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Introduction

1 INTRODUCTION

1.1 Importance of wheat (Triticum aestivum L.) and Septoria tritici

Wheat is one of the most important food crops worldwide covering more land area than
any other crop (FAOSTAT 2007). In Germany, arable land comprises about 12 million hec-
tare including 3.2 million hectare of wheat. The acreage increased from 2.3 million hec-
tare in 1990 to 3.2 million hectare in 2008, thus more than every fourth hectare in Ger-
many is grown with wheat. In parallel, yield increased from 63 dt/hectare to 81
dt/hectare (Bundessortenamt 2009). In comparison to other wheat growing regions
worldwide with an average yield of 10 to 30 dt/hectare (FAOSTAT 2007), Germany is one
of the highest yielding areas. Here, winter wheat is grown predominantly, whereas spring
wheat is of less importance. Much of the yield increase is due to efforts in plant breeding.
In combination with crop management including crop rotation, soil tillage, and plant pro-
tection, resistant varieties are of growing importance to protect the high yield against

upcoming disease.

Grown wheat varieties belong to three main groups: (i) diploid wheat (einkorn,
T. monococcum, AA, 2n = 14), (ii) tetraploid wheat (emmer, durum wheat, T. turgidum,
AABB, 2n = 28), and (iii) hexaploid wheat (spelt, bread wheat, T. aestivum, AABBDD, 2n =
42). Einkorn with the A genome is evolutionary the earliest group. Out of it, emmer was
formed by hybridization with another wheat carrying the B genome. Recently, our most
grown bread wheat evolved from cultivated tetraploid wheat and wild diploid species

carrying the D genome (Bonjean et al. 2001, p. 7; Miedaner 2009, p. 11).

During the long wheat growing season in middle Europe, starting with sowing in Septem-
ber or October and ending with harvesting in July or August, a variety of diseases can re-
duce yield. Septoria tritici blotch (STB), caused by the fungus Septoria tritici (teleomorph
Mycosphaerella graminicola), is one of the most important foliar diseases of wheat
worldwide causing yield losses between 30 and 40 % (Eyal et al. 1987, p. 1). S. tritici in-
fects both bread wheat and durum wheat. Infections on flag leaves cause most severe

yield losses by limiting production of assimilates during the grain filling phase. Sexual as-
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cospores and asexual pycnidiospores both germinate on the leaf (Palmer and Skinner
2002). The disease cycle of S. tritici (Figure 1) starts with windborne ascospores produced
on stubble remaining in the fields (Shaw and Royle 1989). Throughout the winter and ear-
ly spring, the spores are blown to wheat seedlings and establish primary infections. In
spring, under conducive weather conditions with rainfall and high humidity, rain splashed
pycnidiospores infect upper leaf layers. The fungus penetrates the leaf surface through
stomata (Palmer and Skinner 2002). The latency period under our central European con-
ditions ranges from 22 to 28 days depending on variety, temperature, and humidity. After
successful infection, symptoms of STB occur as characteristic necroses bearing visible
black pycnidia arranged parallel to leaf veins. Out of these pycnidia, new cycles of disease
can develop several times during the growing season of wheat.

Spread of pycnidiospores up
plants by contact and rain
splash

Pseudotheua and pycnidia
Inautumn and sprmg, develop within lesions
crops infected by
airborne ascospores

;:_'*'{r 'y

© & % perithecia r{ycnidia
ascospores (wmit:;):n) (raln splash)

Overwintersas mycellum pycnidia and
pseudothecia on crop debris, autumn
sown crops and volunteers

Figure 1: Life cycle of Septoria tritici (Source: http://www.hgca.com/cde, 7 Jan 2010)

Means of control of STB infections include crop rotation, soil tillage, fungicide application,
and cultivation of resistant varieties. Profit-making wheat growers are forced to apply
narrow crop rotations planting wheat crop after wheat crop under reduced tillage, where
stubbles remain on the field. Thus, fungicide applications are routine to protect high
yielding varieties against diseases. The most effective fungicides belong to the groups of
strobilurins and azoles. However, strobilurins are no longer effective, due to recurring

mutations in the pathogen population of S. tritici (Torriani et al. 2009). Most azole fungi-
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cides continue to be effective against S. tritici, although decline in the efficiency of some
azoles has been reported (Cools and Fraaije 2008). Consequently, cultivation of STB resis-

tant varieties is a cost effective strategy of controlling the disease.

