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Identification of genetic factors controlling kernel hardness
and related traits in a recombinant inbred population derived
from a soft X ‘extra-soft’ wheat (Triticum aestivum L.) cross
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Abstract Kernel hardness or texture, used to classify
wheat (Triticum aestivum L.) into soft and hard classes, is a
major determinant of milling and baking quality. Wheat
genotypes in the soft class that are termed ‘extra-soft’ (with
kernel hardness in the lower end of the spectrum) have
been associated with superior end-use quality. In order to
better understand the relationship between kernel hardness,
milling yield, and various agronomic traits, we performed
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quantitative trait mapping using a recombinant inbred line
population derived from a cross between a common soft
wheat line and a genotype classified as an ‘extra-soft’ line.
A total of 47 significant quantitative trait loci (QTL)
(LOD > 3.0) were identified for nine traits with the num-
ber of QTL affecting each trait ranging from three to nine.
The percentage of phenotypic variance explained by these
QTL ranged from 3.7 to 50.3%. Six QTL associated with
kernel hardness and break flour yield were detected on
chromosomes 1BS, 4BS, 5BS, 2DS, 4DS, and 5DL. The
two most important QTL were mapped onto orthologous
regions on chromosomes 4DS (Xbarcll18-Rht-D1) and
4BS (Xwmc617-Rht-BI). These results indicated that the
‘extra-soft’ characteristic was not controlled by the Hard-
ness (Ha) locus on chromosome 5DS. QTL for eight
agronomic traits occupied two genomic regions near semi-
dwarf genes Rht-D1 on chromosome 4DS and Rht-BI on
chromosome 4BS. The clustering of these QTL is either
due to the pleiotropic effects of single genes or tight
linkage of genes controlling these various traits.

Introduction

Improvement of flour yield and milling quality is an
important objective in wheat (Triticum aestivum L.)
breeding programs. Kernel hardness is used as a criterion to
separate wheat into two market classes, hard and soft. Flour
from soft-grained wheat is generally used for pastry-type
end-use applications, such as cookies and cakes, rather than
bread-based products. In addition to being a fundamental
distinction between two wheat market classes, kernel
hardness is a complex trait affecting milling, baking, and
other end-uses of wheat. Within the soft wheat class,
genotypes with consistently softer grains are described as
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‘extra-soft’. ‘Extra-soft” wheat has higher break flour yield
and superior milling quality relative to common soft wheat.
This is consistent with a negative correlation reported
between kernel hardness and flour yield (Parker et al.
1999).

This ‘extra-soft’ characteristic, which positively affects
end-use quality relative to common soft wheat, has fostered
interest in developing a novel market class of soft wheat. In
turn, the economic potential of this new class of wheat has
created an interest in understanding the genetic basis of the
‘extra-soft’ grain characteristic. Substantial efforts have
been devoted to mapping and characterizing the underlying
biochemical and genetic basis for the variation of wheat
grain texture. From a biochemical perspective, Greenwell
and Schofield (1986) determined that the protein friabilin
was intricately associated with grain hardness. Friabilin is
present in soft wheat, but it is partially or completely
absent in hard wheat grains. Friabilin is composed of two
proteins, termed puroindolines, encoded by pinA and pinB
at the Hardness (Ha) locus on the short arm of chromosome
5D (Jolly et al. 1996; Mattern 1973). Since puroindolines
are associated with polar lipids and endosperm membranes
(Jolly et al., 1996), puroindolines have been proposed to be
the causal agents for the soft grain phenotype in wheat
(Giroux and Morris, 1998). Studies using transgenic wheat
have now shown that the soft wheat phenotype is primarily
controlled by the pinB-DIb allele (Beecher et al. 2002;
Hogg et al. 2004).

In addition to the Ha locus and puroindoline genes, a
number of QTL that affect wheat grain hardness have been
identified in different mapping populations (Breseghello
et al. 2005; Campbell et al. 1999; Nelson et al. 2006;
Sourdille et al. 1996). Sourdille et al. (1996) reported four
regions on chromosomes 2A, 2D, 5B, and 6D that con-
tribute to the degree of hardness, while three other loci
having an indirect effect on kernel hardness are located on
chromosomes 5A, 6D, and 7A. Most recently, a major QTL
for grain hardness has been mapped onto chromosome
1BL, accounting for 28% of the phenotypic variance for
kernel hardness, while only 8% of the phenotypic variance
was explained by the QTL mapped closely to the Ha locus
and the puroindoline genes on 5DS (Li et al. 2009). Ten out
of 19 QTL for grain hardness were located on the same
chromosome regions as the QTL for grain protein content,
wet gluten content, or water absorption (Li et al. 2009).
These results indicate that kernel hardness is controlled by
many QTL, and these QTL may affect other related traits.

Most genetic studies on wheat kernel hardness have
focused on the difference between soft and hard grain, but
little work has been done on the genetic factors controlling
the difference between soft and ‘extra-soft’ grain. To better
understand the genetic control of the ‘extra-soft’ charac-
teristic, we developed a Fs.¢ recombinant inbred line (RIL)
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mapping population derived from a cross between the soft
white wheat cultivar ‘Stephens’ (hardness index ~24) and
‘OR9900553’ (hardness index ~ 12), an elite breeding line
with the ‘extra-soft’ grain characteristic. Although the
objective of this study was to identify the underlying
genetic factors controlling the ‘extra-soft’ characteristic by
detecting QTL for kernel hardness, the mapping population
was also used to identify and locate QTL associated with
three end-use related traits, break flour yield, bran recov-
ered flour yield, and unground middling flour yield; and
five other agronomic traits. We also determined whether
the semi-dwarfing genes Rht-BI and Rht-DI influenced
wheat endosperm texture, in order to clarify associations
between these semi-dwarfing genes and kernel hardness.

Materials and methods
Plant materials and experimental design

The OS9 x Q36 wheat mapping population consisted of
164 Fs.g-derived RILs generated from a cross between soft
white winter (SWW) wheat OS9A (Stephens) and ‘extra-
soft” white wheat QCB36 (OR9900553). OS9A is a single
plant selection from the cultivar ‘Stephens’, a widely
adapted and high-yielding semi-dwarf variety with durable
high-temperature adult-plant (HTAP) resistance to stripe
rust (Puccinia striiformis Westend f. sp. tritici Ericks)
(Chen and Line, 1995). QCB36 is a single plant selection
from the elite breeding line OR9900553, a high-yielding
and facultative semi-dwarf white wheat breeding line, with
‘extra-soft’ grain kernel texture and superior end-use
quality also known to carry the 2N'S-2AS.2AL, 5B:7B,
and 1BL.1IRS chromosome translocations (Riera-Lizarazu
et al. 2010). The parents contributed contrasting alleles of
two gibberellic acid (GA)-insensitive, semi-dwarfing
genes, Rht-Bl and Rht-DI. The parent OS9A carried the
semi-dwarf allele Rht-BIb and the tall allele Rht-Dla,
while QCB36 carried the tall allele Rht-Bla and the semi-
dwarf allele at Rht-D1b. Also, QCB36 has a spring allele at
the vernalization response gene Vrnl-BIl whereas OS9A
has the winter allele at this locus.

