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Abstract Wheat is marketed based on end-use quality
characteristics and better knowledge of the underlying
genetics of specific quality parameters is essential to
enhance the breeding process. A set of 188 recombinant
inbred lines from a ‘Louise’ by ‘Penawawa’ mapping
population was grown in two crop years at two locations in
the Pacific Northwest region of the United States and data
were collected on 17 end-use quality traits using established
quality analysis protocols. Using an established genetic
linkage map, composite interval mapping was used to
identify QTL associated with 16 of the 17 quality traits.
QTL were found on 13 of the 21 wheat chromosomes.
A large number of QTL were located on chromosomes 3B
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and 4D and coincided with traits for milling quality and
starch functionality. Chromosome 3B contained 10 QTL,
which were localized to a 26.2 c¢cM region. Chromosome 4D
contained 7 QTL, all of which were located on an 18.8 cM
region of this chromosome. The majority of the alleles for
superior end-use quality were associated with the cultivar
Louise. The identified QTL detected remained highly sig-
nificant independent of grain yield and protein quantity. The
identification of these QTL for end-use quality gives key
insight into the relationship and complexity of end-use
quality traits. It also improves our understanding of these
relationships, thereby allowing plant breeders to make
valuable gains from selection for these important traits.

Introduction

Wheat (Triticum aestivum L.) is a primary food staple
worldwide, with consumption averaging 67 kg of wheat
per person per year (FAO 2010). Food products, such as
bread, ready-to-eat cereals, cake, noodles and pasta, made
from processed wheat grain are consumed daily across the
globe. Genetic improvements in wheat focus on three main
areas: enhancing yield, overcoming biotic and abiotic
stresses, and improving end-use quality (Mann et al. 2009).
Wheat grains and flour are divided into soft and hard
texture classes. Soft wheat is used for cookie and confec-
tionary products, often made with alkaline-leavened bat-
ters, whereas hard wheat is used primarily for bread-baking
in yeast-leavened dough and for noodle dough. Soft wheat
flours have a smaller particle size distribution and the
reduced water absorption needed to achieve the batter flow
and product texture associated with cookies, crackers and
cakes. Hard wheat flours have a larger particle size distri-
bution, increased water absorption, which enhances yeast
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growth, and increased gluten protein cross-linking. This
protein network holds carbon dioxide and causes bread
dough to rise. Other uses of wheat flour (noodles, thick-
ening agents) require specific starch characteristics (see
Morris and Rose 1996; Wrigley and Morris 1996 for fur-
ther discussion of end-use requirements).

End-use quality parameters such as grain soundness,
milling, kernel texture, protein and starch functionality and
product performance are predicted using several approved
tests (AACCI 2008). Grain soundness is assessed using
grain volume weight, grain weight and diameter. Milling
components are evaluated with experimental mills that
measure flour extraction percentage (flour yield) and break
flour extraction percentage (break flour yield). Soft wheat
kernels have greater break flour yields upon milling than do
hard wheat kernels (Posner 2000). Kernel texture (grain
hardness) and crushing resistance, as well as kernel weight
and size (outer diameter), are measured with the Single
Kernel Characterization System (SKCS) 4100 (Perten
Instruments, Springfield, IL). Lower SKCS values are
equal to greater softness, thus SKCS hardness values
are generally negatively correlated with break flour yield.
The two measures of kernel texture are not completely
correlated because grain structure, as well as particle size,
influences break flour, whereas the SKCS values include
crushing resistance (Campbell et al. 2007). Flour ash is
measured using thermogravimetric ovens. Flour ash,
although a positive nutritional component, is composed of
minerals and reduces flour functionality in most batters and
dough so that low flour ash is specified in export contracts
(Liu et al. 2011; Morris et al. 2009). A milling score index,
calculated as described below in “Materials and methods”,
comprises the three main milling components: flour yield,
break flour yield and flour ash.

Protein functionality is a critical determinant of wheat
end-use quality. Hard-textured wheat flours destined for
bread-baking require high gluten strength, or gluten protein
cross-linking, whereas low gluten strength enhances tex-
ture of confectionary products made from soft textured
wheat flours. Gluten strength measured using the flour
sodium dodecylsulfate (SDS) sedimentation test is corre-
lated to dough rheology measured using equipment such as
the mixograph and alveograph (Carter et al. 1999; Mondal
et al. 2009). Total protein content of grain and flour
also influence dough rheology and are critical marketing
characteristics.

Soft wheat flour has less starch damage after milling
than hard wheat (Posner 2000). Batters made from flours
with lower starch damage have lower water absorption,
resulting in greater cookie spread (Donelson and Gaines
1998). Flour swelling volume (FSV) is a measure of nor-
mal starch composition [normal wheat starch contains
20-30% amylose (Zeng et al. 1997; Morita et al. 2002)].
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Higher amounts of amylopectin result in waxy and ‘partial’
waxy starches and higher FSV values, the latter being
desirable for some types of Asian noodles. Product tests
evaluate total flour functionality. For soft wheat, the sugar
snap cookie test is that standard. Cookie diameter and
texture are indications of flour texture, water absorption,
starch characteristics and protein strength (Finney et al.
1950).

The tests described above, with the exception of SKCS,
require large amounts of grain or flour. The solvent
retention capacity (SRC) tests were developed by Slade
and Levine (1994) to estimate grain quality parameters on
small samples. They all are based on a mixture of flour
plus one of four different solutions: 5% lactic acid, 50%
sucrose, 5% NaCO; or water, to assess glutenin quality,
pentosan (arabinoxylan) content and gliadin characteristics,
starch damage, and overall absorption characteristics,
respectively. Results are reported as the percentages of the
mass of the flour—solvent pellet after mixing with the sol-
vent, divided by the original flour weight. Greater values
are associated with stronger gluten, greater starch damage,
and greater pentosan (arabinoxylan) content, greater kernel
hardness, lower break flour yield, greater water absorption
and smaller cookie diameter (Guttieri et al. 2001; Ram
et al. 2005). The ratio of the four solvents can predict flour
functionality for specific products. For example, soft wheat
for crackers would require high lactic acid values and low
sodium carbonate values, whereas desirable soft wheat
flour for cakes would have low values for all solvents and
bread wheat flour would have high values of all solvents
(Slade and Levine 1994).

In addition to the tests listed above, specific genes
affecting kernel texture, protein and starch quality have
been identified. The high and low molecular weight
glutenin subunits on the wheat homoeologous group
1 chromosomes control much of the protein functionality
of flour (Shewry et al. 1992; D’Ovidio and Masci 2004).
A significant portion of the variation for kernel texture
between soft and hard wheat is determined by allelic dif-
ferences at the puroindoline genes Pina and Pinb located
on chromosome 5DS (Morris 2002; Bhave and Morris
2008a, b). The granule bound starch synthase (GBSS)
genes (Epstein et al. 2002) control starch composition.
Three major GBSS genes have been identified on chro-
mosomes 4A, 7A, and 7D (McLauchlan et al. 2001).
Mutations in any one of these genes will result in the non-
expression of that GBSS protein, reducing starch amylose
content (Zeng et al. 1997). Loss of all three proteins results
in ‘waxy’ endosperm, or virtually no amylose deposited in
the starch granules (McLauchlan et al. 2001). All of the
above-mentioned genes have specific impacts on end-use
quality performance and are major genetic improvement
targets for wheat breeding programs around the globe.
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Multiple QTL mapping studies have been performed to
further understand the genetic architecture underlying end-
use quality. Using a hard by soft kernel texture wheat
recombinant inbred line (RIL) population, Campbell et al.
(1999, 2001) identified QTL for kernel, milling, and baking
traits. QTL for kernel traits were located on chromosomes
1A, 2B, 2D, 3B, 7A, and 7B. The Pinb gene for kernel
texture, located on chromosome SDS was the major QTL
for milling, hydration, and cookie baking traits, whereas
the glutenin genes controlled variation for mixograph peak
time, curve height, and tolerance (Campbell et al. 2001).
Flour protein quantity genes were detected on chromosome
2B. In a similar study, Breseghello et al. (2005), also
working with a soft by hard wheat population, detected 15
QTL on 13 linkage groups, which were putatively assigned
to chromosomes 1A, 1B, 1A/D, 2A, 2B, 2D, 3A/B, 4B, 5B,
and 6B. These traits were associated with milling traits,
protein content, and baking assay traits. McCartney et al.
(2006) studied 47 quality traits in the RL4452 by ‘AC
Domain’ hard wheat cross and identified 99 QTL over 18
chromosomes for 41 quality traits. Twenty of those QTL
mapped near a major plant height QTL (Rht-D1b) on
chromosome 4D, and 10 QTL mapped near a QTL for time
to maturity on chromosome 7D. These QTL were mainly
associated with traits for mixograph and farinograph per-
formance, baking performance, and starch functionality.