1.2 Resistance breeding and mapping

European wheat breeders consider S. tritici to be one of the major targets for resistance
breeding (Arraiano and Brown 2006). There are two different genetic mechanisms for
disease resistance: (i) qualitative, isolate-specific, vertical resistance based on major
genes and (ii) quantitative, isolate non-specific, horizontal resistance, which is polygenic
(Keller et al. 2000). In order to distinguish between these two types of resistance, a num-
ber of host genotypes (e.g. wheat varieties) are tested against a number of pathogen ge-
notypes (e.g. fungal isolates) (Parlevliet 1977). Qualitative resistance is characterized by
the interaction between varieties and isolates (Parlevliet and Zadoks 1977). This resis-
tance is based on the successful interaction of the resistance gene of the plant and the
avirulence gene of the host, according to Flor (1971) who formulated the gene-for-gene
relationship. In contrast, there is also horizontal or quantitative resistance since the total
non-environmental variance in levels of disease resistance is explained by the main ef-
fects (varieties and isolates) showing no genotype-by-isolate interactions. This type of
resistance slows down the disease development by increasing latency period. In practical
resistance breeding a combination of both types of resistance is often used. Major genes
are easy to handle, whereas quantitative resistance is more complex and harder to select,
but also thought to be more durable and, therefore, desirable in resistance breeding

(Chartrain et al. 2004b).

In the pathosystem wheat/S. tritici we can find both qualitative, isolate-specific, vertical
resistance depending on one major gene and quantitative, isolate non-specific, horizontal
resistance with polygenic inheritance. Until now, thirteen major genes for resistance to
STB, Stb1 to Stb12 and Stb15, have been mapped (Arraiano et al. 2001b; Brading et al.
2002; Adhikari et al. 2003; McCartney et al. 2003; Adhikari et al. 2004a; Adhikari et al.
2004b; Adhikari et al. 2004c; Chartrain et al. 2005a; Chartrain et al. 2005c; Arraiano et al.

2007) and only two studies detected quantitative-trait loci (QTL, Eriksen et al. 2003; Char-
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train et al. 2004b). Stb6 and Stb15 are the most common resistance genes in European
germplasm (Arraiano and Brown 2006). Isolate-specific resistance genes could be effec-
tive at seedling and adult-plant stage (Arraiano et al. 2001a) or just at seedling and not at
adult-plant stage (Kema and van Silfhout 1997). Since quantitative resistance is some-
times only expressed in adult-plant stage, it is also described as adult-plant resistance

(Keller et al. 2000).

Plant breeders have the choice whether they use isolate-specific resistance genes, quan-
titative resistance, or a combination of both. Thus, pyramiding effective major genes with
closely linked diagnostic markers is one option, whereas selecting lines with good quan-
titative resistance in the absence of isolate-specific resistance is another strategy (Brown
et al. 2001). The pathogen population of S. tritici shows high levels of genetic diversity on
three different scales within and among (i) continents, (ii) wheat fields, and even (iii) one
lesion on a wheat leaf (McDonald et al. 1999; Linde et al. 2002). Factors that contribute to
the high genetic diversity are regional gene flow and frequent sexual recombination (Zhan
et al. 2003). Thus, considering the high evolutionary potential of S. tritici (McDonald and
Linde 2002) quantitative resistance seems more durable and, therefore, a more sustaina-

ble strategy in breeding wheat which is resistant to STB.

