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Abstract An RFLP map constructed using 150 single
seed descent (SSD) lines from a cross between two
hexaploid wheat varieties (‘Schomburgk’x ‘Yar-
ralinka’) was used to identify loci controlling flour
colour. Flour colour data were obtained from field
trials conducted over two seasons at different sites. The
estimated heritability of this trait was calculated as
0.67. Two regions identified in the preliminary analysis
on chromosomes 3A and 7A, accounted for 13% and
60% of the genetic variation respectively. A detailed
analysis of the major locus on 7A was conducted
through fine mapping of AFLP markers identified us-
ing bulked segregant analysis (BSA). Seven additional
markers were identified by the BSA and mapped to the
region of the 7A locus. The applicability of these mar-
kers to identify wheat lines with enhanced flour colour
is discussed.
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Introduction

Flour colour is one of the most important consider-
ations in the assessment of flour quality and is of
particular importance in determining the quality of the
end product. White flour, lacking significant pigmenta-
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tion, is considered a pre-requisite for bread production
and flour is often bleached with bezoyl peroxide before
use to eliminate colour defects (Kruger and Reed 1988).
Alternatively, flour with high levels of yellow pigmenta-
tion is preferred for Chinese alkaline noodle produc-
tion, and in many Asian countries noodles are prepared
from flour specifically selected to enhance the colour of
the final product (Kruger et al. 1994). Yellow alkaline
noodles and white salted noodles are generally made
from wheats with mixed grain hardness varying be-
tween soft and hard classes, with protein levels ranging
from 10 to 12% (Simmonds 1989).

Flour carotenoids, principally xanthophyll and
flavone compounds, are responsible for the yellow
colour of the flour (Miskelly 1984). The natural
colour of the flavones is advantageous for the produc-
tion of noodles in Japan and South East Asia where
traditionally an alkaline-salt mixture of sodium
and potassium carbonates and phosphates, called
‘Kansui’, is added during production (Kruger et al.
1992). The highly alkaline pH (between 9 and 11) of
the dough mixture causes the disassociation of flavones
from the polysaccharides, which enhances the yellow
pigmentation. As well as enhancing the colour, the
alkaline salts contribute to the flavour of the noodles
and toughen the dough, improving the bite texture of
the final product.

In commercial noodle production, alkaline salts are
frequently substituted with a sodium hydroxide solu-
tion. The addition of increasing concentrations of alkali
results in noodles that have a brighter, more intense,
yellow colour than noodles made with salted dough.
However, alkali treatment produces a deterioration of
dough quality, particularly the loss of gluten elasticity
and pasting properties which may result in an undesir-
able soft textured product (Terada et al. 1981). An
increase in flour pigment levels would lower the con-
centrations of alkali required to produce the desired
yellowness, resulting in an improvement in noodle
texture.



Miskelly et al. (1984) detected a significant positive
correlation between flour colour and noodle sheet
yellowness in both Japanese and Chinese noodles.
This finding offers the opportunity to enhance the
yellow pigmentation of the dough by breeding for
improved flour colour. While significant genetic diver-
sity exists within cultivated wheat for flour colour
(Moss 1967), this trait is expressed as a quantitative
character and has proved difficult to manipulate in
breeding programs. Selection for quantitative-trait
characters is often difficult due to variation associated
with environmental factors that adversely affect accu-
rate measurement of the trait. Indirect selection for
linked markers offers an alternative approach that
avoids multiple evaluations in replicated trials over
sites and seasons.

