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Abstract Septoria tritici blotch, caused by the fungus
Mycosphaerella graminicola, is currently the major
foliar disease of wheat world-wide, and new sources of
resistance and knowledge about the genetics of resis-
tance are needed to improve breeding for resistance to
this disease. Sears's ‘ Synthetic 6x’ hexaploid wheat, de-
rived from a hybrid of Triticum dicoccoides and Triticum
tauschii, was resistant to 12 of 13 isolates of M. grami-
nicola tested. Chromosome 7D of ‘Synthetic 6x° was
identified as carrying resistance to all 12 isolates in tests
of seedlings of inter-varietal chromosome substitution
lines of ‘Synthetic 6x’ into ‘Chinese Spring’ and to two
isolates in tests of adult plants. A septoria tritici blotch
resistance gene, named b5, was identified using the
M. graminicola isolate 1PO94269 and mapped on the
short arm of chromosome 7D, near the centromere, in a
population of single homozygous chromosome-recombi-
nant lines for the 7D chromosome.

Keywords Septoriatritici blotch - Mycosphaerella
graminicola - Synthetic hexaploid wheat - Disease
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Introduction

Septoria tritici blotch, caused by the ascomycete fungus
Mycosphaerella graminicola (anamorph Septoria tritici),
isan important disease in all major wheat-growing areas.
The disease has the potential to cause considerable re-
ductions in total yield throughout the world (Scharen
1999) and is an important target for fungicide applica-
tions (Cook 1999). Owing to the rising cost of fungicides
and the difficulty of controlling the disease where chemi-
cal control is expensive, farmers are increasingly inter-
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ested in varieties which combine resistance to septoria
tritici blotch with high agronomic value. New sources of
resistance are required in order for this goa to be
achieved as few varieties currently available have ade-
guate resistance.

Compared to other diseases of wheat, there has been
little progress in genetic analysis of resistance to sep-
toria tritici blotch. Reports on the mode of inheritance
of resistance to M. graminicola have been inconsistent
with respect to the number and effects of genesinvolved
(Kema 1996). This is partly because many experiments
on progeny populations of inter-varietal crosses relied
on natural infection, instead of using defined isolates
(for an exception see Somasco et al. 1996), so it has
not always been possible for other workers to confirm
the identity of resistance genes. The use of single iso-
lates enables geneticists and breeders to distinguish
isolate-specific and non-specific resistance in the host
(Parlevliet 1993). Four genes for resistance to M. grami-
nicola have been identified, but they have not been
mapped or located to chromosomes (Wilson 1979;
Somasco et al. 1996; MclIntosh et al. 1998). Only Sth4
was identified by the use of a single pathogen isolate
(Somasco et al. 1996).

The wild relatives of wheat are a valuable pool of
germplasm that can be used as a source of genetic resis-
tance to several diseases, including septoriatritici blotch
(Yechilevich-Auster et a. 1983). Wheat can be hybrid-
ised with many related species, and many resistance
genes have been transferred to wheat cultivars from
other species and genera of the Triticeae (Cox et al.
1992). The species Triticum tauschii (syn. Aegilops
squarrosa, 2n=2x=14) is the donor of the D genome of
bread wheat (Kimber and Feldman 1987). Different
accessions of this grass carry a wide range of disease re-
sistances (Appels and Lagudah 1990; Cox et a. 1992;
Villareal et al. 1994). May and Lagudah (1992) tested
several accessions of T. tauschii and synthetic hexaploid
wheats in Australia. Most accessions were resistant to in-
fection by M. graminicola in tests using one pathogen
isolate from Australia. May and Lagudah (1992) sug-



gested that the D genome of T. tauschii contains one
dominant septoria leaf blotch resistance gene that can be
successfully transferred to and expressed in synthetic
hexaploid wheats. However, the chromosome carrying
the gene was not identified.

Synthetic hexaploid wheats are now an important
component of the breeding programme of the Interna-
tional Centre for Improvement of Maize and Wheat
(CIMMYT), Mexico (Mujeeb-Kazi et a. 2000). A syn-
thetic hexaploid, ‘ Synthetic 6x’, generated from a cross
between Triticum dicoccoides and T. tauschii (McFadden
and Sears 1946; Sears 1976) carries resistance to Phaeo-
sphaeria nodorum (anamorph Stagonospora nodorum,
formerly Septoria nodorum) (Nicholson et al. 1993). A
complete set of substitution lines of chromosomes from
‘Synthetic 6x’ into the susceptible cultivar ‘Chinese
Spring’ was developed by C.N. Law and A. J. Worland
at the John Innes Centre (Nicholson et al. 1993). Homo-
zygous, single-chromosome recombinant lines (Law
1966) for some of these substitution lines were devel-
oped by Ellerbrook et al. (1999).

