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Abstract High-molecular-weight glutenin subunits
(HMW-GS) are important determinants of wheat dough
quality as they confer visco-elastic properties to the dough
required for mixing and baking performance. With this
important role, the HMW-GS alleles are key markers in
breeding programs. In this work, we present the use of a
PCR marker initially designed to discriminate Glu1 Bx7
and Glu1 Bx17 HMW-GS. It was discovered that this
marker also differentiated two alleles, originally both
scored as Glu1 Bx7, present in the wheat lines CD87 and
Katepwa respectively, by a size polymorphism of 18 bp.
The marker was scored across a segregating doubled-
haploid (DH) population (CD87 � Katepwa) containing
156 individual lines and grown at two sites. Within this
population, the marker differentiated lines showing the
over-expression of the Glu1 Bx7 subunit (indicated by the
larger PCR fragment), derived from the CD87 parent,
relative to lines showing the normal expression of the
Glu1 Bx7 subunit, derived from the Katepwa parent.
DNA sequence analysis showed that the observed size
polymorphism was due to an 18 bp insertion/deletion
event at the C-terminal end of the central repetitive
domain of the Glu1 Bx 7 coding sequence, which resulted
in an extra copy of the hexapeptide sequence QPGQGQ in
the deduced amino-acid sequence of Bx7 from CD87.
When the DH population was analysed using this novel
Bx7 PCR marker, SDS PAGE and RP HPLC, there was
perfect correlation between the Bx7 PCR marker results
and the expression level of Bx7. This differentiation of

the population was confirmed by both SDS-PAGE and
RP-HPLC. The functional significance of this marker was
assessed by measuring key dough properties of the 156
DH lines. A strong association was shown between lines
with an over expression of Bx7 and high dough strength.
Furthermore, the data demonstrated that there was an
additional impact of Glu-D1 alleles on dough properties,
with lines containing both over-expressed Bx7 and Glu-
D1 5+10 having the highest levels of dough strength.
However, there was no statistically significant epistatic
interaction between Glu-B1 and Glu-D1 loci.

Keywords Bx7 · Doubled haploid · Dough quality ·
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Introduction

Polymeric glutenins and monomeric gliadins are the
major storage proteins in the wheat endosperm and endow
wheat flour with its unique visco-elastic properties
essential in end-product quality and bread-making ability
(Payne and Lawrence 1983). Glutenin polymers are
comprised of both high- and low molecular-weight
glutenin sub-units (HMW-GS and LMW-GS respective-
ly). The HMW-GS are encoded by paired genes desig-
nated as “x” and “y” types at three loci, Glu-A1, Glu-B1
and Glu-D1, present on the long arms of chromosome 1A,
1B and 1D respectively (Payne et al. 1987). The LMW-
GS are encoded by genes at the Glu-A3, Glu-B3 and Glu-
D3 loci on the short arms of chromosome 1A, 1B and 1D,
respectively (Gupta and Shepherd 1990). Although the
HMW-GS are less abundant than the LMW-GS, they have
a major impact on dough quality, are amenable to
relatively straightforward analysis and therefore have
been used extensively as markers in breeding programs
(Cornish et al. 2001a).

SDS-PAGE (sodium dodecyl sulphate polyacrylamide
gel electrophoresis) is an important and efficient method
for profiling HMW-GS in different wheat lines. However,
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difficulties arise when different subunits of the same
molecular weight and mobility cannot be differentiated,
as indicated by D’Ovidio and Anderson (1994) and
Lafiandra et al. (1994). Some of the ambiguity encoun-
tered with SDS-PAGE has been overcome using RP-
HPLC analysis, where HMW-GS of near identical
molecular-weight and electrophoretic mobility, such as
Ax2 and Ax2*, could be readily resolved according to
their elution times (Marchylo et al. 1992). However, in
the case of alleles of the Glu-B1-encoded subunit Bx7,
only a small difference in electrophoretic mobility exists
between subunit Bx7 and Bx7* (Bx7 being slightly larger
than Bx7*) and, additionally, these subunits cannot be
differentiated on the basis of elution time using RP-HPLC
(Marchylo et al. 1992). Quantitative analysis of these two
subunits in Canadian cultivars using RP-HPLC, revealed
that the proportion of subunit Bx7 relative to the total
amount of HMW-GS was significantly higher than for
subunit Bx7*. Subunit Bx7* was found in combination
with subunit By9 (as for Katepwa, one of the parent lines
used in this study), subunit By8, or a variant designated as
subunit By8*, whereas subunit Bx7 was found in
combination with By8 or By8* only (Marchylo et al.
1992).