The development of molecular-marker techniques
has provided an additional tool for the construction of
genetic maps in many crop species including wheat
(Devos and Gale 1993). Using these maps and their
corresponding mapping populations, the number, sig-
nificance and location of quantitative trait loci (QTLs)
associated with a variety of phenotypic characteristics
have been identified (Paterson et al. 1988). In rice,
QTLs for yield related traits, blast resistance and root
morphology have been located on genetic linkage maps
(Wang et al. 1994; Champoux et al. 1995; Xiao et al.
1995). QTLs associated with important traits have also
been identified in other cereals including agronomic
traits, grain yield and disease characters in barley
(Backes et al. 1995; Thomas et al. 1995; Oziel et al.
1996), as well as resistance to pre-harvest sprouting,
kernel hardness and grain protein content in wheat
(Anderson et al. 1993; Blanco et al.,, 1995; Sourdille
et al. 1996). Marker-assisted strategies may be useful for
dissecting the genetic control of quantitative pheno-
types such as flour colour. The goal of the present
research is to identify associations between QTLs for
flour colour and molecular markers so that such mar-
kers may be used as indirect selection criteria in wheat
breeding programs.

Material and methods

Plant material

A recombinant inbred population derived from hexaploid wheat
that segregated for flour colour was used in this analysis. This
population consisted of 150 F,-derived lines developed through
single seed descent (SSD) from a cross between the Australian
cultivars ‘Schomburgk’ and ‘Yarralinka’. The mapping population
was sown in field experiments with the University of Adelaide’s
wheat breeding trials at sites in South Australia during the 1995 and
1996 seasons. The 1995 trial was sown at Winulta while the 1996
trial was sown at Walkers Flat. Both sites have a similar soil type of
sandy loam over clay. A randomised complete blocks design was
used in both years. Limited seed restricted the 1995 trial to one
replicate while two replicates were sown in 1996. Wheat nullisomic-
tetrasomic lines obtained from Mr. Terry Miller (John Innes Centre,
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Norwich) were used to assign linked markers to specific chromo-
somes.

Flour colour evaluation

One hundred grams of the harvested seed from each line was milled
on a Quadramant Junior Mill (Bass 1988) and flour samples were
scored for colour using a Minolta Chroma CR-200 meter (Symons
and Dexter 1991; Wutscher and McCollum 1993). This probe uses
diffuse illumination produced by a pulsed xenon arc lamp and is
commonly employed for measuring colour in a variety of products
ranging from wheat milling products to soil (Wutscher and McCol-
lum 1993; Symons and Dexter 1996). Colour readings are expressed
as L* (lightness), a* (red-green chromaticity) and b* (yellow-blue
chromaticity), with the b* values providing a measure of the yellow-
ness of the flour sample.

RFLP analysis

A total of 217 RFLP markers were screened for their ability to
identify polymorphisms between the parents. These DNA clones
were obtained through the Australian Triticeae Mapping Initiative
and were selected to give uniform genome coverage. The majority of
these markers have been mapped in wheat and their chromosomal
locations identified (Gale et al. 1995; Nelson et al. 1995a-c; Van
Deynze et al. 1995; Marino et al. 1996). DNA extraction, restriction-
enzyme digestion, Southern blotting and hybridisation were carried
out as described by Guidet et al. (1991). Total genomic DNA was
digested with BamHI, Dral, EcoRI1, EcoRV or HindIIl. Southern
blots of the 150 wheat lines were hybridised to RFLP probes and the
results scored as ‘Schomburgk’ allele, “Yarralinka’ allele, or hetero-
zygous according to the genotype at each locus.