In order to search for loci controlling quantitative resistance (quantitative-trait loci, QTL),
populations segregating for the resistance trait are used. QTL analysis includes construc-
tion of genetic maps and searching for association between resistance trait and polymor-
phic markers (Liu 1998, p. 375). Therefore, all individuals of the population are evaluated
for resistance trait (phenotyping) and, in parallel, polymorphic genetic markers are gen-
erated (genotyping). Genetic maps are obtained by assignment and ordering of these
markers to linkage groups, which correspond to one of the 21 wheat chromosomes
(Keller et al. 2000, p. 132). Based on such genetic maps, the number, positions, and ge-
netic effects of QTL can be determined by computer programs, e.g. PLABMQTL, a pro-
gram for composite interval mapping of QTL (Utz and Melchinger 1996). QTL are defined
as significant statistical association between genotypic values and phenotypic variability
among the segregating population (Beavis 1998, p. 146). Until now, little has been known

about inheritance of adult-plant resistance to STB. Only two studies reported about QTL
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mapping in two populations limited in size and number of evaluated environments
(Eriksen et al. 2003; Chartrain et al. 2004b), which is critical in QTL analysis (Melchinger et
al. 2004; Schon et al. 2004). In this study, we used five biparental populations with higher
numbers of progenies segregating for STB resistance to search for loci controlling the dis-
ease. Marker-assisted selection (MAS) of major QTL, explaining most of phenotypic va-

riance, is the obvious application in resistance breeding (Asins 2002).

QTL meta-analysis is state-of-the-art, after QTL mapping established a routine in genetic
analysis of complex traits like quantitative disease resistance. Meta-analysis is defined as
the integration of individual studies with a comparative map-based approach on three
different levels: (i) different populations within the same crop inoculated with one patho-
gen (e.g. wheat/Septoria); (ii) one population of the same crop inoculated with different
pathogens (e.g. wheat/Fusarium/Septoria/Stagnospora); (iii) populations of different
crops inoculated with the same pathogen (e.g. wheat/maize/Fusarium). Recently pub-
lished QTL meta-analyses (Liu et al. 2009; Loffler et al. 2009) looked for common QTL re-
gions across wheat populations for one resistance trait using data given in the literature.
Up to now, however, no studies exist using raw data of independent field experiments
evaluated for resistance to several severe pathogens of wheat to reveal multiple-disease

resistance QTL within mapping populations.

Wheat breeders consider resistance to STB to be an important trait. However, the chal-
lenge in breeding is to achieve most of the breeding goals in a balanced proportion. Suc-
cessful varieties combine high yield and baking quality with several disease resistances.
Thus, resistance to Fusarium head blight (FHB, caused by Fusarium graminearum) and
Stagnospora glume blotch (SGB, caused by Stagnospora nodorum), causing yield losses
and poor grain quality, is of relevance in wheat breeding. Resistance to FHB and SGB is
guantitatively inherited and controlled by multiple genes (Schnurbusch et al. 2003; Pail-
lard et al. 2004; Semagn et al. 2007; Uphaus et al. 2007; Holzapfel et al. 2008; Shankar et
al. 2008; Bonin and Kolb 2009). QTL were carried out for resistance to FHB and SGB in
mapping population Arina/Forno (Schnurbusch et al. 2003; Paillard et al. 2004) and for
resistance to FHB in History/Rubens (Holzapfel et al. 2008). Evaluation of resistance to

STB is missing in these segregating populations.
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13 Aims of this study

In this study, we analyzed the genetic diversity of European wheat varieties after inocula-
tion with different isolates of S. tritici. Segregating populations were used to detect
chromosomal regions for quantitative adult-plant resistance of winter wheat to Septoria
tritici blotch (STB). Furthermore, QTL meta-analysis was applied to reveal multiple-disease

resistance QTL.

