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Abstract Resistance to the disease septoria tritici blotch
of wheat (Triticum aestivum L.), caused by the fungus
Mycosphaerella graminicola (Fuckel.) J. Schrot in Cohn
(anamorph Septoria tritici Roberge in Desmaz.) was
investigated in a doubled-haploid (DH) population of a
cross between the susceptible winter wheat cultivar
Savannah and the resistant cultivar Senat. A molecular
linkage map of the population was constructed including
76 SSR loci and 244 AFLP loci. Parents and DH progeny
were tested for resistance to single isolates of M.
graminicola in a growth chamber at the seedling stage,
and to an isolate mixture at the adult plant stage, in field
trials. A gene located at or near the Stb6 locus mapping to
chromosome 3A provided seedling resistance to IPO323.
Two complementary genes, mapping to chromosome 3A,
one of which was the IPO323 resistance gene, were
needed for resistance to the Danish isolate Risg97-86. In
addition, a number of minor loci influenced the expres-
sion of resistance in the growth chamber. In the field, four
QTLs for resistance to septoria tritici blotch were
detected. Two QTLs, located on chromosomes 3A and
6B explained 18.2 and 67.9% of the phenotypic variance
in the mean over two trials. Both these QTLs were also
detected at the seedling stage with isolate Risg97-86,
whereas isolate IPO323 only detected the QTL on 3A.
Additionally, two QTLs identified in adult plants on
chromosomes 2B and 7B were not detected at the
seedling stage. Four QTLs were detected for plant height
located on chromosomes 2B, 3A, 3B and on a linkage
group not assigned to a chromosome. The major QTLs on
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3A and on the unassigned linkage group were consistent
over two trials, and the QTL on 3A seemed to be linked to
a QTL for septoria tritici blotch resistance.
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Introduction

The disease septoria tritici blotch of wheat (Triticum
aestivum L.) is caused by the ascomycete fungus
Mycosphaerella graminicola (Fuckel.) J. Schrot in Cohn
(anamorph Septoria tritici Roberge in Desmaz.). This
disease is widespread in wheat-growing regions all over
the world and yield losses are often severe (Eyal et al.
1987; Hardwick et al. 2001). Plant breeders in Northern
Europe have shown an increasing interest in breeding
wheat for resistance to septoria tritici blotch. The result
has been an increasing number of wheat cultivars
possessing a good level of resistance, being released
commercially (Anonymous 2002).

In the field, wheat cultivars rarely express complete
resistance to septoria tritici blotch, but on highly resistant
cultivars the disease development is delayed to a point
where the impact on yield is considerably reduced (Eyal
1999). This resistance has been described as non-specific
with no interactions between genes in pathogen and host
(Van Ginkel and Scharen 1988; Johnson 1992). Later
work provided evidence of specificity in the interaction
between genotypes of the host and isolates of the
pathogen when tested in the growth chamber and in the
field (Kema and Van Silthout 1997). Recently, a gene-
for-gene relationship involving the gene Stb6 in the
cultivar Flame and an avirulence gene in the M.
graminicola isolate IPO323, was described (Kema et al.
2000; Brading et al. 2002). The Stb6 gene is one of the six
genes for resistance to M. graminicola that have been
designated, Stb1, Stb2, Stb3, Stb4, Stb5 and Stb6 (Wilson
1985; Somasco et al. 1996; Arraiano et al. 2001; Brading
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et al. 2002). Only two of these genes, have been mapped
to a chromosomal location, this is Stb5 on 7D (Arraiano et
al. 2001) and Stb6 on 3A (Brading et al. 2002) in wheat.
Resistance provided by single genes with a major effect is
often relatively short-lived, as examples with powdery
mildew and stripe rust have shown (Svec and Miklovi-
cova 1998; Bayles et al. 2000). Recently, an example of a
septoria tritici blotch-resistant wheat cultivar that lost the
effectiveness of resistance over relatively few years was
described (Cowger et al. 2000). Continuing efforts to
identify and characterize new and effective sources of
resistance to M. graminicola seem to be essential to
ensure the availability of resistant wheat cultivars in the
future.

The main source of inoculum of M. graminicola during
spring and summer are the splash-dispersed pycnid-
iospores (Shaw and Royle 1993; Eriksen et al. 2001;
Eriksen and Munk 2003). These spores are spread from
the base and upwards in the crop canopy, and the amount
of inoculum transported decreases rapidly with height
(Shaw and Royle 1993). A relationship between short
stature and susceptibility to septoria tritici blotch has been
reported (Baltazar et al. 1990).

The aim of this study is to investigate the genetic
control of the qualitative and quantitative resistance to
septoria tritici blotch of the winter wheat cultivar Senat.
Senat expresses almost complete resistance to several M.
graminicola isolates in the growth chamber and has a high
level of resistance in the field. The chromosomal location
of genes providing the near immune response to specific
isolates in the growth chamber was compared with the
location of QTLs detected using data from field trials. The
identification of such genes for quantitative and qualita-
tive resistance, together with the elucidation of the
relationship between them, will provide important infor-
mation for plant breeders trying to combine different
types of resistance in a cultivar.

Materials and methods
Plant material

At Sejet Plantbreeding, a cross was made between Senat and the
highly susceptible winter wheat cultivar Savannah, with Savannah
as the female parent. Using the wheat x maize method (Laurie and
Bennett 1988), a population of 106 DH (doubled-haploid) lines was
produced from the F; generation. Of these lines 71 were available
for trials in the first season, 2000/01, and all 106 lines were
available for trials in 2001/02.

Growth chamber test

The parents and the DH progeny of the cross Savannah x Senat,
were tested in a growth chamber with isolates of M. graminicola.
Of each line, 15 seeds were sown in a pot arranged in a straight line
next to a net. After 10-12 days, the fully developed primary leaves
were placed in a horizontal position by fixation to the net with a
piece of string, and with the adaxial side of the leaves facing
upwards. The inoculum of M. graminicola was produced by
growing the fungus in liquid yeast glucose medium for 5 to 8 days.
The seedlings were inoculated by applying a spore suspension of

10° spores/ml, with four drops of Tween 20 per 100 ml, to the
horizontally fixed leaves. The pots were subsequently kept at high
humidity in bags for 48 h, and then moved to transparent plexi-
glass boxes in which the relative humidity was above 80%. Growth
chamber conditions were 20 °C with 18 h of light. Assessment of
disease severity as percent coverage with necroses on ten leaves per
pot was performed 21-22 days after inoculation.