The balance between the viscous and the elastic
properties of dough determine its strength during mixing
and the baking process. In many breeding programs, high
dough strength is used as a predictor of good quality bread
wheat. Dough strength has been attributed largely to the
type of allele present at the Glu-D1 locus; the HMW-GS
allelic pair Dx2+Dy12 (Glu-D1 a) has been found to give
weaker, inferior doughs relative to wheat containing the
allelic pair Dx5+Dy10 (Glu-D1 d) (Payne et al. 1987).
The increased dough strength of the Dx5+Dy10 subunit
pair is thought to be due to an additional cysteine residue
present in Dx5 (Anderson and Green 1989) and was
demonstrated in in vitro experiments incorporating bac-
terially expressed Dx5 and Dy10 polypeptides into the
glutenin polymer (B�k�s et al. 1994), and most recently in
vivo, by the functional analysis of independent doubled-
haploid populations established both in Australia (B�k�s
et al. 2001) and Canada (Radovanovic et al. 2002). It has
also been observed that cultivars with an over-expression
of Glu-B1 Bx7 tend to have improved dough strength
(Lukow et al., 1992; Marchylo et al. 1992; D’Ovidio et al.
1997). This association has recently been shown for a
range of Australian and North American cultivars and
lines (Butow et al. 2002; Radovanovic et al. 2002), and in
old Hungarian varieties and landraces (Jfflhasz et al. 2000)
assessed for functional dough properties. Greater dough
strength was indicated by increased mixing times (MT),
maximum resistance to extension (Rmax) and decreased
resistance breakdown (RBD, B�k�s et al. 2001). Dough
extensibility was also increased in cultivars showing an
increased expression of Glu1Bx7, although this appeared
to be a more complex trait involving other parameters
such as LMW-GS and gliadin composition (Gupta et al.
1994; Cornish et al. 2001b).

The aim of this current research was to define at the
molecular level, the nature of allelic differences amongst
previously undifferentiated Bx7 alleles. This information
has allowed us to investigate the linkage between the Bx7
structural gene and expression level, and to characterize
associations between distinct Bx7 alleles and wheat flour
dough quality parameters. A combination of molecular
and biochemical approaches have been used in order to
achieve this objective.

Materials and methods

Materials

Doubled-haploid lines (n=156 progeny lines) were derived from a
CD87 � Katepwa F1 cross and subsequent wheat � maize doubled-
haploid system; plants grown at Wongan Hills and Horsham were
produced by the National Wheat Molecular Marker Program in
Australia (NWMMP) (Kammholz et al. 2001). The parents of this
population were chosen for their contrasting physiological and
functional features, specifically the high extensibility of CD87 as
compared to that of Katepwa. The HMW-GS genotypes of the
parent lines are: CD87—Glu-A1b (Ax2*), Glu-B1b (Bx7+By8*),
Glu-D1a (Dx2+Dy12), and Katepwa—Glu-A1b (Ax2*), Glu-B1c
(Bx7+By9), Glu-D1d (Dx5+Dy10).

Wheat DNA extraction

Genomic DNA was extracted from 3–6 day old hypocotyls (10 mg)
of germinating seeds or from 50 mg of flour for the DH lines using
a rapid isolation technique (Stewart and Via 1993).

PCR analysis of Glu-B1 sub-alleles

PCR was performed in a reaction volume of 20 ml using 20 ng of
genomic DNA, 1 U of HotStar Taq DNA polymerase (Qiagen), in 1
� PCR buffer (Qiagen, containing 1.5 mM of MgCl2) 200 mM of
dNTP mix and 10 rmol each of the following Bx primers: forward
50-CGCAACAGCCAGGACAATT-30, and reverse 50-AGAGTTC-
TATCACTGCCTGGT-30 (Ma et al. 2003). Amplification conditions
for the PCR reaction were an initial cycle at 95�C for 5 min,
followed by 38 cycles of; 95�C for 30 s, 58�C for 30 s and 72�C for
1 min, followed by a final extension at 72�C for 5.25 min. PCR
products were visualised as described by Rampling et al (2001).
Genescan analysis of PCR products of the whole DH population,
was carried out with the addition of the 0.04 mlL/PCR reaction
dUTP-labelled with the fluorescent dye, R110 (Applied Biosys-
tems). The PCR product was run on an ABI 377 sequencer and the
data subsequently processed using Genescan 3.1 software (Ram-
pling et al. 2001).

Sequencing of polymorphic PCR fragment

The 670-bp Bx7 PCR fragment obtained from PCR amplification of
the CD87 parent line was purified from Agarose gel (QIAquick Gel
Extraction Kit, Qiagen); 0.01 ml of the resulting purified gel-band
extract was re-amplified using the original Bx PCR primers as
described above, except that only 20 PCR cycles were used. For
each sequencing reaction, 1 ml of the re-amplified PCR product was
incubated with one unit of shrimp alkaline phosphatase and 2.5 U
of exonuclease 1 (both from USB) in 1 � PCR buffer (6-ml final
volume of Qiagen, containing 1.5 mM of MgCl2) at 37�C for
15 min. Enzymes were denatured at 80�C for 15 min and the
reaction placed on ice prior to addition of DNA sequencing mix
[6 ml of Big Dye terminator (Applied Biosystems) and 3.2 pmoles
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of sequencing primer] to give a final volume of 20 ml; 30 cycles of
sequencing were performed with an annealing temperature of 58�C.
Sequence was obtained for both strands using the Bx Forward and
Bx Reverse primers as used for the original PCR amplification.
These sequences were aligned using Pileup (GCG package,
WebANGIS) and used to search the Genbank NR database
(Blast-N).