The OS9 x Q36 mapping population and its parents
were grown in two environments in 2007: Hyslop Farm,
Corvallis, OR (environment abbreviation CR07) and in the
greenhouse at Oregon State University (GH07). In 2008,
they were again planted in Corvallis (CRO8), Moro
(MRO08), and Pendleton (PE0O8), in OR, Pullman, WA
(PUO08), and Moscow, ID (MCO08). The RILs and their two
parental lines were arranged in a randomized complete
block design (RCBD) with two replications in each loca-
tion. Phenotypic traits including days to heading (HDD),
plant height (PHT), test weight (TWT), and grain protein
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content (GPC), were collected for RILs in all six field
environments. The kernel hardness (KHA), thousand-ker-
nel weight (TKW), and kernel diameter (KDM) were col-
lected for the mapping population from the greenhouse and
Hyslop Farm in Corvallis in 2007 and the other five field
environments in 2008. Milling-related traits including
break flour yield (BFY), bran recovered flour (BRN), and
unground middling flour (MID), were evaluated for envi-
ronments CR08, MROS8, PEO8, and PUOS.

Statistical analysis of phenotypic data

The phenotypic data for each trait across environments
were analyzed for normality by PROC UNIVARIATE
procedure of SAS 9.2 (SAS Institute, Cary, NC). On the
basis of these normality tests, all trait data showed normal
distribution or nearly normal distribution. In order to esti-
mate the interaction effect of genotype by environment
(G x E), analysis of variance (ANOVA) was performed
using PROC MIXED procedures, where all effects were
assumed random. Phenotypic correlation coefficients
among traits were estimated using PROC CORR in SAS
for the data across four environments (CR08, MROS, PE0S,
and PUO8). Least square (LS) means for the various traits
of each RIL in the individual environment and combined
field environments (CB) were calculated using SAS as
well.

Genotyping, linkage mapping, and QTL analysis

The two parents and 164 RILs were genotyped with simple
sequence repeat (SSR) and diversity array technology
(DArT) markers as described by Riera-Lizarazu et al.
(2010). In addition, all RILs were genotyped with markers
specific for semi-dwarfing alleles at the Rh#-B1 and Rht-D1
loci and the vernalization response gene Vin-BI. Assays
for the gene-specific markers Rht-BI and Rht-DI were
followed by protocols described by Ellis et al. (2002) and
assays for Vrn-B1 followed by the procedure described by
Fu et al. (2005). The two parental lines were genotyped for
puroindoline alleles at the pinA and pinB loci on 5DS. Both
parents were monomorphic for alleles at these loci. The
linkage map based on this RIL mapping population was
constructed using JoinMap 4 (Van Ooijen 2006) with the
regression mapping method and the Kosambi mapping
function. A genetic map with a length of 1,821 centiMor-
gans (cM) and an average density of one marker per
5.5 cM was constructed. The genetic map used in QTL
analysis was composed of 229 SSR markers, 38 DArT
markers, and three gene-specific markers arranged in 45
linkage groups anchored to the 21 chromosomes of wheat.
The order of marker loci in each linkage group was con-
sistent with previous reports (Somers et al. 2004).

The genetic linkage map and least-square (LS) mean
values of phenotypic traits were used in QTL analysis
using interval mapping and multiple-QTL model (MQM)
mapping implemented in MapQTL 5.0 (Van Ooijen 2004).
The significant likelihood-odds (LOD) threshold corre-
sponding to the genome wide significance at 0.05 levels
was estimated with 1,000 permutations, resulting in LOD
scores of 3.0-3.5 for all the investigated traits. Interval
mapping was first performed to identify significant QTL at
a 1 cM interval. The marker closest to the significant LOD
peak at each linkage was selected as a cofactor, and then
all the selected markers were used as genetic background
controls in MQM analysis. If the inclusion of cofactors led
to the identification of new significant QTL, the new
cofactor(s) was included in subsequent MQM analysis.
This process continued until no new significant QTL were
detected and the final MQM model was obtained. Thus,
significant QTL were declared from the final MQM
model. The final linkage maps with approximate 1-LOD
QTL intervals were drawn using MapChart 2.2 (Voorrips
2002).

Results
Distribution and correlation of phenotypic traits

All traits evaluated showed continuous variation at each of
the environments and across the environments (Supple-
mental Figures 1-9). The LS means for KHA among RILs
varied from 5.4 to 40.6 in a combined analysis across
environments, showing that wheat kernel texture ranged
from values typically associated with ‘extra-soft” wheat to
values typically associated with common soft wheat.
Similarly, a continuous distribution was observed for BFY
(range from 112 to 178 g/kg) in the RIL population.
Compared with other environments, HDD were generally
longer in the PUO8 and MCO0S8 environments.

According to the outputs of ANOVA, both genotype and
environment main effects were highly significant
(P < 0.001) for all phenotypic traits except the environ-
mental main effect of MID (P < 0.01). The environmental
variance components of all the traits were larger than
corresponding genotypic variance components except
BFY, BAN, and MID, and G x E variance components
were small. As for the correlation between traits, KHA had
a negative correlation to BFY (r = —0.502) and to BRN
(r = —0.273) across environments. Conversely, KHA had
a positive correlation with MID (r = 0.597). Both KHA
and BFY were associated positively with TWT (r = 0.110
and r = 0.023, respectively). Significant negative correla-
tions were also observed between PHT and HDD (r =
—0.449), and PHT and GPC (r = —0.122).
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QTL results

A total of 47 QTL were detected for nine traits (Fig. 1;
Tables 1, 2). Among these, 24 QTL were detected in at
least two environments, of which seven were significant in
all environments. The number of QTL detected per trait
ranged from three for MID to nine for TKW. The majority
of significant QTL mapped to 16 wheat chromosomes in
the B or D genomes. Only chromosomes 1D, 3A, 4A, 5A,
and 6D lacked mapped QTL. The QTL peak position, the
corresponding R? value (proportion of phenotypic variance
explained by a QTL), 1-LOD QTL support limit, and the
additive effect, are reported for each QTL in Table 2. Of
these 47 QTL, five QTL for KHA, MID, PHT, and TWT
explained more than 30% of the phenotypic variance, four
QTL explained 20-30% and 12 QTL explained 10-20% of
the phenotypic variance. In addition, both parents con-
tributed high-value alleles for all traits except BRN and
MID, and the direction of the additive effect of each QTL
was consistent across different environments.