Field experiments

Field experiments were performed in 2000/01 with 71 DH lines at
one location, Sejet (Jutland, Denmark), and in 2001/02 with 106
DH lines at two locations, Sejet and Nr. Aaby (Fyn, Denmark). The
parents and DH progeny were grown in two rows of 1 m in the
2000/01 season and in three rows in the 2001/02 season. Due to
lack of seed, replicates were only possible in 2001/02 where the
trials consisted of two randomised replicates. The experiments were
inoculated twice with 12 days in-between inoculations. The first
inoculation was performed after the flag leaves were fully
expanded. The inoculum consisted of a mixture of 11 M.
graminicola isolates, collected in Denmark in 1997 from plots of
different cultivars untreated with fungicides. These 11 isolates were
selected because tests on seedlings of Savannah and Senat in a
growth chamber showed them to be virulent on both cultivars.
Inoculum was produced in liquid medium as described above and
applied as an aqueous spore suspension using a knapsack sprayer.
The spore suspension had a concentration of 10° spores/ml and
0.5 ml/l of Tween 20 was added. The trial at Sejet was mist-
irrigated for 5 min morning and evening for a few days after the
inoculations.

Disease severity was assessed as percent coverage with lesions
bearing the fruit bodies of M. graminicola on ten leaves per plot
and leaf layer. In 2001, flag leaves were assessed once, 27 days
after the second inoculation. In 2002, flag leaves and leaf 2 were
assessed three times at an interval of 6-7 days, and starting from 9
days after the second inoculation at Sejet and 13 days at Nr. Aaby.
In the following, these data are designated StbSejetO1, StbSejet02
and StbNrAaby02, and the mean AUDPC over the two trials in
2002 is designated StbMean02. In the 2002 trials, plant height was
measured from the soil surface to the base of the spike on the main
tiller, in the following designated HtSejet02, HtNrAaby02 and the
mean over the two trials HtMean02.

Molecular marker analysis

DNA was extracted from 2-3 leaves of 10-day old seedlings. The
leaves were freeze-dried in 2 ml reaction tubes, two steel balls were
added and the samples were milled in a ball-mill (Retsch MM200).
DNA was extracted from the milled samples using the CTAB
method (Saghai-Maroof et al. 1984). The molecular markers
employed for the mapping were SSR (simple sequence repeat)
markers developed by the WMC (Wheat Microsatellite Consor-
tium) and Roder et al. (1998). SSR markers from the two sources
were designated Xwmc and Xgwm respectively. In addition the
AFLP (amplified fragment length polymorphism) technique was
employed to generate sufficient marker information for a linkage
map of the Savannah x Senat cross (Vos et al. 1995).

PCR reactions were performed on Perkin Elmer 2700 or 9700
thermal cyclers. Cycling conditions for microsatellites were, 1 min
denaturation at 94 °C, 1 min annealing at 50, 55 or 60 °C
(depending on the microsatellite) and 1 min extension at 72 °C, for
31 cycles. The samples were initially denatured for 5 min and the
cycling was followed by an extension step of 7 min. The PCR
reaction mix contained 0.25 uM of each primer, 2.0 mM of MgCl,,
200 uM of each deoxynucleotide, 1 x Tagq buffer, 0.5 units of Tagq
polymerase and 50 ng of template DNA, in a reaction volume of
10 pl. The SSR primers were fluorescently labelled with either 6-
FAM, TET or HEX, and the fragment lengths were determined on a
Megabace 1,000 automatic DNA sequencer. AFLPs were generated
according to the protocol for the Perkin-Elmer AFLP Plant



Mapping Kit (Anonymous 2000). The restriction enzymes used
were Msel, Pstl and EcoRI. The initial screening of the parents with
Msel/EcoRI primer combinations resulted in very few AFLPs
compared to Msel/Pstl combinations, and only Msel/Pstl primer
combinations were screened on the DH lines. Pre-amplification was
performed with one selective nucleotide (C) on the 3’ end of the
Msel primer and without selective nucleotides on the Ps#I primer.
In the main amplification, primers with three selective nucleotides
on the 3’ end of the Msel and two or three selective nucleotides on
the 3’ end of PstI primers were employed. The Msel primers for the
main amplification were fluorescently labelled with either 5-FAM,
JOE or NED, and the fragment lengths were detected on an ABI377
automatic DNA sequencer. The AFLP fragments were named as
MNN/PNN-###, where M represents the Msel restriction enzyme, P
represents the PstI restriction enzyme, NN is the number of the
primers with a core sequence matching the Msel or Pstl adapters
(primer sequences can be found at http://wheat.pw.usda.gov/
ggpages/keygeneAFLPs.html) and ### is the length of the ampli-
fied fragment in base pairs.

Data analysis

A logit transformation was applied to the field assessments of
septoria tritici blotch from 2001. For the 2002 field trials, data from
the flag leaf and leaf 2 was combined, and the area under the
disease progress curve (AUDPC) was calculated, using the
formulae of Shaner and Finney (1977). The AUDPC data and the
plant heights from 2002 were subjected to analysis of variance
(ANOVA) according to the following model:

Yige = 1+ g+l +r(D), + (18); + e

where y;ix = phenotypic trait value of individual i (i =1, 2, ..., 106)
at location j (j = Sejet, Nr. Aaby) in replicate k (k = 1, 2), u =
population mean, g; = main effect of genotype, /; = main effect of
location, r(l);, = main effect of replicate nested within the location,
(lg);; = interaction effect between the location and the genotype and
&;x = random error assumed as N(0, 6%). The heritability (k%) of
septoria tritici blotch resistance and plant height for 2002, was
estimated using the formula of Schon et al. (1993) and the variance
components estimated in the analysis of variance.

