each line 

in each location was submitted for end-use quality analyses at the USDA-ARS, Hard 

Spring and Durum Wheat Quality Laboratory, Fargo, ND. Grain samples were tempered 

to 16.5% moisture content for 16-20 hr before milling. Milling was performed using 

Quadrumat Senior Break and Reduction grinding heads (C.W. Brabender Instrument Inc., 

South Hackensack, NJ). Flour protein content was determined by nitrogen combustion 
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analysis according to AACC Approved Method 46-30 (AACC 2000), using a Dumas 

nitrogen analyzer (Leco Corp, St. Joseph, MI).  

 

Mixograph 

Dough mixing properties were evaluated using a computer-based 35-g mixograph with 

35-g of flour mixed with distilled water at 62% absorption according to the Approved 

Method 54-40A (AACC 2000). Information on the mixograph was electronically 

computed into parameters using MixSmart software (National Mfg. Co. Lincoln, NE) that 

described the peak height and bandwidth: midline peak time (min), midline peak value 

(%), midline peak width (%), and midline peak integral (% torque x min) that represents 

the area under the midline from start to peak time, or average work input required to 

reach peak development time, as a function of mixing time and applied torque. The value 

of mixograph profiles was assigned based on a scale of 0 to 9, where the higher value 

indicates the stronger and more tolerant dough and a range of 4 to 6 being the most 

desired for bread-making. 

 

Baking tests 

Experimental bread baking was performed using 25-g flour samples by a straight dough 

method (AACC method 10-10B). Baking formulation included instant yeast (1%) 

(Fermipan Eagle, Montreal, Quebec, Canada), salt (2%) (Morton International, INC. 

Chicago, IL.), granulate sugar (5%) (American Crystal Sugar, Minneapolis, MN.), instant 

nonfat dry milk (1%) (Nestle, Inc. Solon, OH), melted shortening (1%) (Crisco All 
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Vegetable Shortening, The J.M. Smucker Company, Orrville, OH), and an enzyme 

supplement (1%) (Doh-ToneK, fungal amylase, 15 SKB, American Ingredients 

Company, Kansas City, MO). Baking water absorption (%) was adjusted according to the 

mixograph peak height. Bake mixing time was the time required to fully develop dough. 

Bread loaf volume was measured by rapeseed displacement.  

 

Extraction and SE-HPLC of proteins 

Flour proteins were extracted as described by Gupta et al. (1993) with minor modification 

(Ohm et al. 2006). Two replicates of each flour sample were used for the investigation of 

size-distribution of polymeric proteins. SDS extractable and unextractable polymeric 

proteins were obtained according to the procedure of Gupta et al. (1993). Flour (10 mg) 

was suspended in 1 mL of 1% SDS and 0.1 M sodium phosphate buffer (pH 6.9) and 

stirred for 5 min at 2000 rpm using a pulsing voltex mixer (Fisher Scientific). The 

mixture was centrifuged for 15 min at 17,000 g (Centrifuge 5424, Effendorf) and the 

extractable protein dissolved in supernatant was filtered through a membrane filter (0.45 

µm PVDF Membrane, Sun Sri, Rockwood, TN). Immediately after filtering, the sample 

was heated for 2 min at 80ºC (Larroque et al. 2000). The unextractable protein was 

obtained from the residue. The residues were sonicated for 30 seconds at the power 

setting of 10 Watt output (Sonic Dismembrator 100, Fisher Scientific) with 1 mL of 

extraction buffer. Then, the mixture was centrifuged for 15 minutes at 17,000 g 

(Centrifuge 5424, Effendorf) and the supernatant was filtered and heated before SE-

HPLC as described for extractable proteins. SE-HPLC was performed using Agilent 1100 
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Series Liquid Chromatograph (Agilent Technologies, Santa Clara, CA) (Batey et al. 

1991). The SDS extractable and unextractable protein fractions were separated by a 

narrow bore column (300 x 4.5 mm, BIOSEP SEC S4000, Phenomenex, Torrance, CA) 

with a guard cartridge. Injection volume was 10 µL. Eluting solution was 50% 

acetonitrile in water with 0.1% trifluroacetic acid with a flow rate of 0.5 mL/min. Solutes 

were detected at 214 nm using Agilent 1200 Photodiode Array Detector (Agilent 

Technologies, Santa Clara, CA). 

  

SE-HPLC data analysis 

Absorbance data from SE-HPLC chromatograms of protein extracts were transformed 

and analyzed using an in-house program that was developed using MATLAB (2008, The 

MathWorks, Natick, MA) as previously described by Ohm et al. (2006, 2008, 2009). 

Absorbance data were interpolated to 0.002-min intervals by a spline method and the 

absorbance area (AA) was calculated by mean absorbance x time interval of 0.002 min. 

The sum of AA for each retention time interval of 0.01 min between 3.6 and 7.7 min of 

run time was used for data analysis. The AA values for total protein were mathematically 

estimated by adding AA values of extractable and unextractable protein fractions. The 

percentage of AA (A%) for each 0.01- min time interval was obtained by calculating 

percentage of AA of each time interval over the sum of all the AAs of total proteins. 

Simple linear correlation coefficients (r) were calculated between both mean values of 

AA and A% and quality parameters and shown as a continuous spectrum over 0.01-min 

retention time interval. The AA values of major polymeric protein fractions, referred as 
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Fr1 to Fr3 in Fig. 1, were also calculated and used for correlation analysis with quality 

characteristics. 

     

Statistical analysis   

Analysis of variance was performed using GLM procedure in SAS (v.9.1, SAS Institute, 

Cary, NC). Genotypes and environments were considered random effects. The main 

effects of genotype and environment were tested for significance using the genotype x 

environment mean square as an error term in the model. The genotype x environment 

interaction was tested for significance using the error mean square estimated from the 

check genotypes that were replicated within environments, as described in an augmented 

design by Federer (1961). Correlation coefficients were calculated between HPLC area 

parameters and individual quality traits of RILs including mixograph properties and 

bread loaf volume in each growing location. Calculation of correlation coefficients and 

singular value decomposition were performed using SAS (v.9.1, SAS Institute, Cary, 

NC). 
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Results and discussion 

 

Variation in dough mixing strength and bread-making parameters 

The mean, standard deviation, range of the values, and analysis of variance for quality 

characteristics are shown in Table 1. For example, mixograph pattern evaluated based on 

a scale of 0 to 9, with 4 and 6 being the most desirable patterns, showed a mean of 4.9 

and a range of 1.0-8.0 with standard deviation of 1.1 for Crookston. All quality 

characteristics were influenced by genotype (G) and environment (E) (Table 1), which 

were consistent with the reports of several authors who reported that quality varies as a 

result of environmental conditions and genetic composition of wheat lines (Busch et al. 

1969; Lukow and McVetty 1991; Peterson et al. 1992; Johansson and Svensoon 1998; 

Dupont and Altenbach 2003). For mixograph parameters, only mixograph pattern, 

midline peak value, and midline peak width did not show genotype by environment 

interactions. Also, the three bread-making parameters (bake mixing time, baking water 

absorption, and bread loaf volume) did not show genotype by environment interactions in 

this study.  

 

Relationships of mixograph parameters and SE-HPLC data    

Correlation coefficients were shown as continuous spectra over retention time to display 

the distinct statistical relationships between quality characteristics and protein fractions 

separated by SE-HPLC. The correlation coefficients of mixograph peak times with SE-

HPLC AA values of SDS-extractable proteins are shown in Fig. 2, indicating that the 
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extractable polymeric proteins (EPP) that were eluted at Fr1, Fr2, and Fr3 sections (Fig. 

1) were significantly and negatively correlated with mixograph peak times for all the 

samples combined and sample sets of three locations. Specifically, SDS-extractable high 

MW polymeric proteins eluted at Fr1 and Fr2 sections showed more significant and 

negative correlations than other extractable polymeric proteins, suggesting that the 

quantity of SDS-extractable high MW polymeric protein fractions could contribute to 

weakening dough strength more than other SDS-extractable proteins. Because the peak 

integral is a function of the mixing time and height value, its association with SDS-

extractable proteins was similar to that of mixograph peak time. SDS-extractable 

polymeric protein fractions showed variable (insignificant to significant) and low 

negative correlations with other mixograph parameters, such as peak width and value 

(data not shown). 

In this experiment, the SE-HPLC absorbance area (AA) and area A% values 

represent quantity of protein factions in flour and protein, respectively. AA values of 

SDS-unextractable polymeric proteins showed significant and positive correlations with 

mixograph peak times (Fig. 3). SE-HPLC A% values of SDS-unextractable polymeric 

proteins showed greater positive correlations with mixograph peak times than AA values 

(Fig. 4). This result was in agreement with Gupta et al. (1993) who reported that the 

dough strength parameters were very strongly correlated with unextractable polymeric 

protein % in protein than those in flour. To be more specific, the correlation spectrum 

shown in Fig. 3 and 4 indicated that the SDS-unextractable very high MW polymeric 

proteins (UVHP) eluted at Fr1 and Fr2 sections of chromatogram (Fig. 1) showed more 

significant positive correlations than other SDS-unextractable polymeric protein 
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fractions. These results indicated that the UVHP eluted mainly at Fr1 section of 

chromatogram (Fig. 1) had greater correlations with mixograph peak times and should 

affect variation of dough strength more strongly than other SDS-unextractable polymeric 

proteins. Similarly, Ohm et al. (2006) reported significant correlations of mixograph peak 

times and SE-HPLC A% values of very high MW polymeric proteins of total protein 

extracts in eighteen white winter wheat flours.  

 

Relationships of baking characteristics and SE-HPLC data 

Bread loaf volume showed significant and positive correlations with AA values of SDS 

unextractable proteins (Fig. 5). SDS unextractable high MW polymeric proteins that were 

eluted at Fr1 and Fr2 sections showed greater correlations with loaf volume for combined 

samples of all three growing locations (Fig. 5). Wheat samples grown at Crookston and 

St. Paul also showed greater correlations of loaf volume with AA value of SDS 

unextractable high MW polymeric proteins. However, RILs from Morris did not show 

consistent results, by also indicating somewhat greater correlations between loaf volume 

and low MW polymeric proteins (Fig. 5). Similar relationships were also observed 

between the AA values of total proteins and bread loaf volume (Fig. 6), where only in 

Morris the correlations were somewhat greater between loaf volume and low MW 

polymeric proteins.  

The correlation spectra of bake mixing time with SE-HPLC A% values of total 

proteins (Fig. 7) indicated that the relative amount of SDS unextractable polymeric 

proteins in total protein were significantly and positively correlated with bake mixing 
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times for all samples combined and sample sets of three locations. The use of total 

protein in this study was based on the predictive model (R2 value of 0.984) of protein 

content developed from SE-HPLC data as reported by Ohm et al. (2006), who further 

indicated that the AA and A% in SE-HPLC analyses could be used to explain quantitative 

variation in flour protein. The spectra of correlation coefficients between bake mixing 

time and SE-HPLC data showed similar results with those of mixograph peak time as 

presented above. These observations were consistent with the report of Chung et al. 

(2001), who reported correlation coefficient of 0.81 between bake and mixograph mix 

times.  

  

Correlations of quality characteristics with SE-HPLC areas  

The correlation coefficients of protein contents with quality characteristics are 

summarized in Table II. Correlations in Table II represent analyses of the combined AA 

and area % values of SE-HPLC fractions (Fig. 1) for SDS-extractable polymeric and 

SDS-unextractable polymeric proteins. Flour protein content showed greater correlations 

with AA values of EPP and UVHP than did with area % values of EPP and UVHP. 

Specifically, the area % values of EPP and UVHP and the ratio of AA values of UVHP to 

EPP showed variably (insignificant to significant) low correlations with flour protein 

content, indicating that a flour protein content and its composition should be considered 

independently during quality evaluation. Specifically, the flour protein content showed 

significant correlations with mixograph pattern, midline peak value and peak width, and 

baking water absorption and bread loaf volume (Table II). However, the correlations 
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between flour protein content and other dough strength parameters, such as mixograph 

peak time and bake mixing time, were insignificant or lower than those of SE-HPLC AA 

values. The combined AA values of EPP that were sum of AA values of Fr1, Fr2, and Fr3 

sections of extractable proteins showed significant and negative correlations with mixing 

characteristics. The combined AA and area % values of UVHP also showed significant 

but positive correlations with mixing characteristics. The ratio of AA values of UVHP to 

EPP showed greater correlations with mixing characteristics than other polymeric 

proteins. This result was in agreement with Gupta et al. (1993), who reported strong 

positive correlation between % SDS-unextractable polymeric protein in total polymeric 

proteins and dough strength parameters. As explained before, continuous correlation 

spectrum calculated over 0.01-min retention time interval indicated that UVHP showed 

greater associations with mixing characteristics than other unextractable polymeric 

proteins in this experiment (Fig. 3 and 4). Consequently, the ratio of AA values of UVHP 

to EPP showed greater correlations with mixograph and bake mixing times (Table II).  
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Conclusion 

 

The SDS-unextractable very high MW polymeric proteins, eluted mainly at Fr1 section 

of the chromatogram, affected variation in dough mixing strength and loaf volume more 

strongly than other unextractable polymeric proteins. In general, UVHP was positively 

correlated with dough strength and bread-making parameters. In contrast, SDS-

extractable high MW polymeric proteins eluted at the Fr1 and Fr2 sections showed more 

significant and negative correlations with mixograph parameters than did other 

extractable polymeric proteins. This means that SDS-extractable high MW polymeric 

protein fractions could contribute to weakening dough strength more than other SDS 

extractable proteins. Thus, for the improvement of bread-making quality, it would be 

better to breed for high protein quantity that incorporates the improvement of protein 

quality by selecting lines with the higher UVHP and lower EPP concentrations in protein.  

 

 

 



 16 

 
 

Quality traits Environment Mean Min Max SD G E G x E 
Flour protein (14 % mb) *** *** * 

Crookston 12.2 10.6 14.5 0.8 
Morris 13.2 11.2 15.0 0.8 
St Paul 12.6 9.8 14.6 0.8 

Mixograph parameters 
Pattern *** *** ns 

Crookston 4.9 1.0 8.0 1.1 
Morris 3.9 1.0 7.0 1.2 
St Paul 3.9 1.0 7.0 1.4 

Midline peak time (min) *** *** *** 
Crookston 6.3 2.8 15.5 2.8 
Morris 5.3 2 16.1 2.6 
St. Paul 4.3 2.3 10.2 1.6 

Midline peak value (%) *** *** ns 
Crookston 45.1 35.3 56.7 4.1 
Morris 43.9 34.9 55.2 4.6 
St. Paul 46.1 34.6 57.9 4.0 

Midline peak width (%) *** *** ns 
Crookston 17.5 8.6 31.3 3.9 
Morris 16.1 8.5 29.8 3.8 
St. Paul 17.4 8.2 31.0 4.0 

Midline peak integral *** *** ** 
 (% torque x min) Crookston 205.7 95.0 405.4 78.5 

Morris 168.2 74.9 437.4 70.9 
St. Paul 147.3 78.0 325 49.5 

Bread-making parameters 
Mixing time (min) *** *** ns 

Crookston 2.7 1.5 5.0 0.7 
Morris 2.6 1.5 4.0 0.7 
St. Paul 2.3 1.5 3.5 0.6 

Water absorption *** *** ns 
 (14 % mb) Crookston 55.3 50.5 58.2 1.2 

Morris 56.3 52.3 59.6 1.3 
St. Paul 56.3 53.2 61.2 1.5 

Bread loaf volume (cm)      3  *** ** ns 
Crookston 172.6 148.0 205.0 10.5 
Morris 176.4 146.0 217.0 11.6 
St. Paul 173.9 153.0 207.0 10.0 

a  ANOVA = analysis of variance; G for genotype, E for environment, and G x E for genotype by environment 
interaction   
*, **, and *** indicate a significance at P < 0.05, 0.01, and 0.001, respectively; ns indicates not significant at P < 0.05 

ANOVA  a RIL population (n = 139) 

Table I  
Phenotypic values and analysis of variance (ANOVA) of flour quality traits of the  

recombinant inbred line (RIL) population evaluated in three environments 
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Quality 
Characteristics Locations 
Flour protein All - 0.66 *** ns 0.59 *** 0.16 *** 0.14 ** 

Crookston - 0.56 *** -0.28 *** 0.41 *** ns ns 
Morris - 0.54 *** ns 0.45 *** ns ns 
St. Paul - 0.56 *** -0.34 *** 0.67 *** 0.33 *** 0.35 *** 

Mixograph parameters 
Pattern All 0.22 *** -0.34 *** -0.62 *** 0.36 *** 0.38 *** 0.52 *** 

Crookston 0.56 *** ns -0.48 *** 0.50 *** 0.31 *** 0.40 *** 
Morris 0.35 *** -0.27 ** -0.56 *** 0.48 *** 0.41 *** 0.53 *** 
St. Paul 0.37 *** -0.27 ** -0.64 *** 0.54 *** 0.51 *** 0.61 *** 

Midline peak time All -0.17 *** -0.61 *** -0.62 *** 0.38 *** 0.61 *** 0.73 *** 
Crookston ns -0.69 *** -0.60 *** 0.47 *** 0.63 *** 0.72 *** 
Morris -0.20 * -0.70 *** -0.60 *** 0.42 *** 0.60 *** 0.73 *** 
St. Paul ns -0.70 *** -0.62 *** 0.45 *** 0.67 *** 0.75 *** 

Midline peak value All 0.54 *** 0.29 *** ns 0.17 *** ns ns 
Crookston 0.66 *** 0.51 *** ns 0.23 ** ns ns 
Morris 0.66 *** 0.42 *** ns 0.20 * ns ns 
St. Paul 0.73 *** 0.43 *** -0.23 ** 0.40 *** ns ns 

Midline peak width All 0.42 *** ns -0.23 *** 0.25 *** 0.12 * 0.17 *** 
Crookston 0.58 *** 0.29 *** -0.19 * 0.35 *** ns ns 
Morris 0.52 *** 0.20 * ns 0.33 *** ns 0.17 * 
St. Paul 0.57 *** 0.20 * -0.33 *** 0.40 *** 0.21 * 0.25 ** 

Midline peak integral All -0.11 * -0.62 *** -0.69 *** 0.42 *** 0.64 *** 0.78 *** 
Crookston ns -0.67 *** -0.67 *** 0.54 *** 0.67 *** 0.77 *** 
Morris ns -0.69 *** -0.66 *** 0.49 *** 0.63 *** 0.78 *** 
St. Paul ns -0.64 *** -0.70 *** 0.54 *** 0.71 *** 0.81 *** 

Bread-making parameters 
Mixing time All -0.13 ** -0.55 *** -0.61 *** 0.42 *** 0.62 *** 0.73 *** 

Crookston ns -0.64 *** -0.59 *** 0.51 *** 0.65 *** 0.73 *** 
Morris -0.21 * -0.71 *** -0.65 *** 0.42 *** 0.58 *** 0.72 *** 
St. Paul ns -0.65 *** -0.56 *** 0.42 *** 0.62 *** 0.68 *** 

Water absorption All 0.47 *** 0.31 ** ns 0.18 *** ns ns 
Crookston 0.50 *** 0.29 *** ns 0.21 * ns ns 
Morris 0.48 *** ns -0.27 ** ns ns ns 
St. Paul 0.32 *** 0.23 ** ns ns ns ns 

Bread loaf volume All 0.54 *** 0.14 ** -0.31 *** 0.44 *** 0.26 *** 0.30 *** 
Crookston 0.55 *** ns -0.36 *** 0.48 *** 0.27 ** 0.32 *** 
Morris 0.47 *** ns -0.43 *** 0.30 *** ns 0.27 ** 
St. Paul 0.59 *** 0.22 ** -0.33 *** 0.53 *** 0.37 *** 0.36 *** 

a   UVHP = HPLC absorbance area of unextractable very high molecular weight polymeric proteins; and EPP = HPLC absorbance area  
  of extractable polymeric proteins  
 *, **, and *** indicate a significance at P < 0.05, 0.01, and 0.001, respectively; ns indicates not significant at P < 0.05  

Correlation coefficients of protein and size exclusion HPLC areas with  
mixograph and bread-making characteristics 

(14% mb) 
Protein EPP 

(Area) 

HPLC Protein Fractions a Flour 
EPP 

(% Protein) 
UVHP 
(Area) 

UVHP 
(% Protein) 

UVHP/EPP 

Table II 
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Fig. 1 Typical size exclusion HPLC chromatograms of sodium dodesyl sulfate (SDS) 
extractable and unextractable proteins, and total protein 
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Fig. 2 Spectrum of correlation coefficients (r) between size exclusion HPLC absorbance 
areas of SDS-extractable proteins and mixograph peak times over retention time
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Fig. 3 Spectrum of correlation coefficients (r) between size exclusion HPLC absorbance 
areas of SDS-unextractable proteins and mixograph peak times over retention time 
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Fig. 4 Spectrum of correlation coefficients (r) between size exclusion HPLC absorbance 
areas % of SDS-unextractable proteins and mixograph peak times over retention 
time 
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Fig. 5 Spectrum of correlation coefficients (r) between size exclusion HPLC absorbance 
areas of SDS-unextractable proteins and bread loaf volumes over retention time 
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Fig. 6 Spectrum of correlation coefficients (r) between size exclusion HPLC absorbance 
areas of total proteins and loaf volumes over retention time 
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Fig. 7 Spectrum of correlation coefficients (r) between size exclusion HPLC absorbance 
area % values of total proteins and baking mix time over retention time 
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CHAPTER TWO 

 

Identification of Flanking Markers for the Stem Rust Resistance Gene Sr6 in Wheat 
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Introduction 

 

Early in the 20th century, wheat stem rust, caused by Puccinia graminis Pers.:Pers. f. sp. 

tritici Eriks. & E. Henn., was one of the most devastating diseases of wheat in North 

America, sometimes causing yield losses reaching 50-70% over large areas (Roelfs 1982; 

Knott 1989). In the United States, the last major epidemics that occurred in the northern 

Great Plains in 1953 and 1954 were caused by race 15B (Martin and Salmon 1953; 

Stakman 1954; Roelfs 1978), and resulted in a yield loss of 140 million bushels (3.8 

million tons) of wheat. Since the mid-1950’s, stem rust has been effectively managed in 

North America through the deployment of several resistance genes (Knott 1989), with the 

estimated percentage yield loss, during the period of 2000-2006, averaging less than 1% 

in the United States (http://www.ars.usda.gov/mwa/cdl). The stem rust resistant cultivar 

Selkirk carrying Sr6 and grown over millions of acres was one of the main factors for 

defeating race 15B epidemics in the 1950s (Kolmer 2001). Since that time, Sr6 has been 

one of the most important resistance genes because it confers a high level of resistance 

against most stem rust races in North America (Leonard 2001). This gene is widely 

distributed in northern spring wheat as well as winter wheat in the central and northern 

Great Plains (Roelfs 1988a; Knott 1989).  