Previous QTL studies using bi-parental populations
have been conducted within hard wheat populations or
within populations derived from cross-hybridizing hard and
soft wheat. Two association mapping strategies were used
to detect QTL for quality traits in sets of soft wheat
germplasm (Breseghello and Sorrels 2006; Reif et al.
2011). Breseghello and Sorrels (2006) detected significant
QTL associated with kernel morphology on chromosomes
2D, 5A, and 5B and weak QTL associated with flour yield
and break flour yield on 2D and 5B. Reif et al. (2011)
detected QTL for kernel weight, protein content, sedi-
mentation volume, and starch concentration on 15 different
chromosomes. One bi-parental population using two soft
wheat cultivars detected QTL for flour yield, flour protein,
softness equivalent, and solvent retention capacity tests, the
majority of which were located on chromosome 1B and 2B
(Smith et al. 2011).

The genetic control of flour milling characteristics in
soft wheat remains unexplored and unidentified in spite of
their value to industry. Improvement of milling traits has
been slow because most evaluation methods are destructive
and require substantial amounts of grain so that milling
quality has typically not been assayed until late in the
breeding process and the stringent selection placed on end-
use quality has restricted overall improvement. However,
other than the negative correlation between grain yield
and grain protein content (Groos et al. 2003), few studies

reporting the genetic correlations among agronomic and
quality traits have been reported. Knowledge of these
correlations would allow breeders to make gains from both
direct and indirect selection for multiple traits (Carter et al.
2010), thereby facilitating the improvement of these com-
plex traits in regionally adapted wheat cultivars.

The objectives of this study were to identify DNA
markers associated with QTL for important end-use quality
traits in a RIL population created from two soft white
spring wheat cultivars, ‘Louise’ (Kidwell et al. 2006; PI
634865) and ‘Penawawa’ (PI 495916), which are adapted
and widely grown in the Pacific Northwest (PNW) region
of the United States and differ for many important end-use
quality traits. A second objective was to use the data pre-
viously reported for agronomic traits (Carter et al. 2011)
to determine genetic correlations among agronomic and
quality traits in this population.

Materials and methods
Plant materials

An Fs.¢ derived RIL population of 188 individuals from a
cross between Louise and Penawawa was selected for
phenotypic and genotypic analyses. Louise, a soft white
spring wheat released in 2005, has moderate grain volume
weight, low grain protein concentration, and excellent end-
use quality characteristics for soft wheat products such as
cookies and cakes (Kidwell et al. 2006). Penawawa, a soft
white spring wheat released in 1985, has moderate grain
volume weight, moderate grain protein concentration, and
average end-use quality characteristics. Penawawa also is
known to carry a null allele for GBSS on chromosome 4A,
which makes it a “partial-waxy” wheat (Zeng et al. 1997).
These two parents also contrast for other disease and
agronomic traits that are discussed elsewhere (Carter et al.
2009, 2011).

Field experiment

Field trials were conducted in Pullman, WA (latitude
46°41'N, longitude 117°08'W, elevation 776 m) in 2007,
and in Moscow, ID (latitude 46°43'N, longitude 116°57'W,
elevation 796 m), and again in Pullman, WA, in 2008.
Plots were planted using an alpha lattice design with three
replicates per location (Mason et al. 2003). Before planting,
the field was cultivated and fertilized with nitrogen (for-
mulated as urea) at a rate of 101 kg ha~'. Due to differ-
ences in resistance to the foliar fungal disease stripe
rust (caused by Puccinia striiformis f. sp. tritici) to which
Louise is resistant and Penawawa is susceptible, plots
were sprayed with Tilt (propiconazole; Syngenta, Basel,
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Switzerland) at the rate of 0.3 1ha™! at stem extension

(Feekes 10; Feekes 1941) to prevent confounding end-use
quality results with disease susceptibility. Plots were har-
vested using a Wintersteiger NurseryMaster combine
(Wintersteiger Co., Salt Lake City, UT) and grain was
collected individually for each plot.

Data collection

End-use quality analysis was performed by blending 200 g
from each replicated field plot for each line at each location
(600 g total). Quality analyses were performed individually
on a single composite sample per RIL per the locations
described above. Data were also averaged over the three
locations and analyzed as a ‘combined average’. Quality
analyses were conducted at the USDA-ARS Western
Wheat Quality Laboratory in Pullman, WA. Samples were
tempered to 14% moisture content and milled on a Quad-
rumat system as modified by Jeffers and Rubenthaler
(1979). Approved methods of the AACC International
(2008) were used for all quality analyses. Grain soundness
was evaluated using grain volume weight (Approved
Method 55-10). Grain hardness (Approved Method
55-31.01), kernel diameter, and kernel weight were deter-
mined using a Single Kernel Characterization System
(SKCS) 4100 (Perten Instruments, Springfield, IL). Flour
yield (percentage by weight of the total products recovered
as straight-grade white flour), break flour yield (percentage
by weight of the total products recovered as flour off the
break rolls of the mill), and flour ash (Approved Method
08-01) were measured to evaluate milling and particle size
components. A calculated trait, milling score (calculated
as: ({100 — (0.5 x [16 — temper level]) + (80 — flour
yield) 4+ (50 x [flour ash — 0.30])} x 1.274) — 21.602),
also was evaluated. Flour swelling volume (Approved
Method 56-21.01), flour sodium dodecylsulfate (SDS)
sedimentation volume (Carter et al. 1999), protein content
(Approved Method 39-10 adjusted with Dumas combustion
method), and flour protein (Approved Method 39-11) were
measured to evaluate flour functionality. Solvent retention
capacity (SRC) (Approved Method 56-11.02) was con-
ducted on straight-grade flour for lactic acid (SRC lactic),
sucrose (SRC sucrose), carbonate (SRC carbonate), and
water (SRC water) and data are presented as a percentage
(weight of final vs. weight of original). Cookie diameter
was evaluated using Approved Method 10-50. Table 1
details the tests performed for samples from each
environment.

DNA isolation and marker analysis

The RIL population and the linkage map were fully
described in Carter et al. (2009). Briefly, the linkage map
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comprised 25 linkage groups with markers spaced an
average distance of 9.0 cM. Published mapping data were
used to place linkage groups on all 21 wheat chromosomes.
The genotype data used for linkage map construction
included one single nucleotide polymorphism (SNP) and
300 simple sequence repeat (SSR) markers. The marker
Ppd-D1 was used to detect allelic differences at the pho-
toperiod insensitivity gene locus, Ppd-D1 (Hanocq et al.
2004; Beales et al. 2007).

Fresh leaf tissue of three individuals from each Fs.¢ RIL
or parent was collected at the five-leaf stage, and used to
extract genomic DNA using the method described by
Anderson et al. (1992). Sequences of available SSR
markers along with their previously determined chromo-
somal locations were obtained from Graingenes (http:/
wheat.pw.usda.gov/). SSR marker analysis was conducted
using the PCR conditions described by Roder et al. (1998)
except that primers were synthesized to include the M13-
tail (Oetting et al. 1995). The 10-uL reaction mixture
consisted of 50 ng of template DNA, 1.0 uL. Mg-free 10x
PCR buffer, 0.5 Unit of Taqg DNA polymerase, 1.5 mM
MgCl, (Promega, Madison, WI, USA), 200 uM each
dCTP, dGTP, dTTP, and dATP (Fermentas, Glen Burnie,
MD) and 0.25 pM of each primer pair synthesized by
MWG-Biotech (High Point, NC, USA). Appropriate fluo-
rophores for the Global IR? analysis system (LiCor Bio-
sciences, Lincoln, NE, USA) were included in the PCR
mix. Amplification conditions were an initial 5 min
denaturation at 94°C, followed by 41 cycles of 1 min of
denaturation at 94°C, 1 min of annealing at 50-65°C
(depending on primers), and a 1 min extension at 72°C.
The final extension step was 10 min at 72°C. Initial QTL
analysis (see below) identified multiple QTL on chromo-
somes 3B and 4D. As a result, an additional 40 SSR
markers located on these chromosomes were screened for
polymorphism between the parents and 15 of these were
incorporated into the map. To determine the level of
polymorphism of associated markers, 24 PNW wheat cul-
tivars were genotyped with the associated markers using
the above methods.

