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Abstract. We have tested the efficacy of putative microsatellite single sequence repeat (SSR) markers, previously
identified in a 2-49 (Gluyas Early/Gala) × Janz doubled haploid wheat (Triticum aestivum) population, as being
linked to partial seedling resistance to crown rot disease caused by Fusarium pseudograminearum. The quantitative
trait loci (QTLs) delineated by these markers have been tested for linkage to resistance in an independent Gluyas
Early × Janz doubled haploid population. The presence of a major QTL on chromosome 1DL (QCr.usq-1D1) and a
minor QTL on chromosome 2BS (QCr.usq-2B1) was confirmed. However, a putative minor QTL on chromosome
2A was not confirmed. The QTL on 1D was inherited from Gluyas Early, a direct parent of 2-49, whereas the 2B
QTL was inherited from Janz. Three other putative QTLs identified in 2-49 × Janz (on 1AL, 4BL, and 7BS) were
inherited by 2-49 from Gala and were not able to be confirmed in this study. The screening of SSR markers on a small
sample of elite wheat genotypes indicated that not all of the most tightly linked SSR markers flanking the major
QTLs on 1D and 1A were polymorphic in all backgrounds, indicating the need for additional flanking markers when
backcrossing into some elite pedigrees. Comparison of SSR haplotypes with those of other genotypes exhibiting
partial crown rot resistance suggests that additional, novel sources of crown rot resistance are available.

Additional keywords: targetted mapping, QTL resolution, 1-LOD support interval, allelic homoplasy.

Introduction
Resistance to the fungal disease crown rot, caused by
Fusarium pseudograminearum, is a high priority for wheat
breeding in Australia (Burgess et al. 2001). Breeding for
crown rot resistance is difficult due to time-consuming,
technically laborious and expensive methods for phenotypic
screening (Wildermuth and McNamara 1994; Wildermuth
et al. 2001) in which disease expression is strongly influenced
by environmental factors (Beddis and Burgess 1992).
Selection for this trait would be greatly assisted by the
development of closely linked molecular markers suitable
for deployment in a marker assisted selection (MAS)
program. To date, there have been only 3 published reports
of the identification of markers associated with crown
rot resistance (Wallwork et al. 2004; Collard et al. 2005;
Bovill et al. 2006).

‘QTL confirmation’ and ‘marker validation’ are critical
stages prior to the deployment of molecular markers for MAS
(Langridge et al. 2001; Sharp et al. 2001; Zhou et al. 2003).

Quantitative trait loci (QTL) confirmation refers to the
process of confirming the accuracy of QTL mapping results
based on initial experiments. ‘Marker validation’ refers to the
process of confirming the effectiveness of markers associated
with putative QTLs in one population for indicating the target
phenotype in independent populations and other germplasm,
which incorporate those QTLs. So far, none of the QTLs
associated with crown resistance has been confirmed in
independent populations, nor have markers been validated
in a range of genotypes.

In a previous study, we reported the identification
of microsatellite single sequence repeat (SSR) markers
associated with 2 major QTLs on chromosomes 1D and
1A, and 4 minor QTLs on 2A, 2B, 4B, and 7B for crown
rot resistance in a 2-49 × Janz doubled haploid population
(Collard et al. 2005). 2-49 is an important breeding line that
possesses both seedling and adult plant (field) resistance
(Wildermuth and McNamara 1994). The objectives of
this study were to (i) confirm the QTLs detected in the
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2-49 × Janz population in an independent mapping
population; (ii) test the level of polymorphism of tightly-
linked markers in different genetic backgrounds into
which these resistance QTLs might be backcrossed; and
(iii) compare the SSR haplotype of 2-49 at these loci with
other crown rot resistant genotypes.

Materials and methods
Mapping population and plant material

The original 2-49 × Janz doubled haploid mapping population of
153 doubled haploid (DH) lines is described in Collard et al. (2005).
2-49 is a line showing partial resistance to crown rot, which resulted from
a Gluyas Early × Gala cross in which both parents are partially resistant
(Wildermuth and McNamara 1994). In total, 90 DH lines derived from
Gluyas Early × Janz were used to confirm the QTL mapping results
from Collard et al. (2005).