Firstly, we evaluated 24 winter wheat varieties after inoculation with four preselected
isolates of S. tritici in multienvironmental field trials (test of isolates and varieties).
The objectives were to

(1) compare natural infection and inoculation,

(2)  evaluate genotypic variation of adult-plant resistance to STB, and

(3) analyze genotype x environment (G x E) interaction.

Secondly, we mapped quantitative-trait loci (QTL) for STB resistance, heading date (HED),
and plant height (PLH) in five wheat populations inoculated with S. tritici in field trials
across four to six environments (mapping populations).
The objectives were to

(1)  evaluate and analyze phenotypic data including STB severity, HED, and PLH,

(2)  construct genetic linkage maps using AFLP, DArT, and SSR markers,

(3) determine number, positions, and genetic effects of QTL for evaluated traits.

Thirdly, raw data of four different field experiments including phenotypic evaluations for
resistance to STB, Fusarium head blight (FHB), and Stagnospora glume blotch (SGB) in
mapping population Arina/Forno, as well as for resistance to STB and FHB in Histo-
ry/Rubens were used to detect multiple-disease resistance QTL (QTL meta-analysis).
The objectives were to

(1) identify position, support interval, and genetic effects of meta QTL and

(2)  investigate impact of QTL meta-analysis for applications in practical plant

breeding programs.
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2 MATERIAL AND METHODS

This study describes the genetic diversity between wheat varieties and the genetic varia-
tion within several populations in field trials after inoculation with S. tritici. Plant material
and fungal isolates were obtained from cooperating partners. Field trials were conducted
at four locations in North and South Germany. A combination of several marker technolo-
gies was used to identify genome regions for resistance. The closing biometrical analyses
yield an estimation of variance components and genomic regions of interest for resis-
tance breeding. Two experiments were conducted to test isolates and varieties and to

analyze mapping populations.

2.1 Plant material

Test of varieties and isolates
Twenty-four European wheat varieties differing in resistance to Septoria tritici blotch
(STB) were tested in field trials (Table 1). All are winter types and have been released as

commercial varieties including parents of mapping populations.

Mapping populations

In total, we used five populations consisting of crosses of a resistant and a susceptible
winter wheat variety. Four populations are recombinant inbred lines (RILs) and one is a
doubled haploid (DH) population provided by cooperating partners in the CEREHEALTH
project (Table 2). Two populations, History/Rubens and Arina/Forno, have already been
published and were phenotyped for Fusarium head blight (FHB) (Paillard et al. 2004; Hol-
zapfel et al. 2008) and Stagnospora glume blotch (SGB) (Schnurbusch et al. 2003), respec-
tively. QTL meta-analysis makes it possible to detect common QTL regions across patho-

systems.
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Table 1: Wheat varieties in multi-environmental field trials 2007 to 2009