Recently, Arraiano et al. (2001), studying cultivar by
isolate interactions on detached seedling leaves, ob-
served that ‘Synthetic 6x' was completely resistant to
most isolates from The Netherlands and from Portugal
tested but was susceptible to isolate IPO92006 from
Portugal. This paper reports, firstly, experiments con-
ducted on the ‘ Chinese Spring’ (‘ Synthetic 6x’) chromo-
some substitution series (Nicholson et al. 1993) with a
set of 13 M. graminicola isolates, to identify the chromo-
somal location of resistance. Secondly, experiments were
conducted on homozygous single chromosome recombi-
nant lines to map the resistance gene in * Synthetic 6x'.
Knowledge about the genetics of resistance in * Synthetic
6x and markers associated with the resistance gene will
greatly assist breeders in introgressing this novel resis-
tance into well-adapted germplasm, to control septoria
tritici blotch.

Materials and methods

Plant material
Chromosomal location

‘Chinese Spring’ (CS), ‘ Synthetic 6x’ (Syn; McFadden and Sears
1946; Sears 1976), and 21 substitution lines of chromosomes
from Syn into CS (Nicholson et al. 1993) were used. One substi-
tution line for each chromosome was employed in all experi-
ments. When the substitution series was developed, al lines were
checked for specific isozymes and morphological characteristics
to confirm that the correct chromosome substitution was present
(Nicholson et al. 1993). However these tests did not confirm the
substitution for every chromosome and recent tests using micro-
satellite markers have shown that parts of chromosomes 2A, 4A,
7A and 6B recombined during the substitution procedure or
were misidentified due to translocation differences between the
CS and Syn chromosomes (A.J. Worland, unpublished results).
The susceptible cultivars ‘Longbow’ and ‘Hobbit sib’ were used
as controls, in detached leaf tests and polytunnel trials, respec-
tively.
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Mapping of resistance gene

One hundred and one homozygous single-chromosome recombi-
nant lines (SCRs) of chromosome 7D of Syn substituted into a CS
background, consisting of whole chromosome recombinants or
recombinants for individual arms (A.J. Worland, unpublished
results), were used to locate the septoria tritici blotch resistance
gene. The SCRs were developed by crossing the individual chro-
mosome substitution line to CS euploid (or ditelocentric), then
backcrossing the F; to the corresponding monosomic from the CS
monosomic series. Monosomic plants were then selected in the
backcrossed F; progeny and selfed to extract disomics (Law et al.
1987). CS, Syn and CS (Syn7D) were included in the tests, along
with the cultivars ‘ Longbow’ and ‘Baldus’ as susceptible controls.

Disease tests

Disease tests were conducted on detached seedling leaves by the
method of Arraiano et a. (2001). To determine the chromosomal
location of resistance, seven isolates of M. graminicola from
Portugal, numbered 1PO92001 to 1P0O92007, and six isolates from
the Netherlands, IPO001, 1PO290, 1PO323, IPO89011, |PO94265
and IPO94269, all provided by Dr. Gert Kema, Plant Research In-
ternational, The Netherlands, were used. |1PO323 and 1PO94269
were employed in experiments to map the resistance gene. These
two isolates were selected because they have been used in genetic
analysis of the fungus (Kema et al. 2000).

Adult plants were tested in a polytunnel. Seeds were pre-ger-
minated (Arraiano et a 2001), sown individually in 7x7 cm pots
containing modified John Innes No. 2 compost and subseguently
transplanted to 9x9 cm pots (GS 16, Zadoks et al. 1974). Only iso-
lates 1PO323 and 1PO94269 were used for tests of both chromo-
somal location and mapping within chromosome 7D. The plants
were inoculated at the beginning of anthesis (GS 60, Zadoks et al.
1974) using a hand-pumped sprayer (3.3x1012 spores ha?). In this
way, fully developed flag leaves were sprayed, so avoiding the
confounding effects of height and flowering time on disease pro-
gression (Arama et a. 1994). Inoculation was done in the evening
so that moisture was retained on the leaf surface overnight, pro-
moting infection. Trials were inoculated twice at an interval of
7 days and scored 4 weeks after the second inoculation.