Kernel hardness (KHA) QTL

Five significant QTL were detected on four chromosomes
(4BS, 4DS, 5DL, and 7DS) and explained 7.1-33.8% of the
phenotypic variance each with a LOD of 3.0 to 11.3
(Table 1; Fig. 1). Three QTL, Qkha.orr-4B, Qkha.orr-4D,
and Qkha.orr-5D, were detected in at least three environ-
ments. The most significant QTL, Qkha.orr-4D, was
identified on 4DS in an interval between Xbarcl118 and
Rht-D1 in all seven environments and across environments
with LOD scores ranging from 5.8 to 11.3. This QTL
explained 14.7-33.8% of the phenotypic variance for grain
hardness with an additive effect of 2.7-4.6. Another
prominent QTL, Qkha.orr-4B, mapped to an interval
between Xwmc617 and Rht-Bl in five environments and
across environments, and accounted for 8.0-20.2% of the
phenotypic variance with additive effects of 2.1-3.1. The
Qkha.orr-5D interval on chromosome SDL was significant
in the PUO8 and MCO8 environments and across environ-
ments, explaining 7.6-10.2% of the phenotypic variance
with negative additive effects from 1.2 to 2.2. Another
QTL on 4D and Qkha.orr-7D were detected only at CRO7.
Except for Qkha.orr-5D, other QTL had positive additive
effects, indicating that KHA was increased by alleles from
OS9A at these QTL loci.

Break flour yield (BFY) QTL
Six QTL were detected on chromosomes 1BS, 4BS, 5BS,
7BL, 2DS, and 4DS (Table 1; Fig. 1). Both Qbfy.orr-1B

and Qbfy.orr-5B were identified in three environments and
across environments. The major QTL, Qbfy.orr-1B, was

@ Springer

mapped to chromosome 1BS with a narrow 1-LOD support
limit interval between RIS and marker Xbarc240. It
explained 9.1-15.6% of the phenotypic variance with
additive effects of 4.3-5.9. Another QTL, Qbfy.orr-5B, was
consistently detected near marker locus XwPt-0103 on 5BS
with LOD scores of 3.6-10.8, and explained 8.9-19.9% of
the phenotypic variance. The Qbfy.orr-4D QTL was map-
ped between semi-dwarfing gene Rht-DI and marker
Xbarcl118 on 4DS with negative additive effects ranging
from 6.2 to 8.9. Three QTL Qbfy.orr-4B, Qbfy.orr-7B, and
QObfy.orr-2D were detected only in a single environment,
and accounted for 9.9, 11.9, and 7.3% of the phenotypic
variance, respectively.

Bran recovered flour (BRN) QTL

A total of five QTL were identified on chromosomes 6AL,
1BS, 4BS, 5BL, and 4DS (Table 1; Fig. 1). The most
significant QTL, Qbrn.orr-1B, was detected in all envi-
ronments and across environments with LOD scores
ranging from 6.7 to 12.2. This QTL explained 6.9-23.6%
of the phenotypic variance with additive effects ranging
from 4.9 to 8.1. Another major QTL, Qbrn.orr-4D, was
detected at three environments and across environments
with LOD scores ranging from 5.3 to 11.2. This QTL was
consistently located in the interval between markers
Xbarcll18 and Rht-DI and the phenotypic variance
explained by this QTL ranged from 15.5 to 26.2% with
negative additive effects from 8.2 to 10.7. Other QTL on
chromosome 6AL, 4BS, and SBL were only detected at CB
(combined field environments), CRO8, and CRO8, and
accounted for 5.8, 6.9, and 6.1% of the phenotypic vari-
ance, respectively. The parent Q36 contributed the lower
value allele to all the five QTL, indicating that QCB36
possessed alleles decreasing BRN.

Fig. 1 Genetic linkage map of wheat showing quantitative trait loci P

(QTLs) mapped to 16 chromosomes in the OS9 x Q36 RIL mapping
population. The approximate 1-LOD supported intervals for QTLs are
indicated by vertical bars. The additive effects contributed by
‘Stephens’ and ‘OR9900553’ are indicated by solid boxes and open
boxes on the left side of each linkage group, respectively. Chromo-
some segments shown in black indicate the approximate position of
the centromere inferred from the wheat microsatellite consensus map
(Somers et al. 2004). QTL abbreviations for traits: Qkha.orr kernel
hardness, Qbfy.orr break flour yield, Qbrn.orr bran recovered yield,
QOmid.orr middling flour yield, Opht.orr plant height, Qhdd.orr days
to heading, Qrwt.orr test weight, Qgpc.orr grain protein content,
Qtkw.orr thousand-kernel weight. Abbreviations of environments in
which the QTLs were detected are given in brackets: 1, Corvallis
(OR), 2007; 2, Corvallis (OR), 2008; 3, Moro (OR), 2008; 4,
Pendleton (OR), 2008; 5, Pullman (WA), 2008; 6, Moscow (ID),
2008; 7, Greenhouse, 2007; and C, Combined across field
environments
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Fig. 1 continued

Unground middling flour (MID) QTL

Three significant QTL were identified on chromosomes
5BL, 4DS, and 4DL for MID (Table 1; Fig. 1). The QTL
Omid.orr-4D on 4DS was detected in all four environments
and across environments with LOD scores of 8.6-16.2. It
explained 18.3-47.6% of the phenotypic variance with
additive effects ranging from 9.0 to 18.2. The Omid.orr-5B
QTL was detected at CRO8 and across environments,
accounting for 14.5 and 11.9% of the phenotypic variance
with additive effects of 7.8 and 6.9, respectively. In con-
trast to the QTL for BRN, all major and minor QTL for
MID were contributed by OS9A alleles that increased
MID.

Plant height (PHT) QTL

Among four significant QTL detected, three QTL on
chromosomes 6AL, 4BS, and 4DS were detected in all
environments, while Qpht.orr-3D was detected only in two
environments (Table 2; Fig. 1). Two major QTL were
mapped onto semi-dwarfing genes Rht-B1 and Rht-D1 with
LOD scores up to 36.1 and 41.6, respectively. These two
QTL explained up to 80% of the total phenotypic variance
in plant height across six field environments. The QOpht.orr-
4B explained 15.3-36.1% of the phenotypic variance with a
negative additive values ranging from 3.7 to 11.1. Qpht.orr-
4D accounted for 28.0-50.3% of phenotypic variance with
additive effects ranging from 3.9 to 12.9. Two minor QTL
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Table 1 Summary of QTL for kernel hardness (KHA), break flour yield (BFY), bran yield (BRN), and middling yield (MID) using the