Statistical analysis

Levene’s test for heterogeneity of variance was used to test
for differences among experimental variances across
environments. Trait distributions also were compared
among environments using univariate statistics and normal
plots. Analysis of variance was performed with environ-
ment and genotype as main effects using Proc GLM in the
statistical package SAS V9.1 (SAS Institute, Raleigh, NC).
Because samples were composited within each environ-
ment over replications, the genotype by environment
interaction term was the denominator for F tests of
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Tab!e 1 ITISt of 17 end.— use Abbreviations®  Trait Method of measurement Environments”
quality traits measured in the
Louise by Penawawa RIL GVW Grain volume weight Approved Method 55-10 P07, P08, MOS8
mapping population in up to .
three Pacific Northwest KSIZE Kernel diameter Approved Method 55-31.01 P07, P08, M08
environments for use in QTL KWT Kernel weight Approved Method 55-31.01 P07, P08, M08
identification BKYELD Break flour yield Percentage by weight of the P07, P08, M08
total products recovered as
flour off the break rolls
FYELD Flour yield Percentage by weight of the P07, P08, MO8
total products recovered as
straight-grade white flour
HA SKCS hardness Approved Method 55-31.01 P07, PO8, M08
FASH Flour ash Approved Method 08-01 P07, PO8, M08
MSCOR Milling score By calculation P07, P08, M08
FSV Flour swelling volume Approved Method 56-21.01 P07, P08, M08
SEV SDS sedimentation volume Carter et al. (1999) P08, M08
PRO Grain protein content Approved Method 39-10 P07, P08, M08
FPRO Flour protein Approved Method 39-11 P07, P08, M08
% Abbreviations were paired LAC Solvent retention capacity-lactic acid ~ Approved Method 56-11.02 P08, M08
with trait ontologies in the SucC Solvent retention capacity-sucrose Approved Method 56-11.02 P07, P08, M08
Gramene website CARB Solvent retention capacity-carbonate ~ Approved Method 56-11.02 P07, P08, M08
® P07 = Pullman, WA 2007; WAT Solvent retention capacity-water Approved Method 56-11.02 P07, P08, M08
P08 = Pullman, WA 2008; CDIA Cookie diameter Approved Method 10-52 P07, P08, M08

MO8 = Moscow, ID 2008

significance for environments and genotypes from this
analysis. Heritability estimates and standard errors were
calculated as described by Holland et al. (2003). Herita-
bility estimates for flour SDS sedimentation volume and
SRC lactic acid were performed using only two locations.
Genotypic and phenotypic correlations and their standard
errors were estimated using restricted maximum likelihood
estimation, calculated as in Holland (2006).

Linkage maps were constructed using Mapmaker V3.0
(Lander et al. 1987). Additional markers were added to the
established genetic linkage map using the “try” command
and verified using the “ripple” command. The Kosambi
map function was applied to calculate genetic distances in
centiMorgans (cM) between the ordered markers (Kosambi
1944). Composite interval mapping (Zeng 1993, 1994) was
used to identify markers with significant effects on asso-
ciated end-use quality traits using the software, WinQTL-
Cart V2.5 (Basten et al. 1997). QTL were identified using
composite interval mapping, with a window size of 10 cM,
probability in and out of 0.1, a walking speed of 2 cM, five
control markers, and the forward and backward regression
method. LOD value was set for significant QTL based on a
permutation test using 1,000 permutations and a signifi-
cance value of 0.05. QTL were established using the map
position of the peak LOD score in the interval between
flanking markers. A one-LOD fall-off (from the QTL peak)
was used to estimate the confidence interval of the left and
right flanking markers (Chaky 2003). A mixed model with
protein content as a covariate was used to assess the effect

of that trait on the significance of QTL. The model was
Y=X+ M+ E + GM) + P, where Y is the dependent
variable, equal to the value of a genotype for a specific trait
and environments, X is the overall mean, and the effects of
the independent variables were defined as marker (M),
environment (E), and genotype within marker allele G(M);
with protein content (P) as a covariate. Marker and envi-
ronment were considered fixed, whereas genotype and
protein content were random effects. Markers were inclu-
ded in the model one at a time and selected from the
intervals spanned by significant QTL detected as described
above.

Results

Significant differences were detected between the parental
lines for all traits except flour yield, SKCS hardness, pro-
tein content, flour protein content, and SRC water
(Table 2). Environment and genotype effects were signif-
icant for all traits in the RIL population. All traits
approximated a normal distribution except for grain protein
content, flour protein, and flour swelling volume, which
were bimodal (Supplemental Figure 1). Transgressive
segregation was detected for all traits (Supplemental
Figure 1); the mean value for the RIL population was close
to the parental mean (Table 2).

Heritabilities were highest for milling traits, flour yield
and break flour yield. The lowest heritabilities were
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calculated for protein, flour protein and SDS sedimenta-
tion, which is a measure of protein quality. The SRC traits
had moderately high heritabilities indicating that they
would be useful measures of quality traits in breeding
programs.

Genotypic and phenotypic correlations were calculated
for all end-use quality traits (Table 3) as well as among
end-use quality and agronomic traits. In Table 3, genetic
correlations that were greater than three times their stan-
dard error are highlighted. The correlation results largely
reflected the quality trait differences between the two
parents (Table 2). The limited recombination and rapid
fixation of linkage blocks during the self-pollination pro-
cess to develop the RIL population preserved important
linkage blocks. Milling traits (flour yield and break flour
yield) were negatively correlated with sedimentation, grain
and flour protein concentration. Milling traits also were
negatively correlated with all the SRC tests, which were
highly positively correlated among each other. Cookie
diameter was positively correlated with milling score and
negatively correlated with both grain and protein concen-
tration and with sucrose and water SRC. Measures of
kernel morphology (grain volume weight, kernel size and
kernel weight) also were positively correlated with flour
yield and break flour yield. The SRC tests were correlated
with the traits that they were reported to predict (i.e. lactic
SRC with sedimentation; carbonate SRC with flour ash).

Correlations among agronomic traits and quality traits
also reflected the trait combinations of the parents. Louise
was taller and had higher grain yields averaged across
environments compared to Penawawa. Although the two
parents had similar average heading date, Penawawa is
photoperiod insensitive which resulted in earlier maturity.
Grain yield was negatively correlated with protein and
flour protein. Heading date and maturity were positively
correlated with SKCS hardness and flour ash and nega-
tively correlated with lactose SRC. Height was positively
correlated with several traits: grain volume weight, kernel
weight, flour yield and cookie diameter and negatively
correlated with flour ash, flour swelling volume, flour
protein, as well as lactic acid, sucrose and carbonate SRC.

QTL analysis identified 34 QTL on 13 wheat chromo-
somes controlling 16 end-use quality traits (Table 4). QTL
were not detected for flour protein. Two major QTL clus-
ters were detected on chromosome 3B and chromosome
4D. Ten QTL mapped to chromosome 3B and spanned a
26.2 cM region flanked by markers Xbarc68—Xbarc164.
Seven QTL mapped to chromosome 4D and spanned an
18.8 cM region flanked by markers XgdmlI29-Xwmc331.

One QTL for grain volume weight was identified on
chromosome 5B (Table 4) with the allele for higher values
inherited from Penawawa. No associations were made
between kernel weight and grain volume weight in this
population. Three QTL were identified for kernel diameter

Table 2 Means, ranges, and heritabilities of 17 end-use quality traits in a Louise by Penawawa recombinant inbred line (RIL) wheat population
using data from three Pacific Northwest locations

Traits

Parental lines

RIL population

Heritability Confidence

") interval (h%)
Louise Penawawa Mean SE  Minimum Maximum Mean SE
Grain volume weight (kg m ™) 785.0  759.3 7722 029 7079 809.5 767.0 054 0.64 0.61-0.67
Kernel diameter (mm) 2.6 2.5 2.5  0.01 2.3 2.8 2.6 003 0.62 0.58-0.66
Kernel weight (mg) 37.0 30.5 33.8 0.10 29.7 39.1 341  0.75 0.69 0.66-0.72
Break flour yield (%) 50.9 48.7 498 0.17 422 53.7 494 043 091 0.90-0.92
Flour yield (%) 72.3 68.7 70.5 0.61 657 73.8 704  0.35 0.82 0.80-0.84
SKCS hardness (unitless) 18.9 13.1 16.0 1.30 24 36.9 16.7 236 0.63 0.60-0.66
Flour ash (%) 0.35 0.45 0.40 0.01 0.33 0.46 0.38 0.02 0.50 0.46-0.54
Milling score (unitless) 91.1 80.0 85.6 0.50 77.1 933 86.5 1.01 0.69 0.66-0.72
Flour swelling volume (mL g™ ') 19.6 25.1 223 011 184 26.2 224 057 0.82 0.80-0.84
SDS sedimentation volume (mm) 135.2 161.6 1484 243 694 178.1 129.5 351 0.24 0.17-0.31
Grain protein content (%) 10.5 10.8 10.6 0.18 104 12.3 11.1 027 0.23 0.18-0.28
Flour protein (%) 8.9 9.2 9.1 020 8.3 9.8 9.1 024 025 0.20-0.30
SRC lactic acid (%) 1273 136.9 132.1 098 109.8 149.0 131.1 1.54 0.74 0.71-0.77
SRC sucrose (%) 940 1113 1026 155 86.1 114.3 1003 1.86 0.73 0.70-0.76
SRC carbonate (%) 71.9 78.8 753  0.82  68.0 83.9 749 120 0.68 0.65-0.71
SRC water (%) 53.7 54.9 543 021 50.0 58.3 53.7 0.60 0.66 0.63-0.69
Cookie diameter (cm) 9.45 9.11 9.28 0.02 8.82 9.73 9.33 0.09 0.49 0.45-0.53

SE standard error term for each measured trait; ND no data, values could not be calculated due to missing environments

@ Springer



1085

Theor Appl Genet (2012) 124:1079-1096

93104000 J0U PIp SISATRUR TN Y} 1By} SajedIpyy

PIRIK @14 ‘Amewr [y WSy [H ‘oep Surpedy qH
JOIID pIepuels S} Uey) JoJeald SoWI) 92IY) SI UONB[IIIOD JedIpPUl San[eA p[og 'SUoneIadIiqqe Jo uonduosop 10J | 9[qe], 995