A selection of 16 genotypes, which either expressed partial crown
rot resistance or represented pedigrees that are important in Australia’s
northern wheatbelt, was made in order to test the effectiveness of
previously identified SSR markers in discriminating between crown rot
resistant and susceptible genotypes. Sumai-3, a widely used breeding
line with resistance to Fusarium head blight (Liu and Anderson 2003),
was included due to observations that this genotype also displays field
resistance to crown rot (G. Wildermuth, unpublished data) Seed was
obtained from the Leslie Research Centre, Toowoomba, Australia. DNA
was extracted from leaf material of 14-day-old seedlings, using Qiagen
DNA extraction kits.

Phenotypic evaluation

Seedlings were phenotyped at 3 weeks of age using the glasshouse
method described by Wildermuth and McNamara (1994). The Gluyas
Early × Janz population was phenotyped in 3 separate glasshouse
experiments using the glasshouse facility at the Leslie Research Centre,
Toowoomba. Experiment 1 was conducted from 9 to 30 July 2003, Expt 2
was conducted from 29 April to 20 May 2004, and Expt 3 was conducted
from 29 June to 20 July 2004. Seedling leaf sheath infection was rated in
duplicated pots using a 5-class scale where: 0, no infection; 1, 0–25%;
2, 25–50%; 3, 50–75%; and 4, 75–100% visible symptoms. Three leaf
sheaths were rated for each individual plant to produce a disease score
out of 12. Disease scores were then expressed as percentage infection
based on the highly susceptible cultivar Puseas.

DNA extraction and molecular marker analysis

DNA extractions, polymerase chain reaction (PCR), and visualisation of
PCR products have been described in Collard et al. (2005). Twenty-five
SSR markers in the chromosomal regions containing QTLs detected in
the 2-49 × Janz mapping population (Collard et al. 2005) were used to
screen 2-49, Gluyas Early, Gala, and Janz in order to infer the origin
of resistance QTLs in 2-49. Additional markers that were tightly linked
to the QTLs based on consensus maps were also screened across the
parental lines. Polymorphic markers were then used to genotype the
Gluyas Early × Janz population. Genotyping of markers located on
chromosome 1D was performed in duplicate and independently scored,
in order to minimise genotyping errors. Linkage maps were constructed
using Map Manager QTX Version b20 (Manly et al. 2001). SSR markers
were assigned to chromosomes based on previously published maps
(Roder et al. 1998; Pestsova et al. 2000; Harker et al. 2001; Gupta
et al. 2002) and consensus maps (Appels 2003; Somers et al. 2004).
In total, 10 SSR markers that were tightly linked to the QTLs on
chromosomes 1D and 1A were used to genotype the 16 wheat lines
in Table 5.

Statistical and QTL analysis

One-way ANOVA was performed on disease scores for the separate
glasshouse experiments for the Gluyas Early × Janz population to
determine differences between trials and genetic variation (SPSS
version 11, SPSS Inc. Chicago, IL, USA). The least significant
difference (l.s.d.) test was conducted in order to compare population
means of individual glasshouse experiments and individual DH lines
of the Gluyas Early × Janz population within each experiment. Simple
interval mapping (SIM) and composite interval mapping (CIM) were
performed using MapManager QTX (Manly et al. 2001). Likelihood
ratio statistic (LRS) values were converted into logarithm of odds (LOD)
values by dividing by 4.6 (Manly et al. 2001). CIM was performed
by including background unlinked markers exceeding the significance
threshold. Significance levels were determined with 1000 permutation
tests, and QTLs were classified as ‘highly significant’, ‘significant’,
and ‘suggestive’, based on the guidelines reported by Lander and
Kruglyak (1995) and implemented by Map Manager QTX (Manly
et al. 2001). For significant or highly significant QTLs, 95% confidence
intervals for QTL position were calculated using the 1-LOD support
interval. Chromosome maps were made using MapChart Version 2.1
(Voorrips 2002).

Results

Phenotypic distributions

The histograms of disease scores for all phenotypic trials
indicated continuous distributions (Fig. 1). The mean disease
scores for parental lines and doubled haploid lines are
indicated in Table 1. There was a highly significant difference
between population means of the 3 separate glasshouse trials
for Gluyas Early × Janz (P < 0.001) (Table 1). In each trial
there was evidence of transgressive segregation in which
some lines either significantly exceeded or fell below the
disease scores of the 2 parents.