The linkage map with the molecular markers was generated
using the computer software JOINMAP 2.0 for the calculation of
linkage groups (Stam and Van Ooijen 1995). The order of markers
on the linkage groups was determined with G-MENDEL, using the
KSAR function and adjustment for segregation distortion (Hol-
loway and Knapp 1993). The reliability of the locus order was
checked using Monte Carlo simulation in G-MENDEL and a
reduced map for QTL (Quantitative Trait Locus) analysis was
constructed. On this map markers that did not map to unique
positions, according to Monte Carlo simulation, were removed.
Linkage groups were assigned to chromosomes using WMC SSR
markers mapped in several different populations (Chalmers et al.
2001; Gupta et al. 2002; M. J. Christiansen, personal communica-
tion). Linkage groups were oriented with the short arm up, and
distances in cM were calculated from the short toward the long arm.
Figures of linkage groups were produced with MAPCHART
(Voorrips 2002).

Due to the discrete distribution of the data, analysis of QTL on
the disease data from growth chamber tests was performed using
non-parametric  Kruskal-Wallis analysis with the software
MAPQTL 3.0 (Van Ooijen and Maliepaard 1996). QTLs were
declared at markers with a peak in the K-statistic exceeding 13.5
corresponding to a 5% error level with 210 markers (210 statistical
tests), using a standard Bonferroni correction, and assuming a chi-
square distribution of the test statistic with one degree of freedom
(Lynch and Walsh 1998).

On field data, QTL analysis was performed using CIM
(Composite Interval Mapping) with PLABQTL (Utz and Melchin-
ger 1996). A few outliers identified by PLABQTL were removed
before the analysis. Based on a Bonferroni correction a threshold of
LOD 3.6 for the 5% error level was assumed for CIM. A QTL was
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declared when the Bonferroni threshold was exceeded and the QTL
was selected in the final stepwise regression procedure performed
in PLABQTL. Estimates of phenotypic variance explained R? and
additive effects of the QTLs were obtained from a multiple
regression, including the QTLs selected during the stepwise
regression procedure. This led to the exclusion of a few QTLs
with LOD > 3.6; however, the models excluding these QTLs only
had marginally lower R? values than the models including all
QTLs. Cross validation (CV) was performed with PLABQTL to
obtain estimates of the phenotypic variance explained by all the
detected QTLs together that were less biased by model selection,
and to estimate how stable the QTLs were against genotypic
sampling (Utz et al. 2000). For CV the data was split in five groups,
4/5 of the genotypes were used for estimation of QTLs and the
remaining 1/5 was used for validation of the estimated QTL model,
i.e. estimation of QTL effects. Estimation and validation was done
five times, each time using a new 1/5 of the data for validation. The
split of the data and CV was repeated 200 times for each data set
and the average R? values over the validation runs were calculated.

Results

Molecular linkage map

Out of a total of 152 SSR primer pairs 73 (48%) showed
polymorphism between Savannah and Senat. SSR mark-
ers were chosen to represent as many of the 21 wheat
chromosomes as possible, 65 were tested on the whole
population, resulting in 77 SSR loci. A total of 56 Msel/
Pst1 AFLP primer combinations were tested on the
population, resulting in 268 polymorphic AFLPs, i.e. an
average of 4.8 AFLP per primer combination. Of these
345 loci, 76 SSR loci, 244 AFLP loci and in addition one
resistance gene locus (see below) were placed on the
linkage map. The markers that were not placed on the
map, were either of bad quality, unlinked AFLP markers,
or were co-segregating with other markers. The numbers
of AFLP markers on the three genomes provide a measure
of diversity between the genomes of Savannah and Senat.
Of the mapped AFLP loci, 26.9% were assigned to the A
genome, 68.6% to the B genome and 4.5% was assigned
to the D genome (Table 1). Chromosome group 4 was
under represented with only three AFLP and five SSR
markers. Markers were mapped on chromosomes 1A, 1B,
2A, 2B, 2D, 3A, 3B, 3D, 4A, 4D, 5A, 5B, 5D, 6B, 7A, 7B
and 7D; 17 of the 21 wheat chromosomes were
represented on the map. Eleven of the chromosome maps
consisted of more than one linkage group, or included
unlinked SSR markers. Six linkage groups consisting of
23 markers in total could not be assigned to a chromo-
some. The map length was 2,300 cM, with an average
interval length of 7.9 cM, and any point on the map was
within 20 ¢cM of a marker.

Segregation distortion was evaluated using the chi-
square test (¥?). In total 79 loci (25%) showed significant
distortion (P < 0.05), 71 toward the Savannah allele and
eight loci toward the Senat allele. Clusters of distortion
(>3 distorted markers) were found on chromosomes 2A,
3A, 3B, 4D, 6B, 7A and 7D, and on three unassigned
linkage groups. Of the distorted loci 57% were found in
such clusters. There was no significant difference in the
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Table 1 Distribution of AFLP

and SSR markers over the three ggﬁ;l osome AFLP SSR Total

genomes A, B and D and the A B D A B D A B D

seven chromosome groups of -

the molecular linkage map of 1 12 27 - 4 3 - 16* 30 -

the Savannah x Senat cross 2 20 22 1 4 9 6 242 31° 7
3 8 33 2 10 5 3 182 38 5
4 1 - 2 2 - 3 30 - 5
5 11 21 - 2 5 2 13 26* 2¢
6 - 21 - - 5 - - 26 -
7 8 29 5 3 3 5 11 320 104
Total 60 153 10 25 30 19 85 183 29
%° 26.9 68.6 4.5 33.8 40.5 25.7 28.6 61.6 9.8

# Chromosome consists of two linkage groups

> One SSR marker unlinked
¢ Two unlinked SSR markers

4 Chromosome consists of four linkage groups
¢ Fraction of total AFLP markers, total SSR markers or total markers on a genome

level of distortion between AFLP and SSR loci (3 = 2.3;
P = 0.13). For the whole map, more alleles originated
from Savannah, 54.7%, than from Senat, due to the large
number of alleles scored in the population (33,000) this
difference was highly significant, y*> = 287 corresponding
to P < 0.000. Closely linked markers are difficult to map
in a unique sequence due to a lack of recombinants in
mapping populations. Furthermore, a marker spacing of
less than 10 cM on the linkage map does not add much
additional statistical power or accuracy to the QTL
analysis (Darvarsi et al. 1993). Therefore, a reduced map
with higher confidence in marker positions was produced
for QTL analysis. The reduced map covered 1,660 cM,
with an average interval length of 9.2 cM. On this map, 67
SSRs, 142 AFLPs and one resistance gene locus,
remained. Here 18% of the markers showed distortion,
again with no difference in distortion between SSR and
AFLP markers (3> = 0.58; P = 0.45).