The Sr6 gene was mapped on the short arm of chromosome 2D distal to the 

Xwmc453 locus at a distance of 1.1 cM in a population of Chinese Spring near-isogenic 

lines (Tsilo et al. 2009a). Two simple-sequence repeat (SSR) DNA markers, Xwmc453 

and Xcfd43, that were linked to Sr6 were diagnostic for Sr6 in a diverse set of 46 wheat 

accessions and breeding lines collected from nine countries (Tsilo et al. 2009a). None of 

http://www.ars.usda.gov/mwa/cdl�
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twenty-one wheat cultivars and breeding lines lacking Sr6 and taken from different 

breeding programs in the US, as part of the Wheat Coordinated Agricultural Project, 

amplified Sr6-associated marker alleles at the Xwmc453 and Xcfd43 loci (Tsilo et al. 

2009a). The success in marker-assisted selection and/ or pyramiding of Sr6 with other 

stem rust resistance genes could increase with the availability of additional markers 

flanking the gene. In this paper, we report several DNA markers that were located distal 

to the Sr6 locus in a different population of recombinant inbred lines. The availability of 

tightly linked DNA markers that flank Sr6 will increase the success for MAS and 

pyramiding of this gene.  
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Materials and methods 

 

Plant material 

A population of 139 recombinant inbred lines (RILs) F6:8, was generated from a single F1 

plant derived from a cross between the two University of Minnesota breeding lines 

MN98550 and MN99394 (Tsilo et al. 2009b). The primary purpose of creating this RIL 

population was to map quantitative trait loci for end-use quality traits (Chapter five). 

However, there were several reasons for using this population in this study. First, the 

parents differed in their resistance to stem rust, and resistance was poorly expressed at a 

higher temperature, which is typical of Sr6 resistance (Luig and Rajaram 1972). 

Secondly, the population amplified Sr6-associated marker alleles at the Xwmc453 and 

Xcfd43 loci. With this information, we then decided to pursue further research on Sr6 and 

to find markers that could give a precise location of Sr6 in a different population and also 

to find markers distal to Sr6.  

 

Stem rust screening  

Stem rust screening was performed on the mapping population (the parents and 139 RILs) 

by inoculating 7 d old seedlings with the stem rust race QFCS (Isolate 03ND76C) 

(avirulence/virulence formula Sr6, 7b, 9b, 9e, 11, 30, 36, Tmp/Sr5, 8a, 9a, 9d, 9g, 10, 17, 

21) at the USDA-ARS Cereal Disease Laboratory, Saint Paul, MN, in 2008. Thirty 

seedlings per RIL were used for inoculation following the protocol described by Jin 

(2005). Inoculated plants were placed in a growth chamber operated at 19°C with 16 h 
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light and 18°C with 8 h of darkness. At 14 d post inoculation, seedlings were scored for 

stem rust infection types (ITs) using the 0 to 4 scale described by Stakman et al. (1962) 

and modified by Roelfs (1988b). The low ITs of 0, 0;, 1, and 2, were considered resistant, 

while high IT 3 and 4 were considered susceptible. The Chi-square test (χ2) was used to 

test the segregation ratios of resistant and susceptible lines. Sixteen stem rust differential 

lines carrying individual stem rust resistance genes, identified by Roelfs and Martens 

(1988) and Roelfs et al. (1993), were used as checks to verify the identity of the race used 

in this study based on the avirulence/virulence formula.  

 

DNA extraction and marker analysis 

Genomic DNA was isolated from the youngest leaves of 20-30 plants per RIL and 

parents. Leaf tissue was frozen in liquid nitrogen and ground to a powder and stored in a 

freezer at -80°C. The DNA extraction protocol was previously described by Riede and 

Anderson (1996) and modified by Liu et al. (2006). The PCR protocol for SSR markers 

was described by Tsilo et al. (2009a). Detection of SSR markers was conducted using a 

capillary electrophoresis system of ABI 3130x1 Genetic Analyzer (Applied Biosystems, 

Foster City, CA). Allelic segregation data were analyzed using GeneMapper software 

v3.7 (Applied Biosystems). For Diversity Arrays Technology (DArT) marker genotyping, 

genomic DNA of parental lines and 92 random RILs were sent to Diversity Arrays 

Technology Pty Ltd. (http://www.diversityarrays.com). DNA was extracted from 20-30 

plants per RIL following the protocol described by DArT 

http://www.diversityarrays.com/�
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(www.diversityarrays.com/pub/DArT_DNA_isolation.pdf). The marker names e.g. “wPt” 

were described according to Akbari et al. (2006), where ‘w’ was designated if the clone 

was derived from a wheat library and ‘Pt’ stands for PstI and TaqI restriction enzymes 

used to generate clones. The version 2.0 wheat DArT array of 5,137 clones was used for 

genotyping RILs using the methods previously described by Akbari et al. (2006). 

  

Linkage analysis 

Genetic linkage analysis between the DNA marker loci and Sr6 was conducted using 

MAPMAKER/EXP version 3.0b with LOD value of 3.0 and a maximum genetic distance 

of 37 cM (Lander et al. 1987). Genetic distances between loci were calculated using the 

Kosambi mapping function (Kosambi 1944). The order of loci on the linkage group was 

assigned using the COMPARE and RIPPLE commands.  
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Results  

 

Fourteen days after inoculation with race QFCS, the MN98550 parent was highly 

resistant displaying a zero fleck (0;) infection type, whereas the parent MN99394 was 

susceptible with infection type of 3. The RIL population segregated for two main groups 

of infection types: 74 RILs showed ITs of 0 and 0;, which was typical of Sr6 infection 

types against QFCS, and 59 RILs showed a clear infection type of 3. This ratio fit a 1:1 

ratio (χ2 = 1.69, P = 0.193) expected for a single gene conferring resistance to QFCS 

(Table I).  

 Since our main goal was to search for DNA markers that map distal to the Sr6 

locus as a way of identifying flanking markers, a mapping population derived from the 

MN99349 and MN98550 cross was used to generate a partial genetic linkage map of 

chromosome 2D, which contained nine loci, Xgwm484, Xcfd77, Xcfd43, Xwmc453, Sr6, 

XwPt_4381, XwPt_0330, Xgpw94049, and Xgwm102 (Fig. 1b). The total genetic map 

distance spanned a region of 11.3 cM. DNA markers on this linkage group covered both 

sides of the Sr6 locus. The two DArT marker loci XwPt_0330 and XwPt_4381 co-

segregated and were mapped distal to Sr6 at a distance of 2.8 cM, whereas the two SSR 

marker loci Xcfd43 and Xwmc453 co-segregated and were mapped proximal to Sr6 at a 

distance of 1.2 cM. There was segregation distortion observed for some of the DNA 

markers (Xwmc453, Xcfd43, Xcfd77, Xgwm484, and Xgwm102) on this chromosome 

region (Table I). The six SSR marker loci Xgwm102, Xgpw94049, Xwmc453, Xcfd43, 

Xcfd77, and Xgwm484 amplified alleles with fragment sizes of 172-bp, 305-bp, 131-bp, 



 39 

215-bp, 221-bp, and 153-bp respectively, on the resistant parent (MN98550) (the sizes 

included 20-bp of the M13 tail). The two DArT marker loci XwPt_4381 and XwPt_0330 

amplified the resistant parent (MN98550) and were null alleles on the susceptible parent. 

Since the mapping population was F6-derived F8 with 3.125% expected level of 

heterozygosity after 6 generations of selfing, we observed RILs that were heterozygous at 

some loci. This occurred with all six SSR marker loci, which were treated as missing 

data, meaning that the SSRs were co-dominant. 
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Discussion 

 

Several studies have used monosomic stocks to locate Sr6 on the short arm of 

chromosome 2D (Sears 1954; Wiggin 1955; Sears et al. 1957). The Sr6 locus and the two 

leaf rust resistance genes Lr2a and Lr15 were mapped on chromosome 2DS with 

recombination frequency of 27.9% from the centromere (McIntosh and Baker 1968). 

Recently, two SSR markers, Xcfd43 and Xwmc453, were mapped proximal to Sr6 at 

distances of 1.1 and 1.5 cM, respectively (Tsilo et al. 2009a). However, no markers 

mapped distal to Sr6 in that study. The reason could be that the population originated 

from near-isogenic lines; hence, most marker alleles were monomorphic. A concern 

when using only the proximal markers was the chance for recombination between the 

marker(s) and Sr6. By using a different mapping population, we were able to identify 

four DNA markers that mapped distal to Sr6 within a genetic distance of 6.5 cM. 

Proximal to Sr6 were the same four markers Xwmc453, Xcfd43, Xcfd77, and Xgwm484 as 

previously reported by Tsilo et al. (2009a) (Fig. 1a-b).  In the RIL population, no 

recombination was observed between Xcfd43 and Xwmc453, which is in agreement with 

the consensus map of Somers et al. (2004); however, there was a recombination between 

these two markers in a population of Chinese Spring near-isogenic lines reported by Tsilo 

et al. (2009a) (Fig. 1a). 

The four marker loci XwPt_4381, XwPt_0330, Xgpw94049, and Xgwm102 that 

mapped distal to Sr6, within a distance of 6.5 cM, will in combination with either 

Xwmc453 or Xcfd43 provide a choice of flanking markers for the purpose of marker-
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assisted selection and pyramiding of Sr6 with other stem rust resistance genes. In North 

America and other countries where Sr6 is still effective against predominant races, wheat 

breeders could consider increasing the durability of resistance against stem rust by using 

the DNA markers identified in this study together with DNA markers for other Sr genes. 

We observed segregation distortion in 5 of the 8 markers linked with Sr6, but not with 

Sr6 per se (Table I). In our previous study, none of the markers showed distortion (Tsilo 

et al. 2009a). 
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Table I Segregation of Sr6 and DNA marker alleles in a RIL population derived from 
a cross between MN99394 and MN98550 

Gene/ 

marker 

Observed† Total χ2‡ 

 

P- value 

X1X1 X2X2    

Sr6 74 59 133 1.69 0.193 

Xwmc453 80 55 135 4.63 0.031 

Xcfd43 80 56 136 4.24 0.040 

Xcfd77 83 52 136 7.12 0.008 

Xgwm484 77 49 126 6.22 0.013 

Xgwm102 81 55 136 4.97 0.026 

Xgpw94049 76 55 131 3.37 0.067 

XwPt_0330 47 33 80 2.45 0.118 

XwPt_4381 48 37 85 1.42 0.233 

† X1X1 refers to the homozygous condition for the resistant parent’s allele; X2X2 = homozygous condition 
for the susceptible parent’s allele. The RIL genotypes were based on 20-30 plants per RIL that were either 
tested for seedling reaction against stem rust race QFCS or genotyped with DNA markers 
‡ Chi-square values based on the expected Mendelian segregation of 1:1 
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Fig. 1 Alignment of Sr6-linked DNA markers on chromosome 2DS. a Partial genetic 

linkage map depicting the location of Sr6 with linked co-dominant SSR loci 

reproduced from Tsilo et al. (2009a). b The genetic linkage map derived from 

MN99394 x MN98550 recombinant inbred population with map distances (cM) in 

Kosambi mapping function  
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CHAPTER THREE 

 

Quantitative Trait Loci Associated with Kernel Characteristics in Hard Red Spring 

Wheat Breeding Lines 

 

 

 

 

 

 

 

 

 



 46 

Introduction 

 

Development of high yielding varieties with good end-use quality is a major focus in 

wheat breeding programs. Grain yield is one of the major determinants of a farmer’s 

income, while grain protein content is very important for bread-making quality. Although 

grain yield and grain protein content are often negatively associated (Kamra 1971; Bhatia 

1975; Loffler and Busch, 1982), researchers have also reported wheat cultivars with high 

grain yield and high grain protein content (Stuber et al. 1962; Johnson et al. 1973). These 

traits are inherited as a complex group of many components, which are also influenced by 

genotype-by-environment (GXE) interactions (Busch et al. 1969; Robert et al. 2001). 

A comparison of wheat grain yield and yield component selection has shown that 

selection for kernel weight could result in an increase in grain yield (Alexander et al. 

1984). Similar results were reported by Baril (1992). Several other researchers have also 

reported that kernel weight and size are important because of their relationships with 

milling quality; for example, an increase in flour yield resulted from an increase in kernel 

weight (Wiersma et al. 2001) or kernel size (Marshall et al. 1984; Berman et al. 1996). 

However, the improvement of kernel weight and size alone has generally been found to 

have no benefits on grain yield; this is due mainly to the compensational effect among 

yield components (Kiesselbach and Sprague 1926). For a breeding program, it would be 

laborious, time-consuming, and costly to measure all yield components, and is often not 

practical to select for all these components at the early stages of a breeding population. 

Therefore, breeders evaluate total grain yield and are continuously releasing new varieties 

with increased yields.  
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With the advent of molecular markers, several researchers have used quantitative 

trait locus (QTL) analysis to study the genetic control of yield components, including 

kernel weight and kernel morphology (Campbell et al. 1999; Prasad et al. 1999; Varshney 

et al. 2000; Zanetti et al. 2001; Groos et al. 2003; McCartney et al. 2005; Sun et al. 2009). 

Although these studies evaluated thousand-kernel weight, the QTL detected varied 

depending on the germplasm used. Different QTL were detected in a diverse germplasm 

when different methods were used to assess kernel size and shape (Giura and Saulescu 

1996; Campbell et al. 1999; Dholakia et al. 2003; Breseghello and Sorrells 2007; Sun et 

al. 2009). Studies on kernel size have reported that kernel length and width are influenced 

by independent QTL. QTL reported in these studies represented only a set of QTL alleles 

that segregated in the germplasm studied. Considering the fact that wheat germplasm 

varies with different market classes, QTL studies for wheat kernel characteristics in all 

market classes are needed to provide good coverage of QTL alleles, including validation 

of QTL in different genetic backgrounds. Another important phenotypic assessment of 

kernel characteristics that has not been used in QTL analysis is kernel size distribution. 

This is an important trait because the uniformity of kernel size or its distribution allows 

for a more efficient milling process and quality control (Gaines et al. 1997; Yoon et al. 

2002). 

In this paper, we report QTL influencing kernel weight, kernel diameter, and 

kernel size distribution in a recombinant inbred line population developed from hard red 

wheat breeding lines adapted to the Upper Midwest region of the U.S using multiple 

evaluation methods. We also discuss the relationships of the percentage of large kernels, 

medium kernels, and small kernels with kernel weight and diameter.  
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Materials and methods 

 

Grain materials and agronomic traits 

A population of 139 recombinant inbred lines (RILs) was developed from a cross 

between two hard red spring wheat lines, MN98550 (‘BacUp’/‘McVey’) and MN99394 

(SD3236/SBF0402) (Tsilo et al. 2009b). The reason these lines were used to create a 

population was that both parents differed in their water absorption and dough mixing 

strength. The 139 RILs (F6:8) were sown during spring 2006 at three Minnesota locations, 

St Paul, Morris and Crookston, with two replications per line. Three check varieties and 

two parents were also included with eight replications in each location. The check 

varieties were ‘Alsen’ (Frohberg et al. 2006), ‘Verde’ (Busch et al. 1996) and ‘Oklee’ 

(Anderson et al. 2005). Plants were treated with fungicides to reduce fungal damage. 

Each experimental line was planted using a yield trial plot size of 2.6 m2 with seven rows, 

and plots were laid out in a randomized complete block design. Heading date (Hd) was 

recorded as the number of days from planting to the date when 50% of the spikes had 

emerged from the flag leaf sheath. Plant height (Ht) was measured as the distance (cm) 

from the soil surface to the tip of the spike (excluding awns). The grain was harvested 

using a combine harvester and seed was thoroughly cleaned and all non-wheat materials 

were removed before grain yield (Gyld) evaluation. Grain from 2 replicates was 

combined to generate one representative sample per line and four representative 

replicates per control.  
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Grain samples were sent to the USDA-ARS Wheat Quality Laboratory, Fargo, 

North Dakota, for quality evaluation. The following kernel characteristics were 

evaluated: test weight (Twt), grain protein content (Gpc), kernel weight, kernel size, and 

kernel size distribution. Grain yield was measured as the mass of the total grain harvested 

per plot expressed as g m-2. Test weight was measured as the mass of grain per unit 

volume (kg hl-1) (AACC Method 55-10). Grain protein content was measured based on 

12% moisture using near-infrared reflectance (AACC Method 46-30). Kernel weight was 

measured using two methods: (1) 1000-kernel weight (Tkwt) as the weight of one 

thousand seeds of a grain sample that was free of foreign materials and broken kernels (g) 

(Federal Grain Inspection Service, FGIS Method) and (2) single-kernel weight (Skwt) as 

the average weight of 300 kernels determined using the Single Kernel Characterization 

System (SKCS) (SKCS 4100, Perten Instruments, Springfield, IL) (AACC Method 55-

31.01). Kernel size was measured using single-kernel diameter (Skdiam) as the average 

kernel diameter of 300 kernels determined with SKCS. All SKCS characteristics were 

measured in the Wheat Quality Laboratory at North Dakota State University, Fargo. 

Kernel size distribution was measured as the trinary data from the distribution of the 

percentage of large kernels (Lgk), medium kernels (Medk), and small kernels (Smk), as 

determined by the sieving method (Ro-tap sieve shaker according to USDA/ARS Wheat 

Quality Lab).  

 



 50 

Statistical analysis 

Analysis of variance was conducted for all traits measured using SAS statistical software 

package version 9.1 (SAS Institute Inc. Cary NC, USA), assuming all factors as random. 

For Hd, Ht, and Gyld, lines were replicated per environment and phenotypic values were 

averaged across replications, whereas phenotypic values for other kernel characteristics 

were derived from bulked replications. For Twt, Gpc, Skwt, Skdiam, Tkwt, Lgk, Medk, 

and Smk, the main effects of RILs and environment were tested for significance using the 

genotype x environment mean square (MSge) as an error term. The genotype x 

environment interaction was tested for significance using the error mean square (MSe) 

estimated from the check genotypes that were replicated within environments, as 

described in an augmented design by Federer (1961). Variance components from PROC 

GLM output of SAS were used to estimate the broad-sense heritability (

 

hB
2 ) for each trait 

on a RIL mean basis (Fehr 1987).  

 

hB
2 =

σg
2

σg
2 + (σge

2 /e) + (σe
2 /re)[ ]

 , 

where 

 

σg
2 is the genotypic variance = (MSg – MSge)/(re), 

 

σge
2  is the genotype x 

environment interaction variance = (MSge – MSe)/r, and 

 

σe
2 is the error variance = MSe, r 

is number of replications, and e is number of environments. The relationships of all traits 

measured were assessed by Pearson correlation coefficients using PROC CORR of SAS.  
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Molecular marker screening 

Leaf tissue harvested from young plant material (parental lines and 139 RILs) was frozen 

and ground in liquid nitrogen. DNA was extracted from 20-30 seedlings per line using 

the protocol described by Riede and Anderson (1996) and modified by Liu et al. (2006).  

Two parents (MN99394 and MN98550) were screened for polymorphism at the USDA-

ARS Small Grain Genotyping Center, Fargo, ND, using 877 simple sequence repeat 

(SSR) markers (GWM, GDM, BARC, CFA, CFD, WMC, and GPW) that covered the 

entire genome of wheat (Röder et al. 1998; Pestsova et al. 2000; Gupta et al. 2002; 

Guyomarc’h et al. 2002; Somers et al. 2004; Sourdille et al. 2004; Song et al. 2005; 

http://wheat.pw.usda.gov/ggpages/SSR/WMC). Two hundred and forty-nine polymorphic 

markers were used to genotype the RILs. A 10 µL PCR reaction containing 1X PCR 

buffer (New England Biolabs, Inc. Beverly, MA), 0.125 mM dNTPs, 0.4 pmol forward 

primer, 0.3 pmol reverse primer, 3.0 pmol of M13 primer labeled with one of the four 

fluorescent dyes (6-FAM, VIC, NED, and PET), 0.05 units/µL Taq DNA polymerase 

(NEB), and ~ 75 ng genomic DNA was used to perform all PCR reactions. The PCR 

mixture was initially denatured at 94°C for 10 min, followed by 40 cycles of 94°C for 1 

min, 50°C for 1 min, 72°C for 1 min, with a final extension step of 72°C for 5 min and 

4°C indefinitely. The PCR thermal cycling was performed using the GeneAmp PCR 

system 9700 (Applied Biosystems, Foster City, CA). The PCR products amplified with 

four different dyes (6-FAM, VIC, NED, and PET) were multiplexed to a final volume of 

10 µL, including 0.14 µL GeneScan-500 LIZ® size standard (Applied Biosystems) and 

6.86 µL Hi-DiTM Formamide (Applied Biosystems). Mixed PCR products were denatured 

at 94°C for 5 min and chilled on ice. Amplified PCR products were separated by 



 52 

capillary electrophoresis using the ABI 3130xl Genetic Analyzer (Applied Biosystems). 