Genotyping of an independent population

Although not all of the markers used for QTL mapping
in the 2-49 × Janz population were polymorphic in Gluyas
Early × Janz, partial maps were constructed for those
chromosomal regions that contained QTLs for crown rot
resistance in the 2-49 × Janz population. In total, 40 SSR
markers were mapped in the Gluyas Early × Janz population
(Table 2). Some primers generated marker alleles or
additional marker alleles that were unlinked to the target
chromosomes. Generally, the order of markers between
populations was conserved, although there were some
instances in which the marker order and distances between
markers varied between the two populations (Fig. 2).

Screening Gluyas Early and Gala with markers linked to
the QTLs detected in 2-49 enabled the origin of these loci to
be deduced (Table 3).

QTL analysis

The detection of QTLs on chromosome 1D in the Gluyas
Early × Janz mapping population is reported in Table 4.
Significant QTLs were detected on chromosome 1D in
2 out of the 3 glasshouse experiments; a QTL on
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Fig. 1. Frequency distributions of mean disease scores (expressed as
% disease relative to the susceptible cultivar Puseas) of the Gluyas
Early (GE) × Janz DH population. The histograms are shown for the
individual glasshouse: (a) Expt 1; (b) Expt 2; and (c) Expt 3. Least
significant difference at P = 0.05 (l.s.d.) values are indicated.

Table 1. Mean disease scores (expressed as percentage of disease
relative to the susceptible cultivar Puseas) for parents and doubled
haploid lines for the 3 independent experiments using the Gluyas

Early × Janz population
Mean DH population scores followed by the same letters are not

significantly different at P = 0.05 (l.s.d.) multiple comparison test

Expt Gluyas Early Janz DH population s.d.

1 50.7 76.0 70.9a 15.5
2 24.3 53.3 40.4b 14.3
3 12.4 38.4 25.7c 23.9

chromosome 1D that was just below the significance
threshold was detected for Expt 2. LOD plots of interval
mapping analysis and 1-LOD support (95% confidence)

Table 2. Numbers and location of mapped markers in Gluyas
Early × Janz

Population Chromosomes
1A 1D 2A 2B 4B 7B UA

Gluyas Early × Janz 4 8 4 4 2 2 16

AU, Unlinked to target chromosomes.

intervals for QTLs are presented in Fig. 2. Additional QTLs
located on other chromosomes were detected in the first
and third experiments – suggestive QTLs were detected on
chromosomes 2A and 2B in the first experiment, and only
2B in Expt 3. The QTL on chromosome 2A was detected
using simple interval mapping but not composite interval
mapping. The QTL on chromosome 2B was detected using
both QTL analysis methods. QTLs were detected on 1D
(significant) and 2B (suggestive) using mean disease score
values from all 3 experiments (Table 4). There were no
QTLs detected on chromosomes 1A, 4B, and 7B, which is
consistent with the inheritance of these chromosomal regions
from Gala.

Evaluation of important SSR markers
in selected genotypes

The 5 most tightly linked SSR markers within the vicinity
of the QTLs on chromosomes 1D and 1A in the 2-49 × Janz
population were selected to determine marker allele sizes in
these regions for a range of other genotypes (Table 5). These
genotypes included a range of sources for both seedling
and field-based partial resistances and important pedigree
lines in the Northern region. The SSR genotyping results
indicated that only a few markers could be used for MAS in
crosses derived from these genotypes. For chromosome 1D,
Xcfd19 and Xgwm337 are unique to Gluyas Early and
its progeny 2-49, when compared with all lines screened.
In crosses derived from most other genotypes except Hartog
and some of its derivatives (e.g. QT8766, Sunbrook, and
Sunstate), Xwmc429 and/or Xwmc216 are also available
as closely linked markers for resistance. Similarly, the
Gala and 2-49 haplotypes for the QTL on chromosome 1A
provide 2–5 SSRs polymorphic in the range of genotypes
screened. In particular at least two out of the 3 SSRs
Xwmc24, Xwmc312, and Xbarc148 are polymorphic
in all other lines compared with 2-49 or Gala. When
compared with 2-49 and its parents, all other identified
sources of seedling or field resistance in Table 5 show
different haplotypes.