VIAD  IVM  ddvD ons OVl  0ddd oud AdS ASd  dOOSIN  HSVA VH dTdAd dTdAMd IMM  dJZISH MAD
9C0 00 91'0— ¥C0— 800— SY0— STO— S00 SI'0— €C0 010— 00 €C0 €0 0C0 ¥1°0— o a1k
€00 800 800— 910— 9¢€0— 61'0— <200 200 000— 00°0— 0€°0 o 910 200 000— 600— S00 LVIN
€00 00— 0€0— 9¢0— €C0—  TE0— 610~ Iro— 10— wo €0~ LT0 SE°0 c00 80 LT°0 €00 LH
c00— <I0 100 60°0— 80— I1'0— 600 €0 €00 0I'0— €0 () 00 ¢0'0— 900— er'o— L00— dH
€6'0— 080— 8L0— . £v0— PEO— €F0— C€0— SE€0— L9°0 [€0— 80— 9IL’0 £€8°0 900 §C0— 10°0 VIido
9IL’0 1L°0 w®o 91'0 90 81°0 §To €9°0— 9C°0 L90 89°0— ¥8°0— <00 0c0 10°0 LVM
60 6+°0 61°0 144\ cro LT°0 8L°0— LEO 81°0 €8°0— €9°0— 8I1'0— 900 0C0— qg4vD
€570 oo 8¢°0 €€0 §C0 vL0— 0¢0 N0 $8°0— L9°0— ST0— 81°0 €C0— aNs
95°0 €570 89°0 01ro— LT0— ST0— L00— Wwo— LE0— €00~ 010 ¥0'0— oVl
€60 LE0 £0°0— 8C0— €C0— 00— 6v°0— pro— €00 9¢°0 ero— Oddd
€€0 61'0— €0 Y1°0— cro <0 9¢°0— 100 veo LT0— Odd
9C0— €€0— 900 €ro— 9¢€°0— €r'0— 010 IT°0 00— AdS
9I'0—  IT0 00 0ro— 800— ¥I'0— Y1°0— oro ASd
2180~ 610— $8°0 790 SE0 €0'0— Lo JOOSIN
w10 2600~ I1o— 950— 8C0— 9¢0— HSVA
610— 60— 110~ 00— o VH
£€8°0 4N o~ w0 dTdAd
y1'0— o 600 dTdANd
8L°0 1T°0 LM
100 dZISY
VIdD  LVvM ddvD ons OV 0Oddd Odd AHS ASd  dOOSIN  HSVA VH dTdAd dTdAME IMA  HZISYA MAD

SUONEOO0[ 1SOMULION JYIOB] 921U} I9A0
poSeroae uone[ndod jeoym Surids 9J1ym 1Jos ememeudd Aq 9SO B WOIJ SAUI[ PAIQUI JUBUIGUIOIAT WOIJ PIJO[[0D BIep 10§ syrex) Ajifenb asn-pua £ | Suowre (4) suone[oriod srdAjousn ¢ aqe,

pringer

A



Theor Appl Genet (2012) 124:1079-1096

1086

$8°0 6vl  ¥C0 AV
68°0 194 SR 0] 8N
ySroy 0’1 €Ll 0£0 8d
ue[d/paik ure1n 9sInog Lo I'6 610 Ld P[RIA oL LMY L'16 667868 g p18I0
9¢’1 8¢l 1T0 AV
17’1 yer €0 8N
1yS1ey 891 yer o €20 8d
Jued/proik urein osInog [fa! 149 91’0 Ld 21008 SUT[IIA LLLoMnY 016 ¥'C6—8°68 GEAPMLOISYO
LO0 L'L €10 QAY
JySroy 600 €8 LT°0 8d
Jued/proik uren osInog 80°0 6t 0ro Ld  IeioUWEIp 3OO LLLoMmY 6'06 £66-898 ge-ApM PO d¢
Wt 8'L 91’0 AV
Jrep ere (S 0C0 SIN
Kumyew/Surpesy 9sInog eL'e (40! 1T0 8d ssouplreq SHMS [a-rdd 1’96 8'09—¢0S TP OHO dac
1L°0— I's 17°0 AV
6L0— Ly (0] 8N
eMEMEBUS] 90— 0¢ 91’0 8d ySrom (U3 [0[2>4bgX (414 SN 4 3 b 3 K4 gTPmIny0o
€0'0— (43 LO0 Ay
ememelod €0'0— 144 800 8N IojoWeRIp [SUIdd] [ppomumy 8TCl  9YCI—9911 ge-pm 221y 0
1ce— s €0 AV
¥9¢— ov (N0 8N
wc— 8¢ 600 8d
ooue)sisar isnr oding BMBMEBUS] wc— v'e 91’0 Ld ssaupIey SHMS pLPIMNY 08L 9'68—¢C'IL T APMOHO dac
€00 v'e €10 AV
€00 0¢ €10 8N
9sInog €00 £ (N0 8d  I9joWeIp [ouIal] 0EGUMSY L'ce €'LT00 VZAPMN 2SN O Ve
€6'1 81 170 Ay
81°C I'y €ro 8N
9sInog €81 oy (N0 Ld osoIons HYS 8LTomMy 0cs L'09-T'sy VI-ypm-onso
Lo— Le 900 AV
BMBMEBUS] 89°0— £e S0'0 8N 21008 SUT[[IA 9E [UMSY £'8¢C Yye-0vC VI-APM OISO \4!
on[ea Jren 1Y3Iy 0) aot yead ) (D)
,LLO drwouoise 3unnqLyuod RECIIE] jsoreau  uonisod [eAIIUT
JUSPIOUIO)) Jlo[fe TeUaIed  QADIPPY O A quonedo] Jrely, IIRIN yeod Qouapyuo)) oweu TL)  SWOSOWOIY)

SUOIIBI0] 1SOMULION dYIoed 921y} J9A0 pageloe syren Ajfenb osn-puo
103 uonrerndod Surddew our paiqur jueurquooar Jurds Jedaym 1jos ememeudd Aq asmo e ur Surddew [earojur 9ysodwod y3noayy pagnuapt (TLO) 100] 3en aaneinuenb jueoyrudis ¢ qe],

pringer

A's



1087

Theor Appl Genet (2012) 124:1079-1096

&
5
we 9 $I0 oAy &l
L0 69 vI10 8N
9sInoT 99T L9 S1°0 8d ssaupIey SHMNS rI[240qX 80 1'9-00 gr-APMvHO dv
SO0 0¢ 600 MY
900 0¢ 800 SN
9sInoT 90°0 Sy LOO 8d Io)oWeIp 900D £¢govax 0°0C LYT=691 VE-ApMoIpO0
Y6'1— 9'L9 8LO QAY
0CT— 7'S9 180 8N
[4 % 78S 6L0 8d
emBMEBUI] 86'1— 0sy €L0 Ld Pun[oA SuI[[oMs O[] £CCvqx 6l LYT=691 VE-ApMaS10 vy
8CL— ¥y 010 AV
yStoy cel— Sy I1°0 SIN QwnjoA
Juerd/park urein emMEMBUS] LO8— 8Yv 010 8d uoneuawpas SAs £T§oMmy ¥90L  0°€ll-+'96 Fo s LZURIENYD]
y1'0— 89 ¥I0 QAY
WSey vI0—  0€  L0O SN
juefd/ppeI£ urein BMeMEUR] y1'0— 0¢ LOO Ld  IuRu0d urejold urern YLD ¢ L 00l  61v01-996 ge-Apmoido
€ 19 €10 AV
el'l— 9¢ 110 8N
ySoy wil—- g8 LIO 8d
Juerd/prark urern emeMeUSd or'i— 1'9 €10 Ld QJeuoqIed HYS IEYALLD'¢ L66 L101-5°S6 ge-Apmqin) 0
WSioy €he— €L SI0 SIN
juefd/ppeI£ urein BMBMEIS] See— 69 vI0 8d proe onoel HYS YLD ¢ 986 7'801—-8°S6 geAPnovIo
JyStoy Lyo— 9% 600 oAy
juefd/ppeI£ urein BMEMEIR] 8L0— 'L 910 8d orem 5ys YLD ¢ 6'L6 6'C0I=C16 gEAPNIWMO
8LC— LTl ¥20 QAY
19— ¥'6 610 8N
JyS1oy ¥8Cc— 08 SI0 8d
Juerd/prark urein emEMBUS] SYe— 00r 810 Ld asoIons HYS IYALLD'¢ L'L6 L001-0'96 gE-YpM-ongo
0L0 0L 210 QAY
¥9°0 6% 600 8N
JyStoy 6L0 88 910 8d
juefd/p[eIk urein 9SO ¥8°0 88 LIO Ld pIaI£ oy yearg [SLoUMx 996 €00I-1'¥6 G- plaIgo
an[ea jren 19y3y o) ao1 yead (IND) (A2)
110 dmuouoise Sunnqryuod JJoo13 1seIeoU uonsod [eAI)UT
JULPIOUIO)) J[Q[[e [eIUIE] SADIPPY  dOT ¥ qUOBedooT] ne1y, IONIBIA Jyead — QouUapyuo)) oweu IO  QWOSOWOIYD)