No. Variety ¥ Origin Breeder / Originator Pedigree *
1 Ambition Denmark Abed Fonden Ritmo / A0119.7
2 Apache France Nickerson (Limagrain) Axial / NRPB-84-4233
3 Arina Switzerland Federal Research Station for Agronomy  Moisson // Can3842 / Heines VII
4 Atlantis Germany  Saatzucht Schweiger Disponent / Kronjuwel // Kanzler
5 Biscay Germany KWS LOCHOW CPB 79 / Hussar
6 Bussard Germany KWS LOCHOW Kranich / Maris-Huntsman // Monopol
7 Cliff nl.? RAGT Rialto / Torfrida // Brutus
8 Contra Germany  Saatzucht Breun Kronjuwel / Maris-Marksman
9 Dream Germany  Saatzucht Schweiger Disponent / Kronjuwel // Monopol / Orestis
10 Drifter Germany Nickerson (Limagrain) Ronos / Estica
11 Flair Germany  Saatzucht Schweiger Ares / Marabu
12 Florett Germany RAGT PBIS 95-82 / Cortez
13 History Germany Bayerische Pflanzenzuchtgesellschaft Isidor / Kronjuwel // Huntsman / G6tz / 3 /
Granada / Huntsman // Diplomat / Kronjuwel
14 Lindos Germany  Saatzucht Strube W549-70 / Benno / Maris-Huntsmann //
Kormoran / Kronjuwel
15 Lynx UK Cambridge Plant Breeders Rendevous / Heaven
16 Meteor Germany  SW Seed Tarso / Contra // Hadm 91952-88
17 Piko Germany Nordsaat CWW-3319.5 / 3 / Kraka // Maris-Huntsman /
Frihgold
18 Robigus UK KWS UK 2836 / Putch
19 Rubens France Verneuil-Recherche (Limagrain) MD-286 / Pernel // Genial
20 Senat Denmark Sejet Ritmo / Sj7830
21 Skalmeje Germany KWS LOCHOW Greif / Pastiche // SB8681
22 Sobi Germany  Saatzucht Breun 1553fI32 / 1730d53 // Transit
23 Solitar Germany  Saatzucht Schweiger Flair / Piko
24 Tuareg Germany Nordsaat Kris / Dekan

Yparents of mapping populations in green (resistant) and red (susceptible)

2 Not licensed

3) Information of breeder or online:
http://genbank.vurv.cz/wheat/pedigree/pedigree.asp
http://www.sortinfo.dk/Sorter.asp (14. Dec. 2009)

Table 2: Details of the five wheat mapping populations

Population Source” Type? Generation No. of No. of
res./susc. parent lines environments

1 Florett/Biscay KWL RIL Frs 316 6

2 Tuareg/Biscay KWL RIL Frs 269 5

3 History/Rubens LfL RIL Fe: 103 6

4 Arina/Forno UZH RIL Fs.g 200 4

5 Solitdr/Bussard KWL DH - 81 4

Y Ma pping populations were provided by KWS LOCHOW GMBH (KWL), Bayerische Landesanstalt fur
Landwirtschaft (LfL), and Universitat Zirich (UZH)

2 RIL, recombinantinbred lines; DH, doubled haploid lines
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2.2 Fungal isolates, inoculum production, and inoculation

Four S. tritici isolates comprised of BAZ 6/1/04, BAZ 8/8/04, and D 12/5 from Germany
(provided by Julius-Kiihn-Institut) as well as IPO 94269 from the Netherlands (provided by
G. J. Kema) were chosen for the variety test both because they were virulent at seedling
stage (Table 3, results with additional isolates are presented in supplement table $ 1) and
also because of differentiate parents of mapping populations at adult-plant stage (Risser
2007; Schilly 2009). This is important, because we want to focus on quantitative resis-
tance in the field. All mapping populations except History/Rubens were inoculated with a
mixture of two isolates (BAZ 6/1/04, BAZ 8/8/04) virulent to Stb6 and Stb15 (Table 3).
History/Rubens was inoculated with the single isolate BAZ 6/1/04.

Table 3: Test of parents of mapping populations in seedling test with four international
isolates for resistance to Septoria tritici blotch (% leaf necrosis)

Parents Septoria tritici isolates 1 Postulated

IPO 3232 IPO 88004 BAZ 6/1/04 BAZ 8/8/04  Stb genes
Arina 8 10 90 100 Stb6, Stb15
Biscay 80 100 100 90 -
Bussard 100 85 80 100 -
Florett 3 3 70 85 Stb6, Stb15
Forno 33 100 100 100 Stb6
History 80 88 100 95 -
Rubens 0 100 100 100 Stb6
Solitar 3 100 95 90 Stb6
Tuareg 0 3 58 85 Stb6
Mean 34 65 88 94

& Seedling test by G. J. Kema, Wageningen, the Netherlands; % leaf necrosis on the primary seedling leaves (21 dpi)
2 1p0 323 (avir. Stb6) and IPO 88004 (avir. Stb15) were provided by G. J. Kema, the Netherlands, BAZ 6/1/04 and