0S9 x Q36 RIL population

Trait and QTL ~ Environment  Chromo-some  QTL peak” LOD®  1-LOD support limit® R*™ (%)  Additive
symbol abbreviation arm® effect”
KHA GHO7 4BS 26 (Xwmc617) 3.7 19-31 (Xwmc617-Rht-BI) 93 23
Qkha.orr 4DS 13 (Xbarc1118)  10.9 7-18 (Xbarc1118-Rht-DI) 33.8 4.6
CRO7 4DS 6 (Xbarcl118) 5.8 0-16 (Xbarc1118-Rht-DI) 14.7 2.7
4DS 40 (Xwmc720) 3.8 38-43 (Xbarc105-Xwmc720) 8.5 2.0
7DS 0 (Xcfd21) 3.4 0-3 (Xcfd21-Xwmc405.2) 7.1 1.7
CRO8 4DS 17 (Rht-DI) 11.3 11-22 (Xbarcl118-Rht-DI) 33.8 42
MRO8 4BS 25 (Rht-BI) 3.0 22-29 (Xwmcl41-Rhi-BI) 8.0 2.1
4DS 16 (Rht-D1I) 8.8 1022 (Xbarc1118-Rht-DI) 27.5 4.1
PE08 4BS 27 (Rht-Bl) 7.9 25-30 (Xwmc617-Rht-BI) 20.2 3.1
4DS 11 (Xbarc1118) 7.8 4-17 (Xbarc1118-Rht-DI) 22.7 33
PUO8 4BS 27 (Rht-BI) 4.1 24-32 (Xwmc617-Rht-BI) 10.8 24
4DS 12 (Xbarc1118) 7.2 3-18 (Xbarc1118-Rht-DI) 20.9 3.4
5DL 54 (Xwmc215) 3.4 50-57 (Xgwm292-Xcfd29) 8.0 —12
MCO08 4BS 28 (Rht-BI) 49 23-32 (Xwmc617-Rhit-BI) 12.2 25
4DS 11 (Xbarc1118) 6.6 2-18 (Xbarcl118-Rht-DI) 18.7 32
5DL 54 (Xcfd29) 4.6 51-60 (Xwmc215-Xcfd29) 10.2 -22
CB 4BS 27 (Rht-BI) 5.4 24-30 (Xwmc617-Rht-BI) 13.3 24
4DS 12 (Xbarc1118) 9.4 5-18 (Xbarc1118-Rht-DI) 25.7 3.4
5DL 55 (Xcfd29) 3.5 51-62 (Xwme215-Xcfd29) 7.6 -1.7
BFY CROS 1BS 0 (RIS) 42 0—1 (RIS-Xbarc240) 9.1 43
Qbfy.orr 5BS 31 (XwPr-0103) 4.1 27-35 (Xgwm133-Xgwm371) 8.9 —4.1
4DS 11 (Xbarcl118) 6.9 3-18 (Xbarcl118-Rht-DI) 20.0 -7.0
MRO8 1BS 0 (RIS) 6.1 0—1 (RIS-Xbarc240) 14.0 5.9
5BS 29 (XwPt-0103) 6.5 25-33 (Xgwml33-XwPt-0103)  15.7 —6.3
PE08 4BS 28 (Rht-BI) 3.9 24-32 (Xwmc617-Rht-BI) 9.9 —-55
7BL 25 (Xgwm297) 4.8 20-30 (Xcfa2174-Xgwm297) 11.9 -5.8
4DS 11 Xbarc1118) 42 0-20 (Xbarc1118-Rht-DI) 12.2 —6.2
PUOS 1BS 0 (RIS) 44 0-2 (RIS—Xbarc240) 10.9 43
5BS 33 (XwPt-0103) 3.6 25-35 (Xgwml33-Xgwm371) 9.0 -39
CB 1BS 0 (RIS) 8.9 0—1 (RIS-Xbarc240) 15.6 49
5BS 30 (XwPr-0103)  10.8 27-34 (Xgwml33-Xgwm371) 19.9 -54
2DS 1 (Xwmel8I) 4.4 0-2 (Xwmel70-Xbarc288) 7.3 -33
4DS 11 (Xbarc1118) 8.9 4-17 (Xbarc1118-Rht-DI) 19.2 -89
BRN CRO8 1BS 0 (RIS) 12.1 0-2 (RIS-Xbarc240) 20.9 -73
Qbrn.orr 4BS 35 (Xwmc48.2) 43 32-38 (Rht-BI-XwPt-1708) 6.9 —42
5BL 35 (Xgwm371) 40 32-40 (XwPt-0103-Xgwm499) 6.1 -338
MRO8 1BS 0 (RIS) 6.9 0-2 (RIS-Xbarc240) 16.3 8.1
4DS 15 (Rht-D1I) 53 7-23 (Xbarc1118-Rht-D1I) 15.5 -89
PE08 1BS 0 (RIS) 3.7 0-2 (RIS-Xbarc240) 6.9 —49
4DS 19 (Rht-DI) 9.2 13-27 (Xbarc1118-Rht-DI) 25.7 —10.7
PUO8 1BS 0 (RIS) 6.7 0-2 (RIS-Xbarc240) 14.7 —6.0
4DS 15 (Rht-D1I) 9.8 8-21 (Xbarcl118-Rht-DI) 26.2 -9.0
CB 6AL 47 (Xbarc3) 3.1 35-58 (Xbarc23-Xbarc3) 5.8 —3.7
1BS 0 (RIS) 12.2 0-2 (RIS-Xbarc240) 23.6 7.1
4DS 16 (Rht-D1I) 11.2 10-21 (Xbarc1118-Rht-DI) 254 —82
MID CRO8 5BL 33 (XwPr-0103) 7.6 31-35 (XwPt-0103-Xgwm371) 145 7.8
Qmid.orr 4DS 3 (Xbarc1118) 8.6 0-11 (Xbarc1118-Rht-DI) 18.3 9.0
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Table 1 continued
Trait and QTL  Environment  Chromo-some  QTL peak” LOD®  1-LOD support limit® R* (%)  Additive
symbol abbreviation arm” effect’
4DS 42 (Xwmc720) 3.6 40-43 (Xbarc106-Xgdm129) 6.4 5.2
MRO08 4DS 16 (Rht-D1) 104 1022 (Xbarc1118—Rht-D1) 334 14.0
PEO8 4DS 17 (Rht-D1I) 16.2 12-20 (Xbarcl118-Rht-D1) 47.6 18.2
PUOS 4DS 15 (Rht-D1) 15.6 11-20 (Xbarcl118-Rht-D1) 45.3 14.5
CB 5BL 34 (Xgwm371) 6.5 32-39 (XwPt-0103-Xgwm371) 11.9 6.9
4DS 12 (Rht-D1) 14.2 7-19 (Xbarcl118-Rht-DI) 34.7 12.9
4DL 47 (Xwmc457) 4.5 46-48 (Xbarc359-Xwmc473) 7.6 5.2

CRO7 Corvallis (OR), 2007; CR0O8 Corvallis (OR), 2008; MR0O8 Moro (OR), 2008; PEOS Pendleton (OR), 2008; PUOS Pullman (WA), 2008;

MCO08 Moscow (ID), 2008; CB combined across field environments

* The letter S represented the short arm of chromosome, and L indicated the long arm of chromosome

" Position of QTL peak is expressed in centiMorgans (cM), nearest locus to QTL peak is indicated in brackets
¢ Logarithm of the odds ratio (LOD) of QTL peak that exceeded the significant LOD threshold from 1,000 permutations

The flanking loci of 1-LOD support limit are indicated in brackets

R? is the proportion of the phenotypic variance explained by the QTL after accounting for co-factors

T Positive additive values indicate that higher value alleles are from Stephens (OS9A) and the negative values indicate that the higher value

alleles are from OR9900553 (QCB36)

on chromosomes 6AL and 3DL explained 4.3-9.8% and
3.7-5.1% of the phenotypic variance, respectively. The
negative additive effects of QOpht.orr-4B (Rht-BI) and
Opht.orr-3D indicate that PHT was decreased by the alleles
from QCB36 at these loci. On the other hand, the positive
additive effects of Qpht.orr-4D (Rht-DI) indicate that
OS9A contributed alleles at this locus that decreased PHT.