SDS-PAGE analysis of HMW-GS composition

Crushed grain (25 mg) was initially extracted with 200 ml of 50% n-
propanol by vortexing and centrifugation to remove the gliadin
fraction. Glutenins were extracted from the resulting pellet with
100 ml of 80 mM of Tris-HCl buffer pH 8.0, containing 1%
dithiothreitol (DTT). This extract was then treated with 100 ml of
1.4% 4-vinylpyridine to alkylate the subunits and prevent the re-
formation of disulphide bonds. The extracts were subjected to one-
dimensional electrophoresis and stained as described in Cornish et
al. (2001a).

RP-HPLC analysis of HMW-GS

Following milling of the grain, the flour was extracted sequentially
for gliadins and glutenins, and the HMW-GS composition was
analysed by reversed phase HPLC (RP-HPLC) (Marchylo et al.
1989) as modified by Larroque et al. (2001).

The % mole of Bx protein present was calculated using the
following Mr for each HMW-GS: Ax2*, 86 309; Bx7, 82 865; Dx2,
87 022; Dx5, 88 128; By9, 73 518; Dy10, 67 476; and Dy12, 68
650 Da respectively (Shewry et al. 1989). The deduced amino-acid
sequence of the HMW-GS genes in cv Glenlea (Cloutier and
Lukow 2001) were used for estimation of the molecular weights of
Bx7* and By8 (83 017 and 75 017 Da respectively).

Dough-quality testing

A two-gram Mixograph (Rath et al. 1990) was used to evaluate
functional dough properties of the DH lines. The water absorption
of each was estimated by the Approved Method (AACC 1995)
using flour protein and moisture content. Mixing tests were
performed in duplicate and the following key parameters were
measured: mean time to peak-dough development [mixing time,
MT (s)]; height of mixograph trace at peak resistance {peak
resistance, PR [arbitrary units (au)]}; percentage decrease in dough
resistance 3 min after the peak [resistance breakdown, RBD (%)].

Extensigraph measurements were carried out (single repeats of
duplicate samples) on 1.7 g dough pieces to determine the
maximum resistance of the dough to extension [Rmax (N)]
(D’Ovidio et al. 1997) and dough extension before severing [Ext.
(m)], calculated with custom software (Rath et al. 1994).

Statistical analysis

A general linear model was applied to the data sets. A two-way
analysis of variance (AVOVA, at two-level factors) and regression
analysis were carried out using MSUSTAT v. 4.1 (Richard E. Lund,
Montana State University, Bozeman, Mont.) in order to test the
effects of HMW-GS encoded at Glu-B1 and Glu-D1 on dough
quality parameters.

Results and discussion

Expression levels of the Bx7 sub-unit

A preliminary investigation comparing expression levels
of Glu1Bx7 by RP-HPLC and SDS PAGE in different
cultivars showed that the cultivar CD87 gave a similar
RP-HPLC profile to Glenlea, a Canadian cultivar with a
high-expression Glu1Bx7 allele and possessing high
dough strength (Marchylo et al. 1992). In CD87, although
the expression level of Bx7 as a function of % HMW-GS
was not as high as that of Glenlea, Bx7 was expressed to
consistently higher levels than in the reference line
Katepwa (Fig. 1, upper traces). RP-HPLC analysis of
progeny from a DH population generated from an F1
cross between CD87 � Katepwa revealed a range of
expression levels in the progeny, with some DH lines
having three times the relative amount of Bx7 within the
total HMW-GS fraction (Fig. 1, lower traces).

Discrimination of Bx7 alleles at the DNA sequence level

The Bx PCR marker developed by Ma et al. (2003) was
found to be a useful tool that could be used to assist in the
discrimination of Bx7 alleles that differ in expression
level. The marker produced two bands for cultivars
containing Glu1Bx7, with fragment sizes of approximate-
ly 650 and 750 bp, and a single band of approximately
675 bp for cultivars such as Sunstate used here, contain-
ing Glu1Bx17 (Fig. 2a). The two PCR products produced
from the Glu1Bx7 gene are due to the presence of two
priming sites for the forward Bx primer in the central
repetitive domain of this gene (Ma et al. 2003). The
cultivar Katepwa (Bx7*, normal Bx7 expression level)
yielded two bands of approximately 650 bp and 750 bp,

Fig. 1a–e RP-HPLC chromatograms showing HMW-GS profiles
of the cultivars Glenlea (a), CD87 (b) and Katepwa (c). Sample
profiles from the CD87 � Katepwa double-haploid population
indicate the range of Bx expression levels (as a function of
%HMW-GS) in lines containing Bx7CD+By8* (d) and Bx7*+By9
(e) progeny lines
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whereas the cultivar CD87 (over-expression of Bx7) gave
two bands of approximately 670 and 770 bp. The Bx7-
containing cultivars, Glenlea, Red River, Chara and
Kukri, all shown by RP-HPLC to exhibit an over
expression of the Glu1Bx7 subunit (Butow et al. 2002)
were tested with the Bx7 marker and found to give
identical-sized PCR products to CD87, while other Bx7
subunit-containing cultivars, Janz, Frame, Meering and
Cheyenne, that did not show over-expression of Bx7,
gave the same pattern as Katepwa (Fig. 2b). Although a
specific PCR marker amplifying a 2,373 bp fragment of
Glu1Bx7 has been reported (Ahmad 2000) it has not been
shown to identify cultivars showing an over-expression of
the Bx7 subunit.