Inoculum for both laboratory and polytunnel tests was pro-
duced from sporulating cultures of M. graminicola grown on pota-
to dextrose agar (PDA) plates for 7 days under near-ultra violet
light (Philips TL 20 W/05) for 16 h per day at 15°C. Cultures were
flooded with sterile distilled water and scraped to release conidia.
The concentration of the conidial suspension was adjusted to
107 spores mi-1 and polyoxyethylene-sorbitan monolaurate (Tween
20; Sigma) was added to 0.15% v/v.

Experimental design

All experiments were conducted in randomised complete blocks in
layouts generated with the Experimental Design Generator and
Randomiser (EDGAR) (Brown 1997). Experiments with detached
seedling leaves of the 21 substitution lines, CS and Syn, were con-
ducted on seven dates. Three or four different isolates were tested
on each date. Isolates IPO323 and 1PO94269 were tested separately
on two different dates on al the lines. Substitution lines CS
(Syn1B), CS (Syn3D), CS (Syn5D) and CS (Syn7D), and CS and
Syn were tested a second time on a different date with all 13 iso-
lates to obtain results for the line CS (Syn5D), which was not avail-
able for testing previously. Leaves were placed in clear polystyrene
boxes with three boxes per block. Each box contained one leaf
each of eight to ten different lines and was inoculated with a single
isolate. There were four replicate leaves of each plant line per iso-
late. The susceptible control ‘Longbow’ was present in every box.
Six tests were conducted on different dates on detached seed-
ling leaves of 101 SCRs, CS, Syn and CS (Syn7D). There were six
to seven boxes per block, depending on the number of lines tested,
and each box had one leaf each of nine different lines, inoculated



760

with a single isolate. At least four replicate leaves were tested of
each plant line with each isolate, but most combinations of line
and isolate were tested with six replicate leaves. The susceptible
controls ‘Baldus’ and ‘ Longbow’ were included in every box.

Adult plants were tested in two trials in 1999 and 2000 for the
21 substitution lines and in one trial in 2000 for 62 of the 101
SCRs. In each trial, there were two blocks per isolate and five ran-
domised plots per block. Each plant line was represented once in
each plot.

Data analysis

In the detached seedling leaf experiments, the percentage leaf area
covered by lesions bearing pycnidia was scored four to five times
at intervals of 2—4 days during a period of 19 to 28 days after
inoculation. All assessments were carried out using a dissecting
microscope at 40x magnification. Disease scores were summari-
sed as the area under the disease progress curve (AUDPC) (Shaner
and Finney 1977), calculated as the area under the graph of
observed disease level plotted against time, from the first to last
scoring. The controls, mock inoculated with water only, aways
had AUDPC scores of zero. These data were not included in the
statistical analysis, to avoid underestimating the variance between
replicates. In the polytunnel trials of adult plants, disease was
scored visualy on flag leaves as the percentage leaf area covered
by lesions bearing pycnidia

Data were analysed by generalised linear mixed modelling of
binomial proportions (GLMM) (Welham 1993). The significance
of fixed effects was tested by F tests of Wald statistics (Elston
1998). For adult plants, the variate analysed was the percentage
leaf area covered by pycnidia. The variate analysed for detached
seedlings was the AUDPC as a proportion of the maximum possi-
ble AUDPC for each experiment (i.e. a score of 100% at each time
of scoring).

In the detached-leaf tests of the chromosomal location of resis-
tance, median tetrad analysis was used to identify specific resis-
tance or susceptibility of lines to particular isolates (Brown 2001,
Brown et a. 2001). The analysis was done on logit-transformed
data. The analyses were performed using the statistical package
Genstat for Windows Release 4.1, 4th Edition (Numerical Algo-
rithms Group Ltd., Oxford).