Means, heritability and correlations of disease resistance
and plant height

There was a large difference in disease level between
Savannah and Senat in growth chamber and field. The
mean disease severities for Savannah and Senat in the
growth chamber were 90.2 and 6.1% for isolate IPO323,
and 93.1 and 10.0% for Risg97-86, with the progeny lines
in-between, apart from a few lines expressing slightly
lower or higher disease severity (Fig. 1A and B). In the
field trial in 2001, the logit-transformed mean disease
severities for Savannah and Senat were 1.6 (untransform-
ed = 83.5%) and 2.6 (untransformed = 6.9%). In 2002,
the mean AUDPC over both trials were 697.4 percent-
days for Savannah and 43.6 percent-days for Senat
(Table 2). For both the 2001 trial and the mean over the
2002 trails, the disease scores on the progeny were
distributed between the parental cultivars, with very few
lines exhibiting higher or lower disease levels (Fig. 1C
and D). Thus there was no clear transgressive segregation
for disease resistance. The plant height differed slightly

Table 2 Means of Savannah and Senat and their DH progeny, and
estimates of variance components and heritability from the analysis
of variance of the data from field trials at Sejet and Nr. Aaby in
2002. Analysed traits are AUDPC for infection with septoria tritici
blotch (Stb) and plant height (Ht). **P<0.01 and ***P<0.001 based
on a F-test of the effect associated with the variance component

Parameter Stb (AUDPC) Ht (cm)
Means with standard deviations

Sejet

Savannah 6547 £ 4.5 68.3 £0.7
Senat 33.0+82 67515
DH lines 3189 +242 693 +£0.7
Nr. Aaby

Savannah 740.2 = 2.7 64.5+22
Senat 542 £ 6.8 632 +25
DH lines 3679 = 142 64.7 £0.8
Total

Savannah 6974 +429 664 %25
Senat 43.6 £ 13.0 65330
DH lines 3434 315 67.0x24
Variance components®

ng 147,990%** 08.8**%*
0152 5,260%* 7.0

o, 3,360 6.9
Heritability

h? 0.98 0.95

a ogzz genotypic variance, o, location x genotype interaction

variance and 0,2 error variance

between the parents with Savannah being the tallest.
Savannah measured 66.4 cm as a mean over the two trials
against a mean height of 65.3 cm for Senat, and the
standard errors of the two estimates overlapped (Table 2).
For plant height there was a clear transgressive segrega-
tion in the progeny ranging from 55 to 77 cm (Fig. 1E).

Analysis of variance of the two field trials for 2002
attributed a very high proportion of the variance to an
effect of the genotype for both disease and plant height.
For the disease data there was a significant location x
genotype interaction variance, but the contribution to the
total variance was low. The heritability of both AUDPC
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Fig. 1 Histograms showing the
results of disease test and plant
height measurements on the DH
progeny of Savannah x Senat.
Results from the growth cham-
ber after inoculation with M.
graminicola isolates [PO323
(A) and Risg97-86 (B). Field
trials artificially inoculated with
M. graminicola at Sejet in 2001
(C) and the mean of field trials
at Sejet and Nr. Aaby in 2002
(D). Mean of plant height mea-
surements in the 2002 trials (E).
The reaction of the parents is
indicated on the graphs

Mo of obs
o w oo B8N RENBSBSHBH

No of obs
o m & o o 3 B B O3 3 M

B

s R 232 BNR

Mo of obs

= ]

and plant height in 2002 was high, for AUDPC A? = 0.98
and for plant height 4> = 0.95 (Table 2).

The phenotypic correlations between the disease
assessments from the field trials was generally high
0.89-0.94. The correlations between field and growth
chamber data and between the data for the two isolates
IPO323 and Risg97-86, was generally lower, 0.45-0.54,
but significant (Table 3). The correlation between the
plant height measurements of the two trials was high,
0.87, but there was no correlation between plant height
and disease level.

S Savannah

No of obs
o3 N ¥ N Y B 88

o]

(=T - -

No of obs

N Savannah
o N » o m 3 B E B

Specific resistance to isolates of M. graminicola in the
growth chamber

A total of 16 M. graminicola isolates collected in
Denmark and one Dutch isolate IPO323 (obtained from
G.H.J. Kema, Plant Research International, Wageningen,
The Netherlands), were tested on Savannah and Senat in
the growth chamber. Five isolates were avirulent on Senat
and all 17 isolates were virulent on Savannah (data not
shown). Two of the avirulent isolates, IPO323 and
Risg97-86, gave a particularly good differentiation be-
tween Savannah and Senat. These two isolates were found
to differ in their reaction pattern on the cultivar Flame,
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Table 3 Phenotypic correlations between, septoria tritici blotch infection (Stb) in field trials, at Sejet and Nr. Aaby, and from growth
chamber tests with M. graminicola isolates IPO323 and Risg97-86 and plant height (Ht). ***P < 0.001

Type StbSejetO1 StbSejet02  StbNrAaby02 StbMean02 1PO323 Risg97-86  HtSejet02  HtNrAaby02