penunuod ¢ dqe],



Theor Appl Genet (2012) 124:1079-1096

1088

89°0 9% TI'0 LI
99°0 Ty 010 SIN
99°0 I'v 110 8d
asmoT] £9°0 9¢ 010 Ld PRI moy yearg SOSUMSY ¥81  $'8C-89 g9 yrmploygo 49
1971 L'¢ L00 N
8€°C T¢ 800 SN
SO SL1 T¢ L0O 8d ssoupIey SOMS pe9IUMY §8¢  YEbvLE V9-ypMDHO
100— L€ 600 BN
BMEMRUL] 100—  0¢ 600 SIN yse o[ 96zoUWMY §IE  C€LE6ST  V9APNYSDID \
90— TS 110 EINY
wWo— v LOO SIN
IS0— t¥ 010 8d WSom
eMEMRUS] 0S0—  9¢ 010 Ld OWIN[OA UIBID) £E[umsY 6'€E L'8E96C S-APMIMLOD 46
8L°0 Tr 900 oAy
0L0 0% 900 SIN
osmoTy 01 8% 800 8d 21008 Ful[[IA 98z240qx 6Tl 8810 AH-yP10SWO
0S0— € 010 EINY
0S0— 8¢ 800 SIN
BABMEBUX] 90—  6¢ 800 Ld oM OIS §872DgX 671 8810 ap-4pn Mo
8¢I— 89 LIO N
TUI— 9 110 SN
91— 6S 910 8d
BMEMEUO] YTI—  §€ 010 Ld 3jeuoqIed DYS 98z240qx 6Tl 8810 Ar-ypnq)0
500 't L00 LI
osmoTy S0°0 0¢ S00 8d  IejeweIp aRyoo) 98z240qx 0L 0TI-0'1 ar-ypm PO
870 9¢ 900 EINY
S50 e LOO SN
asIno| S0 I'e S00 8d  PIPIK moy yearg Zgoumy 0¢ $'80 ar-Apmp12fAg0o
LY'I— €€ L00 oAy
SLT—  9¢ 800 SIN
PMEMEUS] 91—  0€ 900 Ld asoxons IS 6Z1Wp3xX 60 L'T0 ar-yps-ongo
8€°0 9'¢ L00 BN
asmoTy 6v°0 9¢ S00 SIN P[oIA IO 6Z1upsx 10 600  apArmplsi0 ar
on[ea 1ren 1y3Iy 0 dor1 yead () (IA)
p1 10 orwouoide unnqryuod RREIE) JsaIedu uonsod [eAI)UT
JUSPIOUIOD) J[9[[e [eIURIR] AANIPPY  dOT 2 quoneso Jexy, JINIRIAL yedd — Qoudpyuo) sweu IO  QWOSOWOIYD)

penunuod  Iqel,

pringer

A's



Theor Appl Genet (2012) 124:1079-1096 1089

and one QTL for kernel weight. The QTL for kernel weight
E ‘g coincided with the QTL for kernel diameter on chromo-
o Cg‘ g some 2B (Table 4; Fig. 1) with higher values inherited
2 E Eo from Penawawa. Conversely, the Louise allele at the QTL
ER: R on chromosomes 2A and 7D contributed to larger kernel
S 2 T diameter. On average, Louise had a larger and heavier
kernel compared to Penawawa (Table 2).
° Four QTL were identified for break flour yield and three
T§ QTL were identified for flour yield in this population. QTL
ig o0 for both traits were identified on chromosome 3B, 4D, and
g 6D (Table 4). The Louise allele at all of these QTL con-
_«g é % 2 2 2 tributed to the higher flour and break flour yields. The most
;§ % ; § § § significant increase in break flour and flour yield occurred
at the 3B locus, where the Louise allele contributed to 2%
greater yields (increased from 48 to 50%), whereas the
D) . Louise allele at the 4D and 6D loci contributed to increases
§ é) Q- g9 g of 1% (percentages are expressed in yield vs. total
<3 S s 3 sSsS 3 g products).
a o The QTL for SKCS kernel hardness were detected on
Q DA e f—i different chromosomes than those for break flour yield
o a oA o o = (Table 4). Higher values for SKCS (harder) were attributed
A pi e S i £ to the Louise allele on chromosomes 2D, 4B, and 6A but
S “‘E not at the QTL on chromosome 2B. In this experiment,
% 5 - 7§ Louise was 5 SKCS units harder than Penawawa, although
;o) 5 § Z =z § significant .dlfferences did not exist for SKCS hardness, or
b for flour yield, between the two parents (Table 2). Long-
é:n term data indicates that the SKCS hardness of these two
3z 3 B ) cultivars is quite similar (data not shown). Although SKCS
_ ;‘ qg 3 D % ﬁ kernel hardness was negatively correlated to break flour
;:“ EO % =S 3‘5 _ :?’ yield and cookie diameter, no QTL for SKCS kernel
S hardness coincided with QTL for the other two traits. The
A S é § QTL for break flour yield and flour yield indicate that there
523 s o 2 o are other factors controlling differences in break flour yield
ZEx| 8§ S S 3 and cookie diameter besides kernel hardness as defined by
SEE| R =i %rf § resistance to crushing. Milling involves both a shearing and
;‘ Oﬂ crushing action, and includes endosperm-bran separation,
g = = and flour sifting characteristics.
225|232 i £ g The QTL for flour ash content was identified on chro-
£ a8 =E = aé a - mosome 6A and corresponded to the same chromosomal
N - < é‘* g“ § region as a QTL for SK hardness (Fig. 1). The Louise
g - 2 02\' g Z E = allele contributed to lower flour ash content (0.37%)
% £ 'g E 0 d S S compared to the Penawawa allele (0.39%).
SES|Is & % % x e Three milling score QTL were identified in this popu-
a =53 8 lation and corresponded to the same QTL region identified
8% Q g s £ B for the flour yield QTL on chromosomes 3B and 4D
2 § £ § E é 33 (Table 4). The Louise allele at these QTL contributed to
g = § S :; = & S the higher milling score for these RIL (on average three
2 g &R M z Qﬁ b ; points higher). An additional weaker QTL was identified
g © o < E e ES % on chromosome 1A with the higher allele inherited from
g % g 2 E g Penawawa.
: é % § é —03 The QTL for flour swelling volume, indicative of nor-
% g o o S328 mal vs. reduced amylose starch, was located on chromo-
=10 © = s 2 o 0w some 4A near the Wx-B1 locus, based on previous mapping
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Fig. 1 Partial genetic linkage map from the Louise by Penawawa
recombinant inbred line populations depicting the chromosomes
where quantitative trait loci (QTL) were identified for end-use quality
traits when averaged across three Pacific Northwest locations. Lines
indicate peak position and confidence interval of the identified QTL

results (Miura and Sugwara 1996). The Penawawa allele at
this locus increased flour swelling volume by 4 mL g™ ".

SDS sedimentation values ranged from 69.4 to
178.1 mm in the RIL population providing insight into
gluten strength (lower values are indicative of weaker
gluten). One QTL for flour SDS sedimentation volume was
localized to the cluster of end-use quality QTL on chro-
mosome 3B (Fig. 1). The Louise allele at this QTL was
associated with a lower SDS sedimentation volume (Lou-
ise = 135.2 mm), indicating that it has weaker gluten
content than does Penawawa (Penawawa = 161.6 mm).
Both Louise and Penawawa are null for Glu-Al, 7 + 9 for
Glu-B1, and 5 + 10 for Glu-D1.

Across the three locations, one QTL was identified for
grain protein content (Table 4) and the Louise allele at the
chromosome 3B locus contributed to a lower protein con-
tent of 0.2% (11.0 compared to 11.2%).

0.0 { Xcfd30 Xcfdoo1 0.0 Xcfd13
12.4 Xgwm156
15.1 \_/ Xgwm132
14.4 T Xwmc261.2 17.7 %:é Xgwm508 Xgwm705
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456 Xwmc179.2 oy 46.4 Xbarc1033
®
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67.9 — | — Xgwm169
69.9— [ Xwmc417
80.3 Xbarc178
87.9~] | — Xgwm617.2
88.2> <cha2114 6B
115.3 Xwmc621
6A

Fig. 1 continued

Analysis of the SRC data revealed QTL clustering to the
chromosome 3B and 4D regions in this population
(Table 4). QTL were found on 4D for all SRC tests except
SRC lactic acid, which only mapped to chromosome 3B.
The Louise allele at the QTL on 3B lowered SRC values by
three to seven percentage points. These QTL overlapped
the same general region on chromosome 3B, although
slight variation was detected (Fig. 1). On chromosome 4D,
the Louise allele for all of these QTL contributed to lower
SRC values by 2-3%. One additional QTL for SRC sucrose
was identified on chromosome 1A (Fig. 1). The Louise
allele for the QTL on 1A contributed to higher SRC
sucrose score. Averaged over all locations, Louise had
lower SRC values than Penawawa (Table 2).