Separated fragments were analyzed using GeneMapper software v3.7 (Applied 

Biosystems) following descriptions in the user manuals. Genomic DNA of parental lines 

and 92 random RILs were sent to Diversity Arrays Technology Pty Ltd. 

(http://www.diversityarrays.com) for DArT marker genotyping. DNA was extracted from 

20-30 plants per RIL following protocol described by DArT 

(www.diversityarrays.com/pub/DArT_DNA_isolation.pdf). The marker names were 

described by Akbari et al. (2006). For example, wPt, tPt, and rPt; where the ‘Pt’ stands 

for PstI and TaqI restriction enzymes used to generate clones and the ‘w’ is designated if 

the clone is derived from wheat library and ‘t’ from triticale library or ‘r’ from rye 

library. The version 2.0 wheat DArT array of 5,137 clones was used for genotyping RILs. 

In addition, the array included some clones from a new library built from purified 

chromosome 3B. DArT hybridization, image analysis, and polymorphism scoring 

followed protocols previously described by Akbari et al. (2006). 

 

Map construction and QTL analysis 

Segregating SSR and DArT markers were scored for each individual of the RIL 

population with reference to parental genotypes. The SSR marker loci were scored for 

polymorphism as either homozygous or heterozygous loci. All missing, nonparental, and 

heterozygous marker alleles were treated as missing data during the map construction and 

QTL mapping. Genetic linkage maps were constructed using Mapmaker/Exp. version 

3.0b software (Lander et al. 1987). Recombination frequencies were converted to 

http://www.diversityarrays.com/�
http://www.diversityarrays.com/pub/DArT_DNA_isolation.pdf�
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centiMorgan (cM) values using the Kosambi mapping function (Kosambi, 1944). The 

GROUP command with a LOD threshold of 3.0 and a distance of 37 cM was used to 

assign markers to a linkage group. Marker loci in each linkage group were ordered based 

on repetitive use of the THREE POINT, ORDER, and TRY commands followed by 

RIPPLE command of MAPMAKER. The first best order was used and linkage groups 

were assigned to known chromosomes by comparing marker names with previously 

published consensus maps of wheat (Somers et al. 2004) and the known map location of 

DArT makers, as provided by the Diversity Arrays Technology Pty Ltd.  

 QTL analyses for individual environments were performed using the composite-

interval mapping (CIM) method with the software application Windows QTL 

Cartographer V2.5 (Wang et al. 2005). The initial CIM step was run by SrMapQtl for 

QTL discovery using stepwise regression, which was followed by a final CIM step 

performed by ZMapQtl with a walk speed of 2 cM. Data for each experiment and for 

each trait were analyzed separately. Three hundred permutations were performed with a 

significance level of 0.05; however, to avoid obvious Type 1 error, a putative QTL was 

declared when the logarithm of odds (LOD) score was greater or equal to a LOD score of 

2.5 in at least two environments. For each trait, the total phenotypic variation explained 

by all the QTL in the model was estimated using multiple regression analysis (PROC 

REG) in SAS. The QTL were named following the nomenclature described in the 

Catalogue of Gene Symbols for Wheat  

(http://wheat.pw.usda.gov/GG2/Triticum/wgc/2008/). 

  

http://wheat.pw.usda.gov/GG2/Triticum/wgc/2008/�
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Results 

 

Phenotypic variation 

All traits showed a normal distribution (Fig. 1), suggesting polygenic inheritance. Mean 

values, ranges and standard deviations for all traits are summarized in Table I together 

with mean values for MN99394 and MN98550. For example, Skwt evaluated based on an 

average of 300 kernels showed a mean of 29.6 and a standard deviation of 3.0 with a 

minimum of 22.6 and maximum range of 37.1 for samples averaged across all three 

growing locations. The parental lines had similar trait values in all three environments. 

All traits showed transgressive segregation including those for which parental values 

were similar (Table I; Fig. 1). For all traits analyzed, a significant variation was due to 

effects of genotype (G) and environment (E) (Table II), and to some extent a GxE 

interaction. Relative to genotype main effects, the magnitude of GxE interaction effects 

was often small. For all traits analyzed, the broad-sense heritability estimates ranged from 

0.61 to 0.91 (Table II).  

 Correlations among all traits measured are summarized in Table III. Hd was 

significantly correlated with several kernel characteristics, suggesting that late heading 

plants apparently had a lesser capacity for grain filling than early plants and were low in 

test weight, grain protein content, kernel weight, and size. Gyld was negatively correlated 

with Gpc (r = -0.41 at P ≤ 0.001). Even though when averaged across three growing 

locations, Gyld was not significantly correlated with kernel weight, diameter and kernel 

size distribution parameters, the correlations were significant in two of the three locations 
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(Appendix II). Test weight was significantly correlated with kernel weight, kernel 

diameter, and kernel size distribution, suggesting that heavier and larger kernels had a 

higher test weight. Single-kernel weight (Skwt) showed a highly significant correlation (r 

= 0.94 at P ≤ 0.001) with 1000-kernel weight (Tkwt). Single-kernel diameter (Skdiam) 

was highly positively correlated with the % of larger kernels, Lgk (r = 0.93 at P ≤ 0.001), 

and negatively correlated with the % of medium and small kernels (r = ~ - 0.90 at P ≤ 

0.001); suggesting that kernel diameter and kernel size distribution have at least some 

gene(s) in common. There were no undesirable negative relationships among kernel 

weight, kernel size and protein observed (Table III), suggesting that an increase in one of 

these traits will not adversely impede progress on other traits. 

  

Map construction 

The initial genetic linkage map for this population included 803 marker loci. After 

removal of co-segregating markers, the final genetic map consisted of 531 SSR and 

DArT marker loci. The stem rust resistance gene Sr6, originally mapped by Tsilo et al. 

(2009a) also mapped on the same chromosome region in this genetic map. The markers 

umn19 and umn26 for high molecular weight glutenin genes Glu-1A and Glu-1D, 

respectively (Liu et al. 2008) were also mapped in this population. The total genetic map 

length spanned a distance of 2,505 cM spread over 47 linkage groups, and covered all 21 

wheat chromosomes plus one linkage group that was not assigned to a chromosome. 

Most wheat chromosomes had good marker coverage with the exception of 1D, which 

contained only three markers (Appendix I). Most of the markers on the consensus map of 
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chromosome 1D were monomorphic in this population, meaning that the two parents 

shared most of the marker alleles on chromosome 1D in common. The final genetic map 

was used for QTL mapping and analysis. 

   

QTL analysis for kernel weight, kernel size, and size distribution 

QTL were detected using composite interval mapping with the trait analysis in each of 

the three environments (Table IV; Fig. 2). QTL were also detected using the trait mean 

across three environments as presented in Appendix II. In this section, however, only 

QTL detected in at least two of the three environments are presented. QTL clusters were 

detected for kernel weight, kernel diameter, and kernel size distribution (Table IV; Fig. 

2). The most important QTL or QTL cluster was located on chromosome 7A between 

XwPt9824 and XwPt4553 (Table IV; Fig. 2). This QTL explained 8-21% of the total 

variation in kernel weight (Skwt and Tkwt), kernel diameter, and kernel size distribution 

(Lgk, Medk, Smk), and was detected in several environments (Table IV). A second QTL 

or QTL cluster was located on chromosome 5B between Xgwm234 and XwPt9006 (Table 

IV; Fig. 2). This QTL explained 5-16% of the total variation in kernel weight (Skwt and 

Tkwt), kernel diameter, and kernel size distribution (Lgk, Medk, Smk), and was detected 

in all environments for kernel weight and kernel size distribution. The third QTL or QTL 

cluster was located on 2A between Xgwm339 and Xbarc311 (Table IV; Fig. 2). This QTL 

was detected in at least two environments for kernel weight, kernel diameter, and kernel 

size distribution. The QTL on 6B (QTkwt.mna-6B) was detected at least in two 

environments and accounted for up to 12% of the variation in kernel weight (Table IV; 
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Fig. 2). The QTL on 5A (QSkdiam.mna-5A) was detected in two environments and 

accounted up to 13% of the variation in kernel diameter. For kernel weight, diameter, and 

size distribution, the total phenotypic variation explained by all the QTL ranged from 

26.5 to 44.1% (Table V). 

 

QTL analysis for grain protein content and grain yield 

For grain protein content, each of the three QTL located on chromosomes 2B, 5A, and 

6D were detected only in two of the three environments (Table VI). The QTL QGpc.mna-

6D explained 5.9-8.9% of the total variation in protein content (Table VI). A second QTL 

on 5A (QGpc.mna-5A) explained 6.5-11.1% of the variation. Alleles with increasing 

effects from QGpc.mna-6D and QGpc.mna-5A were contributed by MN98550. The third 

QTL on chromosome 2B (QGpc.mna-2B) had R2 of 5.9 and 16.8% with the LOD score of 

2.7 and 7.7, respectively, in the two environments in which it was detected (Table VI). 

Alleles for QGpc.mna-2B were contributed by MN99394. Two grain yield QTL 

(QGyld.mna-1B and QGyld.mna-2B) were detected in two of the three locations (Table 

VI). The Gyld increasing effect from both QTL was contributed by alleles from 

MN98550. Interestingly, MN98550 was the same parent that contributed alleles with 

increasing effects on Gpc from two of the three Gpc QTL, as mentioned above. The 

QGyld.mna-1B QTL explained up to 14% of the total variation in Gyld. QGyld.mna-2B 

explained about 8% variation in Gyld and also coincided with the grain protein content 

QTL QGpc.mna-2B (Table VI). Other QTL not declared in at least two environments but 

were declared based on trait means across three environments were summarized in 
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Appendix II. All QTL explained the total phenotypic variation of 40.9 and 41.3% in Gpc 

and Gyld, respectively (Table V). 

 

QTL analysis for other traits 

No consistent QTL were detected for Twt in this population. For heading date, two QTL 

(QHd.mna-7B and QHd.mna-2D) were detected in two locations and each explained up 

to 10% of the variation in heading date (Table VI). No heading date QTL was detectable 

at the Crookston location. For both heading date QTL, the effect of lateness was 

contributed by alleles from MN99394. For plant height, two QTL (QHt.mna-5B and 

QHt.mna-4B) were detected in two locations and QHt.mna-7B was detected in all three 

locations (Table VI), indicating that these QTL were relatively stable. The QHt.mna-7B 

QTL coincided with QHd.mna-7B. Both parents contributed tallness alleles (Table VI). 

Other QTL not declared in at least two environments but were declared based on trait 

mean across three environments were summarized in Table V and Appendix III. 
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Discussion 

 

Phenotypic variation and correlations of kernel characteristics 

Parents of the mapping population used in this experiment were advanced breeding lines 

and were selected for a variety of agronomic and end-use quality traits. In this 

experiment, alleles from both parents contributed to the increase in kernel weight, size 

and protein. From our results, we observed desirable correlations between kernel weight 

(Skwt and Tkwt) and kernel size (Skdiam) (r ≥ 0.90 at P ≤ 0.001), between kernel weight 

and size distribution (Lgk, MedK, and Smk) (r ≥ 0.84 at P ≤ 0.001), and between kernel 

size and size distribution (r ≥ 0.89 at P ≤ 0.001). Although previous studies reported 

moderate correlations between kernel weight, length, and width with r = 0.51-0.68 at P = 

0.01 (Dholakia et al. 2003) and r = 0.21-0.75 at P = 0.01 (Sun et al. 2009), our results 

were in agreement with Lee et al (2006), who reported strong correlation (r = 0.83) 

between kernel weight and size. Studies have shown that kernel weight was positively 

correlated with grain yield (Baril 1992) and kernel growth rate (Rasyad and Van Sanford 

1992); however, in this study, 3-location mean values of kernel weight (Skwt and Tkwt) 

were less correlated with grain yield (Table III) compared to correlations obtained in the 

two individual locations Crookston and St. Paul (Appendix II).  

 

QTL analysis for kernel weight, kernel diameter, and size distribution 

In order for a QTL to be useful for marker-assisted selection, it should be expressed in 

most environments and germplasm where individuals segregating for the traits will be 
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tested. For this reason, we declared only QTL that were detected in more than one 

environment (Table IV). The QTL detected based on the trait mean of 3 environments 

also showed the same QTL that were stable in several environments (Appendix III).  

For kernel weight, the Xgwm339-Xbarc311 region on chromosome 2A was 

previously reported as a QTL region for kernel weight and grain yield in spring wheat 

germplasm (McCartney et al. 2005), and was not in the same region as the one 

environment QTL reported by Sun et al. (2009). In our study, this QTL peaks at 

Xgwm249 and amplified an allele fragment of 181-bp on the parent MN99394 and 166-

bp on MN98550. Campbell et al. (1999) identified four QTL on chromosomes 1A, 1B, 

3B, and 7A in a cross of soft x hard winter wheat. Varshney et al. (2000) used 

monosomic analysis and only QTL on 1A, 2B and 7A had alleles conferring high kernel 

weight. Dholakia et al. (2003) identified QTL on 2B and 2D. Groos et al. (2003) reported 

QTL for kernel weight on 9 chromosomes with only QTL on 2B, 2D, 5B, 6A, and 7A 

being somewhat stable across environments. Sun et al. (2009) identified stable QTL on 

5D and 6A. From all the studies reported so far, a common QTL for kernel weight was on 

chromosome 7A. However, in our study we found that this QTL was either pleiotropic or 

closely linked to a QTL for kernel diameter and kernel size distribution, results that were 

not reported previously. We also mapped a QTL on chromosome 5B within the region of 

Xgwm234-XwPt9006. Groos et al. (2003) also detected a QTL for kernel weight on this 

chromosome, but it was located more than ~ 60 cM from the region we detected. The 

kernel weight QTL on chromosome 6B has not been previously reported. This kernel 

weight QTL explained up to 13% of the total variation in kernel weight and was 

detectable in all three environments using either Skwt or Tkwt. Based on the trait mean 
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across three environments, six QTL for kernel weight on chromosomes 1B, 2A, 2D, 5B, 

6B, and 7A were detected (Appendix III). 

Several QTL were previously reported for kernel width and length on different 

chromosomes; for example, Campbell et al. (1999) reported QTL on chromosomes 1A, 

2A, 2B, 2DL, and 3DL. Breseghello and Sorrels (2007) reported QTL on 1B, 2D, and 5B. 

Sun et al. (2009) reported QTL on chromosomes 4A and 6A that were detected in two out 

of four environments. The 6A QTL for kernel width co-localized with a QTL for kernel 

weight (Sun et al. 2009). In our study, four stable QTL were identified on 2A, 5A, 5B, 

and 7A for kernel diameter. Three of these QTL (2A, 5B, and 7A) were in the same 

regions as QTL for kernel weight as discussed above. The fourth kernel size QTL 

(QSkdiam.mna-5A) was in a region independent of kernel weight and other kernel 

characteristics. The kernel size QTL on 2A and 7A have not been reported previously. 

Also, no QTL have previously been reported using the kernel size distribution method. In 

this study, we showed that the percentage of large kernels, medium kernels, and small 

kernels were influenced by QTL on chromosome 2A, 5B, and 7A, and these QTL co-

localized on the same region with the QTL for kernel weight and kernel diameter. A QTL 

on 6B was not declared because the LOD scores (2.0-2.2) were less than the threshold of 

2.5 (Table IV; highlighted in gray).  

 

QTL analysis for grain protein and grain yield 

For grain protein, QTL have been identified previously on several chromosomes, 

suggesting that this trait is controlled by many loci. Even in studies in which parental 
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lines had small differences in Gpc, QTL were still detected. For example, Mares and 

Campbell (2001) identified three QTL on chromosomes 1B (LOD score 5.07), 2B (LOD 

score 7.09), and 5B (LOD score 3.75). Prasad et al. (1999) identified one QTL on 

chromosome 2DL explaining 18% of the phenotypic variation in Gpc. Groos et al. (2003) 

reported QTL on chromosomes 2A, 3A, 4D and 7D, each explaining 10% of the 

phenotypic variation in Gpc. Zanetti et al. (2001) identified a QTL on 5A that explained 

25% of the phenotypic variation in Gpc using a population derived from bread-wheat and 

spelt. However, in our population, the 5A QTL explained up to 11% of the phenotypic 

variation among bread-wheat lines. A Gpc QTL on 6D was located near the markers 

Xcfd5, Xcfd45 and Xwmc773 at the distal region of the long arm of chromosome 6D, 

which is a different region from the location of the storage protein locus known to be on 

the short arm of 6D based on the reports of Payne et al. (1982) and Nelson et al. (2006).   

The strong negative relationship between Gyld and Gpc in this study (r = -41; P < 

0.001) was observed based on trait values averaged across three environments (Table III). 

This negative correlation hinders genetic gains on these traits (Kamra 1971; Bhatia 1975; 

Loffler and Busch 1982). However, extensive efforts to identify all Gpc QTL alleles 

could help to diminish the negative association between Gyld and Gpc by identifying the 

Gpc QTL that are stable and independent of the effects of Gyld. A significant outcome in 

this study was that the two Gpc QTL, QGpc.mna-5A and QGpc.mna-6D, were 

independent of Gyld and other yield components such as kernel weight and size. Based 

on the trait values averaged across three environments (Appendix III), four QTL for Gpc 

on 1A (LOD = 3.3; R2 = 8%), 2D (LOD = 2.6; R2 = 7.8%), 5A (LOD = 4.5; R2 10.3%), 

and 6D (LOD = 5.9; R2 =13.1%) were independent of Gyld. Other QTL for Gyld that 
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were independent of Gpc were identified on chromosomes 3D (LOD = 3.1; R2 = 6.7%), 

5B (LOD = 4.2; R2 = 16%), 6B (LOD = 2.7; R2 = 5.9%), and 6D (LOD = 2.7; R2 = 5.9%). 

Only one QTL on 2B confers undesirable pleiotropic effect or a repulsion linkage 

between Gyld (LOD = 6.7; R2 = 18%) and Gpc (LOD = 6.2; R2 = 13.3%). The joint 

effects of all these QTL explained 40.9 and 41.3% of the variation in Gpc and Gyld, 

respectively (Table V).   

Because the QTL identified in this study were consistent, DNA markers linked to 

these QTL could be useful in increasing the frequency of desirable alleles during early 

generations of breeding. These DNA markers would benefit the development of cultivars 

that combine high yield and high grain protein content.  
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Table I 
Mean values, standard deviations, and range of all traits evaluated in three environments in 

2006 
Trait† Environment RIL population (n = 139) Parental lines 

Mean Min Max SD MN99394 MN98550 
Hd 
 

All 52.0 47.5 56.5 2.3 52.5 51.8 
Crookston 46.0 41.5 50.5 2.0 45.6 46.8 
Morris 57.3 54.0 61.0 1.9 57.6 56.9 
St Paul 52.9 47.0 58.5 3.4 54.3 51.9 

Ht All 84.3 69.9 96.6 5.5 79.7 83.9 
Crookston 90.1 77.0 105.5 5.6 82.9 90.0 
Morris 79.6 61.0 97.8 6.9 75.6 78.7 
St. Paul 83.2 68.0 93.0 5.4 80.5 83.0 

Gyld All 630 513 727 44 607 649 
Crookston 673 391 823 64 661 702 
Morris 634 419 799 65 607 644 
St. Paul 582 442 705 46 554 601 

Twt All 81.1 78.7 82.9 0.9 80.8 81.0 
Crookston 81.2 76.5 84.7 1.4 81.0 81.0 
Morris 82.3 79.7 84.3 0.8 82.0 82.2 
St. Paul 79.9 77.3 82.3 1.1 79.5 79.7 

Gpc All 13.9 12.4 15.5 0.6 14.1 13.9 
Crookston 13.3 11.8 14.9 0.6 13.6 13.5 
Morris 14.3 12.4 16.0 0.7 14.6 14.3 
St. Paul 14.0 12.1 15.8 0.7 14.1 13.9 

Skwt  
(mg) 

All 29.6 22.6 37.1 3.0 31.9 30.9 
Crookston 29.6 22.6 37.2 3.0 28.8 27.9 
Morris 34.1 27.2 40.1 2.5 32.9 33.1 
St. Paul 33.9 28.6 41.5 2.6 34.0 31.6 

Skdiam 
(mm) 

All 2.8 2.6 3.0 0.1 2.7 2.7 
Crookston 2.7 2.4 2.9 0.1 2.6 2.6 
Morris 2.8 2.6 3.0 0.1 2.8 2.8 
St. Paul 2.8 2.6 3.1 0.1 2.8 2.7 

Tkwt 
(g) 

All 35.9 29.3 44.1 3.0 36.2 34.3 
Crookston 32.9 24.1 40.5 3.5 32.3 31.3 
Morris 37.6 29.5 46.1 3.2 38.3 36.2 
St. Paul 37.1 29.9 46.3 3.1 38.0 35.5 

Lgk 
(%) 

All 65.6 43.3 86.3 10.1 67.9 57.8 
Crookston 50.5 20.0 83.0 14.6 49.8 39.8 
Morris 72.3 51.0 91.0 9.8 74.5 64.8 
St. Paul 73.9 50.0 91.0 8.8 79.5 68.8 

Medk 
(%) 

All 28.4 11.3 44.3 7.9 26.7 34.6 
Crookston 39.9 15.0 61.0 10.6 41.3 48.0 
Morris 23.6 8.0 40.0 7.9 21.5 29.8 
St. Paul 21.8 7.0 40.0 7.2 17.3 26.0 

Smk 
(%) 

All 6.0 1.7 13.0 2.5 5.4 7.7 
Crookston 9.6 2.0 23.0 4.7 9.0 12.3 
Morris 4.1 1.0 13.0 2.1 4.0 5.5 
St. Paul 4.3 2.0 10.0 1.7 3.3 5.3 