BAZ 8/8/04 were provided by Julius-Kiihn-Institut, Germany; the latter two isolates were also used in field trials
Inoculum was produced from sporulating cultures of S. tritici, grown on yeast malt agar
(YMA) for 3to 5 days under ultraviolet (UV) light for 16 h per day at 18°C and 8 h per
night at 12°C. This starter culture was used to produce huge amounts of inoculum for
field trials. Inoculum was prepared by inoculating 150 ml of liquid yeast-glucose medium
(4 g yeast, 4 g malt and 4 g glucose in 1 | distilled water) in 300 ml Erlenmeyer flasks with
fresh S. tritici spores from agar plates. Several flasks per isolate were incubated for 3to 5

days in reciprocal shakers (175 rpm) under UV light like the agar plates. The resultant
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spore suspensions were concentrated into 200 ml tubes using separating funnels. The
concentrate was stored in freezers at - 20°C until 24 h before inoculation. At each location
the inoculum was adjusted to a density of 5 x 10° spores/ml as determined by hemacy-
tometer counts (Neubauer improved, depth 0.1 mm, 0.0025 mm?, Laboroptik GmbH,
Germany).

Inoculation was done after rainfall and during cloudy weather conditions so that moisture
was retained on the leaf surface for several hours. All trials were inoculated once at
growth stage BBCH 39 to 55 (Meier 2001), after late genotypes’ flag leaves had been fully
unrolled. The variety test and the populations were inoculated using a pneumatically dri-

ven hand sprayer and a tractor mounted sprayer, respectively (Figure 2).

e —

b el

4 ch Segregating population (History/Rubens)
Inoculation of mapping populations j a-lattice, two replications

Figure 2: Inoculation and field design of mapping populations

2.3 Field trials

Trials were conducted at four locations over three years in Germany (Figure 3). Freising
(FRE, latitude 48.45°, longitude 11.72°, 448 m a.s.l., 7.5°C mean annual temperature, 775
mm mean annual precipitation), Stuttgart-Hohenheim (HOH, latitude 48.80°, longitude
9.20°%; 400 m a.s.l., 8.5°C mean annual temperature, 685 mm mean annual precipitation)
and Oberer Lindenhof (OLI, latitude 48.52°, longitude 9.05°, 700 m a.s.l., 6.6°C mean an-
nual temperature, 960 mm mean annual precipitation) are located in South Germany,
Wohlde (WHO, latitude 52.80°, longitude 9.98°, 80 m a.s.l., 8.8°C mean annual tempera-

ture, 753 mm mean annual precipitation) in North Germany.

10
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Hamburg

Bremen

BERLIN

TSEHEECHIEN

Figure 3: Location of field trials at Freising (FRE), Hohenheim (HOH), Oberer Lindenhof
(OLI) and Wohlde (WHQ) 2007 to 2009 (Source: http://www.mygeo.info/, 10 Oct 2008)

The variety test was sown in a split-plot design with four isolates and one untreated con-
trol as main-plot factor and the 24 varieties as sub-plot factor. Main plots, inoculated with
different isolates, were separated from each other by double rows of triticale. The popu-
lations were grown together with five replicated entries of the parental lines as a-design
with two replications at each location as well as the variety test (Figure 2). Each entry of
both trials was sown in sets of two 1 m rows with approximately 40 to 60 kernels per row.
Solitar/Bussard was tested in only one replication and one row, because of problems in
seed production of DH lines.