Days to heading (HDD) QTL

Five QTL were identified on chromosomes 1BL, 6BS,
6BL, 4DS, and 7DS, but no significant loci were detected at
MRO8 and PUOS (Table 2; Fig. 1). The QTL Qhdd.orr-4D
was mapped onto the interval between Rhr-DI and
Xgpw94042. The phenotypic variance explained by this
QTL ranged from 11.3 to 21.6% with negative additive
effects ranging from 0.6 to 1.3 in three environments and
across environments. The Qhdd.orr-6B QTL, mapped to
the interval between XwPt-5480 and Xwmc621 at PEOS and
across environments, explained 10.4 and 7.5% of the
phenotypic variance with negative additive effects of 0.7
and 0.4, respectively. Both Qhdd.orr-1B and Qhdd.orr-7D
were significant only at CR08, accounting for 9.0 and 9.9%
of the phenotypic variance with additive effects of 0.8 and
0.9, respectively. Although HDD showed continuous var-
iation, over 50% of the RILs headed within 3 days in all
environments except at CR08. This lack of variation indi-
cated that no major locus with a large effect for HDD
segregated in the OS9 x Q36 population.

Test weight (TWT) QTL

Four QTL were identified on chromosomes 7AL, 4BS,
4DS, and 5DL (Table 2; Fig. 1). Qtwt.orr-4D, mapped to
the interval between Rht-DI and Xgpw94042, was detec-
ted in six environments and across environments with
LOD scores ranging from 4.0 to 15.8. This QTL explained
10.0-30.9% of the phenotypic variance with additive
effects ranging from 6.1 to 18.6. Qtwt.orr-4B, located in
the interval between Xwmc617 and Rht-Bl, was detected
in five environments and across environments, accounting
for 8.3-30.7% of the phenotypic variance with negative
additive values ranging from 5.2 to 18.3. Both Qmwt.orr-
7A and Qtwt.orr-5D were identified only at MCO08, and
explained 9.6 and 9.3% of the phenotypic variance,
respectively.

Grain protein content (GPC) QTL

A total of six significant QTL were mapped to chromo-
somes 1AL, 2AS, 3BL, 6BS, 5DL, and 7DL (Table 2;
Fig. 1). Of these, Qgpc.orr-7D was detected at two envi-
ronments; other QTL were significant only in single envi-
ronments while no significant QTL was detected at PEOS or
PUOS. Qgpc.orr-7D explained 9.8 and 7.6% of the phe-
notypic variance with negative additive effects of 2.3 and
2.8 at CRO7 and CROS, respectively. Besides Qgpc.orr-1A,
all six QTL showed negative effects with QCB36 alleles
decreasing GPC.
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Table 2 Summary of QTL for plant height (PHT), days to heading (HDD), test weight (TWT), grain protein content (GPC), and thousand-kernel

weight (TKW) using the OS9 x Q36 RIL population

Trait and Environment ~ Chromosome arm®  QTL peak® (¢cM) LOD®  1-LOD support limit* R*™ (%)  Additive
QTL symbol  abbreviation effect”
PHT CRO7 6AL 61 (Xwmc32) 54 59-64 (XwPt-5094—Xwmc32) 6.3 4.2
Qpht.orr 4BS 31 (Rht-BI) 211 30-32 (Rht-BI-Xwmc48.2) 30.8 —92
4DS 28 (Rht-DI) 25.1 23-29 (Rht-D1-Xgpw94042) 39.0 10.9
CRO8 6AL 62 (Xwmc32) 11.2 60-64 (XwPt-5094—Xwmc32) 8.6 5.0
4BS 31 (Rht-BI) 34.2 31-32 (Xwmc617-Rht-B1) 38.6 —11.1
4DS 28 (Rht-D1) 39.8 27-29 (Xbarcl118—Rht-D1) 47.8 12.9
MRO8 6AL 63 (Xwmc32) 3.8 59-64 (XwPt-5094-Xwmc32) 5.4 1.6
4BS 32 (Rht-BI) 15.3 30-34 (Rht-B1-Xwmc48.2) 26.8 —3.7
3DL 28 (Xgwm52) 34 22-31 (Xbarc226-Xgwm52) 5.1 —1.6
4DS 28 (Rht-DI) 16.1 23-29 (Xbarcl118-Rht-D1I) 28.0 3.9
PEOS 6AL 63 (Xwmc32) 6.2 60-65 (XwPt-5094—Xwmc32) 43 3.0
4BS 31 (Rht-BI) 36.1 31-32 (Xwmc617-Rht-B1) 40.0 -9.9
4DS 28 (Rht-D1) 41.6 26-28 (Xbarcl118—Rht-D1) 50.3 11.6
PUO8 6AL 61 (Xwmc32) 8.1 59-63 (XwPt-5094-Xwmc32) 9.8 32
4BS 31 (Rht-BI) 19.4 31-32 (Rht-B1-Xwmc48.2) 27.1 —5.4
4DS 28 (Rht-DI) 254 25-30 (Xbarcl118-Rht-D1I) 38.7 6.8
MCO08 6AL 63 (Xwmc32) 7.9 60-64 (XwPt-5094—Xwmc32) 8.2 3.2
4BS 31 (Rht-BI) 222 30-33 (Xwmc617-Rht-B1) 29.3 —6.2
3DL 24 (Xbarc226) 3.6 15-30 (Xbarc226-Xgwm52) 3.7 —2.2
4DS 28 (Rht-D1) 28.1 26-29 (Xbarcl118—Rht-D1) 40.5 7.7
CB 6AL 62 (Xwmc32) 10.4 60-64 (XwPt-5094-Xwmc32) 8.1 34
4BS 31 (Rht-BI) 34.1 31-32 (Rht-B1-Xwmc48.2) 38.6 -7.6
4DS 28 (Rht-D1) 38.3 26-28 (Xbarcl118—Rht-D1) 46.2 8.9
HDD CRO7 6BS 37 (Xcefdl) 34 3543 (Xcfd13-Xcfdl) 8.3 —-0.6
Qhdd.orr CRO8 1BL 28 (Xwmc44) 4.2 16-28 (Xgwm268—Xwmc44) 9.0 0.8
4DS 28 (Rht-DI) 94 21-31 (Rht-D1-Xgpw94042) 21.6 —1.3
7DS 18 (Xcfd41) 3.9 9-28 (Xbarc184—Xcfd41) 9.9 0.9
MROS8 No significant QTL
PEO8 6BL 109 (Xwmc621) 5.1 109-112 (XwPt-5480-Xwmc621) 10.4 —-0.7
4DS 28 (Rht-D1) 8.2 20-32 (Rht-D1-Xgpw94042) 17.8 —-1.0
PUO8 No significant QTL
MCO08 4DS 25 (Rht-DI) 5.1 16-32 (Rht-D1-Xgpw94042) 14.8 —0.7
CB 6BL 109 (Xwmc621) 3.2 108-114 (XwPt-5480-Xwmc621) 7.50 —0.4
4DS 28 (Rht-D1) 4.6 19-34 (Rht-D1-Xgpw94042) 11.3 —-0.6
TWT CRO7 4DS 28 (Rht-D1) 6.0 23-32 (Rht-D1-Xgpw94042) 16.3 6.7
Qtwt.orr CRO8 4BS 27 (Rht-BI) 41 24-30 (Xwmc617-Rht-BI) 1.6 _52
4DS 30 (Rht-DI) 7.1 25-33 (Rht-D1-Xgpw94042) 18.0 6.6
MRO8 4BS 24 (Xwmc617) 3.1 13-29 (Xwmcl41-Rht-Bl) 8.3 -5.5
4DS 28 (Rht-DI) 4.0 22-32 (Rht-D1-Xgpw94042) 10.0 6.1
PEOS 4BS 29 (Rht-B1) 14.8 27-32 (Xwmc617-Rht-BI) 30.7 —18.3
4DS 28 (Rht-DI) 15.8 26-30 (Rht-D1-Xgpw94042) 30.9 18.6
PUO8 4BS 30 (Rht-BI) 11.0 28-33 (Xwmc617-Rht-BI) 23.6 -9.9
4DS 28 (Rht-DI) 125 26-32 (Rhi-DI-Xgpw94042) 25.8 10.6
MCO08 7AL 2 (XwPt-6460) 4.7 0-5 (XwPt-2501-Xgwm146) 9.6 —4.4
4BS 26 (Rht-BI) 3.7 22-30 (Xwmc617-Rht-Bl) 8.3 —4.3
4DS 29 (Rht-D1I) 5.5 23-34 (Rht-D1-Xgpw94042) 11.2 5.2
5DL 60 (Xcfd29) 4.5 54-66 (Xcfd29-Xcfd183) 9.3 —4.5
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Table 2 continued