StbSejet01

StbSejet02 0.89%%#%*

StbNrAaby02 0.90%** 0.94#%*

StbMean02 0.88*%*%* 0.97#%%* 0.97#%%*

1PO323 0.51%#%%* 0.48%#%* 0.45%%%* 0.48%#%*

Risp97-86 0.47%%* 0.54%** 0.48%%** 0.517#%* 0.53#%%*

HtSejet02 -0.16 -0.04 -0.07 -0.09 -0.18 -0.11

HtNrAaby(02 -0.12 -0.09 -0.13 0.15 -0.16 -0.13 0.87#%#%*

HtMean -0.14 -0.07 -0.14 -0.12 -0.18 -0.12 0.96%#%* 0.97#%%*

Table 4 Segregation, based on yg5)a¢e Observed number Total Expected 1 P

growth chamber experiments, ratio

of specific resistance to the M. Resistant Susceptible

graminicola isolates 1PO323

and Risg97-86 in the doubled- ~ 1PO323 43 52 95 1:1 0.85 0.36

haploid population from the Risg97-86 22 74 96 1:3 0.22 0.64

cross Savannah x Senat

Table 5 QTL.‘S. for resistance to QTL Chromosome Marker Position K? Effect

the M. graminicola isolates arm (cM) (%)P

IPO323 and Risg97-86 detected

in the DH progeny of Savannah  IPQ323

x Senat, in the growth chamber . c
OStb.risp-3A.1 3AS 1PO323 10.8 67.3 -70.0
QOSth.risp-3A.2 3AS Xwmce505 60.0 20.5 -37.0
QOStb.risg-6B.1 6BS M48/P32-112 80.8 17.3 -31.8
Risp97-86
OStb.risp-3A.1 3AS 1PO323¢ 10.8 335 -40.4
QSth.risp-3A.2 3AS Xwmce388a 58.0 20.2 -30.6
QStb.risp-3B 3BL M62/P38-373 4.9 13.6 -23.4
OStb.risp-6B.2 6BC! Xwmc341 101.5 14.2 -30.0

4 K-statistic for Kruskal-Wallis analysis with MAPQTL, 5% level of significance K > 13.5

b The difference in percentage disease between the means of the two marker classes, a negative value
indicates that Senat contributes the resistance allele

¢ Locus for resistance to IPO323 when the data is treated as qualitative data

d.C: close to centromere

IPO323 being avirulent and Risg97-86 being highly
virulent (data not shown). The isolates IPO323 and
Risg97-86 were tested on the progeny of the cross
Savannah x Senat (Fig. 1A and B). With isolate [PO323,
the progeny lines segregated into resistant and susceptible
classes. Lines with coverage of necroses of less than 30%
in growth chamber tests were classified as resistant and
lines with more than 50% necroses as susceptible. The
classification of lines with between 30 and 50% necrosis
was considered uncertain, and these lines were treated as
missing values in the qualitative analysis. Segregation for
resistance to [PO323 was in agreement with a 1:1 ratio,
suggesting that one gene was responsible for the
resistance (Table 4). This gene was mapped to the short
arm of chromosome 3A, 4.9 cM from the microsatellite
marker Xgwm369 (Fig. 2). The segregation of resistance
to Ris@97-86 was more quantitative (Fig. 1B). However, a
large number of lines were clearly susceptible with more
than 80% necrosis and fewer lines were clearly resistant.
The same classification into resistant and susceptible

lines, as for IPO323, resulted in a segregation ratio not
significantly different from 1:3, suggesting the involve-
ment of two complementary genes.

Detection of QTLs for resistance to septoria tritici blotch

The growth chamber data for IPO323 and Risg97-86 was
treated as quantitative data, and using the molecular
linkage map QTL analysis was performed. Due to the
non-normal distribution of the data, a non-parametric
analysis of single markers was applied using the Kruskal-
Wallis test. For resistance to IPO323, a very highly
significant QTL (QSth.risp-3A.1) was found at the
[PO323 resistance gene locus, K = 67.3 (Table 5).
Another peak in the K-statistic was found at a position
49.2 cM further down on the short arm of chromosome
3A at the SSR locus Xwmc505 (QStb.ris¢g-3A.2), and
finally a QTL was found on chromosome arm 6BS, at the
AFLP marker M48/P32-112 (QStb.risp-6B.1). The two
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Fig. 2 Linkage map and LOD scans for composite interval
mapping for chromosomes where QTLs for resistance against
septoria tritici blotch was detected in DH progeny of Savannah x

latter QTLs had K values of 20.5 and 17.3, though much
lower than K = 67.3 for the resistance gene locus; these
values were still highly significant. For Risg97-86 four
QTLs were found. The two most-significant QTLs were
located on chromosome arm 3AS at the IPO323 resistance
gene locus and at Xwmc388a closely linked to Xwmc505.
These two QTLs are thus located on the same positions as
the QTLs detected on 3AS with isolate TPO323. The
remaining two QTLs for resistance to Risg97-86 were just
significant and located on chromosome arm 3BL at the
AFLP marker M62/P38-373 (QStb.ris¢-3B) and chromo-
some 6B, close to the centromere, at the SSR marker
Xwmc341 (QStb.risp-6B.2).

Composite interval mapping was performed on disease
data from the three field trials and on the mean of the two
trials in 2002 (Table 6). A QTL (QStb.ris¢-6B.2), with
a very high effect on disease resistance, was detected
on chromosome 6B in all four data sets (StbSejetOl,
StbSejet02, StbNrAaby02 and StbMean02). For StbSe-
jet02, StbNrAaby02 and in their mean, StbMean02, this
QTL was located at approximately the same position, 99—
101 cM, flanked by the SSR markers Xwmc397 at the
position 98.5 ¢cM and Xwmc341 at the position 101.5 cM,
close to the centromere of chromosome 6B (Table 6;
Fig. 2). This QTL was detected with LOD scores of 19.8,
15.5 and 18.7, explaining 66.6, 67.0 and 67.9% of the
phenotypic variance in the two trials and their mean. The
QTL on 6B detected with the StbSejetO1 data was located
at the position 86 cM, and had a LOD score of 12.3 and
R? = 58.2%. However, this QTL was detected in only
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Senat. The constant line at LOD 3.6 represents the 5% significance
threshold. C: close to the centromere