† Hd = heading date (days from planting); Ht = plant height (cm); Gyld = grain yield (g m-2); Twt = 
test weight (kg hl-1); Gpc = grain protein content (%); Skwt = single-kernel weight determined based 
on 300 kernels using single kernel characterization system (SKCS); Skdiam = single-kernel diameter 
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determined based on SKCS, Tkwt = 1000-kernel weight; Lgk = % of large kernels; Medk = % of 
medium kernels; and Smk = % of small kernels 
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Table II 
Mean squares and heritabilities for agronomic traits and kernel characteristics of the 
recombinant inbred line population (n=139) evaluated in three environments in 2006 

  Mean Square  
Traits† Genotype Environment G X E‡ Error§ hB

2¶ 
Hd   32.1*** 9062.0***   2.8***   0.78 0.91 
Ht 183.4*** 7956.2*** 17.4ns 15.60 0.91 
Gyld 11749*** 572966*** 4548** 3417 0.61 
Twt     1.30***   121.35***   0.425*  0.27 0.67 
Gpc     0.91***     35.07***   0.242**  0.13 0.73 
Skwt   16.70***   898.31***   2.65**  1.18 0.84 
Skdiam     0.02***       1.31***   0.004**     0.002 0.80 
Tkwt   26.77***   939.67***   2.67**   1.44 0.90 
Lgk 303.7*** 23782.8*** 41.23** 17.01 0.86 
Medk 185.45*** 13833.4*** 20.91** 10.99 0.89 
Smk   18.06*** 1353.4***   5.56***   1.25 0.69 
† Hd = heading date; Ht = plant height; Gyld = grain yield; Twt = test weight; Gpc = grain protein 
content; Skwt = single-kernel weight determined based on 300 kernels using single kernel 
characterization system (SKCS); Skdiam = single-kernel diameter determined based on SKCS, 
Tkwt = 1000-kernel weight; Lgk = % of large kernels; Medk = % of medium kernels; and Smk = % 
of small kernels 

‡ E = environment; G = genotype 
§ Except for Hd, Ht, and Gyld, the error mean squares for other traits were estimated from the check 
genotypes that were replicated within environments, as described in an augmented design by 
Federer (1961) 

¶ Broad-sense heritability on an entry-mean basis 
*, **, and *** indicate a significance at P < 0.05, 0.01, and 0.001, respectively; ns indicates not 

significant at P < 0.05 
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Table III 
Phenotypic correlation coefficients among traits based on trait values averaged across three environments in 2006 

Traits† Hd Ht Gyld Twt Gpc Skwt Skdiam Tkwt Lgk Medk Smk 
Hd  1           
Ht  0.64***  1          

Gyld  0.05ns -0.02 ns  1         
Twt -0.48*** -0.12 ns  0.12 ns  1        
Gpc -0.25**    0.11 ns -0.41***  0.12 ns  1       
Skwt -0.34***  0.01 ns  0.16(0.06)  0.29***  0.19*  1      

Skdiam -0.33*** -0.03 ns  0.11 ns  0.35***  0.25**  0.93***  1     
Tkwt -0.34*** -0.01 ns  0.15(0.07)  0.28***  0.13 ns  0.94***  0.90***  1    
Lgk -0.31*** -0.03 ns  0.11 ns  0.32***  0.15(0.08)  0.88***  0.93***  0.92***  1   

Medk  0.29***  0.01 ns -0.10 ns -0.29*** -0.12 ns -0.86*** -0.91*** -0.91*** -0.99***  1  
Smk  0.37***  0.10 ns -0.12 ns -0.36*** -0.22** -0.84*** -0.89*** -0.84*** -0.92*** 0.87*** 1 

† Traits were defined in Table I 
Highlighted in gray are strong correlations among kernel characteristics 
*, **, and *** indicate a significance at P < 0.05, 0.01, and 0.001, respectively; ns indicates not significant at P < 0.05 
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Table V 
Total phenotypic variation explained by all the QTL using multiple regression analysis on trait 

values of 139 recombinant inbred lines averaged across three environments 
Trait† QTL  Position‡ Markers in the model b§ R2 
Weight      
Skwt QSkwt.mna-7A  59.1 (7A.2) XwPt9824     1.56 42.0 
 QSkwt.mna-

6B  
62.2 (6B.1) XwPt0052   -1.96 

 QSkwt.mna-5B  38.5 (5B.1) XwPt9006     1.90 
 QSkwt.mna-2A  5.3 (2A) Xgwm249   -1.32 
Tkwt QTkwt.mna-7A  64.6 (7A.2) XwPt9824     1.89 44.1 
 QTkwt.mna-6B  62.2 (6B.1) XwPt0052   -2.61 
 QTkwt.mna-5B  38.5 (5B.1) XwPt9006     2.11 
 QTkwt.mna-2A  5.3 (2A) Xgwm249   -1.78 
 QTkwt.mna-1B  8.0 (1B.1) Xbarc337a    -1.72 
Size      
Skdiam QSkdiam.mna-7A  63.1 (7A.2) XwPt9824     0.03 37.8 
 QSkdiam.mna-6B  60.2 (6B.1) XwPt0052   -0.06 
 QSkdiam.mna-5B  36.3 (5B.1) XwPt9006     0.07 
 QSkdiam.mna-5A  98.5 (5A.1) Xcfd201    0.03 
 QSkdiam.mna-2A  5.3 (2A) Xgwm249   -0.03 
Lgk QLgk.mna-7A  63.1 (7A.2) XwPt9824    3.64 31.4 
 QLgk.mna-5B 38.5 (5B.1) XwPt9006     9.88 
 QLgk.mna-5A  98.5 (5A.1) Xcfd201    4.11 
 QLgk.mna-2A  5.3 (2A) Xgwm249   -2.87 
Medk QMedk.mna-7A  63.1 (7A.2) XwPt9824   -3.46 43.3 
 QMedk.mna-6A  11.1 (6A.1) XtPt0877  -5.16 
 QMedk.mna-5B  38.5 (5B.1) XwPt9006   -6.66 
 QMedk.mna-5A  98.5 (5A.1) Xcfd201  -5.12 
 QMedk.mna-2A  5.3 (2A) Xgwm249   2.75 
Smk QSmk.mna-7A  64.6 (7A.2) XwPt9824  -0.81 26.5 
 QSmk.mna-5B  38.5 (5B.1) XwPt9006  -2.36 
 QSmk.mna-2A  5.3 (2A) Xgwm249    0.91 
Gpc QGpc.mna-6D  11.1 (6D.3) XwPt1314   -0.38 40.9 
 QGpc.mna-5A  180.4 (5A.1) Xbarc330   -0.27 
 QGpc.mna-2D  4.0 (2D.2) XwPt7739   -0.19 
 QGpc.mna-2B  8.1 (2B.2) Xgwm271    0.38 
 QGpc.mna-1A 8.6 (1A.2) XtPt1012     0.27 
Gyld QGyld.mna-6D 0.01 (6D.1) Xgdm132   29.5 41.3 
 QGyld.mna-5B 27.4 (5B.2) Xwmc537 -16.9 
 QGyld.mna-3D 70.3 (3D.2) XtPt8143  -20.9 
 QGyld.mna-2B 4.8 (2B.2) Xwmc592  -35.3 
Hd QHd.mna-7B 9.1 (7B.1) Xwmc323     1.16 20.4 
 QHd.mna-2D 0.01 (2D.1) Xgwm484     1.74 
Ht QHt.mna-7B 9.1 (7B.1) Xwmc323    -2.21   44.4 
 QHt.mna-6D 8.0 (6D.1) Xgdm132    -2.18 
 QHt.mna-4B 55.6 (4B) Xgwm6b    -1.78 
 QHt.mna-1B  38.8 (1B.2) XwPt8261    -1.58 
† Traits were defined in Table I 
‡ QTL position on the linkage group. Chromosome linkage group is in parenthesis 
§ For each trait, the percent phenotypic variation (R2 x 100) explained for by all the QTL was estimated 
using the multiple regression analysis. Regression coefficient (b) for each marker in the model is also 
provided. Information on each QTL is presented in Appendix III 
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Table VI 
Summary of QTL identified for grain protein content, grain yield, heading date, and plant height 

using 139 recombinant inbred lines grown in three environments 
Trait† QTL Env. Marker interval/peak LOD R2 Add‡ 
Gpc QGpc.mna-6D  Cr Xcfd5 4.3   8.9   -0.20 
  Mo  2.2   4.5   -0.15 
  St  2.6   5.9   -0.17 
 QGpc.mna-5A  Mo Xbarc330 - XwPt9094 4.4 11.1   -0.24 
  St  2.5   6.5   -0.18 
 QGpc.mna-2B  Cr Xwmc245 - Xgwm271 7.7 16.8    0.28 
  Mo  2.7   5.9    0.17 
Gyld QGyld.mna-1B  Cr Xgwm131 - Xwmc419 4.4 14.1 -25.06 
  St  2.7   5.7 -11.31 
 QGyld.mna-2B  Mo Xwmc592 - Xgwm271 2.9   8.3 -18.80 
  St  4.0   8.5 -14.04 
Hd QHd.mna-7B Mo Xwmc323 2.9   7.8    0.54 
  St  3.6 10.5    1.11 
 QHd.mna-2D Cr Xgwm484 2.1   5.6    0.48 
  Mo  4.0 10.4    0.63 
  St  3.4   8.6    1.01 
Ht QHt.mna-7B Cr Xwmc323 4.9 13.3    2.10 
  Mo  3.0   7.8    1.98 
  St  6.0 15.0    2.12 
 QHt.mna-5B  Cr XwPt2318 3.0 12.6    2.02 
  St  2.8   9.0    1.64 
 QHt.mna-4B  Mo Xgwm6b 3.8 12.2   -2.46 
  St  5.4 15.4   -2.16 
† Traits were defined in Table I 
‡ In each environment (Env.), the LOD score and percent phenotypic variation (R2 x 100) explained by 
each of the QTL are provided along with the additive (add) allele effects for the loci. Positive additive 
allele effects indicate that the QTL alleles were contributed by MN99394, and negative effects indicate 
that the QTL alleles were contributed by MN98550. Three environments: Cr = Crookston, Mo = Morris, 
and St = St. Paul. Highlighted in gray were QTL not declared because the LOD scores were less below a 
threshold of 2.5 
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Fig. 1 Histogram patterns of 139 RILs for 3-location mean values of (a) kernel weight 

(1000-kernel weight); (b) kernel size (single-kernel diameter); (c) kernel size 

distribution (% of larger kernels); and (d) grain protein content. Parental means are 

marked with arrows 
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Fig. 2 Stable quantitative trait loci associated with kernel weight, kernel diameter, and kernel size distribution. The approximate QTL 

location for each trait is based on the mean of 3 environments and is indicated by the intersection of vertical bar (confidence 

interval based on the LOD scores above 2.5) and horizontal bar (indicates the maximum LOD score, and the maximum magnitude 

of the LOD score at any environment is indicated by the thickness of the bar). Detailed information about each QTL is given in 

Table IV and Appendix I. Map distances were determined based on Haldane mapping function and are given on the left. 

Chromosome names with decimal numbers indicate the linkage group in which QTL were detected 
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CHAPTER FOUR 

 

Genetic Mapping and QTL Analysis of Flour Color and Milling Yield Related 

Traits Using Recombinant Inbred Lines in Hard Red Spring Wheat 
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Introduction 

 

Wheat flour extraction rate during milling is an important end-use quality trait. The bran 

contains a greater portion of minerals than the endosperm, and the amount of bran 

contained in the flour increases mineral composition or the ash content and also decreases 

the brightness of the flour (Kent-Jones and Amos 1967). To obtain high quality flour that 

is more refined, brighter, and high in extraction rate, wheat end-users use ash content and 

flour color as predictive methods for classifying the flour (Kent-Jones and Amos 1967). 

Also, flour color is an important quality trait for many end-use products, such as bread 

and noodles (Kruger and Reed 1988). The most widely used assay for flour color 

measures the whiteness of a flour with colometric measurements based on L* 

(brightness), a* (red-green chromaticity), and b* (yellowness). For yellow alkaline 

noodles, a flour with high b* value is desirable for both Japanese and Chinese yellow 

noodles (Kruger et al. 1992).  However, for bread-baking quality, a white flour with 

extremely low value (zero) for b* and high value (100) for L* is desirable (Kruger and 

Reed 1988). Bakers often eliminate yellowness and maintain whiteness by bleaching the 

wheat flour with benzoyl peroxide. The degree of yellowness is mainly influenced by 

quantities of carotenoids, xanthophylls and carotenes, and flavonoids such as flavones 

(Kent-Jones and Amos 1967; Miskelly 1984). 

In breeding programs, the phenotypic selection and measurements of flour color 

are laborious and require large quantities of grain samples to be milled. Based on 

phenotypic selection alone, the flour related traits could only be evaluated during the 
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advanced stages of breeding populations. Better knowledge of the genetic basis of flour 

color and milling yield related traits would enable breeders to improve the traits from the 

early stages of breeding populations. Bhatt and McMaster (1976) studied the inheritance 

of flour color in several wheat crosses and concluded that there were two major genes 

whose mode of action on yellow pigment content (YPC) was modified by the presence of 

minor genes. Using quantitative trait loci (QTL) analysis as a tool for understanding the 

genetic basis of a quantitative trait, such as flour color, Parker et al. (1998) reported two 

QTL on chromosomes 7A and 3A explaining 60% and 13% of the total phenotypic 

variation in b* (yellowness), respectively. Mares and Campbell (2001), Kuchel et al. 

(2006) and Zhang et al. (2009) also identified QTL influencing flour color. The QTL 

studies for flour color reported thus far have been related to the germplasm used for 

noodle production where high levels of yellowness are desirable. To our knowledge, 

there have not been comprehensive QTL studies for flour color in a germplasm used for 

bread-making, where low levels of yellowness are desired.  

 In this paper, we identified QTL affecting flour color and other milling 

characteristics in hard red spring wheat breeding lines adapted to the Upper Midwest 

region of the United States. Availability of functional DNA markers could be a first step 

for marker-assisted selection as a potential approach to the successful elimination of 

yellowness and improvement of milling performance in breeding programs that are aimed 

at developing varieties for bread wheat.  
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Materials and methods 

 

Plant material 

Two University of Minnesota hard red spring wheat breeding lines (MN99394 and 

MN98550) were crossed to produce a mapping population of 139 recombinant inbred 

lines (RILs). The mapping population segregated for several agronomic and bread-

making traits (Chapter three; Tsilo et al. 2009b). Spring wheat trials included 139 RILs, 

two parents, and three check varieties (‘Alsen’, ‘Verde’, and ‘Oklee’) grown in three 

locations in 2006. For RILs, grain samples from two replications were bulked to provide 

grain for quality analysis. Checks were replicated eight times and grain samples were 

bulked to produce four representative samples per check.  

 

Milling yield and flour color evaluation 

Grain samples harvested from field trials were submitted for quality analyses at the 

USDA-ARS Wheat Quality Laboratory, Fargo, North Dakota. Seven-hundred grams of 

clean grain was tempered to 16.5% moisture content and milled using Quadrumat Senior 

Break and Reduction grinding heads (C.W. Brabender Instrument Inc., South 

Hackensack, NJ). Flour ash content, as a measure of the degree of the endosperm 

separation from the bran during milling, was determined using AACC Approved Method 

08-01 (AACC 2000). For each sample, the weight of the flour, shorts, and bran were 

recorded and the flour extraction rate was calculated and expressed as a percentage. Flour 

samples were evaluated for flour color using a Minolta CR-200 Chroma meter, Minolta 
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Camera Co., Ltd. based on 3-dimensional color values with the following rating scale: L* 

value for whiteness (100 white, 0 black), a* value for red-green chromaticity (+60 red, -

60 green), and b* value for yellowness (+60 yellow, -60 blue). Flour protein content was 

determined by nitrogen combustion analysis using AACC Approved Method 46-30 

(AACC 2000). 

 

Statistical analysis 

Analysis of variance was conducted using PROC GLM in SAS statistical software 

package version 9.1 (SAS Institute Inc., Cary NC, USA), with genotypes and locations as 

random effects. Because samples were bulked over replications within environments, the 

main effects of genotype and environment were tested for significance using the genotype 

x environment mean square (MSge). The genotype x environment interaction was tested 

for significance using the error mean square that was estimated from the check genotypes 

that were replicated within environments according to an augmented design defined by 

Federer (1961). Variance components for genotypes and genotype x environment were 

used to obtain estimates of the broad-sense heritability (

 

hB
2 ):  

                           

 

hB
2 =

σg
2

σg
2 + (σge

2 /e) + (σe
2 /re)[ ]

 or  simply 

 

1−
MSge

MSg
 

where 

 

σg
2, 

 

σge
2  and 

 

σe
2 were genotypic variance, genotype x environment interaction 

variance and error variance, r and e were numbers of replications per environment and 

environments, respectively. MSg and MSge represent the genotype and genotype by 

environment mean squares, respectively. The relationships of all milling properties were 
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assessed by Pearson correlation coefficients using PROC CORR of SAS. Correlation 

coefficients of milling properties with kernel characteristics and bread-making properties 

were also calculated.  

 

QTL analysis 

A linkage map constructed with MAPMAKER/EXP version 3.0b had 531 SSR and DArT 

marker loci (Appendix I). The map also had three genes, the stem rust resistance gene 

Sr6, previously mapped in a Chinese Spring near-isogenic population (Tsilo et al. 2009a), 

and two high-molecular weight glutenin genes denoted with the gene-based markers 

umn19 and umn26 for Glu-1A and Glu-1D, respectively (Liu et al. 2008). The map 

consisted of 47 linkage groups and spanned a distance of 2,508 cM and covered all 21 

wheat chromosomes. QTL analysis was performed for each location and also for the 

mean over environments using composite-interval mapping (CIM) in QTL Cartographer 

V2.5 (Wang et al. 2005). A LOD (log of the odds) score of 2.5 was used as a threshold 

level for declaring the presence of QTL. For each trait, the total phenotypic variation 

explained by all the QTL in the model were estimated using multiple regression analysis 

in SAS. The QTL were named according to the guidelines described in the Catalogue of 

Gene Symbols for Wheat (http://wheat.pw.usda.gov/GG2/Triticum/wgc/2008/).  

 

 

 

 

http://wheat.pw.usda.gov/GG2/Triticum/wgc/2008/�
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Results and discussion 

 

Phenotypic variation and correlation analysis of milling yield and flour color 

characteristics 

Milling yield scores were obtained by milling 700-g of grain per RIL harvested from the 

field trials. Grain from the 2006 season was in good condition with no evidence of 

shriveled grains. The means, standard deviations, and ranges for all milling yield and 

flour color characteristics are summarized in Table I together with the mean values for 

MN99394 and MN98550. For example, b* values, which measure yellowness of the 

flour, showed a mean of 8.96 and a range of 7.88-10.01 with standard deviation of 0.46 

for trait values averaged across all environments. Trait distribution for flour color and 

other milling properties was normal (Fig. 1). Based on an earlier study of inheritance of 

flour color in bread wheat, Bhatt and McMaster (1976) estimated one or two major genes 

controlling the expression of pigment color content (b*) with few minor genes based on 

the F2 segregation ratios of 3:1, 15:1, 13:3 and 9:7 for different populations. Parker et al. 

(1998) observed bimodal and normal distributions for b* under different environments 

with no evidence of transgressive segregation. However, in the present study both L* and 

b* showed transgressive segregation (Table I; Fig. 1), suggesting that parents may differ 

at several loci controlling flour color with both parents contributing favorable alleles.  

Based on the analysis of variance, our results agree with those of Parker et al. 

(1998) and Zhang et al. (2009), indicating the significant effects of genotype (G), 

environment (E) and G x E interaction on flour color (Table II). Only L* and a* did not 
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show G x E interaction. Other milling properties showed significant effects of genotype 

and environment (Table II). For example, the flour ash content showed similar results 

with Pyler (1988) and Butt et al. (2001), who observed a significant difference in flour 

ash content among wheat varieties. In our study, parameters that showed G x E 

interactions were bran, flour protein content, and flour ash content. The estimated broad-

sense heritability (hB
2) on an entry mean basis for flour color and other milling 

parameters were calculated as the proportion of total variance allocated to genotype 

(Table II). For example, yellowness (b*) had the highest heritability of 0.93, meaning that 

genetic improvements on this trait are promising. 

The correlation coefficients among different flour color parameters and bread-

making quality traits were calculated from the overall mean values of three environments 

(Table III). For example, the b* values showed significant negative correlations with L* 

values (r = -0.41 at P ≤ 0.001) and a* values (r = -0.48 at P ≤ 0.001), and also with bran, 

shorts, and bread crumb color. As expected, yellow flour does not make bread with a 

good crumb color (Table III). The L* values showed significant negative correlations 

with flour yield, flour protein, flour ash content, and bake water absorption; however, 

correlations were positive with mixing strength properties, such as midline peak time (r = 

0.22** at P ≤ 0.01). The correlation of L* and ash content (r = -0.67*** at P ≤ 0.01) was 

in agreement with Kent-Jones and Amos (1967), who mentioned that the increase in flour 

ash content also decreased the brightness of the flour. Selection for high L* in this 

population resulted in flour samples with very low b* values, however, the negative 

associations involving L* and bake water absorption will not be favorable in breeding 

programs that focus on bread-making wheat products, where both high water absorption 
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and high L* values are desirable. Since some genotypes had high L* values and good 

baking properties, it should be noted that this low negative association between these 

traits could be eliminated by selecting for both traits. Alternatively, selection could be 

applied to eliminate the yellowness, the most undesirable property that affects bread 

crumb color. Elimination of yellowness also helps to improve kernel characteristics such 

as test weight, grain protein content, kernel weight, kernel diameter, and kernel size 

distribution (Table IV). Flour yield and grain yield were positively correlated in this 

population (r = 0.20 at P ≤ 0.05). Studies have shown that an increase in flour yield 

resulted from an increase in kernel weight (Wiersma et al. 2001) and kernel size 

(Marshall et al. 1984; Berman et al. 1996). In this study, similar results were observed; 

although correlations were variable (insignificant to significant) and low depending on 

environments, with Crookston and St. Paul showing significant correlations (data not 

shown). Based on a trait mean value of three environments, however, no significant 

correlations were observed involving flour yield with kernel weight and kernel size 

(Table IV), indicating strong environmental effects.      