DNA sequence analysis of the major (670 bp) Bx7
PCR product from CD87 and comparison with the Bx7
sequence from the cultivar Cheyenne (Genbank X13927,
Anderson and Green 1989) revealed the presence of an
18 bp duplication in the CD87 sequence after nucleotide
18,245 of the Cheyenne database sequence (Fig. 3). This

results in a duplication of the hexapeptide sequence
QPGQGQ towards the C-terminal end of the central
repetitive domain of the Bx7 deduced amino-acid
sequence. One additional single nucleotide polymorphism
(SNP) was observed in the CD87 sequence relative to the
Cheyenne sequence, a C to G change at position 18,242 of
the sequence. Results of a BLAST search against the
Genbank EST database using the sequence of the CD87
Bx7 PCR fragment, revealed that undefined EST se-
quences derived from developing seeds of Glenlea also
carry the same 18 bp duplication and SNP (e.g. Genbank
BQ252352, S. Cloutier 2002). This BLAST search also
picked up the same duplication and SNP for undefined
EST sequences in a wheat cDNA library of the cultivar
Chinese Spring (e.g. Genbank BJ299809, T. Shin-i 2002).
Furthermore, a similar 18 bp duplication and SNP is also
present in the Glu-1Bx20 sequence from T. turgidum
subsp. durum (Shewry et al. 2002, Genbank AJ437000),
although in this case, the duplication is imperfect (Fig. 3).
The sequence identity between the 670 bp CD87 Bx7
sequence and the durum Bx20 sequence was found to be
98%. The association being between the Bx7 over-
expression phenotype and the DNA sequence polymor-
phism.

The CD87 � Katepwa DH progeny were scored using
the Bx7 PCR marker and analysed quantitatively for the
Bx7 expression level using RP-HPLC. The molar % of
Glu1 Bx7, present in the HMW-GS fraction, was
calculated for all the lines. The mean % Bx7 for CD87
Bx7-type lines was 13.25€0.78 (n=84) whereas Katepwa
Bx7-type lines showed a mean value of 8.55€0.69 (n=72).
Thus 46.2% of the population was found to be Glu-B1 c
(i.e. Bx7*), and 53.8% exhibited CD87-type expression of
Glu-B1. This analysis also enabled a clear separation of
the doubled-haploid population according to the Bx7
type. An identical differentiation of the population was
found from scoring with the Bx7 DNA marker, and when
the allelic compositions of sample lines were measured by
SDS PAGE and compared to respective mol % Bx values.
Having ascertained that there was a wide range in
expression levels of the Bx7 sub-unit, the RP-HPLC data
was also used to calculate the distribution frequency of %
Bx7 expression in flour (Fig. 4). The bimodal distribution
shows “long tails” implying transgressive segregation
within the DH population. This observation is suggestive
of multiple gene effects and a phenomenon in which there
is a main single gene underlying the expression, which is

Fig. 3 DNA sequence alignment illustrating the sequence duplica-
tion in the T. aestivum CD87 Bx7 and T. turgidum subsp. durum
Bx20 sequences compared to Bx7 from T. aestivum Cheyenne.
Gaps are indicated by dashes (-) and sequence polymorphisms by
bold type. The 18-nucleotide sequence tandemly duplicated in the
CD87 Bx7 sequence is underlined. Numbering refers to the
sequence of the Cheyenne Bx7 gene (Genbank X13927; Anderson
and Greene 1989)