In all field trials Septoria tritici blotch (STB), heading date (HED), and plant height (PLH)
were evaluated plotwise. STB severity was visually scored plotwise as percent coverage
with lesions bearing pycnidia. Flag leaves of double rows were assessed three times at an
interval of four to seven days, starting from about 30 days after inoculation. The arithmet-

ic mean of two scorings, representing middle and end of disease, was used in the follow-

11
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ing analyses. HED was scored as days after 1*" January when 50 % of spikes had emerged.
PLH was measured from the soil surface to the middle of the spike on the main tillers.
Field trials were allocated across four locations within two years for mapping populations
and test of isolates and varieties (Table 4). The test of isolates and varieties was pheno-
typed additionally at Freising and Hohenheim 2007 after inoculation with nine different
S. tritici isolates (Risser 2007). In this study, the data of four selected isolates and the not
inoculated variant evaluated across ten environments is presented. At every location the
test of isolates and varieties was organized next to the mapping populations. Due to ad-
verse weather conditions during and after inoculation in Northern Germany 2009 disease
symptoms were inadequate to differentiate genotypes for STB. Therefore, STB was miss-
ing at Wohlde 2009. HED was missing at Freising 2007 and 2009 and at Hohenheim 2007.

Table 4: Allocation of field trials in 2008 and 2009 with the number of plots phenotyped
at each environment

Environment Total number

Field trial 2008 2009 of
FRE HOH OLI WOH FRE HOH OLI WOH environments

Populations (a-lattice)

Florett/Biscay 684 684 - 684 684 - 684 684 6
Tuareg/Biscay 576 - 576 576 576 - - 576 5
History/Rubens 252 252 252 - 252 252 252 - 6
Arina/Forno - - - - 432 432 432 432 4
Solitér/Bussard - - - - 108 108 108 108 4

Test of isolates and

e ) 240 240 240 240 240 240 240 240 10
varieties (split-plot)

Total number of plots 1,752 1,176 1,068 1,500 2,292 1,032 1,716 2,040

Y Environment =year x location combination; locations were Freising (FRE), Hohenheim (HOH),
Oberer Lindenhof (OLI), and Wohlde (WOH)
2 Solitar/Bussard was phenotyped only one replication per location

® Test of varieties and isolates was phenotyped additionally at Fresing and Hohenheim 2007

In meta-analysis, raw data of initial studies (Schnurbusch et al. 2003; Paillard et al. 2004;
Holzapfel et al. 2008) was reanalyzed for resistance traits of Arina/Forno (FHB and SGB)
and History/Rubens (FHB), whereas STB, PLH, and HED were used from this study for both
mapping populations. In Arina/Forno, Schnurbusch et al. (2003) scored twice the percen-
tage of the infected glume area per spike after natural SGB infestation across five envi-
ronments in Switzerland. The area under the disease progress curve (AUDPC) was calcu-
lated based on two SGB scorings per environment. In this study, we used the arithmetic

mean of two SGB scorings according to our STB rating. Paillard et al. (2004) calculated
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percentage of diseased spikelets after inoculation with F. graminearum across six envi-
ronments in Switzerland. Two FHB scorings were chosen to calculate the AUDPC. As for
SGB, we used the arithmetic mean of the two FHB scorings in our meta-analysis. Thus, all
resistance traits are given in percentage of disease severity, comparable between expe-
riments. In History/Rubens Holzapfel et al. (2008) the scored FHB severity averaged over
five visual ratings as a percentage of infected spikelets per plot after spray inoculation

with F. culmorum across five environments in Germany, which was used in meta-analysis.

24 Marker analysis and genetic mapping

Marker analysis

In order to construct genetic maps with broad coverage enabling QTL mapping, we used a
combination of AFLP, DArT, and SSR markers. Because all markers were provided by coo-
perating partners or by companies, the reader is referred to further literature and infor-
mation.

AFLP markers were provided by LfL Freising. The AFLP (amplified fragment length poly-
morphism) technique is a DNA fingerprinting technology applicable to linkage mapping
without the need for prior sequence information. Vuylsteke et al. (2007) and Vos et al.
(1995) described the technique in detail. The name of the AFLP markers consisted of the
applied primer combination followed by the estimated fragment size in base pairs (see
Holzapfel et al. 2008).