AFLP analysis

The AFLP method developed by Vos et al. (1995) was followed with
some modifications. Genomic DNA (1 pg) was digested with the
restriction endonucleases Pst1 and Msel. Double-stranded adaptors
were then ligated to the ends of the restriction fragments followed by
ethanol precipitation and resuspension in 60 pl of 0.1 M TE. Pre-
amplification was performed using primers specific for the Pst1 and
Msel adaptors including one selective nucleotide, followed by selec-
tive amplification using similar primers with three selective bases.
A total of eight Pst1 and eight Msel primers were used giving a total
of 64 possible primer combinations (Table 1). The pre-amplification
mix was diluted 1:5 in water before being used in the selective
amplification step. Pre-amplification PCR conditions consisted of
20 cycles of 94°C for 30 s, 56°C for 1 min and 72°C for 1 min. PCR
reaction conditions for selective amplification consisted of one cycle
at 94°C for 30 s, 65°C for 30 s and 72°C for 1 min followed by nine
cycles over which the annealing temperature was decreased by 1°C
per cycle with a final step of 25 cycles of 94°C for 30 s, 56°C for 30 s
and 72°C for 1 min. The Pst1 primer used in selective amplification
was end-labelled with [y32P] ATP (Feinberg and Vogelstein 1983).
Amplified fragments were separated on 6% denaturing polyac-
rylamide gels. The gels were transferred to 3MM paper for drying
and auto-radiography was carried out with Fuji RX medical X-ray
film at room temperature for 24—48 h.

Microsatellite analysis

Thirty one wheat microsatellite (WMS) primer pairs, developed by
Plaschke et al. (1995), and Rdoder et al. (1995), were analysed. The
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Table 1 Selective Pst1 and Msel primers used to screen bulks of F4 SSD lines for polymorphisms associated with flour colour (selective
bases in bold). A total of 64 possible combinations were used with PIM1 representing the first combination, P1M?2 the second combination

and PSMS8 the 64th combination

Pst1 selective primers Primer M:sel selective primers Primer
designation designation
GACTGCGTACATGCAGAAC P1 GATGAGTCCTGAGTAACAA M1
GACTGCGTACATGCAGAAG P2 GATGAGTCCTGAGTAACAG M2
GACTGCGTACATGCAGACA P3 GATGAGTCCTGAGTAACAT M3
GACTGCGTACATGCAGACC P4 GATGAGTCCTGAGTAACTG M4
GACTGCGTACATGCAGACG P5 GATGAGTCCTGAGTAACCA M5
GACTGCGTACATGCAGACT P6 GATGAGTCCTGAGTAACCT M6
GACTGCGTACATGCAGAGC P7 GATGAGTCCTGAGTAACGA M7
GACTGCGTACATGCAGAGG P8 GATGAGTCCTGAGTAACTA M8

polymerase chain reaction (PCR) contained 20 mM of Tris-HCI (pH
8.4), 50 mM of KCI, 100 uM of each dNTP, 1.5 mM of MgCl,,
900 nM of each primer, 0.5 units of Tag polymerase and 80 ng of
genomic DNA in a total volume of 25 pl. Temperature conditions
for amplification were 95°C for 3 min, followed by 35 cycles of 96°C
for 1 min, 55°C or 58°C for 1 min 30s, 72°C for 1 min 50 s with
a final step of 72°C for 10 min and 25°C for 5 min. Amplified
products were separated on 7% non-denaturing polyacrylamide gels
and stained with ethidium bromide as described by Roder et al.
(1995).

Bulked segregant analysis

Bulked segregant analysis (Michelmore et al. 1991) was performed to
develop additional markers for fine mapping the major locus on
chromosome 7A in order to identify tightly linked flanking markers
which could be used in marker-assisted selection. Two bulks were
constructed by combining aliquots of DNA (2 pg) from two sets of
ten SSD lines representing the two extremes of the distribution for
flour colour with alternate alleles at the Xcdo347 74 locus. The bulks
were screened with the 64 AFLP primer combinations to identify
polymorphisms.