Discussion

QTL analysis of Gluyas Early × Janz

The distribution of marker allele sizes in 2-49, Gluyas
Early, and Gala together with QTL analysis in the Gluyas
Early × Janz population indicates that the major QTL
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Fig. 2. Comparison of QTL position for seedling resistance on chromosome 1D between 2-49 × Janz and Gluyas
Early × Janz mapping populations. Common markers are indicated in bold. The 1-LOD support interval for QTL
positions is indicated by the filled regions within the chromosomes. Vertical bars indicate the 1-LOD support
intervals for the Gluyas Early × Janz population for the 3 experiments individually. The arrows indicate the most
likely position of the QTL based on interval mapping results.

detected on chromosome 1D in the 2-49 × Janz population
was inherited from Gluyas Early. This QTL consistently
explains a relatively large proportion of the phenotypic
variance for crown rot resistance and would be an ideal
candidate for MAS. The QTL detected on 2B was inherited
from Janz, which is consistent with the contribution of
a minor resistance QTL from Janz in the 2-49 × Janz
population and the detection of transgressive segregants
(Fig. 1; Collard et al. 2005). No QTLs were detected on
chromosomes 1A, 4B, or 7B in the Gluyas Early × Janz
population, which is consistent with these regions in 2-49
being inherited from Gala (Table 3). Attempts to confirm
these QTLs in other populations are continuing.

Suggestive QTLs, such as those detected in Gluyas
Early × Janz on 2A and 2B, may indicate false positive QTLs
(Lander and Kruglyak 1995). However, since the QTL on
2B has now been detected in both 2-49 × Janz and Gluyas
Early × Janz populations, it is likely that this is a genuine QTL
for crown rot resistance with small effects. In contrast, the
suggestive QTL on 2A is probably not genuine because it was
only detected in a single experiment (with a very low LOD
score) and was not detected using CIM, which is considered
to be more accurate compared with SIM. This result was
also observed in our study of the 2-49 × Janz population

(Collard et al. 2005). Compared with CIM, SIM analysis may
be greatly affected by unlinked QTLs and small population
sizes, which increase the chance of producing Type I
errors (i.e. identifying a QTL when no QTLs exist) (Jansen
1994, 2001).

One important difference in QTL analysis between the
2-49 × Janz and Gluyas Early × Janz populations was the
position of QTLs. The most likely position of the QTL on
chromosome 1D (in the 2-49 × Janz population) was located
between the SSR markers Xcfd19 and Xwmc216, whereas in
the Gluyas Early × Janz population, the most likely position
of the QTL was between Xwmc429 and Xgwm337 or
between Xcfd19 and Xcfd65 (Fig. 2). Furthermore, the
1-LOD support intervals were large and there were only small
regions of overlap between the 3 glasshouse experiments.
This lack of precision was probably attributable to the
differences in marker order and map distances between
populations, and the low power of QTL detection (i.e. large
confidence intervals) when small populations are used for
QTL mapping (Beavis 1998; Kearsey and Farquhar 1998;
Melchinger et al. 1998). This is in agreement with simulation
studies in QTL mapping, which have indicated that the
confidence intervals may still be very wide even for QTLs
with large effects (Hyne et al. 1995). This has important
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Table 3. Inheritance of 2-49 SSR alleles from Gluyas Early and
Gala parents

The 2-49 alleles are indicated in bold and underlined. Janz was also
tested in order to identify polymorphic markers for mapping. NP, not

polymorphic; SSR marker allele size estimated in base pairs

Marker Source 2-49 Gluyas Early Gala Janz

Chr. 1A
Xwmc24 Gala 130 138 130 138
Xbarc148 NP 190 190 190 185
Xgwm164 Gala 120 130 120 125
Xwmc120 Gala 150 155 150 155
Xwmc312 NP 212 212 212 230

Chr. 1D
Xgwm337 Gluyas Early 190 190 195 170
Xwmc429 NP 220 220 220 200
Xcfd19 Gluyas Early 280 280 278 260
Xwmc216 Gluyas Early 125 125 120 120
Xwmc036 NP 112 112 112 114

Chr. 2A
Xgwm515 Gluyas Early 170 170 165 165
Xgwm339 Gluyas Early 170 170 155 160
Xcfa2263 NP 150 150 150 145
Xgwm558 Gluyas Early 100 100 115 108