Linkage analysis

A genetic linkage map for chromosome 7D of Syn was previously
developed to locate a gene for resistance to stagonospora nodorum
blotch and to locate genes for resistance to greenbug and Russian
aphids (C. Ellerbrook, unpublished results). The map presented in
this paper includes four microsatellite markers, Xgwmé4,
Xgwml1l, Xgwml21 and Xgwm437 (Roder et al 1998), an RFLP
marker, Xpsr490 (Harcourt 1992), and the anthocyanin pigment
gene Rc3 (red coleoptile; Rowland and Kerber 1974). The septoria
tritici blotch resistance gene Sth5 was mapped using JoinMap ver-
sion 2.0 (Stam and Van Ooijen 1995). All markers were linked to
at least one other marker with a log-likelihood (LOD) score of at
least 2.0 (actual minimum 2.4). All recombination fractions be-
tween pairs of markers less than 0.48 were used to construct the
map and the Kosambi (1944) mapping function was used to con-
vert recombination data to map distances. The map was drawn
using the program DrawMap Version 1.1 (JW. Van Ooijen, Plant
Research International, The Netherlands).

Results
Chromosomal |ocation

In detached seedling-leaf tests, the isolate and line main
effects and the line by isolate interaction were large and

Table1l Generalised linear mixed modelling of septoria tritici
blotch (M. graminicola) on plants of the ‘Chinese Spring’ (‘ Syn-
thetic 6x’) substitution series. a) The variate analysed was the area
under the disease progress curve of lesions bearing pycnidia of 13
isolates in detached seedling leaf tests. b) The variate analysed
was percentage of leaf area with lesions bearing pycnidia of iso-
lates 1PO323 and IPO94269 in polytunnel trials of adult plants

Factor dfa Wald statistic ddb pe
a) Detached |eaf tests

Isolate 12 160.8 92 el
Line 23 284.7 1,085 *kk
Line.lsolate 275 850.7 1,085 xkx
Mean deviance 0.43

b) Polytunnel trials

Isolate 1 113.1 36 xAx
Line 23 464.3 844 xkx
Line.lsolate 23 238.9 844 il
Mean deviance 0.45

adf, treatment degrees of freedom

b dd, denominator degrees of freedom

¢ P, F-test probability of Wald statistic (Elston 1998) with df and
dd degrees of freedom, *** P=0.001

highly significant (Table 1). To identify resistancesin the
detached leaf tests it is necessary to consider each lin€'s
response to the complete set of isolates and the general
level of aggressiveness of each isolate. Syn and the CS
(Syn7D) line were resistant to al isolates tested except
the Portuguese isolate 1PO92006. Median tetrad analysis
indicated that they were specifically susceptible to
IPO92006 (Table 2). The other substitution lines were
susceptible to all the isolates from Portugal and to iso-
lates IPO001, 1PO89011, 1PO94265 and |PO94269 from
The Netherlands, but moderately resistant to IPO290
(Table 2). Isolate 1PO323 caused relatively low levels of
disease severity on all lines except Longbow (Table 2).

In the polytunnel trials of adult plants, the isolate and
line main effects and the line by isolate interaction were
large and highly significant (Table 1). The polytunnel
trial confirmed the resistance of Syn and CS (Syn7D)
to isolate 1PO94269 (Table 3). The substitution lines
CS (Syn3A), CS (Syn4D) and CS (Syn6A) had signifi-
cantly greater levels of disease with isolate |PO94269
than CS did (Table 3). All lines had much less disease
with IPO323 than with |PO94269 (Table 3).

Mapping the resistance gene

The single chromosome recombinant lines were tested
for resistance to 1PO323 and 1P0O94269 in both detached
seedling leaf tests and a polytunnel trial of adult plants.
In the polytunnel, disease severity with IPO323 was low,
asin the trial of the substitution lines, so the data for this
isolate were not included in the analysis. There were
highly significant differences between lines in the dis-
ease severity caused by 1PO94269 (Table 4). The corre-
lation of the lines means between detached leaf tests
and the polytunnel trial was high and there was a clear
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Table 2 Percent leaf area of detached leaves of ‘Chinese Spring’ (‘ Synthetic 6x’) substitution lines covered by lesions bearing pycnidia

of M. graminicola isolates

Line Isolates from Portugal Isolates from The Netherlands Line
mean?
IPO IPO PO IPO IPO IPO IPO IPO  IPO IPO IPO IPO IPO
92001 92002 92003 92004 92005 92006 92007 001 290 323 89011 94265 94269