Genetic analysis

Data obtained from scoring segregation patterns of DNA markers
among recombinant inbreds were analysed with MapManager QT
(Version 8.0) software (Manly and Elliott 1993) using the Kosambi
mapping function (Kosambi 1944; Lander et al. 1987). Analysis of
variance (ANOVA) was performed with the computer program
Genstat 5 (Lane et al. 1988) with the three field data sets treated as
replicates. The results of the ANOVA were used to obtain an
estimate of the broad-sense heritability (H?) of flour colour (Hartl
et al. 1988). Broad-sense heritabiltiy was calculated as: H? = 62/
of = 6%/(c? + o%) where o is the genotypic variance, ¢Zis the envir-
onmental variance and o is the total variance for the trait. The
genotypic variance (¢7) can be calculated from the value of the mean
squares between the SSD lines: m.s. = 67 + boz where m.s. is the
mean squares, 62 is the residual mean squares and b is the number of
replicates. The amount of genetic variation accounted for by a par-
ticular QTL is calculated by dividing the phenotypic variation by H2.

The associations between markers and QTLs for flour colour was
tested with a single-point regression analysis using MapManager
QT based on the likelihood ratio statistic. Single-point regressions
served as the primary method of detecting associations between
markers and QTLs. Groups of two or more closely linked markers
with significant associations were assumed to identify the same

QTL. A second method, interval mapping, which searches for the
effects of a QTL using sets of linked markers (Lander and Botstein
1989) was employed to obtain further information on QTLs identi-
fied by single-point analysis. A LOD score of 3.0 was chosen as the
threshold for detecting QTLs (Lander and Botstein 1989). A graphi-
cal display of the QTL associations was generated using Qgene
(Nelson 1997).

Results
Partial map construction

A partial genetic linkage map was constructed based on
the segregating RFLP, microsatellite and AFLP data
from the 150 SSD lines at a LOD threshold of 3. Of the
217 RFLP probes screened, 70 (32%) identified poly-
morphisms between the two parents, while 11 (33%) of
the 31 microsatellite markers tested identified a poly-
morphism between the parents. AFLP primer combi-
nations that identified polymorphisms between the
bulks were also screened on the 150 SSD lines, identify-
ing 5.2 polymorphisms on average per primer pair. A
total of 147 RFLP, microsatellite and AFLP marker loci
were used to create the partial map (data not shown).

Analysis of agronomic traits

The two parents of the population differed significantly
in their flour colour scores (see Table 3). The distribu-
tion of flour colour scores from the three field data sets
is shown in Fig. 1, including the means for the parents.
The distribution of the SSD lines in the mapping popu-
lation appeared to be bimodal in the 1995 trial (Fig. 1 A)
and more normal in the 1996 trial (Fig. 1B and C).
The potential association of flour colour with markers
was tested with single-point regression analysis.
Three marker loci Xcdo347-74, Xwg232-7A4.1 and
Xbcd828-34 were found to be significantly associated
with flour colour. The chromosomal locations of the
segregating bands detected by these markers were iden-
tified using nullisomic-tetrasomic wheat lines.
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Fig. 1A-C Histograms of frequency of F4 and F5 SSD lines versus
average flour- colour score for samples collected from field trials
grown over two seasons at different sites. Three data sets were
obtained from the trials: (A) 1995, (B) 1996 Replicate 1 and (C) 1996
Replicate 2. Parental means are indicated by arrows.

Associations of flour colour with the linked markers
on chromosome 7A (Xcdo347-74 and Xwg232-74.1)
and 3A (Xbcd828-3A) were highly significant (P < 0.001)
over both seasons at the two sites (Table 2). Individ-
ually these markers accounted for an average of 37%
and 9% of the phenotypic variation observed for flour
colour. In order to obtain an estimate of the broad-
sense heritability of flour colour, ANOVA was per-
formed with the three data sets treated as replicates
(Table 3). From the ANOVA, the heritability of the
trait was calculated as 0.68. Based on these results the

amount of genetic variation accounted for by the
RFLP markers on chromosomes 7A and 3A is esti-
mated at 54% and 13%, respectively.