 

QTL analysis for flour color parameters 

Based on means over three environments, three QTL (QFb*.mna-5B.1, QFb*.mna-5B.2, 

and QFb*.mna-5D) were detected on chromosomes 5B and 5D for b*, with each 

explaining more than 12% of the phenotypic variation (Table V; Fig. 2). The positions of 

the QTL on linkage groups of chromosomes are provided together with their closest 

marker interval or markers at the highest peak of the LOD score curve. Of the three QTL, 
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two (QFb*.mna-5B.1 and QFb*.mna-5D) were very stable and were detected in all three 

environments (Table V). Based on the multiple regression analysis, all three QTL 

explained 27.1% of the total phenotypic variation in b* (Table VI). For L*, five QTL 

were found with two on chromosome 1A (QFL*.mna-1A.1 and QFL*.mna-1A.2,) and 

others on chromosomes 5A, 5D, and 7B (Table V; Fig. 2). Based on the multiple 

regression analysis, all five QTL explained 63.7% of the total phenotypic variation in L* 

(Table VI). Of the five QTL, three QTL on 1A, 5D, and 7B were very consistent and 

were detected in at least two of the three environments (Table V). For b* and L*, both 

parental lines contributed positive alleles. Alleles at the 5D QTL, closely linked to the 

marker Xbarc130, influenced both b* (LOD 5.5 and R2 = 13.7) and L* (LOD 10.9 and R2 

= 22.2%) with alleles from MN98550 contributing to a decrease in yellowness for b* and 

an increase in brightness for L*. This 5D QTL reflects the negative phenotypic 

correlation observed between b* and L*, and the QTL coincided with the hardness (Ha) 

locus on 5DS reported by Mattern et al. (1973), which is known to influence endosperm 

texture. The tightly linked puroindoline genes, Pina and Pinb, function as the Ha locus 

(Sourdille et al. 1996; Giroux and Morris 1997, 1998). Both parental lines in this study 

are hard wheat breeding lines carrying a null mutation in Pina (Pina-D1b allele), 

consistent with the published results (Giroux and Morris 1997, 1998; Morris et al. 2001; 

Pan et al. 2004). The population segregated for endosperm texture and studies are in 

progress to determine if this population carries known alleles or new alleles of Pinb.  

Previously reported QTL for L* and b* were located on chromosome arms 2DS, 

3AS, 3BL, 4BS, 5BL, 7AL, and 7BL (see review by Marshall et al. 2001). Parker et al. 

(1998) reported two QTL on chromosomes 7A and 3A, which accounted 60% and 13% 
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of the total phenotypic variation in b*, respectively. Mares and Campbell (2001) also 

found 7A QTL in two of the three double haploid populations of Australian wheat 

influencing b*. Schmidt et al. (2004) located two QTL on 3A (R2 = 5%) and 4B (R2 = 

12%) for b* and one QTL on 4B (R2 = 5%) for L*. Kuchel et al. (2006) located a major 

QTL on chromosome 7B for L*, a*, and b*, explaining up to 77% of the phenotypic 

variation. The authors also identified minor QTL for L* and a* as Glu-A3 and Glu-B3 

loci, respectively. Recently, Zhang et al. (2009) analyzed the effect of 1B.1R 

translocation on yellow pigment content and identified two major QTL for YPC 

associated with 1B.1R translocation and the phytoene synthase gene located on 

chromosome 7A. Zhang et al. (2009) also identified QTL for b* on 1A (R2 = 2.4), 1B (R2 

= 26.1), 3B (R2 = 1.4), 4A (R2 = 2.5), and 7A (R2 = 35.9) and for a* on 1B (R2 = 7.8) and 

7A (R2 = 12.6). In our study, only one QTL was identified on chromosome 1A explaining 

37 and 39% of the variation in a* in St. Paul and Crookston locations, respectively (Table 

V; Fig. 2). To our knowledge, most of the QTL studies for flour color presented to date 

have used the germplasm with the high yellow pigment content, a trait most desired for 

yellow alkaline noodles where a flour with high b* value is desirable for both Japanese 

and Chinese yellow noodles (Kruger et al. 1992). For bread-baking quality, however, a 

white flour with extremely low value (zero) for b* is desirable (Kruger and Reed 1988); 

hence, the QTL identified in our study will provide knowledge about chromosome 

regions influencing flour color parameters in breeding lines used for bread-making 

quality.  
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QTL analysis for milling properties 

One QTL on 5B explained up to 12.2% of the variation in shorts (Table V; Fig. 2). The 

QTL was not consistent across environments. Lack of consistent QTL for the shorts also 

agrees with the low heritability (0.27) observed on this milling property (Table III). Five 

QTL influenced the proportion of bran, with two of the QTL (QBran.mna-1B.1 and 

QBran.mna-5B) explaining 15.3 and 16% of the variation in bran amount, respectively 

(Table V; Fig. 2). These two QTL were also detected in at least two of the three 

environments (Table V). The other three QTL were QBran.mna-1B.2 (R2 = 8.3), 

QBran.mna-2D (R2 = 9.2), and QBran.mna-5D (R2 = 7.0). Based on the multiple 

regression analysis, all five QTL explained 33% of the total phenotypic variation in bran 

(Table VI). Both parental lines contributed favorable alleles for the amount bran 

depending on the QTL, as specified in Table V. Bran QTL have not been reported before 

as many studies have mainly focused on flour yield. In this study, three QTL for flour 

yield were detected on 1B, 5B and 5D (Table V; Fig. 2). Together they explained 34% of 

the variation in flour yield (Table VI). Two of the flour yield QTL coincided with two of 

the five bran QTL, with 1B and 5B QTL explaining a substantial variation in both traits 

(Table V).  

QTL influencing flour yield have previously been reported by several groups. 

Parker et al. (1999) identified three QTL on chromosomes 3A, 5A and 7D. The authors 

also found that chromosome 5DS that carries endosperm texture genes did not have any 

association with flour yield, and no correlation was observed between the endosperm 

texture and flour yield. This was partly because the parental varieties Schomburgk and 

Yarralinka did not differ significantly in endosperm texture. In our study, the 5D QTL for 
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flour yield was in the vicinity of genes for endosperm texture, the same region reported 

by Campbell et al. (2001) from a mapping population of a soft x hard wheat cross. The 

authors also identified QTL on 1B, 3B, and 6B. Smith et al. (2001) identified four QTL 

for flour yield on 2B, 2D, 5B, and 7D in different mapping populations of ‘Cranbrook’ x 

‘Halberd’ and CD87 x ‘Katepwa’. The QTL on 5B was of a particular interest to the 

authors because it was detected in two mapping populations with slightly different 

positions. The markers flanking this QTL were under further investigation as indicated by 

the authors. In our study, the 5B QTL explained 16% of the variation in flour yield and 

was positioned at a similar position as in the CD87 x Katepwa population of Smith et al. 

(2001). However, several DArT markers flanking this QTL would need further 

development by converting them to sequence-tagged site (STS) markers before they 

could be used in marker-assisted selection. McCartney et al. (2006) identified three QTL 

on 1B, 3B and 7D. In their study, the flour yield QTL on 7D was the major QTL 

explaining 18% of the variation. This could be the same QTL identified by Parker et al. 

(1999) and Smith et al. (2001). Campbell et al. (2001) and McCartney et al. (2006) 

identified a QTL on 1B. In our study, the QTL on 1B explained 18.7% of the variation in 

flour yield. The same QTL was previously reported by Smith (2008), and it explained 

25% of the variation in FYL in his study.  

Four QTL for flour protein content were detected on chromosomes 1B, 2B, 5A, 

and 6D (Table V; Fig. 2). Together they explained 42.3% of the total phenotypic 

variation in Fpc (Table VI). The QTL on 2B, 5A and 6D were the same QTL detected for 

grain protein content and were discussed in chapter three. The QTL QFpc.mna-6D 

explained up to 18% of the total variation in Fpc and was detected in all environments 
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(Table V). Two QTL on chromosomes 2B and 5A were detected only in two of the three 

environments (Table V). A QTL on 1B was not consistent across environments, but it 

was also detected based on the mean of three environments. The relationship of protein 

content and grain yield was explained in chapter three. Flour yield and flour protein 

content had QTL on 1B, near the high molecular weight glutenin Glu-B1 locus. For flour 

ash content, QTL were identified on six chromosomes (1A, 4A, 4B, 5A, 5D, 7B) (Table 

V; Fig. 2). All six QTL explained 45.3% of the total phenotypic variation in flour ash 

content (Table VI). The QFash.mna-1A explained 12.4% variation in ash content (Table 

V). The second QTL with the highest R2 of 10.3% was QFash.mna-7B. Of the six QTL, 

four QTL were detected in at least two of the three environments with the same QTL 

positions, indicating that the QTL were consistent. 

Some of the QTL detected in this study provided validation of QTL previously 

detected by other research groups. DNA markers and new QTL identified in this study 

would provide opportunity for the application of marker-assisted selection for the traits 

that are not so easy to phenotype at the early stages of breeding programs.  
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Table I 
Mean values, standard deviations, and range of flour color and milling properties 

evaluated in a recombinant-inbred population in three environments in 2006 
Trait Environment RIL population (n = 139) Parental lines 

Mean Min Max SD MN99394 MN98550 
Flour color 
b* 
 

All 8.96 7.88 10.01 0.46   9.25   8.64 
Crookston 8.88 7.63 10.21 0.52   9.20   8.47 
Morris 9.29 8.24 10.46 0.47   9.65   8.97 
St Paul 8.72 7.62 9.93 0.48   8.91   8.47 

Flour color 
L*  
 

All 91.36 90.67 92.10 0.29 91.40 90.53 
Crookston 91.45 90.25 92.68 0.35 91.37 91.40 
Morris 91.18 90.24 92.02 0.39 91.23 90.97 
St. Paul 91.44 90.29 92.40 0.39 91.53 89.22 

Flour color 
a* 

All -1.82 -2.39 -1.44 0.19 -1.99 -1.60 
Crookston -1.80 -2.40 -1.40 0.19 -1.94 -1.53 
Morris -1.91 -3.27 -1.23 0.41 -2.07 -1.75 
St. Paul -1.77 -2.25 -1.38 0.16 -1.96 -1.51 

Bran (g) All 185 171 210 6.5 179 191 
Crookston 188 167 219 8.7 184 194 
Morris 181 163 202 8.0 176 186 
St. Paul 187 168 208 7.2 178 194 

Shorts (g) All 110 85 129 7.6 91 110 
Crookston 107 86 135 8.9 91 109 
Morris 113 69 151 14.8 94 111 
St. Paul 109 76 136 11.5 87 111 

Flour yield 
(g) 

All 377 349 410 10.8 400 371 
Crookston 375 331 409 14.0 392 367 
Morris 379 341 426 15.2 401 376 
St. Paul 379 337 417 15.9 406 370 

Flour  
extraction 
(%) 

All 56.1 51.9 60.8 1.60 59.7 55.1 
Crookston 56.0 49.6 61.2 2.06 58.7 54.7 
Morris 56.3 50.4 63.4 2.27 59.7 55.8 
St. Paul 56.2 50.0 61.8 2.37 60.5 54.8 

Flour 
protein 
content 
(12%mb) 

All 12.7 10.8 14.3 0.67 12.8 13.0 
Crookston 12.2 10.6 14.5 0.78 12.5 12.6 
Morris 13.2 11.2 15.1 0.80 13.4 13.4 
St. Paul 12.6 10.4 14.6 0.81 12.4 12.9 

Flour ash 
content 
(14%mb) 

All 0.363 0.324 0.399 0.014 0.366 0.360 
Crookston 0.356 0.291 0.400 0.022 0.366 0.352 
Morris 0.353 0.317 0.397 0.017 0.353 0.347 
St. Paul 0.380 0.343 0.416 0.014 0.379 0.382 

Four 
moisture 
(%) 

All 14.81 14.53 15.13 0.10 14.8 14.8 
Crookston 14.58 14.30 15.00 0.14 14.6 14.6 
Morris 15.10 14.70 15.50 0.15 15.1 15.1 
St. Paul 14.75 14.30 15.20 0.15 14.7 14.8 
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Table II 
Mean squares and heritabilities for flour color and milling properties of a recombinant inbred line 

population (n=139) evaluated in three environments in 2006 
  Mean Square  
Traits† Genotype Environment G X E‡ Error§ hB

2¶ 
Flour color b*     0.622***     11.949***     0.045**     0.025 0.93 
Flour color L*      0.245***       3.229***     0.091ns     1.227 0.63 
Flour color a*     0.111***       0.698***     0.06 ns     0.094 0.46 
Bran (g) 127.77*** 1670.08***   31.92*   21.52  0.75 
Shorts (g)  175.32*   972.93*** 128.92 ns 126.77 0.27 
Flour yield (g)  346.58***   574.65* 166.67 ns 128.78 0.52 
Flour extraction (%)     7.67***       3.78ns     3.68 ns     2.94 0.52 
Flour protein content (12%mb)     1.36***     35.60***     0.27**     0.1614 0.80 
Flour ash content (14%mb)     6.17 x 10-4***       0.029***    1.73 x 10-4* 1.19 x 10-4 0.72 
Four moisture (%)     0.031***       9.879***     0.017ns     0.026 0.45 
† b* = yellowness; L* = brightness; a* = greenness 
‡ E = environment; G = genotype 
§ Error mean squares were estimated from the check genotypes that were replicated within environments, as 
described in an augmented design by Federer (1961) 
¶ Broad-sense heritability on an entry-mean basis 
*, **, and *** indicate a significance at P < 0.05, 0.01, and 0.001, respectively; ns indicates not significant at P 

< 0.05 
 
 
 
 
 
 
 
 
 
 
 
 
 



 92 

Table III 
Phenotypic correlation coefficients among milling traits and with dough mixing and bread-making characteristics based on trait values averaged 

across three environments in 2006 
Traits Fb* FL* Fa* Bran Shorts Fyld Fext% Fpc Fash Fmoist 
Flour and milling properties†           
  Flour color b*  1          
  Flour color L* -0.41***   1         
  Flour color a* -0.48*** -0.13 ns  1        
  Bran (g) -0.21*  0.31***  0.03 ns  1       
  Shorts (g) -0.19*  0.6 ns  0.13 ns  0.16(0.06)  1      
  Flour yield (g)  0.26** -0.25** -0.09 ns -0.74*** -0.76***  1     
  Flour extraction rate (%)  0.26** -0.24** -0.10 ns -0.73*** -0.79***  1  1    
  Flour protein content (12%mb) -0.09 ns -0.24**  0.19*  0.01 ns  0.06 ns -0.02 ns -0.04 ns  1   
  Flour ash content (14%mb)  0.27** -0.67***  0.21** <0.01 ns  0.24** -0.15(0.07) -0.17*  0.29***  1  
  Four moisture (%) -0.01 ns  0.17* -0.16(0.06)  0.15 ns -0.06 ns -0.09 ns -0.07 ns -0.44*** -0.14 ns 1 
Mixing and bread-making‡           
  Mixopa  0.10 ns -0.01ns  0.04 ns -0.12 ns  0.03 ns  0.07 ns  0.06 ns  0.46***  0.08 ns -0.34*** 
  MLPT  0.06 ns  0.22** -0.01 ns  0.05 ns  0.10 ns -0.12 ns -0.11 ns -0.15(0.07) -0.17* -0.01 ns 
  MLPW  0.09 ns -0.12 ns -0.04 ns -0.17* -0.05 ns  0.16(0.06)  0.15 ns  0.63***  0.13 ns -0.28*** 
  MLPI  0.08 ns  0.17* <0.01 ns  0.02 ns  0.11 ns -0.10 ns -0.10 ns -0.04 ns -0.12 ns -0.09 ns 
  BMT  0.07 ns  0.18*  0.02 ns  0.03 ns  0.08 ns -0.09 ns -0.08 ns -0.15 ns -0.12 ns <0.01 ns 
  BWA  0.10 ns -0.36***  0.07 ns -0.17*  0.11 ns  0.05 ns  0.04 ns  0.63***  0.39*** -0.33*** 
  BLV -0.02 ns -0.10 ns  0.13 ns -0.03 ns -0.02 ns  0.05 ns  0.04 ns  0.63***  0.12 ns -0.36* 
  BCC -0.30*** -0.06 ns  0.26**  0.08 ns -0.02 ns -0.05 ns -0.04 ns  0.28***  0.10 ns -0.02 ns 
  BCG  0.08 ns  0.03 ns  0.05 ns  0.06 ns  0.03 ns -0.10 ns -0.07 ns -0.22**  0.06 ns  0.24** 
  BCT -0.12 ns <0.01 ns  0.09 ns  0.02 ns  0.15 ns -0.08 ns -0.10 ns  0.38***  0.14 ns -0.21** 
† Trait abbreviations are presented at the top columns and their definitions are given in the 1st row in their respective order  
‡ Mixopa = mixograph pattern; MLPT = midline peak time; MLPV = midline peak value; MLPW = midline peak width; MLPI = midline peak integral; BMT 

= bake mixing time; BWA = bake water absorption; and BLV = bread loaf volume. BCC = bread crumb color; BCG = bread crumb grain; and BCT = bread 
crumb texture 

Highlighted in gray are strong correlations among milling characteristics 
*, **, and *** indicate a significance at P < 0.05, 0.01, and 0.001, respectively; ns indicates not significant at P < 0.05 
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Table IV  
Phenotypic correlation coefficients between milling and kernel characteristics based on trait values averaged across three environments in 

2006 
Traits† Hd Ht Gyld Twt Gpc Tkwt Skdiam Lgk Medk Smk 
Fb*  0.24** …  … -0.23** -0.19* -0.26** -0.26** -0.29***  0.27*** 0.31*** 
FL*  … …  …  …  …  …  …  …  …  … 
Fa*  … …  …  …  0.16(0.06)  …  …  …  …  … 
Bran (g)  0.21** … -0.27** -0.19*  …  …  …  …  …  … 
Shorts (g)  … …  …  0.19*  …  0.15 (0.07)  0.17*  0.17*  -0.17*  … 
Flour yield (g)  … …  0.20*  …  …  …  …  …  …  … 
Flour extraction (%)  … …  0.18*  …  …  …  …  …  …  … 
Flour protein content (12%mb) -0.21** … -0.42***  …  0.97***  …  0.16(0.06)  …  …  … 
Flour ash content (14%mb)  … … -0.23**  …  0.17*  …  …  …  …  … 
Four moisture (%)  … …  …  … -0.40*** -0.21** -0.27** -0.20*  0.18*  0.24** 
† Hd = heading date; Ht = plant height; Gyld = grain yield; Twt = test weight; Gpc = grain protein content; Skwt = single-kernel weight determined 
based on 300 kernels using single kernel characterization system (SKCS); Skdiam = single-kernel diameter determined based on SKCS, Tkwt = 
1000-kernel weight; Lgk = % of large kernels; Medk = % of medium kernels; and Smk = % of small kernels. Highlighted in gray are correlations 
of flour yellowness with kernel characteristics 

*, **, and *** indicate a significance at P < 0.05, 0.01, and 0.001, respectively; … indicates not significant at  P < 0.05 
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Table VI                                        
Total phenotypic variation explained by all the QTL using multiple 

regression analysis on trait values of 139 recombinant inbred lines averaged 
across three environments 

Trait† Marker interval/ peak Position QTL b‡ R2 
Fb* XwPt7240 30.3 (5B.1) QFb*.mna-5B.1   -0.276 27.1 
 Xwmc118 157.5 (5B.2) QFb*.mna-5B.2    0.170 
 Xbarc130 0.01 (5D.1) QFb*.mna-5D     0.337 
FL* Xcfa2153 30.8 (1A.1) QFL*.mna-1A.1   -0.213 63.7 
 XwPt7430 239.0 (1A.1) QFL*.mna-1A.2    0.237 

 Xcfa2250 111.0 (5A.1) QFL*.mna-5A    0.259 

 Xbarc130 0.01 (5D.1) QFL*.mna-5D    -0.350 

 Xgwm46 20.9 (7B.2) QFL*.mna-7B    0.086 

Bran XwPt6240 52.4 (1B.1)  QBran.mna-1B.1    -2.91 33.0 
 XwPt3942 35.6 (1B.2)  QBran.mna-1B.2   -4.07 
 Xbarc159a 48.3 (2D.2) QBran.mna-2D   -2.73 
 Xwmc537 27.4  (5B.2) QBran.mna-5B    3.68 
 Xbarc130 2.01 (5D.1) QBran.mna-5D    -4.20 
Fyld Xwmc269 35.7 (1B.1) QFyld.mna-1B.1  10.83 34.0 
 XwPt3457 52.7 (5B.2) QFyld.mna-5B -11.20 
 Xbarc130 0.01 (5D.1) QFyld.mna-5D     6.86 
Fpc Xwmc419 45.4 (1B.1)  QFpc.mna-1B      0.248 42.3 
 Xgwm271 8.1 (2B.2)  QFpc.mna-2B     0.496 
 Xbarc330 174.8 (5A.1)  QFpc.mna-5A   -0.419 
 XwPt1314 11.1 (6D.3) QFpc.mna-6D   -0.556 
Fash XwPt4676 34.8 (1A.1) QFash.mna-1A    0.011 45.3 
 XwPt7524  4.4 (4A.1)  QFash.mna-4A    0.002 
 Xgwm6b 65.8 (4B)  QFash.mna-4B   0.002 
 Xbarc165 131.6 (5A.1)  QFash.mna-5A  -0.008 
 Xcfd18 4.15 (5D.1)  QFash.mna-5D   0.010 
 Xgpw94036 25.94 (7B.2)  QFash.mna-7B  -0.007 
† Traits were defined in Table III 
‡ Regression coefficient for every QTL in the model. The percent phenotypic 
variation (R2 x 100) explained by joint effects of the QTL are provided. Positive 
regression coefficient indicates that the QTL alleles that increased the regression 
were contributed by MN99349, and negative means that the QTL alleles that 
increased the regression were contributed by MN98550  
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Fig. 1 Histogram patterns of 139 RILs for 3-location mean values of flour color (a) 

yellowness (b*);  (b) brightness (L*); (c) greenness (a*); (d) bran; (e) flour yield; and 

(f) flour ash content 
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Fig. 2 Partial chromosome regions depicting quantitative trait loci associated with flour color: L* (FL*), b* (Fb*), and a* (Fa*); bran; 

shorts; flour yield (Fyld); flour protein content (Fpc); and flour ash content (Fash). The approximate QTL location for each trait 

is based on the mean of 3 environments or one of the two environments, and is indicated by the intersection of vertical bar 

(confidence interval based on the LOD scores above 2.5) and horizontal bar (indicates the maximun LOD score, and the 

magnitude of the LOD score is indicated by the thickness of the bar). Detailed information for each QTL is given in Table V. 