1A 25b 47 63 44 62 76 77 31 11 6 29 27 21 38
1B 29 49 44 57 39 65 79 62 19 3 43 42 42 a4
1D 29 76 43 74 65 90 85 54 25 5 39 46 33 54
2A 37 66 59 49 83 83 69 66 23 9 33 45 50 55
2B 36 25 44 58 78 88 74 50 10 6 24 38 7 39
2D 59 60 29 44 44 86 59 29 21 2 39 40 28 44
3A 52 53 65 79 68 92 78 76 16 21 57 48 36 60
3B 53 45 36 61 51 60 56 56 13 8 37 34 41 43
3D 46 32 15 72 49 56 71 43 23 6 32 31 33 38
4A 59 45 57 70 74 76 96 75 28 21 71 67 50 62
4B 20 53 24 39 48 86 88 73 11 11 56 32 32 42
4D 31 45 60 75 69 81 87 36 23 11 61 50 42 53
5A 17 47 21 56 28 80 74 41 17 3 46 43 29 37
5B 42 48 17 60 69 64 80 35 11 4 55 22 35 40
5D 61 28 50 71 52 42 70 40 20 4 28 - 28 41
6A 28 52 36 66 34 75 82 24 38 2 62 45 36 45
6B 51 37 25 39 42 65 53 34 31 6 50 49 31 41
6D 47 32 21 59 47 92 90 50 18 3 44 45 32 45
7A 32 25 46 66 60 80 66 28 7 2 55 20 26 38
7B 62 47 45 55 57 84 84 39 27 5 50 63 46 53
7D 2 0 1 0 4 50()c 3 0 0 0 0 1 0 0
Cs 47 46 43 63 62 75 83 49 33 11 41 36 54 50
Syn 1 1 0 11 1 372y 2 9 1 0 0 0 0 1
Longbow 38 48 19 40 27 82 61 60 30 67(9) 71 40 28 44
Isolatemeand 40 45 38 59 55 78 78 48 19 6 46 41 33

al ine means excluding isolates |PO92006 and 1PO323

b Means over leaves and dates estimated by generalised linear

¢ In brackets, expected means in the absence of cultivar by isolate
interaction, where the median tetrad was significant (P<0.05)
d | solate means excluding lines 7D and Syn

Resistantin | Susceptible in
polytunnel | polytunnel
71 59
R KO ! @ (G0 000 % O o0 G
' A
Not tested in polytunnel
78 96 E 57
WOO ' . ® 600 00 & @ o *
C ! X |
0 10 20 30 40 50 60 70 80

mixed modelling

88

73 .

**
T T *
005 0.03 02 2 12 88
_ P & . cs
E 27
= <&
7} o 0()0
; ¢ o o % 12
E‘ <& 0(}(} <><>
& o %5 © 5
& © s o o
g 2
£
i) 0.7
2
§ 0.2
0.1

logit means for detached leaf tests

Fig. 1 Mean percent leaf area of ‘Chinese Spring’ (‘ Synthetic 6x'
7D) single-chromosome recombinant lines covered by lesions
bearing pycnidia of M. graminicola isolate |PO94269 in detached
seedling leaf tests and polytunnel trials of adult plants (correlation
coefficient, r2=0.60). Open diamonds resistant lines. Closed dia-
monds susceptible lines. CS ‘Chinese Spring’. S ‘Synthetic 6x'.
Axes are logit-scaled

Mean % infection by isolate IPO94269

Fig. 2 Mean percent leaf area of ‘Chinese Spring’ (‘ Synthetic 6x’
7D) single-chromosome recombinant lines covered by lesions
bearing pycnidia of M. graminicola isolate IPO94269 in detached
seedling-leaf tests. Top set of data: lines tested in the polytunnel
trial of adult plants. Bottom set of data: lines not tested in the
polytunnel. Vertical dashed line divides the resistant and the sus-
ceptible groups of lines according to the Fig. 1 classification.
Open diamonds resistant lines. Closed diamonds susceptible lines.
Open triangle ‘Synthetic 6x'. Closed triangle ‘Chinese Spring’.
Open sguare ‘Chinese Spring’ (‘ Synthetic 6x' 7D). Star Baldus.
Close sguare ‘ Longbow’
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Table3 Mean percent leaf area of ‘Chinese Spring’ (‘Synthetic
6x’) substitution lines covered by lesions bearing pycnidia of M.
graminicola isolates 1PO323 and 1PO94269 in polytunnel trials of
adult plants

Table4 Generalised linear mixed modelling of septoria tritici
blotch (M. graminicola) on plants of ‘Chinese Spring’ (‘ Synthetic
6x' 7D) single-chromosome recombinant lines. a) The variate
analysed was the area under the disease progress curve of lesions
bearing pycnidia of isolates IPO323 and 1PO94269 in detached