Three QTL for cookie diameter were identified on
chromosomes 3B, 4A, and 4D (Table 4). The QTL on
chromosomes 3B and 4D correspond to the other QTL
clusters that have been associated with these chromosomes
for SRC tests, break flour yield, flour yield and milling
score. The QTL on 4A is at the Wx-BI locus (Miura and
Sugwara 1996). The Louise allele at the three QTL
increased the cookie diameter of the RIL by 0.14, 0.15, and
0.10 cm, respectively. The cookie diameter of RIL with the

Xcfd49 0.0 ~ 22— Xwmce313
o 00 o 27 Xwmc506
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Louise allele at the 3B, 4A, and 4D loci have an increased
cookie diameter of 0.21 cm as compared to RIL with the
Penawawa allele at all three loci.

Because we detected the well-known negative correla-
tion between grain yield and protein content, as well as QTL
for both traits on chromosome 3B, we used mixed model
analyses including either protein content or grain yield as a
covariate to determine if grain yield or protein content was
underlying our ability to detect significant QTL for the other
traits in that cluster. When grain yield was analyzed as a
covariate, it was found to be significant for all traits, but the
marker effect was still highly significant (P < 0.0001) for
all end-use quality traits analyzed. The protein covariate
was significant for all traits analyzed but the marker effect
was still highly significant (P < 0.0001) for the SRC tests,
milling traits, cookie diameter and for grain yield. Only the
QTL for flour SDS sedimentation volume became non-
significant with protein in the model, indicating that this
QTL was probably due to protein content as much as protein
quality at this locus. Although protein concentration has a
demonstrated effect on grain quality, the QTL detected in
this study are independent of protein quantity.

In addition to Louise and Penawawa, 22 elite soft white
wheat (both spring and winter) lines were assayed for seven
of the SSR markers on chromosomes 3B and 4D which were
associated with end-use quality traits (Table 5). End-use
quality scores were compiled from the USDA Western
Wheat Quality Laboratory (http://www.wsu.edu/ ~wwql).
Wakanz and Wawawai are the parental lines of Louise and
have the same allele profile at all loci for these markers.
Diva and WAB8089 both have Louise as one of the parents
and exhibit excellent end-use quality. Diva has the same
allele profile as Louise on chromosome 3B with the
exception of Xwmc751, but does not share the same alleles
on chromosome 4D. WAS8089 has the same allele profile as
Louise with the exception of marker XgdmlI29 on chro-
mosome 4D. WAS8124, which has excellent end-quality, is a
spring wheat line which does not have Louise in the pedi-
gree, yet shares six of the seven loci in common. The winter
wheat lines, ARS-Amber, which has excellent end-use
quality, shares five of the seven loci in common, whereas
Brundage 96, a quality standard, shares four of the seven
loci in common.

Discussion

In the Louise by Penawawa RIL population, RIL with
higher grain volume weights also had higher kernel weight
and kernel diameter. Two QTL for kernel diameter iden-
tified on chromosome 2A and 7D were associated with the
Louise alleles, which contributed to larger kernels. How-
ever, the kernel diameter and kernel weight QTL on 2B

@ Springer

was associated with the alleles from Penawawa, as was the
grain volume weight QTL on 5B. Interestingly, these
higher trait values are associated with the alleles from
Penawawa, the cultivar with the lower mean values for
these traits. Breseghello et al. (2005) found similar QTL
with effects opposite to the phenotypes. For example, the
hard wheat parent in the population contributed alleles for
softness, larger cookie diameter, flour yield, and sucrose
retention capacity. These differences are to be expected,
especially when parental lines are characterized based on
observable phenotypes rather than genetic potential.
Break flour and total flour yield are two traits of eco-
nomic importance to flour millers. An increase in total flour
yield results in a higher profit margin on the total grain
milled. When RIL were selected containing the Louise
allele at the three QTL on chromosomes 3B, 4D and 6D,
there was a 3.5% increase in total flour yield (68.5% with
the Penawawa alleles compared to 72.0% with the Louise
alleles). There was a 4% increase in break flour yield when
all alleles from Louise were present (47.2% with Penawawa
alleles compared to 51.2% with Louise alleles). These
values were similar to the mean values for each of the
parental lines (Table 2). Thus, the full potential for break
flour and flour yield from Louise can be captured at these
three loci and these QTL appear to be additive in nature.
The QTL for grain hardness on chromosome 2B has
been reported in other research. Smith et al. (2008), using
association analysis of 192 soft winter wheat cultivars,
identified grain hardness QTL on chromosome 2B in the
same region that we identified. Smith et al. (2011) found a
QTL for softness equivalent in a soft white RIL population
also located on chromosome 2B. Sourdille et al. (1996)
reported QTL affecting grain hardness on 2A, 2D, 5B, and
5D. Giroux and Morris (1997, 1998) showed that grain
hardness in wheat was associated with mutations in either
of the closely linked Pina-D1 or Pinb-DI loci; however,
these genes were not segregating in this population. Both
Louise and Penawawa contain the Pina-DI1a/Pinb-Dla
haplotype, which results in soft kernels. Thus, the identified
QTL are for grain texture traits that are distinct from these
known mutations and potentially of more use to wheat
breeders since they rarely make crosses outside of texture
classes. Chang et al. (2006) found that several loci for
storage protein content were associated with kernel hard-
ness on chromosome 2B. Chang et al. (2006) concluded
that other factors such as pentosans, polar lipids, and pro-
tein in the endosperm may also affect kernel texture. The
QTL identified in this study and others reflecting grain
hardness apart from the Ha locus on 5DS needs further
investigation to determine which of the above-mentioned
factors may be influencing kernel texture in this population.
The AACC International sugar snap cookie is the widely
used standard for soft wheat baking quality in North
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Table 5 Polymorphism in 24 selected soft white wheat germplasm for the molecular markers associated with superior end-use quality traits on
chromosome 3B and 4D from the soft white spring wheat cultivar Louise

Germplasm Growth habit 3B 4D
Xwmc777 Xgwm72 Xwmc751 Xwmc69 Xgdml29 Xwmc52 Xbarc288

Louise (PI 634865)* Spring 153° 160 140 253 141 235 261
Penawawa (PI 495916) Spring 134 132 138 251 139 237 257
Wakanz (PI 506352) Spring 153 160 140 253 141 235 261
Wawawai (PI 574598) Spring 153 160 140 253 141 235 261
Diva (PI 660663) Spring 153 160 138 253 139 238 260
Alturas (PI 620631) Spring 134 132 138 251 139 243 261
Alpowa (P 566596) Spring 134 132 136 251 139 237 258
ID377S (PI 591045) Spring 134 132 138 253 139 235 265
Whit (PI 653841) Spring 153 160 132 251/253 139 235 265
Babe (PI 656791) Spring 153 132 136 251 139 236 257
Nick (Westbred) Spring 154 160 140 249 141 242 260
Eden (PI 630983) Spring Club 154 160 138 253 139 235 260

ID (PI 656790) Spring Club 153 160 138 253 139 235 261
WAB089 (WSU) Spring 153 160 140 253 141 235 260
WAR8124 (WSU) Spring 154 132 140 253 141 235 260
Brundage 96 (PI 631486) Winter 153 132 132 253 139 235 261
Bruneau (U of ) Winter 152 132 136 253 139 235 260
Xerpha (PI 645605) Winter 153 160 135 250 141 234 No data
Eltan (PI 536994) Winter 153 160 140 251 139 237 261
Madsen (PI 511673) Winter 153 132 136 253 139 235 261
Legion (Syngenta Cereals) Winter 152 132 136 251 139 235 No data
Bitterroot (U of I) Winter 152 132 136 253 139 235 261
WB528 (WestBred) Winter 152 132 138 253 139 235 261
ARS-Amber (USDA-ARS) Winter 153 160 140 251 139 235 261
Polymorphism (%) 45.8 50 66.7 37.5 70.8 333 524

WSU Washington State University, U of I University of Idaho

* Each germplasm is indicated either with the PI number or the university/company who released the variety

° Reported fragment is in base pair length and includes a 19-bp M13 tail

American wheat breeding programs (Morris and Rose
1996). In the present study, the QTL for cookie diameter
and flour swelling volume identified on chromosome 4A
maps near the Wx-BI locus, encoding the GBSS gene
(Miura and Sugwara 1996). The Wx-BI allele has a
dramatic effect on starch properties as evidenced by the
bimodal distribution of RIL phenotypes (Supplemental
Figure 1) and the high LOD score (45.0-67.6) for the 4A
QTL. The clustering of cookie diameter and FSV on 4A
may indicate that the partial waxy trait is somewhat det-
rimental to cookie baking quality. Certainly, starch dam-
age, pentosans and other flour constituents that affect water
relations are known to affect cookie diameter by affecting
the spread in the oven.

The clustering of QTL may be due to linked genes, or to
pleiotropic effects of a common gene. A reasonable model
to describe the multiple effects of the QTL on chromosome
3B is that endosperm proteins increase the strength of the

endosperm, thereby making it ‘harder’ (Chang et al. 2006).
Harder endosperm would have lower milling performance,
reduced break flour and flour yields and reduced milling
score (as evidenced by the Penawawa allele contributing
negatively to these traits). Harder endosperm also con-
tributes to greater starch damage (although not measured
here), which increases solvent retention in SRC tests and
reduces cookie diameter. The Penawawa allele contributed
to higher SRC values and lower cookie diameters. Higher
protein levels would increase SDS sedimentation volume
and SRC lactic acid, both direct measures of protein con-
tent and strength. Thus, the Louise allele at these loci
would contribute to desirable end-use quality traits.