Separate linkage groups within a partial chromosome are indicated by discontinuous genetic distance.  The full chromosomes 

were presented in the Appendix I. Map distances were determined based on Haldane mapping function and are given on the left 
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CHAPTER FIVE 

 

Quantitative Trait Loci Influencing Endosperm Texture, Endosperm Polymeric 

Proteins, Dough Rheology, and Bread-making Properties of the Hard Red Spring 

Wheat Breeding Lines  
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Introduction 

 

Wheat (Triticum aestivum L. and T. turgidum) is classified and traded as hard or soft 

wheat based on the endosperm hardness or texture, and each market class has different 

inherent functional properties for milling and end-use quality (Pomeranz and Williams 

1990; Morris and Rose 1996; Morris 2002). Hard wheat, compared to soft wheat, requires 

more energy to mill and more starch granules are damaged. A flour with damaged starch 

granules absorbs more water during baking and alters baking properties of the flour, 

which results in increased loaf volume (Mok and Dick 1991). Hence, hard wheat is 

generally preferred for bread making whereas soft wheat is for cookies and pastries (see a 

review by Morris and Rose 1996). Breeding efforts for soft and hard wheat market 

classes have contrasting objectives on endosperm texture, dough mixing strength and 

baking properties.  

In breeding programs, full-scale end-use quality evaluation is not routinely 

performed until late in the selection process because of the time, resources, and large 

quantities of grain required to perform several bioassays. Due to constrains of population 

size and number of replicated trials, complete milling and baking tests are only performed 

on advanced breeding lines to predict varietal performance. To address these challenges, 

several research groups have used wheat germplasm covering different market classes to 

identify quantitative trait loci (QTL) and genes influencing specific end-use quality traits, 

for example, endosperm texture (Sourdille et al. 1996; Campbell et al. 2001; Galande et 

al. 2001; Igrejas et al. 2002; Turner et al. 2004; Mann et al. 2009; Zhang et al. 2009), 
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grain or flour protein content (Prasad et al. 1999; Campbell et al. 2001; Zanetti et al. 

2001; Groos et al. 2003; Sourdille et al. 2003; Turner et al. 2004; McCartney et al. 2006; 

Sun et al. 2007; Mann et al. 2009), dough rheological properties (Campbell et al. 2001; 

Zanetti et al. 2001; McCartney et al. 2006; Elangovan et al. 2008; Mann et al. 2009; 

Zhang et al. 2009; Zhao et al. 2009), and water absorption (Campbell et al. 2001; 

McCartney et al. 2006; Ma et al. 2007; Mann et al. 2009).  

Several studies that identified puroindoline genes at the main hardness (Ha) locus 

on chromosome 5D (Campbell et al. 2001; Igrejas et al. 2002), concluded that this locus 

alone does not explain all the variation in endosperm hardness involving soft and hard 

wheat market classes. In hard wheat, Martin et al. (2001) showed that the Ha locus alone 

accounted for 26% of total variation in hardness. Variation in endosperm texture among 

hard wheats has been shown to be associated with milling and bread quality traits 

(Slaughter et al. 1992), and increased hardness is one of the most desirable traits. Baker 

and Sutherland (1991) and Giroux et al. (2000) reported significant genetic variation for 

endosperm texture in hard wheats. Identification of additional genes and QTL influencing 

endosperm texture among hard wheat will be beneficial in breeding programs.  

The endosperm storage proteins are excellent predictors of wheat gluten 

performance. Variations in molecular weight distribution of wheat endosperm proteins 

have been significantly associated with the elasticity and extensibility of the dough and 

the final product of different market classes of wheat (Singh et al. 1990; Gupta et al. 

1993; Bangur et al. 1997; Huebner et al. 1997; Suchy et al. 2003; Kuktaitie et al. 2004; 

Békés et al. 2006; Ohm et al. 2006, 2009). For bread-making quality, polymeric proteins 
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are known to strongly affect dough strength parameters (Gupta et al. 1993). Recently, we 

have identified small protein fractions of polymeric proteins that affected dough mixing 

strength and bread loaf volume more strongly than other polymeric proteins (Tsilo et al. 

2009b). Due to size and structural complexity of the polymers, the most studied are high-

molecular-weight (HMW) and low-molecular-weight (LMW) glutenins (Southan and 

MacRitchie 1999), encoded by the Glu-1 and Glu-3 loci, respectively (Payne 1987).  The 

Glu-1 and Glu-3 glutenin subunits are present on the long and short arms of the group 1 

homoeologous chromosomes, respectively, and their allelic forms are well-characterized 

(Huebner and Wall 1976; Payne and Lawrence 1983; Metakovsky 1991). The DNA 

sequences of these genes and their allelic forms are available at the National Center for 

Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov/).  

 In this paper, we report chromosome regions influencing endosperm texture, 

dough-mixing strength, and bread-making properties in hard red wheat breeding lines 

adapted to the Upper Midwest region of the U.S. We also discuss QTL for small protein 

fraction of polymeric proteins that influenced dough-mixing strength and bread-making 

properties.  
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Materials and methods 

 

Mapping population 

A recombinant inbred line (RIL) population of 139 lines was developed from a cross 

between the two hard red spring wheat lines MN98550 and MN99394 (Tsilo et al. 

2009b). Briefly, the RIL population was developed by single seed descent to the F6 

generation, which was followed by two generations of seed increase. Both parents, 

MN98550 (‘BacUp’/‘McVey’) and MN99394 (SD3236/SBF0402), are breeding lines 

developed at the University of Minnesota. Wheat lines containing the ‘d’ allele, the 

combination of Dx5 and Dy10, at the Glu-D1 locus are known to have stronger dough 

and better bread making quality than wheat lines with the ‘a’ allele (Dx2+Dy12) (Payne 

et al. 1981; Popineau et al. 1994; Zhang et al. 2009). MN98550 carries HMW glutenin 

subunits or alleles of Ax-null, Bx7+By8, and Dx5+Dy10 at the Glu-A1, Glu-B1, and Glu-

D1, respectively. MN98550 has excellent quality with good dough mixing strength and 

high farinograph water absorption comparable to that of MN99394. A genetic linkage 

map was produced using 531 SSR and DArT marker loci covering all 21 wheat 

chromosomes (Appendix I). The HMW glutenin loci Glu-A1 and Glu-D1 were included 

in the map based on the markers umn19 and umn26 that were developed by Liu et al. 

(2008). The parents also differed for stem rust resistance gene (Sr6) and consequently this 

gene was included in the map on the same genomic region as reported by Tsilo et al. 

2009a.  
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Field trials and quality analysis 

Grain samples of each RIL, parental lines, and three check varieties (‘Alsen’, ‘Verde’, 

and ‘Oklee’) were obtained from three Minnesota locations, St Paul, Morris and 

Crookston, during the 2006 growing season. Grain from 2005 trials was not included in 

the analysis because all three locations suffered from moisture stress and leaf rust caused 

by Puccinia triticina f.sp. tritici. In 2006, plants were treated with fungicides to reduce 

fungal damage and all three locations were included in the analyses. Experimental lines 

were grown as yield trials of 2.6 m2 per plot with seven rows. Lines were laid out in a 

randomized complete block design. All the growing environments were nonirrigated field 

trials. At maturity, grain was harvested mechanically and stored until needed.  

 Two replicates from 2006 grain were pooled to create a 700-g composite grain 

sample per line in each location. Seed was thoroughly cleaned and all shriveled kernels 

and non-wheat materials were removed before quality evaluations. Endosperm texture 

was evaluated using Single Kernel Characterization System (SKCS) (SKCS 4100, Perten 

Instruments, Springfield, IL) (AACC Method 55-31.01). Grain samples were conditioned 

to 16.5% moisture content and milled using Quadrumat Senior Break and Reduction 

grinding heads (C.W. Brabender Instrument Inc., South Hackensack, NJ). Mixograph, 

bread-baking parameter, and size-exclusion high performance liquid chromatography 

(SE-HPLC) were evaluated on these samples (Tsilo et al. 2009b). Briefly, dough-mixing 

strength properties were determined using a computer-based 35-g mixograph according 

to AACC Approved Method 54-40A (AACC 2000). Information on the mixograph was 

based on the peak height and bandwidth: midline peak time (MPT) (min), midline peak 
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value (MPV) (%), midline peak width (MPW) (%), and midline peak integral (MPI) (% 

torque x min). MPI represented the area under the midline from start to peak time (or 

average work input required to reach peak development time, as a function of mixing 

time and applied torque). Mixograph pattern (MIXOPA) was a mixograph assigned 

numeric value based on a scale of 0 to 9 (0 = weakest, 9 = strongest). Bake water 

absorption (BWA) (%) was adjusted according to the mixograph peak height. Bread 

baking was performed using 25g flour samples and a straight dough method according to 

AACC Approved Method 10-10B (AACC 2000). Bake mixing time (BMT) was the time 

required to fully develop dough for baking. Bread loaf volume (BLV) was measured by 

rapeseed displacement. Bread crumb color (BCC), crumb grain (BCG) and texture (BCT) 

were evaluated by assigning a score ranging from 0 (poor) to 6 (excellent).  

The SE-HPLC assays and analyses followed protocols previously described by 

Ohm et al. (2008; 2009). Briefly, the SDS extractable and unextractable protein fractions 

were separated based on the protocol of Batey et al. (1991) and Gupta et al. (1993). 

Solutes were detected at the absorbance of 214 nm using Agilent 1200 Photodiode Array 

Detector (Agilent technologies, Santa Clara, CA). Absorbance data were interpolated to 

0.002-min intervals and the absorbance area (AA) was calculated by mean absorbance x 

time interval of 0.002 min. Means of replicated samples were calculated for all protein 

fractions. The AA values for total protein were mathematically estimated by adding AA 

values of extractable and unextractable protein fractions. The chromatogram was divided 

into six sections (Fr1 to Fr6) according to major SE-HPLC fractions. The AA values of 
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major protein fractions (Fr1 to Fr3), as shown in Fig. 1, represent fractions of polymeric 

proteins:  

Extractable Polymeric Proteins (EPP) = Fr1 + Fr2 + Fr3 of extractable proteins 

Unextractable Polymeric Proteins (UPP) = Fr1 + Fr2 + Fr3 of unextractable proteins 

Unextractable Very High Molecular Weight Polymeric Proteins (UVHP) = Fr1 of 

unextractable proteins 

 

These polymeric protein fractions were identified as unique protein fractions associated 

with dough-mixing strength and bread-making properties (Tsilo et al. 2009b; Gupta et al. 

1993). The SE-HPLC absorbance area (AA) and area A% values represent quantity of 

protein fractions in the flour and protein, respectively.  

 

Statistical analyses 

Analysis of variance for all quality properties was performed using GLM procedure of 

SAS statistical software package version 9.1 (SAS Institute, Cary, NC), assuming all 

factors as random. Because samples were bulked over replications within environments, 

the main effects of genotype and environment were tested for significance using the 

genotype x environment mean square as an error term. The genotype x environment 

interaction was tested for significance using the error mean square estimated from the 

check genotypes that were replicated within environments, as described in an augmented 

design by Federer (1961). The results of ANOVA were used to obtain the broad-sense 

heritability estimates (

 

hB
2 ):  
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hB
2 =

σg
2

σg
2 + (σge

2 /e) + (σe
2 /re)[ ]

 or  

 

1−
MSge

MSg
 

where MSg and MSge represent the genotype and genotype by environment mean squares, 

respectively, 

 

σg
2 is the genotypic variance = (MSg – MSge)/(re), 

 

σge
2  is the genotype x 

environment interaction variance = (MSge – MSe)/r, and 

 

σe
2 is the error variance = MSe, r 

is number of replications, and e is number of environments. The mean values of RILs 

estimated using GLM procedure were used to calculate correlation coefficients among 

SE-HPLC parameters and among quality traits. The phenotypic distributions of traits 

based on the mean of three environments were tested for normality using the Shapiro-

Wilk statistic (Shapiro and Wilk 1965). 

 QTL associated with each of the quality traits was analysed using composite-

interval mapping (CIM) in QTL Cartographer V2.5 (Wang et al. 2005). CIM was run by 

SrMapQtl and ZMapQtl with a 10 cM window size and 2 cM walk speed. QTL were 

declared when the LOD score was greater or equal to 2.5 in at least two environments or 

based on the mean of three environments. For each trait, the total phenotypic variation 

explained by all the QTL was estimated using multiple regression analysis in SAS. The 

QTL were named following the nomenclature described in the Catalogue of Gene 

Symbols for Wheat (http://wheat.pw.usda.gov/GG2/Triticum/wgc/2008/).  
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Results 

 

Phenotypic variation 

Table I shows mean, ranges, standard deviations, and normality tests of all endosperm 

properties together with mean values for MN99394 and MN98550. For example, 

endosperm texture of the parents did not differ in all environments; however, the 

population showed transgressive segregation with a mean of 72.9 and a standard 

deviation of 5.4 with a minimum of 59.5 and maximum of 84.6 for samples averaged 

across three environments. Transgressive segregation was observed for all endosperm 

properties including those for which parental values were similar (Table I), indicating 

that alleles with positive effects were contributed from both parents. Normal distributions 

were observed except for total unextractable polymeric proteins, UPP; however, the small 

fraction of UPP, which is unextractable very high molecular weight polymeric proteins, 

UVHP, showed a normal distribution (W = 1.00 at P = 0.95) (Table I). Genotype and 

environment effects were highly significant (P ≤ 0.001) on all endosperm properties 

(Table II). Genotype by environment interaction was significant in all endosperm 

properties with the exception of endosperm texture (P = 0.07). The effects of genotype, 

environment and their interactions on dough mixing strength and bread-making 

properties were described by Tsilo et al. (2009b), and their mean squares are shown on 

Table II for the purpose of estimating broad-sense heritability. Because the RILs were 

highly homozygous (F6:8), heritability estimates were high for all endosperm properties 

including dough mixing strength and bread-making properties with the exception of 
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crumb properties. Crumb properties showed high error mean squares (Table II), which 

were estimated based on replicated checks.  

 Correlations among all major endosperm protein fractions of SE-HPLC were highly 

significant (P ≤ 0.001) with the exception of AA values of UPP and EPP (Table III). The 

AA and A% represented quantities of protein fraction in the flour and protein, 

respectively. Correlations were stronger with the A% than the AA values of protein 

fractions. For example, the EPP A% had significantly negative correlations with UPP and 

UVHP, including the ratios of unextractable to extractable polymeric protein fractions. 

No significant correlations were observed between endosperm polymeric proteins and 

endosperm texture (Table III), indicating that these polymeric protein fractions may not 

share the same genes with endosperm texture.  

 Correlations among dough-mixing strength and bread-making properties are 

summarized in Table III. Mixograph pattern, as a function of all mixograph parameters, 

showed significantly positive correlations with all mixograph parameters. Strong 

correlations were observed among mixing time parameters (MPT, MPI, and BMT) (r ≥ 

0.93 at P ≤ 0.001) and among MPV, MPW and BWA (r ≥ 0.72 at P ≤ 0.001), indicating 

that those parameters share some genes in common. Bread loaf volume was moderately 

correlated with MIXOPA, MPV, and MPW and less correlated with MPT, MPI, and 

BMT. Although endosperm texture was not significantly correlated with BLV, it showed 

low correlation with BWA. Bread crumb grain was only correlated with BLV (P ≤ 0.01), 

whereas crumb color and texture were less correlated with several properties.  
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QTL analysis for endosperm texture 

Six QTL influenced endosperm texture (Table IV; Fig. 2). Five of the six QTL were 

detected in more than one environment or based on the mean values of three 

environments. Based on the multiple regression analysis, together all the five QTL 

explained 61.2% of the total phenotypic variation in endosperm texture (Table V). Each 

of the QTL on chromosomes 1A and 5A explained up to 17% of the phenotypic variation 

in endosperm texture and were detected in all environments (Table IV). The QTL 

QSkhard.mna-5D explained 15.8-22% of the total variation in endosperm texture and was 

also detected in all environments. One of the two QTL on 5A explained up to 8.9% of the 

variation in endosperm texture. Although this QTL was not consistent across 

environments, it was also detected based on the mean of three environments. Two QTL 

on 2A (R2 ≤ 6.8%) and 5B (R2 ≤ 8.4%) were detected in at least two of the three 

environments (Table IV).  

 

QTL analysis for dough mixing and bread-making properties 

QTL analysis identified forty-three QTL over 13 wheat chromosomes controlling 10 

dough mixing strength and bread-making properties (Table IV; Fig. 2). The two major 

QTL clusters on chromosomes 1B and 1D influenced all five mixograph properties, BMT 

and BLV, whereas BWA was mainly influenced by 1B. A third QTL cluster was 

identified in the Xgdm132 and Xcfd13c interval on the linkage group 6D.1 of 

chromosome 6D, which influenced MIXOPA, MPT, MPI, and BMT. Additional minor 

QTL clusters on the linkage groups 1B.2 and 7D.3 of chromosomes 1B and 7D 
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influenced mixing time related properties (MPT and MPI).  A QTL cluster on the linkage 

group 1A.1 of chromosome 1A influenced mixograph midline peak value and width 

(MPV and MPW). A flour protein QTL on linkage group 6D.3 also influenced MPV, 

MPW, and BLV. QTL on chromosomes 2D (R2 ≤ 12%) and 5D (R2 ≤ 9.6%) influenced 

BLV and BWA, respectively. Bread crumb color was influenced by two QTL on 

chromosomes 5A (R2 ≤ 10%) and 5B (R2 ≤ 9.2%). Bread crumb grain was influenced by 

three QTL on chromosomes 2A (R2 ≤ 10.7%), 2B (R2 ≤ 11.5%), and 7A (R2 ≤ 9.8%). The 

multiple regression analysis of all the QTL for dough-mixing properties showed that the 

QTL detected explained between 50 and 70% of the phenotypic variation in these 

properties (Table V). For bread-making properties, all QTL in the multiple regression 

model explained between 20 to 50% of the total phenotypic variation (Table V). The 

regression coefficient associated with each significant marker for QTL was also provided. 

 

QTL analysis for SE-HPLC of endosperm proteins 

Eleven chromosome regions were associated with important protein fractions of the 

endosperm polymeric proteins, such as EPP, UPP, and UVHP (Tables VI and VII; Fig. 

2). Extractable polymeric proteins, EPP AA and EPP A% values, were mainly influenced 

by the HMW glutenin subunit Glu-D1 (R2 ≤ 37.9%) on chromosome 1D and a QTL on 

6D.1 (R2 ≤ 21.6%). In addition, EPP AA values were influenced by three QTL on 6D.3 

(R2 ≤ 8.4%), 7A (R2 = 5.8%), and 7D (R2 ≤ 13.8%), whereas EPP A% was influenced by 

a QTL on 1B (R2 ≤ 10%). Multiple QTL explained 38.4 and 39.9% of the total 
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phenotypic variation in EPP AA and EPP A% values (Table V). Unextractable polymeric 

proteins, UPP AA and UPP A% values, were mainly influenced by two QTL on 1A and 

1B, and the same QTL influenced UVHP AA and UVHP A%. UPP AA was also 

influenced by three other QTL on 4A (R2 ≤ 7.4%), 5D (the Ha locus, R2 = 5.1%), and 

6D.3 (R2 ≤ 7.6%). The Glu-D1 was the major QTL influencing UVHP AA and A% 

values with R2 up to 31.8 and 30.8%, respectively. A minor QTL on 3A was detected for 

UVHP AA, explaining up to 6.9% of the variation in UVHP AA values. Based on 

multiple regression analysis, all the QTL explained about 50 and 70% of the total 

phenotypic variation in UVHP AA and UVHP A% values, respectively.  
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Discussion 

 

Phenotypic variation and correlations among quality traits 

The mapping population used in this experiment segregated for several end-use quality 

traits. As previously reported, these quality traits were influenced by genotype and 

environments, and to some extent by an interaction of genotype and environment (Busch 

et al. 1969; McGuire and McNeal 1974; Lukow and McVetty 1991; Peterson et al. 1992). 