Chr. 2B
Xgwm388 Gala 170 162 170 165
Xbarc349-1 Gluyas Early 92 92 108 94
Xcfa2278 NP 130 130 130 120
Xgwm271 NP 148 148 148 150
Xwmc441 Gala 175 160 175 160

Chr. 4B
Xgwm192-2 Gala 180 190 180 185
Xgwm165 Gala 240 247 240 245
Xgwm251 Gala 100 90 100 110

Chr. 7B
Xgwm46 Gala 158 166 158 146
Xgwm400 Gala 130 146 130 146
Xgwm537 Gala 220 226 220 238

implications for MAS, since the efficiency of markers greatly
depends on the precision of the QTL mapping study. The
use of larger population sizes would be necessary to more

Table 4. Detection of QTLs for crown rot resistance
Significant and highly significant LOD values are shown in bold. Classification of QTLs: highly significant (HS), significant (S), suggestive (Sg),

not significant (n.s.)

Chr. 2-49 × JanzA Source of Gluyas Early × Janz
resistance Expt 1 Expt 2 Expt 3 Mean Source of resistance

allele (all 3 Expts) alleles in 2-49 × Janz

1A S, 4.0 (9%) 2-49 n.s. n.s. n.s. n.s. Gala
1D HS, 8.5 (21%) 2-49 S, 2.5 (12%) Sg, 2.0 (10%) HS, 3.8 (20%) S, 3.5 (19%) Gluyas Early
2A SgB, 1.0 (6%) 2-49 SgB, 1.2 (6%) n.s. n.s. n.s. Gluyas Early
2B Sg, 1.9 (4%) Janz Sg, 1.7 (10%) n.s. Sg, 1.2 (6%) Sg, 1.0 (5%) Janz
4B Sg, 1.9 (4%) 2-49 n.s. n.s. n.s. n.s. Gala
7B Sg, 2.5 (6%) 2-49 n.s. n.s. n.s. n.s. Gala

AData from Collard et al. (2005).
BQTL detected using simple interval mapping but not composite interval mapping.

accurately determine marker order and distances, and to
further resolve the position of QTLs.

Utility of 1D and 1A crown rot markers in MAS

Although only a small number of genotypes was screened
with SSR markers associated with QTLs on chromosomes 1D
and 1A, only 2 markers (Xcfd19 and Xgwm337) possessed
alleles that were uniquely linked to the major QTL on 1D
from 2-49 and did not occur in the other genotypes screened.
Therefore these markers should be useful for screening for
the presence of the QTL on 1D in 2-49-derived populations,
although additional susceptible genotypes should be tested
for further confirmation. The detection of identical marker
alleles in resistant and susceptible genotypes for some
markers that were tightly linked to the QTL on 1D
(e.g. Xwmc216 or Xwmc429) prevents the use of these
markers for backcrossing the 1D resistance into Hartog and
its derivatives, which possess important agronomic traits.
This has been referred to as ‘allelic homoplasy’ (Grimaldi
and Crouau-Roy 1997; Hayden et al. 2004). In the case of
the QTL on 1A, the screening of 3 SSRs will provide at
least 2 polymorphic markers in crosses of Gala or 2-49 to
the other lines in Table 5. The failure to detect SSR marker
alleles that are diagnostic in all crosses has been reported for
other disease resistance traits in wheat. For example, a 120
base pair marker (generated by the SSR primer gwm533)
was diagnostic for the Sr2 gene for stem rust for all but
4 susceptible Australian cultivars (Spielmeyer et al. 2003).
This attribute of the SSR markers highlights the necessity to
test markers against the full range of pedigree sources prior
to use in MAS even when a tightly linked pair of flanking
markers (2.1 cM) has been identified in the original mapping
study. Although single, tightly linked markers can still be
effective for MAS in the absence of ‘perfect’ markers within a
gene (Wilcox et al. 2002; Zhou et al. 2003), the identification
of a ‘window’ or ‘suite’ of flanking markers is preferable for
each QTL, since different pairs of flanking markers can be
used in different backgrounds (Langridge et al. 2001; Sharp
et al. 2001). However, in practice this level of marker density
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Table 5. Estimated allele sizes (base pairs) for chromosome 1D and 1A SSR markers for different genotypes
Genotypes with 2-49 markers alleles are indicated in bold and underlined, in shaded boxes