38.3% of the estimation runs of the CV analysis, whereas
in 30.5% of the estimation runs a QTL was detected in the
interval 97-103 cM on 6B (data not shown). This may
have been caused by the low number of progeny tested in
the Sejet 2001 trial, which made the results quite sensitive
to genotypic sampling. Consequently, the QTL on 6B
detected in StbSejetO1 was probably identical to the QTL
at 99-101 cM detected in the other two trials. The QTL
on chromosome 6B was located at the same position as
the QTL detected with the isolate Risg97-86 in the growth
chamber. Another QTL with a large effect on resistance to
septoria tritici blotch was detected on chromosome 3A
(OStb.risp-3A.2) at approximately the same location in all
four data sets, 57-60 cM, closely linked to Xwmc388a and
Xwmce505 at 58 and 60 cM, on the short chromosome arm.
The LOD scores were 3.8, 10.8, 11.8 and 9.7 and the QTL
explained 23.9, 24.0, 11.5 and 18.2% of the phenotypic
variance in the three trials and in the mean of the 2002
trials, respectively. A QTL was detected at the same
position with the isolates IPO323 and Risg97-86 in the
growth chamber. A QTL on 2BL (QStb.ris¢-2B), at 102—
106 cM, was detected in StbSejet02, StbNrAaby(02 and
StbMean02, with LOD scores of 13.0, 5.0 and 7.6, and
with R? values of 35.7, 17.4 and 25.9%. Finally, on 7B a
QTL (QStb.risp-7B) was detected at 22-30 cM with LOD
scores of 4.6, 10.9 and 4.8 and with R? values of 10.8,
15.8 and 12.2%, in StbSejet02, StbNrAaby02 and
StbMean(2, respectively. Interactions between the de-
tected QTLs were not significant in the final multiple
regression. The detected QTLs explained a high propor-
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Table 6 QTLs for resistance to
septoria tritici blotch (Stb) and
plant height (Ht) detected by
composite interval mapping for
the individual trials in 2001 and
2002, and in addition for means
over locations in 2002

tion of the total phenotypic variance in the data, R?

QTL Chromosome Position Support in-  LOD  R? (%)° Additive ef-
arm® (cM) terval® fectd

StbSejetO1

OStb.risp-3A.2 3AS 59 55-61 3.8 23.9 -0.46

QStb.risp-6B.2 6BS 86 82-90 12.3 58.2 -1.05

Total 62.1

Total CV 37.7

StbSejet02

QStb.risp-2B 2BL 102 98-106 13.0 35.7 -73.5

OSth.risp-3A.2 3AS 57 55-59 10.8 24.0 -47.5

QStb.risp-6B.2 6BC 100 98-101 19.8 66.6 -126.0

QStb.risp-7B 7B 26 15-37 4.6 10.8 -34.8

Total 77.5

Total CV 56.7

StbNrAaby02

QStb.risp-2B 2BL 104 98-106 5.0 17.4 -50.8

OSth.risp-3A.2 3AS 60 57-61 11.8 11.5 -36.2

QStb.risp-6B.2 6BC 101 100-103 15.5 67.0 -148.9

QStb.risp-7B 7B 22 18-28 10.9 15.8 -50.8

Total 73.2

Total CV 42.4

StbMean02

QStb.risp-2B 2BL 106 100-106 7.6 259 -55.9

QStb.risp-3A.2 3AS 58 55-61 9.7 18.2 -43.8

OStb.risg-6B.2 6BC 99 97-102 18.7 67.9 -138.8

QStb.risp-7B 7B 30 19-37 4.8 12.2 -39.7

Total 75.5

Total CV 51.2

HtSejet02

QHt.risp-3A 3AS 62 59-67 17.3 35.0 2.84

QHt.risp-3B 3BL 12 7-14 6.3 14.2 -1.54

QOHt.risp-1X 1X 25 20-38 4.9 23.2 -2.19

Total 44 4

Total CV 19.5

HtNrAaby02

QHt.risp-2B 2BL 44 38-55 4.8 8.0 -1.30

QHt.risp-3A 3AS 80 77-80 6.3 24.0 2.27

QHt.risp-1X 1X 41 36-46 11.1 28.6 -2.91

Total 40.4

Total CV 11.2

HtMean02

QHt.risp-3A 3AS 62 58-69 10.5 23.0 2.07

QHt.risp-1X 1X 41 35-47 8.3 31.8 -2.87

Total 42.9

Total CV 16.5

2 C: close to centromere; 1X: Linkage group not assigned to a chromosome

b Support interval with a LOD fall of 1 expressed as a position on the chromosome in cM

“The phenotypic variance explained by the individual QTLs in a simultaneous multiple regression, the
total adjusted phenotypic variance explained and the mean phenotypic variance explained, estimated
using the validation data sets in the Cross Validation (CV) analysis

4 Additive effects, calculated as half the difference between the genotypic values of the two marker
genotypes. A negative effect indicates that the QTL allele from Senat contributes the resistance, or
reduces the plant height. Units are StbSejetO1: logit(leaf coverage), StbSejet02, StbNrAaby02 and
StbMean02: percent-days (AUDPC) and HtSejet02, HtNrAaby02 and HtMean02: cm

62.1-77.5%. These R? values were reduced by approx-

imately 1/3 when estimated in the validation data sets of

the CV analysis (Table 6).

Detection of QTLs for plant height

The plant height was measured in the two trials at Sejet
and Nr. Aaby in 2002. For this trait a relatively large QTL
was detected on chromosome 3A (QHt.risp-3A) located at
the position 62 cM (short arm) in the Sejet data, 80 cM
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Fig. 3 Linkage map and LOD scans for composite interval
mapping for chromosomes where QTLs for plant height was
detected in the DH progeny of Savannah x Senat. The constant line