Endosperm texture showed high correlations (0.78 - 0.79) between environments. Similar 

correlations of 0.72 to 0.79 were reported by Zannetti et al. (2001), in a population 

derived from wheat and spelt, and Crepieux et al. (2005), in a population of 30 F6 lines 

that were identical by descent. In our study, heritability values (hB
2 ≥ 0.91) were high for 

endosperm texture and mixing time properties (MPT, MPI and BMT), indicating that 

selection for these traits would be very effective. Campbell et al. (2001) reported low 

heritability estimates (0.42) for bread crumb grain. In this study, we also obtained low 

heritability estimates (0.11 - 0.41) for bread crumb properties. Kamman (1970) reported 

that the bread crumb grain and texture could be influenced by the variation in bake water 

absorption. Similarly, Ohm et al. (1998) reported a positive correlation (r = 0.32 at P < 

0.01) between bake water absorption and bread crumb grain score. We also observed that 

the bake water absorption was correlated with crumb texture (r = 0.41 at P < 0.001), 

however, not with crumb grain (r = -0.03 at P < 0.05). One reason could be that the error 

variance for crumb grain score was very high.  
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QTL analysis for endosperm texture  

We detected six QTL on chromosomes 1A, 2A, 5A, 5B, and 5D. Previous studies have 

found that endosperm texture was mainly controlled by a single major hardness gene on 

5D, with alleles Ha for soft and ha for hard, that distinguishes soft from hard wheat 

classes (Symes 1965). Two tightly linked puroindoline genes (Pin-a and Pin-b) function 

as the Ha locus (Mattern et al. 1973; Law et al. 1978; Sourdille et al. 1996; Giroux and 

Morris 1997, 1998). Results have shown that the dominant or wild-type forms of Pina (-

D1a allele) and Pinb (-D1a allele) genes are only present in soft wheats (Symes 1965; 

Baker 1977; Law et al. 1978; Giroux and Morris 1998; Morris et al. 2001; Morris 2002), 

while recessive mutations in these genes, such as a null mutation in Pina (-D1b allele) or 

a point mutation in Pinb (-D1b allele), are present in hard wheat (Giroux and Morris 

1997, 1998; Morris et al. 2001; Morris 2002; Pan et al. 2004; Lillemo et al. 2006). Both 

parental lines in the present study are hard wheat breeding lines carrying a null mutation 

in Pina (Pina-D1b allele), consistent with previous reports as mentioned above. Studies 

are in progress to determine if both parents carry known alleles or new alleles of Pinb. 

Although studies of transgenic and non-transgenic lines with either Pin-a or Pin-b have 

confirmed the role of Ha locus on endosperm texture (Lillemo and Ringlund 2002; 

Igrejas et al. 2002; Wanjugi et al. 2007), puroindolines alone do not explain all the 

variation in endosperm texture (Campbell et al. 2001; Martin et al. 2001; Igrejas et al. 

2002; Crepieux et al. 2005). Besides the Ha locus, other minor genes also contribute to 

variation in endorsperm texture (Symes 1965; Baker 1977; Anjum and Walker 1991). In 

our study, the hardness QTL on 5D explained up to 22% of the variation in endosperm 
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texture. Similar results were obtained by Martin et al. (2001), who showed that the Ha 

locus alone accounted 26% of the total variation in endosperm texture in a population 

derived from hard wheat. In our study, five of the six QTL explained 61.2% of the total 

variation in endosperm when combined, meaning that these QTL alleles could be targeted 

for selection in order to increase the hardness of endosperm texture. Two of the QTL, 

QSkhard.man-1A and QSkhard.mna-5A.2, were consistently detected across 

environments and each explained up to 17% of the variation in endosperm texture. Other 

researchers identified QTL on 6B (Galande et al. 2001) and 1B (Turner et al. 2004). 

Although Turner et al. (2004) did not declare a QTL on 5A, they observed a consistent 

effect at the marker Xpsr133 near Xgwm293. In our study, we identified a QTL 

(QSkhard.mna-5A.1) that was inconsistently detected across environments, in the same 

region of 5A as Turner et al. (2004).  

In our study, the minor QTL for endosperm texture located between Xgwm339-

Xbarc311 region on chromosome 2A coincided with the QTL for kernel weight, size, and 

grain yield (Tsilo and Anderson, unpublished results; McCartney et al. 2005). In addition 

to the 5D QTL, Crepieux et al. (2005) identified a QTL on chromosome 1D near Glu-D1; 

however, the authors concluded that other QTL alleles could still be segregating on the 

rest of the genome because of high polygenic inheritance of endosperm texture observed 

in their study. In our study, Glu-D1 was not detected as a QTL for endosperm texture.  
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QTL analysis for dough mixing strength and bread-making properties 

Two major QTL clusters on chromosomes 1B and 1D that influenced five dough mixing 

strength and some bread-making properties were mapped at the HMW glutenin Glu-B1 

and Glu-D1 loci, which is consistent with previous research (Campbell et al. 2001; 

Zanetti et al. 2001; McCarteny et al. 2006; Elangovan et al. 2008; Zhang et al. 2009; 

Zhao et al. 2009). Based on the consensus map of Somers et al. (2004), the Glu-B1 locus 

was located 3 cM from the marker Xcfd48. In our study, Xcfd48 mapped within the 

Xbarc181 – XwPt5485 marker interval and the QTL explained up to 38% of the variation 

in dough mixing strength and bread-making properties. We also found that the Glu-D1 -

derived umn26 marker (Liu et al. 2008) had consistent effects (up to 50% of the total 

phenotypic variation) on MPT, MPI and BMT, while a QTL cluster on 6D had a minor 

effect on these properties. The QTL results on MPT, MPI and BMT are consistent with 

the strong positive correlations (0.93 - 0.99) observed between pairs of these properties. 

The same Glu-B1, Glu-D1, and 6D QTL were among the eight QTL that affected 

endosperm polymeric protein fractions, which had strong correlations with dough and 

bake mixing times (Tsilo et al. 2009b). Other QTL for MPT and MPI were identified on 

7D. This population segregated for Glu-A1 based on the Glu-A1 derived umn19 marker 

of Liu et al. (2008); however, there was no evidence of the Glu-A1 effect on dough 

mixing strength. One possible explanation is that the Glu-A1 alleles segregating in this 

population do not influence dough-mixing strength differently.  

Midline peak value and width were mainly influenced by the Glu-B1 locus, 

explaining up to 32% of the total phenotypic variation. Other QTL that influenced both 
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MPV and MPW were on 1A and 6D. The gliadins (Gli-A1) and HMW (Glu-A1) and 

LMW (Glu-A3) glutenin loci are present on 1A (Brown and Flavell 1981; Payne 1987); 

however, the 1A QTL detected in our study was mapped in a different location and 

explained up to 11 and 16% of the total variation in MPV and MPW, respectively (Table 

IV; Fig. 2). Payne et al. (1982) and Nelson et al. (2006) reported the storage protein locus 

on the short arm of chromosome 6D; however, in our study, the QTL on 6D mapped near 

the markers Xcfd5, Xcfd45 and Xwmc773 at the distal region of the long arm of 

chromosome 6D. This QTL region explained up to 15 and 12% of the total variation in 

MPV and MPW, respectively. The same QTL region influenced grain and flour protein 

content in this material (Chapter three). One inconsistent MPV QTL on 2B was located 

near the marker Xwmc489, the same region where McCartney et al. (2006) identified 

three mixograph QTL.  

In addition to Glu-B1 (R2 ≤ 15%) and Glu-D1 (R2 ≤ 6%), as discussed above, we 

detected two other QTL for loaf volume on 2D (R2 ≤ 12%) and 6D (R2 ≤ 13%). The 

effects of all BLV QTL, including Glu-B1 and Glu-D1, were not consistent across 

environments. Several groups also identified QTL for loaf volume. Campbell et al. 

(2001) identified QTL on 2B, 5D and 7A. McCartney et al. (2006) identified QTL on 4D. 

Elangovan et al. (2008) conducted intensive BLV QTL study in six environments and 

identified QTL on 1B, 1D, 2A, 3A, 5B, 5D, 6B, and 6D. The 6D QTL detected in our 

study was located on the long arm of chromosome 6D, a different position from the QTL 

clusters identified by Elangovan et al. (2008) on the short arm of chromosome 6D.  
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Bake water absorption obtained in this study was adjusted according to the 

mixograph peak height. We identified three QTL for BWA on chromosomes 1A, 1B, and 

5D near Glu-A3, Glu-1B, and Ha, respectively. Although these QTL were not 

consistently detected across environments, the results are consistent with the reports that 

flour water absorption is a function of protein content, starch damage, pentosans, and 

gluten strength (Ever and Stevens 1985; Shogren et al. 1988; Mok and Dick 1991). 

Campbell et al. (2001) also identified a BWA QTL at the Ha locus on 5D and a starch 

damage QTL on the short arm of chromosome 4D. McCartney et al. (2006) identified 

farinograph water absorption QTL on 2B, 4D, 6B and 7D. Optimum water absorption is 

mostly obtained from farinograph according to AACC Approved Method 54-21 (AACC 

2000), and studies are in progress to obtain optimum water absorption on this sample set. 

Based on our preliminary results, one-environment farinograph water absorption QTL 

were identified on 1A, 1B, 4D, 5A, and 7D. The 5A QTL we identified in our 

preliminary results was located in the same region as the QTL reported by Ma et al. 

(2007).  

QTL for crumb properties were not consistently detectable across environments, 

partly because of a high error variance. The detection of QTL depends largely on precise 

phenotypic assessments of the trait. In this study, the method used to assign crumb scores 

is prone to high error variance. For this reason, bread crumb properties, such as crumb 

grain, crumb texture and color would need more accurate and objective measurements, 

perhaps using image analyzers. However, we identified crumb color QTL on 5A and 5B, 

and crumb grain QTL on 2A, 2B and 7A. Campbell et al. (2001) identified one QTL for 
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crumb grain on 4D, which was detectable at a LOD score of 1.8. McCartney et al. (2006) 

identified bread firmness QTL on 4D and 6A.  

 

QTL analysis for endosperm polymeric proteins 

Polymeric proteins are known to strongly affect dough strength parameters (Gupta et al. 

1993; Suchy et al. 2003; Kuktaitie et al. 2004; Mann et al. 2009). In our study, the 

amount of extractable polymeric proteins in flour was influenced by one QTL on 1D 

(Glu-D1), two QTL on 6D, one QTL on 7A and another one on 7D. The main QTL were 

Glu-D1 and QEppaa.umn-6D.1 and each explained up to 19% of the variation in EPP 

(AA). Most of the EPP (AA) QTL also influenced dough mixing strength and bread-

baking properties in this study. This is consistent with the strong negative correlations 

between EPP and dough and bake mixing times (Tsilo et al. 2009b). Of the five EPP 

(AA) QTL detected, only two (Glu-D1 and QEppaa.umn-6D.1) were detected with 

higher effects on the proportion of EPP in total protein (EPP A%). Glu-B1, located 

between Xbarc181 and XwPt4676, also affected EPP A% but not EPP AA values. 

 Mann et al. (2009) reported that UPP was associated with Glu-B3 and Glu-B1, 

both on chromosome 1B, Glu-D1, on chromosome 1D, and a region on 2B. In our study, 

UPP was influenced by Glu-A3, on chromosome 1A, Glu-B1, and regions on 4A and 6D, 

and another region near the Ha locus on 5D. Although UPP is known to positively affect 

dough-mixing strength and bread-making quality (Gupta et al. 1993), the effects are 

stronger with UVHP than with other unextractable polymeric proteins (Tsilo et al. 

2009b). The main difference between UVHP and other unextractable polymeric proteins 
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was the QTL detected near Glu-D1 and a QTL on chromosome 3A. All five QTL for 

UVHP (Glu-A3, Glu-B1, Glu-D1, QUvhpa.mna-1B.2, and QUvhpaa.mna-3A) explained 

between 54.5 and 72.4% of the variation in UVHP AA and A%, respectively (Table V), 

and should be the main target for increasing the amount of UVHP in breeding material.  

In summary, selection of the UVHP desirable allele at the Glu-D1 locus would 

also decrease the amount of EPP substantially, thereby improving dough strength and 

bread-making properties. Taking together all the QTL results presented in this study, the 

MN99394 parental line contributed the most desirable alleles for Glu-1B and alleles of 

6D on the linkage group of 6D.1. For MN98550, the most desirable alleles are provided 

by Glu-A3, Glu-D1, alleles of 6D on the linkage group of 6D.3, and the 7D alleles. The 

Glu-B1 QTL within the interval of Xbarc181-XwPt5485 on chromosome 1B affected 

most quality properties and was closely linked to the Fpc and grain yield QTL that were 

located within the interval of Xwmc419-Xbarc181. McCartney et al. (2006) also reported 

similar results that a Fpc QTL and Glu-B1 were linked but not within the same interval, 

meaning that this region harbors very important genes that influence quality properties.   

Finally, some of the recombinant inbred lines originating from this study were 

selected and used as parents in the breeding program. We hope that the QTL identified in 

this study will be useful in accumulating beneficial alleles through marker-assisted 

selection: thereby facilitating the development of high quality wheat cultivars. Also, the 

new breeding populations that were developed from the selected RILs would be a good 

source for validating the effects of new QTL that were identified in the present study.  
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Table I 
Mean values, standard deviations, and range of endosperm texture and endosperm proteins in a 

recombinant-inbred population evaluated in three environments in 2006 
Trait† Environment RIL population (n = 139) Parental lines 

 Mean Min Max SD Normality‡  MN99394 MN98550 
Endosperm texture 
(hardness index) 

All 72.9 59.5 84.6 5.4 W = 0.98 
(0.089) 

74.7 74.3 
Crookston 80.0 64.9 92.2 5.5 82.6 82.2 
Morris 74.1 60.3 86.9 5.6 77.5 73.4 
St Paul 64.5 48.4 78.3 6.4 64.1 67.3 

HPLC parameters 
    EPP (AA) 
  

All 4615 3757 5441 330 W = 0.99 
(0.178) 

4543 4711 
Crookston 4203 3394 4995 369 4145 4396 
Morris 5005 3992 6403 496 4906 4917 
St. Paul 4636 3704 5780 397 4577 4820 

 
EPP (A%) 
 

All 20.67 17.62 23.23 1.10 W = 1.00 
(0.955) 

19.78 20.42 
Crookston 19.92 17.13 22.75 1.24 18.92 19.87 
Morris 21.03 17.29 24.71 1.52 19.97 20.31 
St. Paul 21.05 17.93 26.73 1.39 20.44 21.10 

 
UVHP (AA) 
 

All 951 599 1277 117 W = 1.00 
(0.951) 

948 1045 
Crookston 904 604 1313 139 928 1006 
Morris 1055 665 1575 169 1072 1147 
St. Paul 895 286 1259 153 846 980 

 
UVHP (A%) 
 

All 4.26 2.74 5.52 0.51 W = 1.00 
(0.873) 

4.13 4.52 
Crookston 4.29 2.69 5.67 0.66 4.24 4.55 
Morris 4.44 2.89 6.45 0.71 4.37 4.73 
St. Paul 4.10 1.65 5.52 0.62 3.77 4.28 

 
UVHP/EPP 
 

All 0.21 0.12 0.28  0.03 W = 0.99 
(0.429) 

0.209 0.222 
Crookston 0.22 0.13 0.31 0.04 0.224 0.229 
Morris 0.21 0.12 0.31 0.04 0.219 0.233 
St. Paul 0.19 0.06 0.29 0.04 0.185 0.203 

 
UPP (AA) 
 

All 4921 3085 6216 400 W = 0.97 
(0.002) 

5084 5075 
Crookston 4813 3702 6186 464 4968 4971 
Morris 5144 3660 7183 527 5391 5335 
St. Paul 4805 1761 5977 558 4893 4919 

UPP (A%) 
 

All 22.1 14.5 25.7  1.7 W = 0.97 
(0.003) 

22.15 22.00 
Crookston 22.8 17.7 26.7  2.0 22.70 22.44 
Morris 21.7 15.1 25.9  2.1 21.91 22.03 
St. Paul 21.8 10.1 26.0  2.0  21.84 21.51 

UPP/EPP 
 

All 1.08 0.64 1.38 0.12 W = 0.987 
(0.230) 

1.124 1.080 
Crookston 1.15 0.82 1.50 0.14 1.201 1.131 
Morris 1.03 0.65 1.48 0.15 1.102 1.088 
St. Paul 1.04 0.38 1.37 0.14 1.069 1.020 

† EPP = HPLC absorbance area of SDS-extractable polymeric proteins (Fr1 + Fr2 + Fr3 of Fig. 1); UPP = 
HPLC absorbance area of SDS-unextractable polymeric proteins (Fr1 + Fr2 + Fr3 of Fig. 1); UVHP = HPLC 
absorbance area of SDS-unextractable very high molecular weight polymeric proteins (Fr1 of Fig. 1); and AA = 
total absorbance area of protein fractions in the flour; A% = percentage of AA in total proteins 
‡ The phenotypic distributions based on the mean of three environments were tested for normality using the 
Shapiro-Wilk statistic (Shapiro and Wilk 1965); P-values in parenthesis 
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Table II 
Mean squares and heritabilities for endosperm properties, dough mixing and bread-making properties of a recombinant inbred line 

population (n=139) evaluated in three environments in 2006 
  Mean Square  
Traits Genotype Environment G X E‡ Error§ hB

2¶ 
Endosperm texture 85.89*** 8352.2***    7.35(0.07) 5.22 0.91 
Endosperm protein fractions†       
    EPP (AA)     3.3x105***     2.2x107*** 106416*** 49667 0.68 
    EPP (A%)     3.53***   58.14***    1.12*** 0.56 0.68 
    UVHP (AA) 41386*** 1127304*** 15123*** 6917 0.63 
    UVHP (A%)     0.79***     5.33***    0.27*** 0.09 0.66 
    UVHP/EPP     0.003***     0.020** 7.96x10-4*** 3.53x10-4 0.73 
    UPP (AA) 481453*** 5207206*** 161455*** 41660 0.66 
    UPP (A%)     8.6***   56.7*** 1.9*** 0.45 0.78 
    UPP/EPP     0.041***     0.59***    0.011*** 0.005 0.73 
Mixograph parameters      

Mixograph pattern     3.32***   48.4***    0.68ns 0.75 0.80 
Midline peak time (min)   15.01*** 141.4***    1.15 *** 0.23 0.92 
Midline peak value (%)   41.38*** 160.6***    6.12 ns 5.11 0.85 
Midline peak width (%)   32.47***   88.36***    6.88 ns 6.55 0.79 
Midline peak integral (% torque x min) 12191*** 122608*** 707*** 195.5 0.94 

Bread-making parameters       
Bake mixing time (min)     6.60***     1.08***    0.107 ns 0.08 0.98 
Bake water absorption (%, 14% mb)     2.94***   48.2***    1.188 ns 0.96 0.60 
Bread loaf volume (cm3) 192.4*** 524.7**  76.02 ns 71.4 0.60 
Bread crumb color     0.71***     9.24***    0.42 ns 0.37 0.41 
Bread crumb grain     0.73***   16.87***    0.65 ns 0.74 0.11 
Bread crumb texture     0.35*     1.43**    0.28 ns 0.24 0.20 

† Trait explained in Table I 
‡ Genotype by environment interaction 
§ Error mean squares were estimated from the check genotypes that were replicated within environments, as described in an augmented design 
by Federer (1961) 
¶ Broad-sense heritability on an entry-mean basis 
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*, **, and *** indicate a significance at P < 0.05, 0.01, and 0.001, respectively; ns indicates not significant at P < 0.05 
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Table III 
Phenotypic correlation coefficients among endosperm proteins, among mixograph and bread-making properties, and endosperm texture based on trait 

values averaged across three environments in 2006 
Traits EPP 

(AA) 
EPP 

(A%) 
UVHP 
(AA) 

UVHP 
(A%) 

UVHP: 
EPP 

UPP 
(AA) 

UPP 
(A%) 

UPP: 
EPP 

Skhard   

Endosperm protein fractions†‡            
    EPP (AA)  1           
    EPP (A%)  0.68*** 1          
    UVHP (AA) -0.18* -0.57*** 1         
    UVHP (A%) -0.50*** -0.56*** 0.90*** 1        
    UVHP/EPP -0.62*** -0.77** 0.88*** 0.96*** 1       
    UPP (AA) -0.01 ns -0.46*** 0.75*** 0.59*** 0.59*** 1      
    UPP (A%) -0.49*** -0.45*** 0.59*** 0.73** 0.70*** 0.77*** 1     
    UPP/EPP -0.67*** -0.79*** 0.67*** 0.77*** 0.86*** 0.74*** 0.90*** 1    
Endosperm texture † -0.06ns -0.11 ns 0.01 ns 0.01 ns 0.05 ns -0.03 ns -0.04 ns 0.03 ns 1   
Mixing and bread-making† MIXOPA MPT MPV MPW MPI BMT BWA BLV BCC BCG BCT 

Mixograph pattern  1           
Midline peak time   0.42***  1          
Midline peak value   0.51*** -0.37***  1         
Midline peak width   0.69*** -0.10 ns  0.89***  1        
Midline peak integral   0.53***  0.99*** -0.24**  0.02ns  1       
Bake mixing time   0.47***  0.94*** -0.34*** -0.08 ns  0.93***  1      
Bake water absorption  0.50*** -0.26**  0.81*** 0.72*** -0.14ns -0.22**  1     
Bread loaf volume   0.59***  0.17*  0.50*** 0.54***  0.26**  0.23** 0.40***  1    
Bread crumb color  0.11 ns -0.09ns  0.29***  0.19* -0.05 ns -0.00 5 

ns 
 0.14 ns  0.27*** 1   

Bread crumb grain -0.15 ns  0.004 ns -0.13ns -0.15 ns -0.03 ns -0.01 ns -0.03 ns -0.23** -0.07 ns  1  
Bread crumb texture  0.28**  0.03 ns  0.35*** 0.32***   0.09 ns  0.03 ns  0.41*** 0.39***   0.25** -0.02 ns 1 

Skhard  0.16 ns -0.01 ns  0.18*  0.13 ns  0.04 ns  0.01 ns 0.31***  0.05 ns -0.07 ns  0.08 ns 0.01 ns 
† Trait abbreviations are presented at the top columns and their definitions are given in the 1st row in their respective order  
‡  Trait explained in Table I 
*, **, and *** indicate a significance at P < 0.05, 0.01, and 0.001, respectively; ns indicates not significant at P < 0.05 
Highlighted were high correlations among dough mixing strength and bread-making properties  
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Table V  
Total phenotypic variation explained by the QTL using multiple regression analysis on trait 

values of 139 recombinant inbred lines averaged across three environments 
Trait† QTL‡ Position Markers in the model b§ R2 
Endosperm 
texture 