Fig. 2 a PCR assay for the Bx HMW-GS gene used for Bx7-typing
of lines from the CD87 � Katepwa DH population. Lanes labelled
from left- right: (1) GeneRuler 50 bp ladder; (2–10) progeny lines
for the DH population, those marked with an asterisk (*) indicate
progeny lines producing larger PCR fragments (18 bp for both
amplicons); (11) Sunstate (Bx17, fragment at ~675 bp); (12) CD87
parent (Bx7CD, fragments ~670 and 770 bp); (13) Katepwa parent
(Bx7*, fragments ~650 bp and 750 bp; (14) nil DNA control; (15)
GeneRuler 50-bp ladder. b PCR assay for the Bx HMW-GS gene
used to differentiate cultivars showing normal and over-expression
of Bx7. Cultivars with normal Bx7 expression: Janz, Meering,
Frame, Krichauff and Cheyenne all have fragments of 650 bp and
750 bp. Cultivars with high Bx7expression levels: Chara, Glenlea,
Red River and Kukri all have fragments of 670 bp and 770 bp.
Lanes 1 and 12 show the 50-bp ladder and lane 11 is a “nil DNA”
control
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clear in this population, i.e. the Bx7 gene, which is
expressed in two different forms. The variation within
each distribution may be due to transcriptional factors or
the effects of non-structural genes. It is interesting to note
that the % Bx7 expression in the CD87 parent-line flour
was considerably lower than that of the extreme value for
its progeny, this is currently being investigated further. A
clear double-peaked distribution was also obtained when
the same population was grown at Horsham (data not
shown), although there was a shift in the frequency
distribution towards higher flour % Bx values for both
Katepwa- Bx7-type and CD87-Bx7-type lines. Further
evidence that the CD87 Bx7+By8* allele was different to
other reference Bx7+By8 lines (such as the cultivar Janz),
was also provided by RP-HPLC, whereby the By8* peak
in CD87 and CD87 Bx7-like lines was eluted before the
Dx peak, as shown for Glenlea (Marchylo et al. 1992).
SDS-PAGE analysis of the DH population readily
enabled the differentiation of Katepwa-like (Bx7*+By9)
and CD87-like (Bx7+By8*) progeny due to the difference
in mobility the By subunit. However, this technique was
not sufficiently quantitative to allow discrimination of
progeny on the basis of expression level. A two-fold
difference in staining intensity of subunit Bx7 has been
observed in cultivars showing over-expression of
Glu1Bx7, for example in Red River (D’Ovidio et al.
1997), but in contrast, CD87 was not strongly over-
stained and therefore differences in Bx7 expression could
not be resolved by SDS-PAGE. The CD87 and Katepwa
parents and DH lines (grown at both Wongan Hills and
Horsham) were scored with the Bx PCR marker using
both initial Agarose-gel analysis of the PCR products and
subsequent confirmation of the 18 bp size shift between
alleles using Genescan analysis. Figure 2a shows a sub-
sample of the DH population subjected to analysis with
the Bx PCR marker. DH lines producing two fragments of
670 and 770 bp were designated CD87 Bx7-like progeny,

whereas lines with fragments of 650 and 750 bp were
Katepwa Bx7-like progeny. Thus clear lines of evidence
demonstrated that CD87 and its progeny lines were found
to exhibit over-expression of Bx7 as shown by RP-HPLC
and, together with allele discrimination using the PCR
marker, this enabled an identical classification of the DH
population.

At this point we feel it is salient to address the issue of
nomenclature of the Bx7 alleles described in this DH
population. We have shown that differences in the HMW-
GS cannot be based upon electrophoretic mobility alone
but are fundamentally related to different DNA se-
quences, and therefore we will refer to the over-express-
ing CD87-type of Bx7 allele as Bx7CD. Whether or not
this allele is in fact Glu-B1al, as designated for Glenlea by
Marchylo et al. (1992), can only be clarified by full
comparative sequencing.

Functional analysis of the DH population reveals
the association of the Bx marker expression level
and increased dough strength

The significance of the differentiation of the two types of
Bx7 expression level became evident when 156 lines of
the CD87/Katepwa DH population were tested for
functional dough properties. A significant increase in
dough strength (P<0.001) was associated with all the DH
lines exhibiting an over-expression of Glu1 Bx7. The
association of over-expression of Bx7 in Glenlea, Red
River, Chara and Kukri with increased dough strength has
also been shown previously using small-scale Mixograph
and Extensigraph methods (Butow et al. 2002).

As it is known that the Glu-D1 locus also plays an
important role in dough quality, we investigated the
associations of genes and functional characters in the
population according to the Glu-D1-encoded alleles, Glu-

Fig. 4 Frequency distribution
of Bx subunits in flour (nor-
malised for protein content) in
156 doubled-haploid lines
grown at Wongan Hills. Values
of %Bx in flour for the parent
lines, CD87 and Katepwa are
shown with thick vertical ar-
rows, and the standard error for
values is represented by the
small horizontal arrows
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1a (i.e. Dx2+Dy10) and Glu-D1d (i.e. Dx5+Dy10),
readily identifiable by SDS PAGE (Shewry et al. 1989).
The DH population showed functional differentiation,
according to the combination of the Glu-B1- and Glu-D1-
encoded alleles (Fig. 5a and c). It was clearly demon-
strated that those lines with Bx7CD+By8*, in combination
with Dx5+Dy10, had significantly higher dough strength
(Table 1, P<0.001), and indicated higher MT (~385 s) and
Rmax (0.53 N) values and lower %RBD (<10% RBD).

The association of Bx7CD+By8* with Dx2+Dy12 did
not give a clear differentiation, and the functional results
were similar to those obtained with lines with a
Bx7*+By9/Dx5+Dy10 combination (Fig. 5a and c).
These combinations of Glu-B1 and Glu-D1 encoded-
alleles, resulted in functional data whereby the dough
formed was weaker, as shown by the increased % RBD
with the decreased MT and Rmax. The weakest and least-
stable dough was given by lines with the Bx7*+By9/
Dx2+Dy12 combination (Table 1, Fig. 6a and c). Table 1
highlights the significant differences between lines

showing variation in dough quality; those lines with
intermediate dough quality (Bx7 CD+By8*/Dx2+Dy12
and Bx7*+By9/Dx5+Dy10) only differed in their dough
stability (% RBD), with the “Bx7 CD+By8*/Dx2+Dy12”
lines showing significantly reduced dough stability rela-
tive to the Bx7*+By9/Dx5+Dy10 lines. The spread of
data points within each of the four genotypes may be
explained by the interactions of other factors such as the
qualitative and quantitative effects of LMW-GS and
gliadins, which also play a significant role in dough
quality (Gupta et al. 1994; Cornish et al. 2001b).