(long arm) in the Nr. Aaby data and at the position 62 cM
(short arm) in the mean of the two trials (Table 6; Fig. 3).
The LOD scores were 17.3, 6.3 and 10.5, and the effect on
plant height was 2.84, 2.27 and 2.07 cm with the
increasing allele being contributed by Senat. The QTL
in the Nr. Aaby trial was detected within the support
interval of 77-80 cM with a frequency of 45.2% in the
CV analysis, but in the interval 58-69 cM a QTL was
detected with a frequency of 41.0% (data not shown). The
position of this QTL is thus affected by genotypic
sampling and it is likely to be the same QTL as the one
detected in the Sejet trial, at 62 cM. The only other QTL
(QHt.risp-1X) detected on the same linkage group in both
trials, was located on linkage group 1X at the position
25 cM in Sejet, 41 cM in Nr. Aaby and 41 c¢M in the mean
of the two trials, with overlapping support intervals. The
LOD scores were 4.9, 11.1 and 8.3 and the allele
increasing the height was contributed by Savannah, and
had the effects 2.19, 2.91 and 2.87 cm. Additional QTLs
were detected on chromosome arms 3BL at Sejet and 2BL.
in Nr. Aaby. The effects of the QTLs for plant height was
additive, and no interactions were significant. The
phenotypic variance explained by these QTLs was 44.4,
40.4 and 42.9% for the two trials and their mean. This was
reduced to 19.5, 11.2 and 16.5% in the validation data sets
of the CV analysis.
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Discussion

Molecular linkage map

The level of polymorphisms between Savannah and Senat
was relatively high considering they are both modern
commercial cultivars, and the generally low level of
diversity usually found in bread wheat (Hazen et al.
2002). The level of SSR polymorphism was 48% of the
tested markers, which is considerably higher than 15-30%
found in the parents of four Australian mapping popula-
tions (Harker et al. 2001). The AFLP polymorphism was
lower between Savannah and Senat, 4.8 AFLPs per
primer combination, compared to a level of 7.7 between
the parents of three of the Australian mapping populations
(Chalmers et al. 2001). In agreement with many other
studies, a very low level of marker polymorphism was
detected on the D genome compared to the A and B
genomes in the present study; the highest number of
polymorphisms was detected on the B genome (Chalmers
et al. 2001; Hazen et al. 2002; Huang et al. 2002). A part
of the polymorphism of the B genome is caused by the
presence of the IBL/IRS wheat-rye translocation in
Savannah. The generally low level of polymorphisms of
the D genome in bread wheat is probably caused by the
recent introgression of the D genome, which has led to
less time for genetic divergence of this genome (McFad-
den and Sears 1946). Furthermore, maybe only a fraction
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of the diversity in the gene pool of the progenitor species
of the D genome, Aegilops tauschii, is preserved in
present-day bread wheat (Dvorak et al. 1998). The
apparent low level of polymorphism on chromosome
group 4 seen in this study has also been found for
chromosomes 4B and 4D in other mapping populations
(Chalmers et al. 2001; Hazen et al. 2002), and in a sample
of 75 spring wheat cultivars (Christiansen et al. 2002).

Segregation distortion is a deviation from the expected
Mendelian proportions of genotypes at a given locus in a
segregating population. In the Savannah x Senat popula-
tion, 25% of markers deviated from the 1:1 segregation
expected for a DH population. A wide range of distortion
levels has been observed in segregating populations of
wheat. In three DH populations, with bread wheat
cultivars as parents, produced by wheat x maize hybrid-
isation, the levels of distortion ranged from 1.8% to
12.5% of the markers (Kammbholz et al. 2001). In another
bread wheat DH population, produced by microspore
culture, 27% of markers deviated significantly from
Mendelian expectations (Cadalen et al. 1997), and in a
durum wheat recombinant inbred population 18.6% of
markers showed distortion (Blanco et al. 1998). The level
of distortion in the Savannah x Senat population is thus
relatively high, but not unusual. However, the bias in the
direction of distortion toward the one parent (Savannah)
was not observed in the other studies. Competition
between gametes caused by genes that act as partial
lethal factors can distort the segregation at linked marker
loci, by eliminating a proportion of the gametes possess-
ing such a factor (Cheng et al. 1998). The SSR marker
Xwmc314 on chromosome arm 2BS, showed distortion
toward the Savannah allele (y*> = 7.08; P = 0.008).
Segregation distortion at Xwmc314 has previously been
found in two other wheat x maize DH populations
(Kammbholz et al. 2001), suggesting the presence of a
distortion factor linked to this SSR locus. The bias of
distortion toward the Savannah genome in the present
study suggests that Savannah possess genes providing a
superior ability to regenerate plants from the DH
production process, or that Senat possess partial lethal
factors resulting in reduced recovery of DH plants.
Different steps during DH production could induce
differential survivability, e.g. the recovery of green plants
from embryo culture or recovery after chromosome
doubling with colchicine. Such effects have been ob-
served in an anther culture-derived DH population of
wheat, where QTLs for green plant regeneration were
located to chromosome arms 2AL, 2BL and 5SBL (Torp et
al. 2001). A region of distortion toward the Savannah
genome was found on chromosome arm 2AL in the
Savannah x Senat population, suggesting that QTLs for
anther culture may also influence the regeneration of
green plants from embryos.