Trait and Environment ~ Chromosome arm®  QTL peak® (¢cM) LOD®  1-LOD support limit® R*™ (%)  Additive
QTL symbol  abbreviation effect”
CB 4BS 28 (Rht-BI) 11.3 26-30 (Xwmc617-Rht-BI) 24.2 —8.3
4DS 28 (Rht-DI) 14.7 26-31 (Rht-D1-Xgpw94042) 30.3 9.3
GPC CRO7 6BS 55 (Xbarcl36) 5.1 54-57 (Xbarc101-Xwmc397) 13.0 —2.6
Qgpc.orr 7DL 32 (Xbarcl28) 39 28-33 (Xcfd46-Xgwm437) 9.8 —-2.3
CRO8 3BL 16 (Xwmc56) 4.7 13-21 (Xwmc3-Xwmce56) 13.7 -39
7DL 33 (Xgwm437) 3.0 31-37 (Xbarc128-Xgwm437) 7.6 —2.8
MROS8 2AS 0 (Xemwg682) 34 0-1 (Xemwg682—-Xcfd36) 9.2 -2.5
PEOS8 No significant QTL
PUO8 No significant QTL
MCO08 SDL 57 (Xcfd29) 4.1 52-59 (Xwmc215-Xcfd29) 10.9 -3.1
CB 1AL 0 (Xgwm99) 4.1 0-1 (Xgwm99-Xbarc1022) 10.6 5.2
TKW GHO7 6AL 61 (Xwmc32) 38 58-64 (XwPt-5094—Xwmc32) 9.3 1.8
Qtkw.orr 4BS 36 (Xwmc48.2) 6.8 34-38 (Xwmc48.2-XwPt-1708) 16.5 2.3
CRO7 4BL 45 (Xgwm149) 4.7 44-47 (Xgwm192-XwPt-7062) 12.9 —1.2
CRO8 6AL 62 (Xwmce32) 5.1 59-66 (XwPt-5094—Xwmc32) 8.2 1.1
TAL 15 (Xwmc273) 5.8 12-20 (Xgwm146-XwPt6168) 8.9 1.1
2BL 98 (Xbarcll55) 5.1 87-103 (Xbarcl155-Xgwm388) 8.3 1.1
4BL 41 (Xgwm495) 8.6 4043 (Xgwm513-Xgwm495) 13.8 —1.5
3DL 16 (Xgwm3) 4.6 14-16 (Xwmc552-Xgwm3) 6.9 1.0
MROS8 6AL 59 (XwPt-5094) 4.1 56-63 (Xbarc3—XwPt-5094) 10.4 1.0
2BL 98 (Xgwm388) 3.7 95-104 (Xbarcl155-Xgwm388) 9.7 1.0
PEO8 6AL 60 (XwPt-5094) 3.6 55-63 (Xbarc3—-XwPt-5094) 5.8 0.9
TAL 0 (XwPt-2501) 35 0-1 (XwPt2501-XwPt6460) 54 0.9
2BL 86 (Xbarcll55) 4.1 77-100 (Xgwm410.2-Xbarcl155) 7.7 1.2
4BS 38 (XwPt-1708) 14.3 37-39 (Xwmc48.2-XwPt1708) 26.0 -2.0
4DS 28 (Rht-DI) 44 21-34 (Rht-D1-Xgpw94042) 7.1 1.1
PUO8 6AL 60 (XwPt-5094) 6.0 57-62 (Xbarc3-XwPt-5094) 12.0 1.2
1BS 0 (RIS) 33 0-2 (RIS-Xbarc240) 5.5 —-0.8
2BL 99 (Xbarcl155) 43 86103 (Xbarcl155-Xgwm388) 8.8 1.0
4BS 32 (Rht-Bl) 11.8 31-33 (Rht-B1-Xwmc48.2) 24.7 —1.8
4DS 28 (Rht-D1) 42 22-31 (Rht-D1-Xgpw94042) 7.7 1.0
MCO08 6AL 62 (Xwmc32) 4.7 59-66 (XwPt-5094-Xbarc107) 10.7 1.2
7TAL 15 (Xwmc273) 3.6 10-21 (Xgwm146—-Xwmc273) 7.9 1.1
4BL 44 (Xgwm192) 4.5 43-46 (Xgwml192-Xgwmi49) 10.3 —-1.2
CB 6AL 61 (Xwmc32) 5.5 59-66 (XwPt-5094—Xwmc32) 10.2 1.0
7AL 15 (Xwmc273) 3.1 9-20 (Xgwm146-Xwmc273) 53 0.7
2BL 93 (Xbarcl155) 43 83-104 (Xbarcl155-Xgwm388) 7.7 0.9
4BL 41 (Xgwm495) 9.9 40-43 (Xgwm513-Xgwml192) 18.5 —1.3

CRO7 Corvallis (OR), 2007; CR0S8 Corvallis (OR), 2008; MR0O8 Moro (OR), 2008; PEOS Pendleton (OR), 2008; PUOS Pullman (WA), 2008;
MCO08 Moscow (ID), 2008; CB Combined across field environments

? The letter S represented the short arm of chromosome, and L indicated the long arm of chromosome

® Position of QTL peak is expressed in centiMorgans (cM), nearest locus to QTL peak is indicated in brackets

¢ Logarithm of the odds ratio (LOD) of QTL peak that exceeded the significant LOD threshold from 1,000 permutations