Line Isolate seedling leaf tests. b) The variate analysed was the percentage of
leaf area with lesions bearing pycnidia of isolate 1PO94269 in
1PO323 1PO94269 Linemean  polytunnel trials of adult plants
CS(Syn1A) la 43 7 Factor dfa Wald statistic ddp pe
CS (Syn1B) 1 35 8
CS (Syn1D) 2 46 12 a) Detached leaf tests
CS (Syn2A) 1 42 10 Isolate 1 63.9 17
CS (Syn2B) 0 40 5 Line 105 1,474.0 981 bl
CS (Syn2D) 1 0 1 Line.Isolate 105 448.6 981 xx
CS (Syn3A) 2 61 16 Mean deviance 1.20
CS (Syn3B) 2 44 1 _
CS (Syn3D) 1 28 6 b) Polytunnel trials
CS (SyndA) 2 39 u Line 63 592.6 517
CS (Syn4B) 1 26 5 Mean deviance 0.31
CS(Syn4D) 8 64* 29
CS (Syn5A) 1 37 5 adf, treatment degrees of freedom
CS (Syn5B) 0 44 5 b dd, denominator degrees of freedom
CS (Syn5D) 1 24 4 ¢ P, F-test probability of Wald statistic (Elston 1998) with df and
CS (Syn6A) 3 60 18 dd degrees of freedom, *** P=0.001
CS (Syn6B) 2 36 10
CS (Syn6éD) 1 30 6
CS(Syn7A) 2 52 12
CS (Syn7B) 1 56 1 —F— Xpsr490
CS (Syn7D) 0 0 0 153
CS 1 44 6
n 0 0 0 -+1— Re3
Hobbit sib 58 62 60 6.6
I solate mean 1 32 -1 Stbs
72
* Lines with a significantly greater level of disease than CS for Xgwmd44
isolate 1PO94269 (P=0.01, Student’s t-test) 4.7
a Means over replicate plants and dates estimated by generalised T Xewmlll
linear mixed modelling 13.3
J44 - Xgwm437
. . . . . 104
distinction between two groups of lines, susceptible and Jl - Xewmi21
resistant (Fig. 1).
In detached leaf tests, the line and line by isolate
interaction effects were large and highly significant
(Table 4). The dispersion was high, as in the analysis of i
the CS (Syn) substitution lines (Table 4). Although the .

disease levelsfor isolate IPO323 were higher in detached
leaf tests than in polytunnel trials they were still compar-
atively low, so only data for isolate IPO94269 was used
to classify the lines into resistant and susceptible groups.
Of the lines that had been scored in both the polytunnel
and detached leaf trials, the resistant line with the high-
est level of disease in the polytunnel was line 71 (11%)
and the susceptible line with the lowest level of disease
in the polytunnel was line 59 (26%) (Fig. 2). Initially, all
lines scored only in the detached leaf test were recorded
as resistant if they had lower disease levels than line 71,
or as susceptible if they had higher disease levels than
line 59. Three lines tested only in detached leaf tests
were within this interval but two of the lines, 78 and 96,
appeared to be resistant and one line, 57, appeared to be
susceptible (Fig. 2). The order of the markersin the link-
age group was the same whether or not these three lines
were included in the analysis, so they were retained in
the data set. The segregation of resistance and suscepti-

Fig. 3 Map location of the septoria tritici blotch gene, Sth5, on
chromosome 7D of the ‘Chinese Spring’ (‘Synthetic 6X' 7D)
homozygous single-chromosome recombinant lines population.
Distances on the left of the chromosome are in Kosambi cM. The
short arm of chromosome 7D is at the top. The approximate posi-
tion of the centromere (Rdder et al. 1998) is represented by the
closed rectangle

bility to septoria tritici blotch, 52 and 49 lines respec-
tively, was not significantly different from a 1:1 ratio
(x2=0.09, P=0.8), consistent with resistance being con-
trolled by a single gene.

The septoria tritici blotch resistance gene, named
Sb5, was mapped to the short arm of the Syn 7D chro-
mosome, near the centromere. Sb5 is flanked by
Xgwmd4, which is close to the centromere (Roder et al.
1998), and by Rc3. Both markers are approximately
7 cM from b5 (Fig. 3).