A recent study (Radovanovic et al. 2002) of a DH
population established between a Glenlea-derived line
and Karma, confirmed the importance of both “H7+8”
(i.e. over-expressing Bx7) and “5+10” allelic combina-
tions for the determination of dough strength; low
intergenomic interactions between Glu-B1 and Glu-D1
were shown for SDS-sedimentation volume, total energy
and band-width energy only. When the statistical inter-
action of Glu-B1 and Glu-D1 was tested within the
current DH population, there was no significant interac-
tion at either of the field sites (Table 2). This result is in
accord with a recent comprehensive analysis of data from
other Australian breeding programs (Eagles et al. 2002).
The impact for breeders of the Bx PCR marker in
differentiating the expression level of Glu1Bx7 (i.e.
Bx7CD or Bx7*) is demonstrated in Fig. 5b and d in
which the DH progeny are only delineated by their Glu-
D1 alleles. Whereas SDS PAGE was clearly unsuitable to
differentiate expression levels of Bx7 in the CD87 �
Katepwa DH population, RP-HPLC can be used, but is
time-consuming, expensive and requires dedicated equip-
ment; moreover, both methods require an endosperm
protein sample. The use of the Bx PCR marker therefore
has the advantage for breeders of being amenable to
routine analysis using DNA from any tissue. Scoring of
the CD87 � Katepwa DH population used in this study
using the Bx marker permitted the re-definition of the two
sub-populations shown in Fig. 5b and d to that of four
functionally different sub-populations shown in Fig. 5a
and c respectively.

It has been surmised (Radovanovic et al. 2002) that
increased gluten strength associated with the over-
expression of Bx7 in Glenlea-derived lines was due to
the amount of the x-type subunit and this was confirmed
in the CD87 � Katepwa DH population used in our study
by the analysis of mol% Bx7. A clear delineation between
three groups of allele combinations is shown in Fig. 6a
and b, whereby the strongest dough characteristics could
be attributed to mol% Bx values ranging from 35 to 50%.

Fig. 5a–d Functional dough analysis relating to dough strength and
extensibility of 156 lines of the CD87 � Katepwa DH population.
The population was differentiated into four groups of allele
combinations for Rmax vs Ext (a) and MT vs RBD (c) where
symbols represent the following Glu-B1/Glu-D1 combinations: (n)
Bx7*+By9/Dx5+Dy10; (q) Bx7CD+By8*/Dx5+Dy10; (s)
Bx7*+By9/Dx2+Dy12; (D) Bx7CD+By8*/Dx2+Dy12. The same
population was also graphed differently for two groups of allele
combinations at Glu-D1: Rmax vs Ext (b) and MT vs RBD (d),
where symbols represent the following Glu-D1 combinations: (+)
Dx5+Dy10; (O) Dx2+Dy12

Table 1 Analysis of variance
and Student’s t-test on mixing
parameters and extension pa-
rameters for segregating line of
the CD87 � Katepwa DH pop-
ulation varying at the Glu-B1
locus

Glu-B1 n MT PR RBD EXT RMAX

MEAN 253.2 355.4 12.6 0.1433 0.319
Bx7CD 80 289.5 B 369.1 B 11.04 A 0.1333 A 0.4066 B
Bx7 76 193 A 347.3 A 15 B 0.1535 B 0.1937 A
LSD (cal by t) 30.48*** 15.83** 1.784*** 0.109** 0.055***

Significant at P<0.05, 0.01 and 0.001 represented by *, ** or *** respectively
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Such values were found in Bx7CD+By8*/Dx5+Dy10 lines
and also in Bx7CD+By8*/Dx2+Dy12 lines, which gave
lower MT and Rmax values, similar to those of
Bx7*+By9/Dx5+Dy10 lines. The poorest strength was

given by lines with a Bx7*+By9/Dx2+Dy12 combination
where the mol% Bx was between 25 and 35%. As an
extension of the statistical analysis enabling a grouping of
dough quality attributes with allele type (Table 1, 2 and
3), we established a correlation matrix between dough
quality parameters and the molar % Bx and By (calcu-
lated from RP-HPLC data) for each Glu-D1 combination
respectively (Tables 4 and 5). Overall, there was a
significant interaction between mol% By, mol% Bx and
Bx/By ratio, and dough-strength parameters to a greater
extent in Glu1 Dx5+Dy10 lines (Table 4), with a highly
significant relationship between mol% Bx rather than
mol% By or the Bx/By ratio. Similarly, the most-
significant correlations in Glu1Dx2+Dy12 lines was
found between mol% Bx and MT and Rmax (Table 5),
although the correlations were lower than for Glu1
Dx5+Dy10 lines. Within both the Glu1 Dx5+Dy10 lines
and Glu1Dx2+Dy12, there was a highly significant
correlation between mol% Bx and MT (r=0.679*** and
0.7264*** respectively), RBD (r=�0.6624*** and
�0.4912** respectively), and with Rmax (r=0.8065***
and 0.6347*** respectively).