Resistance to septoria tritici blotch

The resistance gene Stb6, providing resistance to M.
graminicola isolate IPO323, has been mapped to the short
arm of chromosome 3A, 2 cM from the microsatellite
marker Xgwm369 (Brading et al. 2002). The gene for
resistance to IPO323 in Senat mapped to approximately
the same location, 4.9 cM from Xgwm369. The allele of
Xgwm369 present in Senat is 300 bp in size, whereas the
allele in Flame is 197 bp (Brading et al. 2002). These
results can be interpreted as the same locus providing the
resistance to IPO323 in the two cultivars, but a recom-
bination event has associated Sth6 with a different
Xgwm369 allele in Senat, or the SSR has mutated.
Mutation frequencies in SSRs are high (Goldstein and
Pollock 1997). Alternatively, different alleles at the Stb6
locus or different genes at closely linked loci could be
present in the two cultivars. When the data were treated as
data for a quantitative trait additionally two loci were
detected, QOStb.risg-3A.2 and QStb.risp-6B.1, with an
effect on resistance to IPO323. However, these two loci
had a minor effect compared to QStb.risp-3A.1 at the
IPO323 resistance gene, which was needed for the
expression of resistance. The 1:3 segregation of resistance
and susceptibility to Risg97-86 in the Savannah x Senat
progeny, suggested that two complementary genes control
resistance to Risg97-86 in Senat. A careful inspection of
the genotypes of the resistant lines showed that the two
loci QStb.risp-3A.1 and QStb.risp-3A.2 were required for
expression of resistance to the Risg97-86 isolate (data not
shown). For powdery mildew on barley, examples of
resistance genes that require the presence of genes at
different loci for expression of resistance have been
described in detail. The Rarl and Rar2 genes are often
necessary for the expression of some of the race-specific
resistance alleles at the Mla locus, and the Rorl and Ror2
genes are necessary for the expression of the non-race-
specific resistance at the mlo locus (Peterhansel et al.
1997). Further, two loci QStb.risg-3B and QStb.risp-6B.2,
having a minor effect on resistance to Risg97-86 were
also identified. The minor loci for resistance to IPO323
and Risg97-86 that was detected, is the likely reason for
the expression of medium disease severity by a number of
DH lines in the growth chamber tests (data not shown).
The involvement of several loci in resistance to single
isolates of M. graminicola has previously been reported
(Simén et al. 2001). By analysing chromosome substitu-
tion lines, several chromosomes in two wheat lines, a
synthetic hexaploid wheat line and a Triticum spelta line
were identified as carrying resistance to single isolates of
M. graminicola. Up to six chromosomes were found to
contribute to resistance against the same isolate (Simdn et
al. 2001). In the tetraploid durum line Coulter (7.
turgidum), resistance to a M. graminicola isolate was
controlled by two independent genes (McCartney et al.
2002). In this case the genes were expressed indepen-
dently over each other and only one was needed for
resistance; however, against another isolate only one of
the genes proved effective.



In the Savannah X Senat cross, some of the genes
providing the resistance to single isolates in the growth
chamber appear to be the same that are providing
resistance in the field, whereas others are not. Three
QTLs, QStb.risp-3A.1, QStb.risp-3B and QStb.ris¢-6B.1,
were detected at the seedling stage with specific isolates
but not at the adult plant stage in the field. One of these
QTLs, QStb.risp-3A.1, located at the putative Sth6
resistance-gene locus, was effective against both the
[PO323 and the Risg97-86 isolate. The Stb6 gene has
been reported to be effective against the IPO323 isolate,
at the adult plant stage (Brading et al. 2002). The lack of
effect at the adult plant stage in this study is not
necessarily surprising, as the isolates chosen for the
inoculation of the field trials were virulent on Senat when
inoculated as single isolates on seedlings. The other two
seedling stage QTLs (QStb.risp-3B and QStb.risp-6B.1)
are either not effective at the adult plant stage or they are
isolate-specific. Two QTLs, QStb.risp-2B and QStb.risp-
7B, detected in adult plants were not detected in
seedlings, and these QTLs are maybe only effective at
the adult plant stage. The QTLs, QStb.risp-3A.2 and
OStb.risp-6B.2, were effective at both the seedling and
the adult plant stages. Kema and Van Silfthout (1997)
similarly found examples of resistance to M. graminicola
isolates that was expressed at both the seedling and adult
plant stages, and resistance that was only expressed at the
seedling plant stage. In mapping studies of quantitative
resistance in barley, some QTLs for powdery mildew
mapped using field data were located at the same position
as known qualitative resistance genes, or at the same
position as QTLs mapped with single isolates on detached
leaves (Backes et al. 1996, 2003).

The total phenotypic variance explained by the
detected QTLs in the field data ranged from 62.1 to
77.5%, which is high, and it is unlikely that any major
QTLs are segregating in the population that was not
detected in this study. The level of phenotypic variance
explained for the individual QTLs summed to more than
the total (Table 6). Such over-estimation of QTL effects is
commonly observed, especially for QTLs detected with
low statistical power (Lynch and Walsh 1998). Senat
contributed all the alleles providing resistance to septoria
tritici blotch at the detected loci, and this is in agreement
with the absence of transgressive segregation.

QTLs for plant height

A large number of genes influence plant height. The
height-reducing genes (Rhf) located on the short arms of
chromosomes 4B and 4D have a large effect and have
been extensively used in wheat breeding (Borner et al.
1996). Chromosome 4B was not represented in the map of
Savannah x Senat and only few markers mapped to 4D.
Consequently, an effect of the height-reducing genes was
unlikely to be detected in this study, even if the
population segregates for these genes. A QTL for plant
height, QHt.risg-3A, was detected at approximately the
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same position as the QTL QStb.risp-3A.2 for resistance to
septoria tritici blotch. One possible interpretation is that a
QTL for plant height is located at this position, and this
height QTL is having a pleiotropic effect on resistance, as
Senat contributed the alleles increasing plant height and
resistance. To remove the effect of plant height on disease
development in the trials, artificial inoculations were
performed after flag-leaf emergence. However, disease
did occur naturally in the trials and natural inoculum may
have affected disease levels on the flag leaf and leaf 2.
The resistance QTL was also detected in the growth
chamber, where plant height could not have had any
influence on disease development. Consequently, linkage
between a gene(s) with an effect on resistance and a
gene(s) with an effect on plant height on chromosome 3A
is the most-likely reason. This is an encouraging result,
since it shows that it is possible to select for resistance to
septoria tritici blotch without increasing plant height. This
is also suggested by the lack of phenotypic correlation
between plant height and resistance in this population.
Both parents contributed alleles for increased plant
height, Savannah at QHt.risp-1X and Senat at QHt.risg-
3A, and this would be the reason for the transgressive
segregation observed in the progeny. The phenotypic
variance for plant height explained by the detected QTLs
was 40.4-44.4%. This is low compared to the high
heritability (95%) estimated from the 2002 trials. Other
loci with an effect on plant height should be segregating
in this population, perhaps at the RAt loci on 4B and 4D or
in other parts of the genome that was not covered with
markers. A major QTL for plant height has previously
been located to the short arm of chromosome 3A,
explaining 38.2% of the phenotypic variance for this trait
(Shah et al. 1999). A minor QTL for plant height has been
detected in the ITMI population located close to the
centromere on the long arm of chromosome 3A (Borner et
al. 2002).
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