The clustering of QTL on chromosome 3B also may be a
pleiotropic effect of the grain yield (Carter et al. 2011) and
grain protein concentration QTL found in the similar
region. We detected the well-known negative correlation
between grain yield and protein content, although it was
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moderate in our study. For soft wheat products, lower
protein content is generally preferred, and, as was also
noted in our study, protein content has been shown to have
a negative correlation with cookie diameter (Gaines 2004).
For soft wheat products, the effect of protein is due to
water holding capacity, rather than formation of gluten
networks. Protein quantity is generally not correlated with
flour milling traits in soft wheat (Moiraghi et al. 2011).
Protein quantity and grain yield are negatively correlated in
wheat but neither of those traits influenced our ability to
detect QTL for milling, SRC, or end-use quality traits at the
3B locus so we believe that there is a direct effect on grain
quality at that locus, apart from the effect on grain yield
and protein content.

The clustering of QTL on 4D have a logical connection
between a fundamental physical-chemical difference in
endosperm composition, and the manifestations observed
as break flour and flour yield, milling score, cookie diam-
eter, and SRC water, carbonate and sucrose. The Louise
alleles at all these loci contribute to lower SRC values and
higher break flour and flour yield, milling score, and cookie
diameter. Consequently, the present results suggest that
two regions of chromosomes 3B and 4D confer multiple
benefits to soft wheat quality in this population. By using a
subset of markers dispersed throughout these two regions,
lines could be selected to carry favorable alleles for end-
use quality traits in wheat.

Although the percentage polymorphism of these mark-
ers when tested across spring and winter wheat germplasm
is moderate, they will still be useful in marker-assisted
selection programs since many of the lines with good end-
use quality carry the desired alleles whereas lines with
marginal quality do not. Many of the spring wheat lines
tested in this panel either have Louise in their pedigree or
are newer lines selected to have excellent end-use quality
and thus have fixed many of these alleles in newer popu-
lations. Since they were found to carry similar alleles at
each locus, the overall percentage of polymorphism was
lowered. When older lines such as Alturas, Alpowa, and
ID377S are examined, the level of polymorphism between
these lines and Louise is nearly 100%. The winter wheat
lines are less diagnostic, with excellent quality lines like
Brundage 96, Bitterroot, and ARS-Amber sharing only
60-72% of loci with similar alleles. In the winter wheat
line Xerpha, which has acceptable end-use quality, only
43% of the loci have similar alleles. In the spring and
winter wheat germplasm evaluated, the presence of these
alleles is associated with desirable end-use quality param-
eters; however, these QTL still need to be validated in
multiple backgrounds to confirm these results. The identi-
fied markers may be useful for introgressing genes asso-
ciated with good quality into lines with desirable attributes
that do not have acceptable end-use quality.
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The genetic correlations currently existing in the popu-
lation are favorable for soft wheat breeding where the
targets are high milling score combined with low SRC
water, carbonate and sucrose values, and greater cookie
diameter. The association of kernel size with milling traits
has been reported previously (Breseghello and Sorrels
2006), as have inter-correlations among SRC solvents. The
negative correlation of yield with protein is desirable in
soft wheat; premiums for low protein soft wheat have been
available in some years. Although this population resulted
from limited recombination, this research identified linkage
blocks with trait combinations inherited from parents that
should be maintained. Most correlations among traits
evaluated here were not significant, however, indicating
that simultaneous improvement of agronomic and quality
traits can be achieved in soft wheat breeding.

Conclusion

Knowledge of the genetic architecture of end-use quality
traits in wheat is essential to making gains from selection
during the breeding process. The majority of the positive
alleles for end-use quality were associated with the parent
Louise on chromosomes 3B and 4D. Utilizing Louise as a
parent in wheat cross-hybridization allows breeders to
select the desired DNA regions associated with improved
end-use quality, thereby allowing for the improvement of
end-use quality through marker-assisted selection. These
results improve our understanding of the relationships
among multiple quality traits and especially milling qual-
ity, and identified major QTL for multiple traits, thereby
allowing plant breeders to make valuable gains from
selection early in the soft wheat breeding process.

Acknowledgments This research was supported by the National
Research Initiative of USDA’s Cooperative State Research, Educa-
tion and Extension Service, CAP Grant No. 2006-55606-16629, the
National Research Initiative Competitive Grants CAP project
2011-68002-30029 from the USDA National Institute of Food and
Agriculture, and Washington State University. We appreciate the
technical assistance of the USDA Western Wheat Quality Laboratory
for analysis of grain samples for end-use quality traits.

References

AACC International (2008) Approved methods of the AACCI, 11th
edn. The Association, St. Paul, MN

Anderson JA, Ogihara Y, Sorrells ME, Tanksley SD (1992) Devel-
opment of chromosomal arm map for wheat based on RFLP
markers. Theor Appl Genet 83:1035-1043

Basten JC, Weir BS, Zeng ZB (1997) QTL CARTOGRAPHER.
A reference manual and tutorial for QTL mapping. Department
of Statistics, North Carolina State University, Raleigh, NC



Theor Appl Genet (2012) 124:1079-1096

1095

Beales J, Turner A, Griffiths S, Snape JW, Laurie DA (2007) A
pseudo-response regulator is misexpressed in the photoperiod
insensitive Ppd-Dla mutant of wheat (Triticum aestivum L.).
Theor Appl Genet 115:721-733

Bhave M, Morris CF (2008a) Molecular genetics of puroindolines and
related genes: allelic diversity in wheat and other grasses. Plant
Mol Biol 66:205-219

Bhave M, Morris CF (2008b) Molecular genetics of puroindolines and
related genes: regulation of expression, membrane binding
properties and applications. Plant Mol Biol 66:221-231

Breseghello F, Sorrels ME (2006) Association mapping of kernel size
and milling quality in wheat (Triticum aestivum L.) cultivars.
Genetics 172:1165-1177

Breseghello F, Finney PL, Gaines C, Andrews L, Tanaka J, Penner G,
Sorrells ME (2005) Genetic loci related to kernel quality
differences between a soft and a hard wheat cultivar. Crop Sci
45:1685-1695

Campbell KG, Bergman CJ, Gualberto DG, Anderson JA, Giroux MJ,
Hareland G, Fulcher RG, Sorrells ME, Finney PL (1999)
Quantitative trait loci associated with kernel traits in a soft by
hard wheat cross. Crop Sci 39:1184-1195

Campbell KG, Finney PL, Bergman CJ, Gualberto DG, Anderson JA,
Giroux MJ, Siritunga D, Zhu J, Gendre F, Roué C, Vérel A, Sorrells
ME (2001) Quantitative trait loci associated with milling and baking
quality in a soft by hard wheat cross. Crop Sci 41:1275-1285

Campbell GM, Fang C, Muhamad II (2007) On predicting roller
milling performance VI: effect of kernel hardness and shape of
the particle size distribution from the first break milling of
wheat. Food Biprod Process 85:7-23

Carter BP, Morris CF, Anderson JA (1999) Optimizing the SDS
sedimentation test for end-use quality selection in a soft white
and club wheat breeding program. Cereal Chem 76:907-911

Carter AH, Chen XM, Campbell KG, Kidwell KK (2009) Identifi-
cation and genetic mapping of QTL for high-temperature adult-
plant resistance to stripe rust (Puccinia striiformis f. sp. tritici) in
the spring wheat (Triticum aestivum L.) cultivar ‘Louise’. Theor
Appl Genet 119:1119-1128

Carter AH, Walker CA, Kidwell KK (2010) Chapter 2: Breeding
for dual-purpose hard white wheat in the US: noodle and pan
breads. In: Hou G (ed) Asian noodles: science, technology, and
processing. Wiley, pp 25-56

Carter AH, Garland-Campbell K, Kidwell KK (2011) Genetic
mapping of quantitative trait loci associated with important
agronomic traits in the spring wheat (Triticum aestivum L.) cross
‘Louise’ by ‘Penawawa’. Crop Sci 51:84-95

Chaky JM (2003) Advanced backcross QTL analysis in a mating
between Glycine max and Glycine soja. M.S. thesis, University
of Nebraska, Lincoln

Chang C, Zhang H, Xu J, Li W, Liu G, You M, Li B (2006)
Identification of allelic variations of puroindoline genes control-
ling grain hardness in wheat using a modified denaturing PAGE.
Euphytica 152:225-234

D’Ovidio R, Masci S (2004) The low-molecular-weight glutenin
subunits of wheat gluten. J Cereal Sci 39:321-339

Donelson JR, Gaines CS (1998) Starch—water relationships in the
sugar-snap cookie dough system. Cereal Chem 75:600-664

Epstein J, Morris CF, Huber KC (2002) Instrumental texture of white
salted noodles prepared from recombinant inbred lines of wheat
differing in the three granule bound starch synthase (waxy)
genes. J Cereal Sci 35:51-63

Feekes W (1941) De tarwe en haar milieu. In: Vers. XVII Tech.
Tarwe Comm, Groningen, pp 560-561