Fig. 6a,b Functional dough analysis relating to dough strength and
extensibility of 156 lines of the CD87 � Katepwa DH population:
(a) MT vs mol% Bx7 (b) Rmax vs mol% Bx7. Symbols represent
the following Glu-B1 /Glu-D1 combinations: (n) Bx7*+By9/
Dx5+Dy10; (q) Bx7CD+By8*/Dx5+Dy10; (s) Bx7*+By9/
Dx2+Dy12; (D) Bx7CD+By8*/Dx2+Dy12

Table 2 Analysis of variance
and Student’s t-test on mixing
and extension parameters for
segregating lines of the CD87 �
Katepwa DH population vary-
ing at the Glu-B1 and Glu-D1
loci

Glu-B1, Glu-D1 n % Protein %Bxa MT PR RBD EXT RMAX

Wongan Hills MEAN 11.3 0.6 253.2 355.4 12.6 0.1433 0.319
7CD+8*, 2+12 40 10.9 0.71 211.7 B 365.1 B 15.4 C 0.149 B 0.317 B
7CD+8*, 5+10 40 11.6 0.74 385.3 C 371.9 B 6.8 A 0.115 A 0.53 C
7+9, 2+12 30 11.5 0.44 142.5 A 347.5 AB 17.8 D 0.172 C 0.121 A
7+9, 5+10 46 11.4 0.46 245.5 B 332.4 A 11.6 B 0.139 A 0.269 B

n.s. *** *** n.s. ** ** ***

Horsham MEAN 14 0.67 260.2 320.5 14.3 0.214 0.331
7CD+8*, 2+12 40 14 0.78 250 B 330.9 B 15.2 B 0.217 A 0.331 B
7CD+8*, 5+10 40 13.8 0.77 314.5 C 343.2 B 13 A 0.212 A 0.447 C
7+9, 2+12 30 14 0.55 209.2 A 309.7 A 15 B 0.215 A 0.19 A
7+9, 5+10 46 14.2 0.55 265 B 296.5 A 13.8 AB 0.212 A 0.341 B

n.s *** *** n.s. ** ** ***

Significance at P<0.05, 0.01 and 0.001 or not significant represented by *, **, *** or n.s. respectively
a %Bx subunit in flour, normalised for protein

Table 3 Significance of corre-
lations (F values) of Glu-B1 and
Glu-D1, and the interaction of
Glu-B1 with Glu-D1, at two
separate sites, with mixing and
extensigraph properties
(n=156). Significant at P<0.05,
0.01 and 0.001 or not signifi-
cant represented by *, **, ***
or n.s. respectively

Site MT PR RBD EXT RMAX

Wongan Hills

Glu-B1 66.44*** 9.29** 25.33*** 5.87** 16***
Glu-D1 121.37*** 0n.s. 65.88*** 3.15n.s. 27.59***
Glu-B1 � Glu-D1 10.4** 0.41n.s. 3.56n.s. 0.93n.s. 0.09n.s.

Horsham

Glu-B1 18.22*** 26.49*** 26.21** 0.08n.s. 256.22***
Glu-D1 32.77*** 0n.s. 68.53** 1.12n.s. 295.18***
Glu-B1 � Glu-D1 0.18n.s. 3.73n.s. 1.17n.s. 0.04n.s. 4.91*

Table 4 Correlation coefficients (r) between mixing and extensigraph properties with molar% of Glu-B1 subunits in lines with Glu-D1d
composition (n=156). Significant at P<0.05, 0.01 and 0.001 or not significant represented by *, **, *** or n.s.

Type MT PR RBD EXT RMAX

mol% By �0.2094* �0.3202* 0.2514* 0.2456* �0.3923**
mol% Bx 0.6759*** 0.348* 0.8065***
Bx/By mol 0.3732* 0.3772* 0.5042**
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Environmental effects

The effects of genotype on dough strength were generally
similar for the two field sites at which the CD87 �
Katepwa DH population was grown. However, the hotter,
drier climate of Wongan Hills produced increased MT
and Rmax values (377 s and 0.508 N respectively) for
Bx7*+By9/Dx5+Dy10 lines as compared to those values
recorded in the more temperate climate at Horsham (315 s
and 0.447 N respectively) for the same lines. It is
interesting to note that the average %Bx in the flour
(normalized for total protein content) of Bx7*+By9/
Dx5+Dy10 lines was higher in the Horsham samples
(0.77%) compared to the Wongan Hills samples (0.74%).
A different pattern was shown by the other three
combinations of Glu-B1- and Glu-D1-encoded alleles,
whereby dough strength was greater in all cases for lines
grown at Horsham. The flour mol %Bx for these three
genotypes was also greater in lines grown at Horsham
than at Wongan Hills (Table 1).