The flanking loci of 1-LOD support limit are indicated in brackets

R? is the proportion of the phenotypic variance explained by the QTL after accounting for co-factors

T Positive additive values indicate that higher value alleles are from Stephens (OS9A) and the negative values indicate that the higher value
alleles are from OR9900553 (QCB36)
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Thousand-kernel weight (TKW) QTL

A total of nine QTL were detected on chromosomes 6AL,
7AL, 1BS, 2BL, 4BS, 4BL, 3DL, and 4DS (Table 2;
Fig. 1). The major QTL, Qtkw.orr-6A, mapped to the
interval between XwPt-5094 and Xwmc3, was detected in
six environments, and detected across environments.
Qtkw.orr-4B on chromosome 4BL explained 10.3-18.5%
of the phenotypic variance with negative additive effects
ranging between 1.2 and 1.5. Qtkw.orr-2B was mapped to
the interval between Xbarcl155 and Xgwm388, explaining
7.7-9.3% of the phenotypic variance. Qtkw.orr-7A and
Qtkw.orr-3D were detected only at PEO8 and CROS8, and
accounted for 5.4 and 6.9% of the phenotypic variance,
respectively. Parent OS9A contributed high-value alleles at
all identified QTL except the QTL on chromosome 4B.

Effects of semi-dwarfing genes on kernel hardness

Due to the identification of major QTL for most traits near
semi-dwarfing genes Rht-DI and Rht-Bl, the possible
effects of Rhr alleles on variation in grain hardness were
analyzed. RILs of the OS9 x Q36 population were clas-
sified as semi-dwarf (carried the semi-dwarf allele Rht-Bl1b
or Rht-D1b), dwarf (carried both semi-dwarf alleles Rhz-
BIb and Rht-D1b), or tall (carried both tall alleles Rht-Bla
and Rht-Dla) (Fig. 2). Even though the four combinations
of Rht alleles produced three distinct groups of RILs based
on PHT, no significant correlation was observed between
hardness and PHT among RILs. This was due to the fact
that lines with semi-dwarf allele Rhs-B1b had higher kernel
hardness, whereas lines with semi-dwarf allele Rht-DI1b
had lower kernel hardness. This association is presumably
due to linkage of RhAt alleles and QTL alleles decreasing
hardness or pleiotropic effects of Rht alleles, as confirmed
by pairwise t-tests on hardness of the four genotypic groups
classified based on alleles at Rht-BIl and Rht-DI among
individuals of the RIL population. The genotypic class of
36 RILs with tall allele Rht-Bla and semi-dwarf allele Rhz-
DIb had a mean hardness index of 18.0, significantly
(P < 0.005) lower than that of the other three genotypic
classes with mean hardness indexes of 23.3, 23.5, and 25.5.

Discussion

QTL for hardness and milling yield

Most QTL detected for the nine traits investigated in this
study were localized to similar genomic regions identified
in previous studies. As expected, two major QTL for PHT,

representing the effect of the well-known semi-dwarfing
genes Rht-B1 and Rht-D1 on chromosomes 4BS and 4DS,

@ Springer

120

110 4 °
° L]
Ld
= 100 1 e ® 009 oo ge ¢
5 o° spo' - %
2 90 . ..' o°8.$o<> 3
z B ’.:%)8 . f.b§ °
o °
=) O o 0% Se PP
‘o 801 Og % o‘>oo<5§<§>no<> o ®
& of o °
* O0p 8 oo
= 70 o o © o o
g o o
o 60 Lah
A A A
ARht-B1b_Rht-D1b (dwarf) A a
50 - @ Rht-Bla_Rht-Dia (tall) A A A
ORht-Bla_Rht-D1b (semi-dwarf)
© Rht-B1b_Rht-Dla (semi-dwarf)
40 T T T T T T T
0 5 10 15 20 25 30 35 40

Hardness Index

Fig. 2 Relationship between kernel hardness and plant height in the
two parent and the mapping population of 164-recombinant inbred
lines (RILs) developed from the cross between OS9A (soft, Rht-B1b
Rht-Dla) and QCB36 (extra-soft, Rht-Bla Rht-DI1b). Symbols
indicate allele status at the two Rht loci

respectively, were identified (Borner et al. 1997; Ellis et al.
2002). Another minor QTL, Qpht.orr-6A, coincides with a
previously reported QTL (Spielmeyer et al. 2007). Our
study is consistent with other studies where the variation
for PHT is largely explained by the effect of Rht genes but
also under polygenic control. All three QTL were consis-
tently detected in different environments. The consistent
detection of identical QTL from trial to trial suggests little
G x E interaction.

Previous studies identified the Ha locus and puroindo-
line genes on 5DS as the major genetic determinants con-
trolling variation between hard and soft wheat. The
continuous distribution for kernel hardness in the
0S9 x Q36 population is different from the bimodal dis-
tribution typically seen in RIL populations developed from
soft x hard wheat crosses (Bergman et al. 1998; Campbell
et al. 1999). By eliminating variation at Ha locus in the
choice of our parental lines, we were able to focus on other
loci that influence and determine the difference between
soft and ‘extra-soft’ grain hardness. Thus, we were able to
identify two major QTL on chromosomes 4BS (Qkha.orr-
4B) and 4DS (Qkha.orr-4D) close to the semi-dwarfing
genes Rht-B1 and Rht-D1 that explained up to 20 and 34%
of the phenotypic variance for kernel hardness, respec-
tively. The QTL on chromosome 4DS is most likely
identical to a previously reported QTL location for grain
hardness (Li et al. 2009; Zanetti et al. 2001). However, to
our knowledge, this is the first report of a major QTL for
hardness on chromosome 4BS. Additionally, two QTL with
minor effects on hardness were found on chromosomes
SDL and 7DS. Therefore, this QTL analysis revealed that
inheritance of the soft kernel characteristic is complex.
Based on map comparisons, the QTL on chromosomes 4BS
and 4DS (Qkha.orr-4B and Qkha.orr-4D) appear to be
orthologous loci.



Theor Appl Genet (2012) 124:207-221

219

Several genetic factors are probably involved in the
determination of grain hardness and the three milling yield
traits in our study. Two coincident QTL were found on
chromosomes 4DS and 5BS for BFY, BRN, and MID, even
though the effect of the QTL on chromosome 4DS for BFY
is much smaller than the effect on hardness. Similarly, the
QTL mapped to chromosome 4BS for BFY and BRN, was
also coupled with a QTL for KHA, but its effect on these
two traits was less than that for hardness. Another
co-located QTL for BFY and BRN, which explained up to
15% of the phenotypic variance, was associated with the
1BL.1RS chromosome translocation. The identification of
this QTL is consistent with the observation that the
1BL.1RS translocation can affect grain characteristics and
may be associated directly with other endosperm charac-
teristics rather than hardness per se (Kim et al. 2004).
Three other QTL detected in this study, Qbfy.orr-4B,
Obfy.orr-2D, and Qbfy.orr-4D, were in agreement with
previously reported QTL for flour yield of hard wheat
(Christopher 2008; McCartney et al., 2006; Schmidt 2004).
None of the QTL associated with BRN and MID flour yield
have been previously reported. The significant QTL on
chromosomes 4BS and 4DS coincided with hardness,
indicating that there exist two potential QTL accounting for
most variation of kernel hardness. Of interest is to under-
stand the relationship between these two coincident QTL
for KHA, BFY, BRN, and MID, and semi-dwarfing genes
Rht-BI and Rht-D1, respectively, that are in their vicinity.