Genotype ClassificationA Chromosome 1D Chromosome 1A
Xcfd19 Xwmc216 Xwmc429 Xgwm337 Xwmc36 Xwmc120 Xwmc24 Xwmc312 Xbarc148 Xgwm164

2-49 PR (seedling) 290 128 220 188 112 150, 154 132 212 198 112
Gluyas Early PR (seedling) 290 128 220 188 112 158 136 212 198 124
Gala PR (seedling) 285 122 218 190 112 150, 154 132 212 198 112
CPI133814 PR (seedling) 270 116 190 150 114 160 115 210 196 118
IRN497 PR (seedling) 268 122 218 172 114 150, 154 132 222 196 112
W21MMT70 PR (seedling) 268 122 220 168 112 150, 154 131 222 193 114
Kukri PR (field) 270 128 210 164 112 158 148 222 194 118
Lang PR (field) 270 122 205 160 114 158 136 230 196 112
Mendos PR (field) Null 128 215 172 112 158 131 228 198 124
Sunco PR (field) 268 122 210 164 114 150, 154 136 212 196 114
Sumai3 PR (field) 268 122 210 164 114 158 136 200 196 112
Batavia Susceptible 275 122 220 172 112 150, 154 140 220 195 118
CPI133872 Susceptible 285 118 195 170 112 158 120 210 192 124
Hartog Susceptible Null 128 220 174 112 158 134 220 195 118
Janz Susceptible 265 122 210 164 114 158 136 230 196 114
Puseas Susceptible 275 122 215 172 112 Null 120 226 196 120
QT8766 Susceptible 270 128 220 175 114 158 137 228 196 114
Sunbrook Susceptible 275 128 220 172 114 150, 154 138 212 195 114
Sunstate Susceptible 275 128 220 172 112 150, 154 132 220 195 118
Vasco Susceptible 275 122 210 164 114 158 136 212 196 114

APR, partial resistance; Classifications derived from Liu et al. (2004), Wallwork et al. (2004), Wildermuth and McNamara (1994), and
Wildermuth et al. (2001).

is not always available due to low polymorphism levels or to
a lack of identified markers in critical regions. In this study
we screened all publicly available SSR markers previously
mapped to these regions. In critical regions lacking suitable
polymorphic SSR markers, other types of markers such as
single nucleotide polymorphisms (SNPs) (Spielmeyer et al.
2003) and sequence-tagged microsatellites (STMs) (Hayden
et al. 2004) may be necessary to discriminate between
different genotypes.

Marker-assisted evaluation of additional crown rot
resistant genotypes

The screening of important SSR markers associated with
disease resistance QTLs can provide a useful representation
of the relationship of a single genotype to other germplasm
accessions (Liu and Anderson 2003; McCartney et al. 2004).
Although some 2-49 SSR marker alleles were identical
to marker alleles from different genotypes with crown rot
resistance, the 2-49 haplotype, derived from a total of 10 SSR
loci on 1D and 1A, appears to be unique among other
genotypes with partial seedling resistance and field resistance
to crown rot. This implies that distinct partially resistant
genotypes such as W21MMT70 and IRN497 may represent
novel sources of partial resistance that can be used to pyramid
multiple resistance QTLs together. The recent detection of
novel QTLs on 2D and 5D in a W21MMT70 × Mendos
doubled haploid population supports this hypothesis (Bovill
et al. 2006). Further genetic analysis to test these possibilities
is currently underway, based on QTL mapping using
populations containing these sources, haplotyping of critical
regions, and phenotypic screening of half-diallel populations.

Concluding remarks

We have confirmed 2 QTLs for crown rot resistance that were
originally identified in a 2-49 × Janz population, including a
major QTL on chromosome 1DL (from 2-49) and a minor
QTL on chromosome 2BS (from Janz). We propose that
these be designated for future reference as QCr.usq-1D1 and
QCr.usq-2B1, respectively. A suite of SSR markers that are
closely linked to QCr.usq-1D1 has been identified. These
markers can be used for MAS for crown rot resistance in a
range of backgrounds. Implementation of the use of these
markers in selecting 2-49 backcross material is currently
underway in several breeding programs. Confirmation of the
3 QTLs in 2-49 inherited from Gala (on 1AL, 4BL, and 7BS)
is in progress.
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