Extensibility

The DH lines exhibiting over-expression of Glu1 Bx7
showed significantly lower extensibility (P<0.01) than
lines with a normal expression level of Glu1 Bx7 (Fig. 5a,
Table 3). Furthermore, extensigraph measurements
showed a significant separation between Bx7CD+By8*/
Dx5+Dy10 lines with high dough strength (Rmax>0.3 N)
and the poorest extensibility (Ext<0.13 m), and the other
allelic combinations (Table 1, Fig. 5a). There was a
negative correlation between extensibility and mol% Bx,
although this effect was less significant for the Glu1
Dx2+Dy12 lines. A significant correlation with peak
resistance and mol% By, mol% Bx and Bx/By ratio was
only shown with Glu1 Dx5+Dy10 lines (Table 4),
indicating the importance of genetic background effects.
Similarly, mol% By correlated significantly with exten-
sibility in Glu1 Dx5+Dy10 lines only.

In summary, dough strength and stability were highest
in the Bx7 CD+By8*/Dx5+Dy10 lines whereas extensibil-
ity was lowest. This statistical analysis conclusively
supports the hypothesis of the linkage between over-
expression of Glu1Bx7 and enhanced dough strength.

Conclusions

We have demonstrated that despite the ostensibly similar
SDS-PAGE electrophoretic mobility of the Bx7 sub-unit
of CD87 to that of Bx7 from other Bx7+By8-containing
cultivars, a size polymorphism exists in its Bx PCR
product as in the Bx7CD allele. The subsequent identifi-
cation of the sequence difference in the Bx PCR fragment
enabled the distinction of this cultivar as one exhibiting
over-expression of the Bx7 allele.

The use of the PCR marker to differentiate two types of
the Glu1 Bx7 allele that differed in expression levels
enabled a more definitive grouping of the DH population
segregating for Glu1 Bx7*+By9 and Glu1 Bx7CD+By8*.
Subsequent to this finding, three independent measure-
ments of Bx7 allelic composition (SDS-PAGE), Bx7 type
(using the Bx PCR marker) and mol% Bx (RP-HPLC)
showed a perfect correlation. The PCR marker discrimi-
nates by revealing an insertion/deletion of an 18 bp
sequence. Database searches revealed that two non over-
expressing cultivars, a hexaploid wheat (Chinese Spring)
and a durum wheat, both contained the same insertion as
identified in CD87. These observations lead us to conclude
that the 18 bp duplication is not causal for over-expression
or increased dough strength and that it is therefore
reasonable to conclude that the over-expression of Bx7 is
linked to dough strength. Whether the observed over-
expression of Bx7 in CD87 is due to a duplication of the
Bx7 gene, as suggested for Red River and TAA36 (Lukow
et al 1992; D’Ovidio et al. 1997), an improved translational
mechanism (Marchylo et al. 1992), or other mechanism, is
currently being investigated. Furthermore, either over-
expression of Glu1 Bx7 is the determinate of the altered
functional properties, or the intrinsic differences between
the CD87 and Katepwa Glu-B1 alleles produce function-
ality changes resulting in increased dough strength.

Using the Bx7 PCR marker, in combination with SDS
PAGE and RP-HPLC results, an assessment was made of
the functional dough properties of progeny lines at two
independent sites grouped according to four allelic
combinations at Glu-B1 and Glu-D1. Despite the evi-
dence that the character of the Glu-B1 and Glu-D1-
encoded alleles are both important determinants of dough
strength, there was no statistically significant B � D inter-
genomic or epistatic interaction for the parameters
measured.

Thus we have discovered a valuable molecular tool for
following the segregation of quality characteristics and a
powerful method for controlling dough quality parameters
in breeding programs. For example, this work pinpoints

Table 5 Correlation coefficients (r) between mixing and extensigraph properties with molar% of Glu-B1 subunits in lines with Glu-D1a
composition (n=156). Significant at P<0.05, 0.01 and 0.001 or not significant represented by *, **, *** or n.s. respectively

Type MT PR RBD EXT RMAX

mol% By �0.4088** �0.0783n.s. 0.2676* 0.1088n.s. �0.4775**
mol% Bx 0.7264*** 0.1253n.s. �0.4912** �0.4093* 0.6347***
Bx/By mol 0.4828** 0.1231n.s. �0.3654* �0.2482* 0.536***
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potential pre-breeding material with the desirable traits of
high dough strength and moderate extensibility.

The results from this work bear importance, also
regarding the genetic mapping of the CD87 � Katepwa
DH population due to the re-designation of CD87 and
resulting DH lines as over-expressing Bx7. In retrospect,
this can be deemed as an initial inaccuracy in polymor-
phism scoring, and could well be one source of segrega-
tion distortion, as discussed by Kammholz et al. (2001).
The development of this new marker now creates the
opportunity for an improved method of polymorphism
scoring in populations derived from CD87, and should be
evaluated for use in other populations containing high-
expressing Bx7 alleles, bearing in mind that the 18 bp
duplication should not be assumed to be an unambiguous
marker for the over-expression of the Bx7 allele.
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