QTL for agronomic traits

Three QTL identified for HDD in this study were coinci-
dent with QTL identified in previous studies. However, we
were unable to identify any significant QTL near the ver-
nalization gene Vrn-Bl on chromosome 5B despite varia-
tion for HDD among RILs of this population. Our inability
to detect the influence of Vrn-BI alleles may be due to
complete vernalization of materials in the field and con-
founding effects of other factors that affect flowering time,
including alleles at the earliness per se loci. The minor
QTL we identified on chromosome 7DS for HDD may be
identical to a QTL identified in previous studies (Borner
et al. 2002; Sourdille et al. 2000). Qhdd.orr-4D and
Qhdd.orr-6B were reported to be associated with earliness
per se (Hoogendoorn 1985), suggesting that our population
is segregating for alleles at these loci. The QTL on chro-
mosome 4DS coincident with hardness suggests that HDD
or factors affecting HDD may influence kernel hardness or
endosperm texture through a pleiotropic effect.

Six out of nine TKW QTL reported here had not been
reported elsewhere. However, three QTL, one each on
chromosome 6A (Qtkw.orr-6A between markers Xbarc3
and Xbarcl07), 1B [Qtkw.orr-IB near marker RIS

(1RS.1BL)] and 2B (Qtkw.orr-2B near Xgwm388) were in
agreement with QTL identified previously (Groos et al.
2003; Huang et al. 2004; Snape et al. 2007). As for TWT
QTL, the QTL on chromosome 2DL was consistent with a
previously identified QTL as well (Narasimhamoorthy
et al. 2006). Taking into consideration the influence of
HDD on grain filling, some concurrent genetic factors for
HDD, TKW, and TWT may exist. Therefore, it is not
surprising that coincident QTL on chromosome 4DS were
mapped for HDD, TKW, and TWT in the present study.

Two of six GPC QTL identified in this study appeared
similar to those reported previously in wheat. Qgpc.orr-6B
between markers Xbarcl01 and Xbarc103, and Qgpc.orr-
2A between markers Xcmwg682 and Xcfd36 occupied
similar chromosome regions to QTL identified elsewhere
(Groos et al. 2003; Joppa et al. 1997; Khan et al. 2000).
However, four minor GPC QTL on chromosomes 1AL,
3BL, 5SDL, and 7DL were identified only in this study. All
QTL for GPC could only be detected in a single environ-
ment except Qgpc.orr-7D, and no significant QTL was
detected at PEO8 or PUOS. It seems that the limited phe-
notypic variation for this trait in the mapping population is
the primary reason for our inability to detect QTL for GPC
across environments.

Co-location of QTL

We observed a total of seven coincident QTL for at least
two different traits on chromosomes 1B, 4B, 5B, 4D, 5D,
6A, and 7A. Of these, the most significant QTL for eight
out of the nine investigated traits was mapped to the same
chromosome region near semi-dwarfing gene Rht-DI on
chromosome 4DS. GPC was the only trait investigated that
lacked QTL in this chromosomal region. Similarly, another
coincident QTL for six investigated traits was detected on
the chromosomal region near Rht-BI on chromosome 4BS.
These findings are generally consistent with the QTL
identified in other studies in which both semi-dwarfing
genes Rht-Bl and Rht-D1 have been reported to be asso-
ciated with some agronomic traits and disease resistance
including TWT, TKW, and Fusarium crown rot (Collard
et al. 2005; McCartney et al. 2006; Singh et al. 2001;
Wallwork et al. 2004). Besides these, Qbfy.orr-5B was
coincident with QTL for MID and BRN on chromosome
5B. Coincident QTL for three traits (BFY, BRN, and
TKW) were detected in the same marker interval RIS-
Xbarc240 on chromosome 1BS (representing the chromo-
some translocation 1BL.1RS) that has been reported
previously (Moreno-Sevilla et al. 1995). Both Qbrn.orr-6B,
and Qmid.orr-6B were coincident with QTL for HDD on
chromosome 6BL. A QTL for BRN was located on the
same region of chromosome 3B as a QTL for GPC. These
coincident QTL for multiple traits were consistent across
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environments, suggesting that these traits may be corre-
lated with each other and may share common genetic
factors. If this is the case, all traits measured in this study
except GPC are correlated with KHA. This correlation has
two possible explanations. One interpretation is pleiotropic
effects of single genes. Alternatively, multiple closely
linked genes cannot be ruled out in a QTL study due to
limits in mapping resolution. Although our analysis sug-
gests the former, we cannot conclusively distinguish
between these two possible explanations for QTL
coincidence.

Selection of soft wheat cultivars with high flour yield
and superior end-use quality has been successful because of
the important negative correlation between milling flour
yield and KHA. However, until now, the genetic control of
the ‘extra-soft’ characteristic has not received much
attention. This may reflect the fact that texture variation
from soft to ‘extra-soft’ is small relative to the much larger
difference between soft and hard wheat. In addition, the
large effect of the Ha locus is more amenable to qualitative
genetic studies. The quantitative nature of the genetic
determinants of the ‘extra soft’ trait and smaller phenotypic
effects of these loci make the objectives of this study more
challenging. Nonetheless, we have been able to show that
at least five QTL directly contribute to the ‘extra-soft’
characteristic.

Relationship of Rht genes and kernel hardness

Our study suggested that KHA is not influenced directly by
Rht genes, even though we found an association of both
Rht-B1 and Rht-D1 genes with kernel hardness. Also, there
is probably no pleiotropic effect of the dwarfing gene Rht-
B1 based on analysis of lines carrying different alleles of
Rht-D1 and Rht-B1. Path coefficient analysis supported the
contention that KHA and BFY are not highly associated
with PHT (Richards 1992). In contrast, both KHA and BFY
were observed to be highly correlated with other agro-
nomic traits, such as HDD and TWT in our study. Recent
studies have revealed that GPC is positively correlated with
KHA. This is supported by studies where softer wheat
grain had lower protein content than hard wheat (Gaines
1985; Nelson et al. 2006; Yamazaki and Donelson 1983).

This study identified 11 QTL for wheat KHA and BFY,
along with significant QTL for other agronomic traits, thus
increasing our understanding of the underlying genetic
factors controlling kernel hardness, break flour yield, and
other agronomic traits. The QTL reported here could orient
marker-assisted selection strategies to breed for high mar-
ket value ‘extra-soft’ wheat lines. The identification of
significant QTL is also the first step in identifying the
specific genetic factors that underline phenotypes of
interest. In this case, we have identified two QTL that

@ Springer

contribute to the ‘extra-soft’ phenotype. Fine mapping of
these QTL near Rht genes would be the next step towards
isolating and identifying the relevant genes.
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