Finney KF, Morris VH, Yamazaki WT (1950) Micro versus macro
cookie baking procedures for evaluating the cookie quality of
wheat varieties. Cereal Chem 27:42-49

Food and Agriculture Organization (2010) Food outlook, May, 2008.
Available via http://www.fao.org/docrep/010/ai466e/ai466e03.
htm. Accessed 14 May 2010

Gaines CS (2004) Prediction of sugar-snap cookie diameter using
sucrose solvent retention capacity, milling softness, and flour
protein content. Cereal Chem 81:549-552

Giroux MJ, Morris CF (1997) A glycine to serine change in
puroindoline b is associated with wheat grain hardness and
low levels of starch-surface friabilin. Theor Appl Genet 95:857—
864

Giroux MJ, Morris CF (1998) Wheat grain hardness results from
highly conserved mutation in the friabilin components puroind-
oline a and b. Proc Natl Acad Sci 95:6262-6266

Groos C, Robert N, Bervas E, Charmet G (2003) Genetic analysis of
grain protein-content, grain yield, and thousand-kernel weight in
bread wheat. Theor Appl Genet 106:1032-1040

Guttieri MJ, Bowen D, Gannon D, O’Brien K, Souza E (2001)
Solvent retention capacities of irrigated soft white spring wheat
flours. Crop Sci 41:1054-1061

Hanocq E, Niarquin M, Heumez E, Rousset M, Le Gouis J (2004)
Detection and mapping of QTL for earliness components in a
bread wheat recombinant inbred lines population. Theor Appl
Genet 110:106-115

Holland J (2006) Estimating genotypic correlations and their standard
errors using multivariate restricted maximum likelihood estima-
tion with SAS Proc MIXED. Crop Sci 46:642-654

Holland JB, Nyquist WE, Cervantes-Martinez CT (2003) Estimating
and interpreting heritability for plant breeding: an update. In:
Janick Jules (ed) Plant breeding reviews, vol vol 22. Wiley,
Hoboken, pp 9-112

Jeffers HC, Rubenthaler GL (1979) Effect of roll temperature on flour
yield with the Brabender Quadrumat Experimental mills. Cereal
Chem 54:1018-1025

Kidwell KK, Shelton GB, Demacon VL, Burns JW, Carter BP, Chen
XM, Morris CF, Bosque-Pérez NA (2006) Registration of
‘Louise” wheat. Crop Sci 46:1384-1386

Kosambi DD (1944) The estimation of map distances from recom-
bination values. Ann Eugen 12:172-175

Lander ES, Green P, Abrahamson J, Barlow A, Daly JM, Lincoln SE,
Newberg L (1987) Mapmaker: an interactive computer package
for constructing primary genetic linkage maps of experimental
and natural populations. Genomics 1:174-181

Liu Y, Ohm JB, Hareland G, Wiersma J, Kaiser D (2011) Sulfur,
protein size distribution and free amino acids in flour mill
streams and their relationship to dough rheology and breadmak-
ing traits. Cereal Chem 88:109-116

Mann G, Diffey S, Cullis B, Azanza F, Martin D, Kelly A, Mclntyre
L, Schmidt A, Ma W, Nath Z, Kutty I, Leyne PE, Rampling L,
Quail KJ, Morell MK (2009) Genetic control of wheat quality:
interactions between chromosomal regions determining protein
content and composition, dough rheology, and sponge and dough
baking properties. Theor Appl Genet 118:1519-1537

Mason RL, Gunst RF, Hess JL (2003) Statistical design and analysis
of experiments: with applications to engineering and science,
2nd edn. Wiley, Hoboken

McCartney CA, Somers DJ, Lukow O, Ames N, Noll J, Cloutier S,
Humphreys DG, McCallum BD (2006) QTL analysis of quality
traits in the spring wheat cross RL4452 by ‘AC Domain’. Plant
Breed 125:565-575

McLauchlan A, Ogbonnaya FC, Holliingsworth B, Carter M, Gale
KR, Henry RJ, Holton TA, Morell MK, Rampling LR, Sharp PJ,
Shariflou MR, Jones MGK, Appels R (2001) Development of
robust PCR-based DNA markers for each homoeo-allele of
granule-bound starch synthase and their application in wheat
breeding programs. Aust J of Agric Res 52:1409-1416

@ Springer


http://www.fao.org/docrep/010/ai466e/ai466e03.htm
http://www.fao.org/docrep/010/ai466e/ai466e03.htm

1096

Theor Appl Genet (2012) 124:1079-1096

Miura H, Sugwara A (1996) Dosage effects of the three Wx genes
on amylose synthesis in wheat endosperm. Theor Appl Genet
93:1066-1070

Moiraghi M, Vanzetti L, Bainotti C, Helguera M, Ledn A, Pérez G
(2011) Relationship between soft wheat flour physicochemical
composition and cookie-making performance. Cereal Chem
88:130-136

Mondal S, Hayes DB, Alviola NJ, Mason RE, Tilley M, Waniska RD,
Bean SR, Glover KD (2009) Functionality of gliadin proteins in
wheat flour tortillas. J Agric Food Chem 57:1600-1605

Morita N, Maeda T, Miyazaki M, Mihura H, Ohtsuka I (2002) Dough
and baking properties of high-amylose and waxy wheat flours.
Cereal Chem 79:491-495

Morris CF (2002) Puroindolines: the molecular genetic basis of wheat
grain hardness. Plant Mol Biol 48:633-647

Morris CF, Rose SP (1996) Wheat. In: Henry RJ, Kettlewell PS (eds)
Cereal grain quality. Chapman and Hall, London, pp 3-54

Morris CF, Li S, King GE, Engle DA, Burns JW, Ross AS (2009)
A comprehensive genotype and environment assessment of
wheat grain ash content in Oregon and Washington: analysis of
variation. Cereal Chem 86:307-312

Oetting WS, Lee HK, Flanders DJ, Wiesner GL, Sellers TA, King RA
(1995) Linkage analysis with multiplexed short tandem repeat
polymorphisms using infrared fluorescence and M13 tailed
primers. Genomics 30:450—458

Posner ES (2000) Wheat. In: Kulp K, Ponte JG (eds) Handbook
of cereal science and technology, 2nd edn. Marcell Dekker,
New York, pp 1-30

Ram S, Dawar V, Singh RP, Shoran J (2005) Application of solvent
retention capacity tests for the prediction of mixing properties of
wheat flour. J Cereal Sci 42:261-266

Reif JC, Gowda M, Maurer HP, Longin CFH, Korzun V, Ebmeyer E,
Bothe R, Pietsch C, Wiirschum T (2011) Association mapping for
quality traits in soft winter wheat. Theor Appl Genet 122:961-970

@ Springer

Roder MS, Korzun V, Wendehake K, Plaschke J, Tixier M-H, Leroy
P, Ganal MW (1998) A microsatellite map of wheat. Genetics
149:2007-2023

Shewry PR, Halford NG, Tatham AS (1992) High molecular weight
subunits of wheat glutenin. J Cereal Sci 15:105-120

Slade L, Levine H (1994) Structure—function relationships of cookies
and cracker ingredients. In: Faridi H (ed) The science of cookie
and cracker production. Chapman and Hall, New York,
pp 23-141

Smith N, Souza E, Sneller C, Sorrells M, Griffey C, Ohm H, Van
Sanford D, Guttieri MJ, Sturbaum A (2008) Association analysis
of soft wheat quality traits in Eastern US soft winter wheat. 2008
Joint Annual Meeting of ASA-CSSA-SSSA. October 6, 2008,
Houston, TX

Smith N, Guttieri M, Souza E, Shoots J, Sorrells M, Sneller C (2011)
Identification and validation of QTL for grain quality traits in a
cross of soft wheat cultivars Pioneer Brand 25R26 and Foster.
Crop Sci 51:1424-1436

Sourdille P, Perretant MR, Charmet G, Leroy P, Gautier MF, Joudrier
P, Nelson JC, Sorrells ME, Bernard M (1996) Linkage between
RFLP markers and genes affecting kernel hardness in wheat.
Theor Appl Genet 93:580-586

Wrigley CW, Morris CF (1996) Breeding cereals for quality
improvement. In: Henry RJ, Kettlewell PS (eds) Cereal grain
quality. Chapman and Hall, London, pp 321-369

Zeng ZB (1993) Theoretical basis for separation of multiple linked
gene effects in mapping quantitative trait loci. Proc Natl Acad
Sci USA 90:10972-10976

Zeng ZB (1994) Precision mapping of quantitative trait loci. Genetics
136:1457-1468

Zeng M, Morris CF, Batey IL, Wrigley CW (1997) Sources of
variation for starch gelatinization, pasting, and gelation proper-
ties in wheat. Cereal Chem 74:63-71



	Chromosomes 3B and 4D are associated with several milling and baking quality traits in a soft white spring wheat (Triticum aestivum L.) population
	Abstract
	Introduction
	Materials and methods
	Plant materials
	Field experiment
	Data collection
	DNA isolation and marker analysis
	Statistical analysis

	Results
	Discussion
	Conclusion
	Acknowledgments
	References