Discussion

b5 is the first gene for resistance to septoria tritici
blotch, currently the major foliar disease of wheat world-
wide, to be located to a chromosome and to be mapped,
and is only the second gene to be identified using a
defined pathogen isolate. Disease testing of 101 CS
(Syn7D) single-chromosome recombinant lines and the
use of a molecular-marker linkage map allowed b5 to
be located in the short arm of the 7D chromosome of
Syn (Fig. 3). b5 is closely linked to the gene for red
coleoptile, Rc3 (Rowland and Kerber 1974; Worland et
al. 1988), and to the microsatellite marker Xgwmd4
(Roder et al. 1998) (Fig. 3). The close linkage of micro-
satellite marker Xgwmd4 to the centromere and the loca-
tion of markers Xgwm11l, Xgwnm437 and Xgwml21l to
the long arm of chromosome 7D (Fig. 3) are consistent
with the results of Roder et al. (1998).

The resistance of Syn to awide range of M. graminic-
ola isolates has been reported previously (Arraiano et al.
2001). Here we show by analysis of the CS (Syn) substi-
tution series, that a gene or genes on Syn chromosome
7D (Tables 2,3) control al these resistances. Both Syn
and CS (Syn7D) were susceptible only to one isolate
from Portugal, 1PO92006 (Table 2), indicating that Sb5
is not effective against thisisolate.

The specific resistance of CSto IPO323, i.e. CS has a
high level of disease with all isolates tested except
IPO323, whereas Longbow (Table 2) and Hs (Table 3)
are susceptible to all isolates, was identified previously
in field trials and detached leaf tests (Arraiano et al.
2001; Brown et a. 2001). The use of the CS (Syn) sub-
stitution series should have alowed us to identify a chro-
mosome carrying the specific resistance of CSto IPO323
if one substitution line had been significantly more sus-
ceptible than CS to that isolate. As this was not the case,
we conclude that, either the specific resistance of CS to
IPO323 is controlled by genes on more than one chro-
mosome or, if there is only one resistance gene in CS,
the susceptibility allele of that gene in Syn is masked by
genes conferring partial resistance.

Four genes for resistance to M. graminicola have
been identified previously, but Stbl, Sth2 and Sb3 were
identified in field trials which became naturally infected
by M. graminicola, which means that it may not be pos-
sible to reproduce the identification of these resistance
genes, as the pathogen genotypes to which they were re-
sistant were not isolated (Wilson 1979; Eyal 1999). Sth4
was identified with the isolate CA 30 but was not
mapped or located to a chromosome (Somasco et al.
1996).

Cytogenetic anaysis has proved to be effective for
the location of other disease resistance genes (Worland
and Law 1986; Worland et al. 1988; Ellerbrook et al.
1999). The accurate location of genesis greatly facilitat-
ed by the use of linkage maps and the use of microsatel-
lite and RFLP markers which are largely chromosome-
specific (Roder et al. 1998; Sourdille et al. 1999). The
Synthetic 6x line used in this paper also carries resis-
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tance to Phaeosphaeria nodorum, the stagonospora
nodorum blotch pathogen, on severa chromosomes de-
rived from both parents (Nicholson et al. 1993) and one
resistance gene, S'b3, was mapped on chromosome 5D
of Syn (Ellerbrook et al. 1999); this implies that Syn can
be used as a source of resistance to both diseases. Sever-
al accessions of Triticum tauschii, the donor of the D ge-
nome in Synthetic 6x, carry genes for resistance to leaf
rust, powdery mildew, greenbug, Russian wheat aphid,
Hessian fly, soil-borne mosaic virus, and stagonospora
nodorum blotch (Kerber and Dyck 1969; Gill et al. 1986;
Cox et al. 1992; Murphy et al. 2000; Smith et al. 2000).
May and Lagudah (1992) showed that several accessions
of T. tauschii contained at least one dominant gene for
resistance to M. graminicola. T. tauschi is therefore a
valuable genetic resource for breeding wheat for disease
resistance.

The markers linked to Stb5, Rc3 and Xgwm44 may be
useful in marker-assisted selection for resistance to sep-
toriatritici blotch, which is variable in its expression in
the field and therefore difficult and expensive to select
in wheat breeding programmes. Markers may also be
used in constructing resistant wheat genotypes by pyra-
miding different sources of resistance (Sourdille et al.
1999). The knowledge of the genetics of the septoria
tritici blotch resistance in ‘ Synthetic 6x' and the linkage
of b5 to markers may be of value to wheat breedersin
improving resistance to this very important disease.
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