QSkhard.mna-1A 36.2 (1A.1) XwPt4676  3.39 61.2 
QSkhard.mna-5A.1 70.3 (5A.1) Xgwm332a -2.93 
QSkhard.mna-5A.2 176.8 (5A.1) Xbarc330 -2.51 
QSkhard.mna-5B 38.5 (5B.1) XwPt9006 -3.24 
QSkhard.mna-5D 0.01 (5D.1) Xbarc130     5.14 

MIXOPA QMixopa.mna-1B 62.7 (1B.1)  Xgpw93013c  1.34 53.5 
QMixopa.mna-1D 0.8 (1D)  umn26 -0.54 
QMixopa.mna-3B 3.4 (3B.3)  XwPt5946 -0.51 
QMixopa.mna-6D 12.0 (6D.1)  Xcfd13c  0.54 

MPT QMpt.mna-1B.1 69.3  (1B.1)  XwPt6690  1.53 70.9 
QMpt.mna-1B.2 43.7 (1B.2)  XwPt1500  1.13 
Glu-1D 0.8 (1D)  umn26 -2.72 
QMpt.mna-6D 12.0 (6D.1)  Xcfd13c  0.71 
QMpt.mna-7D.1 12.0 (7D.1)  XwPt0934  0.71 
QMpt.mna-7D.2 2.0 (7D.3)  XwPt7368 -0.92 

MPI QMpi.mna-1B.1 69.3 (1B.1)  XwPt6690  59.4 68.9 
QMpi.mna-1B.2 37.2 (1B.2)  XwPt0983  22.2 
Glu-1D 0.8 (1D)  umn26 -80.0 
QMpi.mna-6D 12.0 (6D.1)  Xcfd13c  33.4 
QMpi.mna-7D 0.01 (7D.3)  XwPt7368 -26.5 

MPV QMpv.mna-1A 154.3 (1A.1)  Xgwm357   2.03 55.2 
QMpv.mna-1B.1 64.6 (1B.1)  Xcfd48  3.58 
Glu-1D 0.01 (1D)  umn26  1.53 
QMpv.mna-2B.1 25.6 (2B.1) XwPt1813  1.09 
QMpv.mna-6D 11.1 (6D.3)  XwPt1314 -2.17 

MPW QMpw.mna-1A  168.1 (1A.1)  XwPt6455  2.56 54.4 
QMpw.mna-1B 64.6 (1B.1)  Xcfd48  3.18 
QMpw.mna-6D 13.0 (6D.3)  Xcfd5 -2.18 

BMT QBmt.mna-1A.1  40.2 (1A.1)  Xcfa2153 -0.26 53.0 
QBmt.mna-1B 91.5 (1B.1)  Xgpw93013a 0.27 
Glu-1D 0.8 (1D)  umn26 -0.77 

BLV QBlv.mna-1B 71.9 (1B.1)  XwPt0705  6.06 40.4 
QBlv.mna-2D 2.0 (2D.2)  XwPt7739 -5.99 
QBlv.mna-6D 13.5 (6D.3)  Xcfd5 -6.84 

BWA QBwa.mna-1A  42.2 (1A.1)  XwPt4676  0.59 26.9 
QBwa.mna-1B 61.2 (1B.1)  Xgpw93013c  0.62 
QBwa.mna-5D 4.2 (5D.1)  Xcfd18  0.42 

BCC QBcc.mna-5A 29.9 (5A.1)  XwPt4131 -0.41 21.6 
                                                            QBcc.mna-5B 32.3 (5B.1)  XwPt7240  0.40 

BCG QBcg.mna-2A 8.3 (2A)  Xwmc51 -0.24 19.7 
QBcg.mna-2B 48.6 (2B.2)  XwPt8569 -.034 
QBcg.mna-7A 64.6 (7A.2)  XwPt4553 -0.24 
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Table V continued 
Trait† QTL‡ Position Markers in the model b§ R2 
EPP (AA) QEppaa.mna-1D 0.8 (1D) umn26 2.69 38.4 

QEppaa.mna-6D.1 6.0 (6D.1) Xcfd13c -168 
QEppaa.mna-6D.2 13.5 (6D.3) Xcfd5 -247 
QEppaa.mna-7A 0.01 (7A.1) XwPt8473 198 
QEppaa.mna-7D 11.1 (7D.1) XwPt5049 -125 

EPP (A%) QEppa.mna-1B 67.3 (1B.1) XwPt0202 -0.73 39.9 
QEppa.mna-1D 0.8 (1D) umn26 1.17 
QEppa.mna-6D 10.0 (6D.1) Xcfd13c -0.86 

UPP (AA) QUppaa.mna-1A 36.2 (1A.1) XwPt4676 -264 40.7 
QUppaa.mna-1B 67.3 (1B.1) XwPt0202 333 
QUppaa.mna-4A 6.0 (4A.1) XwPt8479 -224 
QUppaa.mna-5D 4.2 (5D.1) Xcfd18 141 
QUppaa.mna-6D 11.1 (6D.3)  XwPt1314 -171 

UPP (A%) QUppa.mna-1A 36.2 (1A.1)  XwPt4676 -2.08 44.0 
QUppa.mna-1B 67.3 (1B.1) XwPt0202 1.23 

UVHP (AA) QUvhpaa.mna-1A 38.2 (1A.1)  XwPt4676 -61.67 54.5 
QUvhpaa.mna-1B 67.3 (1B.1) XwPt0202 75.43 
QUvhpaa.mna-1D 0.8 (1D) umn26 -138.30 
QUvhpaa.mna-3A 4.0 (3A) XwPt0416 -44.29 

UVHP (A%) QUvhpa.mna-1A 38.2 (1A.1)  XwPt4676 -0.28 72.4 
QUvhpa.mna-1B.1 70.5 (1B.1) XwPt3579 0.38 
QUvhpa.mna-1B.2 38.2 (1B.2) XwPt8267 0.28 
QUvhpa.mna-1D 0.8 (1D) umn26 -0.74 

† Traits were defined in Tables I and III 
‡ A QTL name with a chromosome ID flowed by a decimal number indicates that there were more 

than one QTL detected in a chromosome. The detailed information of individual QTL is described 
in Tables IV, VI and VII 

§ Regression coefficient for every QTL in the model. The percent phenotypic variation (R2 x 100) 
explained by joint effects of QTL are provided. Positive regression coefficient indicates that the 
QTL alleles that increased the regression were contributed by MN99349, and negative means that 
the QTL alleles that increased the regression were contributed by MN98550 
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Table VI 
Summary of QTL influencing SDS-extractable polymeric protein fractions using 139 recombinant 

inbred lines grown in three environments in 2006 
Chrom† Marker interval/ peak Environments‡ EPP (AA) §  EPP (A%) 

LOD R2 Add LOD R2 Add 
1B.1 Xbarc181 - XwPt0705 Crookston      5.4   9.2 -0.38 
  All      5.8 10.0 -0.35 
1D umn26 - Xcfd32 Crookston 8.4 19.6  168 18.5 37.9  0.78 

Morris 6.3 17.4  211   7.6 17.4  0.64 
St. Paul      3.4   9.4  0.44 
All 8.5 19.4  149 14.6 29.1  0.60 

6D.1 Xgdm132 -Xcfd13c Crookston 6.2 15.1 -144   7.3 12.7 -0.46 
Morris 7.0 19.8 -223   8.3 21.6 -0.72 
All 7.3 19.4 -148   9.5 19.2 -0.45 

6D.3 Xcfd5 -Xwmc773 Crookston 3.1   6.0   -93    
Morris 2.7   5.7 -122    
All 4.2   8.4   -97    

7A.1 Xbarc7 All 2.8   5.8    81    
7D.1 Xwmc463b -XwPt1100 St. Paul 3.3 13.8 -150    

All 2.5   6.8   -87    
† Chromosomes where QTL for major polymeric protein fractions were detected. A chromosome with a 
decimal number indicates a linkage group where QTL was detected 
‡ Three environments: Crookston, Morris, St. Paul. All represent the averages across three environments 
¶ Traits were defined in Table I. For each trait, the LOD score and percent phenotypic variation (R2 x 100) 
explained for by each of the QTL are provided along with the additive (add) allele effects for the loci. 
Positive additive allele effects indicate that the QTL alleles were contributed by MN99394, and negative 
indicates that the QTL alleles were contributed by MN98550 
Highlighted in gray were environments in which QTL were not declared because their LOD scores were less 
than 2.5 
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Table VII 
Summary of QTL influencing SDS-unextractable polymeric protein fractions using 139 recombinant inbred lines grown in three 

environments in 2006 
Chrom† Marker 

interval/ peak 
Env.‡ UPP (AA) § UPP (A%) UVHP (AA) UVHP (A%) 

LOD R2 Add LOD R2 Add LOD R2 Add LOD R2 Add 
1A.1 XwPt2527 - 

XwPt4676 
Cr 4.9 13.9 -307 20.4 46.5 -1.36    12.3 27.6 -0.40 
Mo 7.0 18.7 -230 13.4 30.4 -1.17   7.8 18.8 -82   6.6 12.4 -0.26 
All 5.3 12.6 -144   6.3 18.0 -1.09   2.7   5.1 -27   8.1 22.0 -0.25 

1B.1 Xbarc181 - 
XwPt0705 

Cr 6.5 17.5  198   6.8 21.0  0.95   3.8   9.2  44   2.7   5.6  0.16 
Mo 4.7 13.3  193   5.1 12.2  0.74   7.1 19.0  75   6.1 10.1  0.24 
St 2.9   8.0  163          
All 8.1 18.9  177   3.8 10.5  0.85   5.6 12.5  42   5.4   9.9  0.17 

1B.2 XwPt8267 All            2.7   5.2  0.12 
1D umn26 - Xcfd32 Cr       14.2 31.8 -81 13.9 25.8 -0.35 

Mo       13.5 27.4 -89 15.1 30.5 -0.40 
St         3.0   7.4 -43   3.9 10.1 -0.20 
All       16.0 31.8 -68  17.7 30.8 -0.30 

3A XwPt2740 -
Xwmc559 

Cr         3.5   6.9 -37    
St         2.5   5.9 -38    
All         2.5   4.2 -24    

4A.2 Xgwm397 - 
XwPt6303 

Mo 2.7  7.0 -141          
All 3.2  7.4 -111          

5D.1 Xcfd18 All 2.6  5.1    93          
6D.3 Xcfd5 -

Xwmc773 
Cr 3.3  7.6 -131          
All 2.6  5.6   -96          

† Chromosomes where QTL for major polymeric protein fractions were detected. A chromosome with a decimal number indicates a linkage group 
where QTL was detected 
‡ Three environments: Cr = Crookston, Mo = Morris, and St = St. Paul. All represent the averages across three environments 
¶ Traits were defined in Table I. For each trait, the LOD score and percent phenotypic variation (R2 x 100) explained for by each of the QTL are 
provided along with the additive (add) allele effects for the loci. Positive additive allele effects indicate that the QTL alleles were contributed by 
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MN99394, and negative indicates that the QTL alleles were contributed by MN98550 
Highlighted in gray were environments in which QTL were not declared because their LOD scores were less than 2.5 
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Fig. 1 Typical size exclusion HPLC chromatograms of sodium dodesyl sulfate (SDS) 
extractable and unextractable proteins, and total protein, showing protein fractions 
(Fr) at different retention times 
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Fig. 2 Partial chromosome regions depicting quantitative trait loci associated with endosperm texture, polymeric proteins, dough-

mixing strength and bread-making properties. Each QTL is designated by the abbreviation of the trait. The approximate QTL 

location for each trait is based on the mean of 3 environments or one of the two environments, and is indicated by the intersection 

of vertical bar (confidence interval based on the LOD scores above 2.5) and horizontal bar (indicates the maximun LOD score, 

and the magnitude of the LOD score is indicated by the thickness of the bar). Detailed information for each QTL is given in 

Tables IV, VI and VII. Separate linkage groups within a partial chromosome are indicated by discontinuous genetic distance. The 

full chromosomes were presented in the Appendix I. Distances are determined based on Haldane mapping function given on the 

left  
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Appendix I A genetic linkage map covering all 21 chromosomes of wheat generated from 

F6:8 RILs of MN99394/MN98550. Linkage distance (cM) between loci are in Haldane 

mapping function. Separate linkage groups within a chromosome are indicated by 

discontinuous genetic distance and double slash marks. The DArT markers are 

identified with prefix ‘wPt’, ‘tPt’, and ‘rPt’. Sr6 is the stem rust resistance gene. All 

remaining marker loci are microsatellite markers 
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Appendix II 
Phenotypic correlation coefficients among traits based on trait values in three environments in 2006 

Traits† Environments Hd Ht Gyld Twt Gpc Skwt Skdiam Tkwt Lgk Medk 
Ht        Crookston  0.46***  1         

Morris  0.62***  1         
St. Paul  0.66**  1         

Gyld  Crookston -0.22** -0.16 (0.07)  1        
Morris  0.27**  0.42***  1        
St. Paul -0.01 ns -0.14 ns  1        

Twt Crookston -0.69*** -0.25**  0.38***  1       
Morris -0.18*  0.05 ns  0.03 ns  1       
St. Paul -0.18*  0.05 ns  0.12 ns  1       

Gpc Crookston  0.06 ns  0.27*** -0.24** -0.09 ns  1      
Morris -0.30*** -0.004 ns -0.32*** -0.01 ns  1      
St. Paul -0.28***  0.05 ns -0.22**  0.06 ns  1      

Skwt Crookston -0.42*** -0.05 ns  0.28***  0.46*** -0.04 ns  1     
Morris -0.28***  0.02 ns  0.03 ns  0.17*  0.30***  1     
St. Paul -0.24**  0.01 ns  0.24*  0.16(0.06)  0.06 ns  1     

Skdiam Crookston -0.41*** -0.10 ns  0.24**  0.51*** -0.04 ns  0.95***  1    
Morris -0.23**  0.02 ns  0.03 ns  0.25**  0.36***  0.92***  1    
St. Paul -0.25** -0.04 ns  0.20*  0.20*  0.11 ns  0.94***  1    

Tkwt Crookston -0.44*** -0.07 ns  0.26**  0.52*** -0.10 ns  0.86***  0.84***  1   
Morris -0.30***  0.01 ns  0.06 ns  0.16(0.06)  0.31***  0.91***  0.86***  1   
St. Paul -0.23** -0.02 ns  0.28***  0.13 ns  0.02 ns  0.86***  0.81***  1   

Lgk Crookston -0.44*** -0.12 ns  0.21*  0.49*** -0.09 ns  0.82***  0.86***  0.90***  1  
Morris -0.20*  0.09 ns  0.11 ns  0.20*  0.31***  0.84***  0.90***  0.89***  1  
St. Paul -0.22** -0.03 ns  0.26**  0.19*  0.02 ns  0.79***  0.84***  0.86***  1  

Medk Crookston  0.42***  0.07 ns -0.17* -0.43*** -0.07 ns -0.79*** -0.82*** -0.88*** -0.98*** 1 
Morris  0.17* -0.10 ns -0.13 ns -0.19* -0.29*** -0.82*** -0.88*** -0.88*** -0.99*** 1 
St. Paul  0.22**  0.03 ns -0.27** -0.20* -0.001 ns -0.78*** -0.83*** -0.86*** -1.00*** 1 

Smk Crookston  0.42***  0.20 * -0.26** -0.55*** -0.13 ns -0.78*** -0.83*** -0.90*** -0.90*** 0.79*** 
Morris  0.31*** -0.02 ns -0.02 ns -0.19* -0.37*** -0.85*** -0.87***  0.87*** -0.92*** 0.87*** 
St. Paul  0.20*  0.04 ns -0.20* -0.15 ns -0.09 ns -0.75*** -0.81*** -0.77 -0.93*** 0.90*** 
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Trait-trait correlations which are highlighted were variables showing significant (highlighted) to insignificant correlations depending on the environments 
† Traits were defined in Table I (chapter three)  
*, **, and *** indicate a significance at P < 0.05, 0.01, and 0.001, respectively; ns indicates not significant at P < 0.05 
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Appendix III 
Summary of QTL identified using trait values of 139 recombinant inbred lines averaged across three 

environments 
Trait† QTL  Position‡ Marker interval/peak LOD R2 Add§ 
Weight       

Skwt QSkwt.mna-7A  59.1 (7A.2) XwPt9824 - XwPt4553 5.8 15.5   0.94 
 QSkwt.mna-6B  62.2 (6B.1) XwPt0052 3.6 10.4  -0.77 
 QSkwt.mna-5B  38.5 (5B.1) Xgwm234 - XwPt9006  2.9   7.1   0.65 
 QSkwt.mna-2A  5.3 (2A) Xgwm339 - Xwmc51 4.2   9.0  -0.74 

Tkwt QTkwt.mna-7A  64.6 (7A.2) XwPt9824 - XwPt4553 6.8 16.6   1.23 
 QTkwt.mna-6B  62.2 (6B.1) XwPt0052 3.3   8.9  -0.90 
 QTkwt.mna-5B  38.5 (5B.1) Xgwm234 - XwPt9006 3.3   7.6   0.84 

 QTkwt.mna-2A  5.3 (2A) Xgwm339 - Xwmc51 4.1   8.5  -0.90 
 QTkwt.mna-1B  8.0 (1B.1) Xbarc337a - XtPt8929 2.5   6.9  -0.82 
Size       

Skdiam QSkdiam.mna-7A  63.1 (7A.2) XwPt9824 - wPt4553 3.3   9.2   0.026 
 QSkdiam.mna-6B  60.2 (6B.1) XwPt0052 2.6   6.9  -0.022 
 QSkdiam.mna-5B  36.3 (5B.1) Xgwm234 - XwPt9006 4.1 10.8   0.028 
 QSkdiam.mna-5A  98.5 (5A.1) Xbarc337b - Xcfa2250 3.2   7.0   0.023 
 QSkdiam.mna-2A  5.3 (2A) Xgwm339 - Xbarc311 3.6   7.9  -0.025 
Lgk QLgk.mna-7A  63.1 (7A.2) XwPt9824 - XwPt4553 5.0 14.5   3.87 
 QLgk.mna-6A  11.1 (6A.1) XtPt0877 2.4   5.0   2.28 
 QLgk.mna-5B 38.5 (5B.1) Xgwm234 - XwPt9006 4.3 10.2   3.25 
 QLgk.mna-5A  98.5 (5A.1) Xbarc337b - Xcfa2250 3.8   7.8   2.83 
 QLgk.mna-2A  5.3 (2A) Xgwm339 - Xwmc51 3.9   8.0  -2.96 
Medk QMedk.mna-7A  63.1 (7A.2) XwPt9824 - XwPt4553 5.5 15.8  -3.15 
 QMedk.mna-6A  11.1 (6A.1) XtPt0877 2.8   5.7  -1.91 
 QMedk.mna-5B  38.5 (5B.1) Xgwm234 - XwPt9006 4.1   9.6  -2.5 
 QMedk.mna-5A  98.5 (5A.1) Xbarc337b - Xcfa2250 4.2   8.7  -2.3 
 QMedk.mna-2A  5.3 (2A) Xgwm339 - Xwmc511 3.6   7.3   2.2 
Smk QSmk.mna-7A  64.6 (7A.2) XwPt9824 - XwPt4553 3.9 11.3  -0.83 
 QSmk.mna-5B  38.5 (5B.1) XwPt9006 2.9   7.9  -0.70 

 QSmk.mna-2A  5.3 (2A) Xgwm339 - Xwmc51 4.7 11.0    0.85 
Gpc QGpc.mna-6D  11.1 (6D.3) XwPt4602- Xcfd5 5.9 13.1   -0.20 
 QGpc.mna-5A  180.4 (5A.1) Xbarc330 - XwPt9094 4.5 10.3   -0.18 
 QGpc.mna-2D  4.0 (2D.2) XwPt7739 - XwPt1499 2.6   7.8   -0.16 
 QGpc.mna-2B  8.1 (2B.2) Xwmc245 - Xgwm271 6.2 13.3    0.21 
 QGpc.mna-1A 8.6 (1A.2) XtPt1012 - XwPt0128 3.3   8.4    0.16 
Gyld QGyld.mna-6D 0.01 (6D.1) Xgdm132 2.7   5.9  11.0 
 QGyld.mna-5B 27.4 (5B.2) Xwmc537 - XwPt2318 4.2 16.0 -17.9 
 QGyld.mna-3D 70.3 (3D.2) XtPt8143 - XwPt4476 3.1   6.7 -11.9 
 QGyld.mna-2B 4.8 (2B.2) Xwmc592 - Xgwm271 6.7 18.3 -21.1 
Hd QHd.mna-7B 9.1 (7B.1) Xwmc323 3.1   8.8    0.69 
 QHd.mna-2D 0.01 (2D.1) Xgwm484 3.4   8.8    0.70 
Ht QHt.mna-7B 9.1 (7B.1) Xwmc323 5.5 14.0    2.1 
 QHt.mna-6D 8.0 (6D.1) Xgdm132 2.9   8.7   -1.65 
 QHt.mna-4B 55.6 (4B) Xgwm6b 4.5 20.0   -2.48 

 QHt.mna-1B  38.8 (1B.2) XwPt8261 2.5   8.8   -1.67 
† Traits were defined in Table I (chapter three) 
‡ QTL position on the linkage group. Chromosome linkage group is in parenthesis 
§ The LOD score and percent phenotypic variation (R2 x 100) explained for by each of the QTL are 
provided along with the additive (add) allele effects for the loci. Positive additive allele effects indicate that 
the QTL alleles were contributed by from MN99394, and negative effects indicate that the QTL alleles 
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were contributed by MN98550. Highlighted in gray were QTL not declared because the LOD scores were 
less below a threshold of 2.5 
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