Bulked segregant analysis

To identify additional markers linked to the QTL for
flour colour and to enable interval mapping of the
region around Xcdo347-74, a bulk segregant analysis
was conducted. DNA samples from 20 individual SSD-
lines representing the two extremes (ten individuals per
extreme) of the distribution for flour colour and having
alternate alleles at the Xcdo347—-7A4 locus were analysed.
Of the 64 primer combinations tested to identify AFLP
markers linked to Xcdo347-74, six primer combina-
tions produced amplification products that were
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Table 2 Summary of three RFLP and seven AFLP markers linked to a major locus on chromosome 7A associated with flour colour
(P <0.001). The likelihood ratio, the percentage of phenotypic variation accounted for, and the regression coefficients are reported for each

marker in three field-data sets

Marker Likelihood ratio statistic % Variation Regression coefficient
1995 1996 repl 1996 rep2 1995 1996 repl 1996 rep2 1995 1996 repl 1996 rep2

Xbcd828-34 9 8 12 7 6 8 —0.37 —0.35 —0.43
Xwg232-74.1 26 29 22 17 19 15 —0.62 —0.65 —0.59
Xedo347-74 36 43 45 27 32 33 —0.78 —0.84 —0.90
Xwual8-74.9 40 57 55 24 34 32 —0.73 —0.85 —0.84
Xwua35-74.1 45 58 57 27 34 33 —0.77 —0.88 —0.88
Xwual6-74.5 45 58 56 28 35 34 —0.78 —0.89 —0.89
Xwua26-74.4 43 57 55 26 34 32 —0.74 —0.87 —0.85
Xwua39-74.3 37 45 44 24 29 27 —0.71 —0.79 —0.80
Xwua2-74.4 26 34 33 17 22 21 —0.62 —-0.72 —-0.71
Xwua56-74.5 24 32 34 16 21 22 —0.58 —0.70 —0.72

Table 3 Analysis of variance results for flour colour scores from 150
segregating 4 and Fs SSD lines sown over two seasons at different
field sites

Source of df Sums of Mean Variance F pr.
variation squares  squares ratio
Between 1 219.6 219.6 3219 <0.001
parents

Between lines 149 198.0 1.33 7.26 <0.001
Residual 290(8) 53.07 0.183

present in only one of the bulks. Three of these bands
were associated with the Schomburgk allele and three
with the Yarralinka allele. A seventh polymorphism
was also identified which was co-dominant. Linkage
between the Xcdo347-74 locus and the amplified prod-
ucts was confirmed by monitoring the segregation
products of each informative primer combination in
the 150 SSD lines. All seven polymorphic amplification
products were linked to flour colour and the
Xcdo347-7A4 locus on chromosome 7 when mapped on
the whole population. The seven AFLP primer combi-
nations also identified additional polymorphisms not
associated with the Xcdo347-74 locus which were
scored and included in the mapping data set. The flour
colour data was re-analysed after the additional AFLP
markers had been added to the partial map, but no
other QTLs were identified.

Interval analysis

When flour colour scores from the field-trial data were
subjected to interval analysis using QGENE software
(Nelson 1997), only one QTL on 7A was detected
(LOD >3.0). The LOD score plots of the three data
sets were drawn to localise the genes for flour colour
more precisely (Fig. 2). The AFLP locus Xwual6-74.5
was the most closely associated with the flour colour

locus (0.7 cM). The average percentage of phenotypic
variance explained by this QTL was 41%, which is
equivalent to 60% of the genetic variance based on the
estimated heritability.

Discussion

The primary goal of this research was to identify associ-
ations between QTLs for flour colour and molecular
markers so that such markers could be used as an
indirect selection criterion in wheat breeding programs.
Using a SSD population of 150 lines, a total of ten
marker loci were identified that showed significant as-
sociations with QTLs for flour colour located on chro-
mosomes 3A and 7A.

The benefit of using a single seed descent population
is that the genetic structure of the population is pre-
dominantly fixed. Any heterozygotes that are scored
are detected by the MapManager software. Since geno-
types are predominantly fixed, SSD lines are valuable
for assessing the environmental impact on trait expres-
sion. In our study, the estimated heritability of
flour colour was calculated as 0.68, indicating that
a large part of the expression of this trait is genetically
controlled, making it easier to manipulate at the gen-
etic level in a breeding program. We identified two
QTLs for flour colour in this population but only the
QTL on chromosome 7A was highly significant in all
three replicates. This may indicate that the QTL on
chromosome 3A is more sensitive to environmental
effects.

All of the regression coefficients of the marker loci
linked to yellow flour colour were negative (Table 2).
This suggests that the ‘Schomburgk’ parent was the
source of all the increasing effects on flour colour, and
largely explains the lack of transgressive segregation
observed in the progeny.

Seventy four percent of the genetic variation could be
explained by the detected QTLs, with the QTL at
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Fig. 2A-C LOD plots of chromosome 7A showing the location of
a major locus associated with flour colour. Data were obtained from
150 F4 and Fs SSD lines sown in field trials over two seasons at
different sites. Results include data from (A) 1995, (B) 1996 Replicate
1 and (C) 1996 Replicate 2. The AFLP marker prefix Xwua indicates
a locus detected by a primer combination at the University of
Adelaide’s Waite Institute. The number following the prefix corres-
ponds to the primer combination used to identify the locus

Xwual6-74.5 alone accounting for 60%. The large
amount of variation explained by this QTL would
suggest that the inheritance of this trait is predomi-
nantly controlled by this locus. The inability to explain
the remaining genetic variation may result from the
moderate size of our mapping population, which did
not allow for low effect QTLs to be identified, or the
incomplete coverage of the wheat linkage map.
Ideally a comprehensive map of the wheat genome
would be required for complete analysis but this is time
consuming to develop. The AFLP technique (Vos et al.

1995; Zabeau and Vos 1993) has the capacity to assay
a much greater number of loci for polymorphism than
other currently available PCR-based techniques, and is
suitable for detailed mapping exercises. Initially, we
used a combination of locus specific RFLP and micro-
satellite markers to construct a partial genetic linkage
map. Bulk segregant analysis and AFLP markers were
used to identify markers closely linked to a major QTL
identified on chromosome 7. This approach resulted in
more markers being identified in the region around
Xcdo347-74 and rapidly increased the number of
markers scored in the population. Bulked segregant
analysis using AFLP markers has proved to be an
effective method of identifying markers closely linked
to traits of interest. The ability to rapidly identify and
map additional markers tightly linked to the
Xcdo347-7A4 locus enabled a detailed map of this chro-
mosomal region to be constructed. The combination of
RFLP and AFLP markers proved to be an efficient
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way of identifying markers closely linked to the trait of
interest.

Thomas et al. (1995) reported on the suitability of
converting AFLP markers to allele-specific markers
and there is clearly the potential to apply this to the
markers identified in our study. The identification of
molecular markers linked to flour colour has the poten-
tial to accelerate wheat breeding for this particular
trait. Once suitable genomic regions associated with
flour colour have been identified, breeders will be able
to select for quantitative traits at the genetic level
rather than relying on phenotypic expression. Pre-
viously, the early selection of traits at the phenotypic
level has been limited due to the small amount of grain
available on an individual plant basis. The selection of
plants based on their molecular profile will allow the
breeder to readily combine preferred alleles at selected
loci to maximise expression of the trait.

Although the markers described here are likely to be
effective in monitoring the yellow flour colour locus
from the variety ‘Schomburgk’, it is not known if desir-
able yellow colour from other sources is controlled by
the same locus. In this case, the absence of transgressive
segregation and the apparent simplicity of inheritance
suggests that the ‘Schomburgk’ locus will have broad
applicability. However, future testing is required to
confirm this. The behaviour of the allele from Yar-
ralinka that is associated with whiteness should also be
further assessed. In some breeding programs this trait is
also important but it will again be necessary to analyse
the behaviour of the Yarralinka allele in different gen-
etic backgrounds.
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