DArT markers are a product of Triticarte (http://www.triticarte.com.au). DArT is an ab-
breviation for Diversity Array Technology. In contrast to SNP and SSR markers, DArT de-
tects single base changes and INDELs without relying on DNA sequence information. This
array based technology enables high throughput entailing low costs. We used Triticarte
service Wheat Pstl(Taql) v2.3 (2,500 markers) in Tuareg/Biscay and History/Rubens as
well as v2.5 (5,000 markers) in Florett/Biscay and Bussard/Solitar. Akbari et al. (2006) de-
scribed an integrated map for a cross between the wheat varieties Cranbrook and Hal-
bred using RFLP, SSR, AFLP, STM, and DArT markers that was used as a reference map.
KWS LOCHOW GMBH (Dr. Viktor Korzun) provided three to five SSR (simple sequence
repeats) anchor markers per chromosome in Florett/Biscay, Tuareg/Biscay, and Bus-

sard/Solitar to facilitate assignment of linkage groups to chromosomes. SSR marker tech-
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nique is frequently used in plant breeding, especially in genetic mapping and marker-

assisted selection (Landjeva et al. 2007).

Genetic linkage mapping

Genetic linkage maps with AFLP, DArT, and SSR markers of Florett/Biscay, Tuareg/Biscay,
and Bussard/Solitdr were generated using JoinMap 3.0 (Van Ooijen and Voorrips 2001)
assuming Haldane’s mapping function (Haldane 1919). Markers were assigned to linkage
groups at logarithm of odds (LOD) > 3.0 with a maximum recombination fraction of 0.4.
Because of clustering of markers, we decided to delete markers without additional infor-
mation within one cM. Clustered DArT markers were deleted first, followed by AFLP. SSR
markers remained in the map. In summary, we started with a larger set of polymorphic
markers and ended with a subset of these as mapped markers used for QTL analysis. The
maps of History/Rubens and Arina/Forno have been published (Paillard et al. 2003; Hol-
zapfel et al. 2008) and were provided by the authors. Additionally, DArT markers were
mapped in History/Rubens with an increase of genome coverage. The number of mapped
markers ranged from 221 to 491 covering 1,314 to 3,305 cM of polymorphic regions
(Table 5). The average interval distance was small (2.3 to 8.0) indicating high density
maps, although differing in genome coverage.

Table 5: Summary of five wheat mapping populations used to construct genetic maps

Population No. of lines for Marker types No. of marker Polymorphic Avg interval
QTL mapping polymorphic mapped regions (cM) distance (cM)
Florett/Biscay 301 SSR, DArT, AFLP 609 221 1,341 2.3
Tuareg/Biscay 263 SSR, DArT, AFLP 384 262 1,326 3.6
History/Rubens 2) 94 SSR, DArT, AFLP 939 491 2,361 2.6
Arina/Forno 3 200 SSR, RFLP 458 440 3,305 8.0
Bussard/Solitar 80 SSR, DArT 844 239 1,314 6.1

U Average interval distancein cM
2 Holzapfel et al. 2008, additional DArT marker were integrated in the genetic linkage map
3 paillard et al. 2003, modified
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2.5 Data analysis

Analysis of variance (ANOVA)

Plot means were calculated and used for the statistical analysis of the field trials. Estima-
tion of variance components for evaluated traits (STB, HED, PLH) in variety test and map-
ping populations was done using PLABSTAT (Utz 2001). STB disease severity was tested
for assumptions. Residuals of multienvironmental variety test were normally distributed.
Residuals of mapping populations did not follow normal distribution. Appropriate trans-
formations were evaluated, but did not improve the normality of the data. Therefore,
untransformed data were used for analysis of variance (ANOVA) and QTL analysis.

The following statistical model was used for split-plot design of test of varieties and iso-

lates across environments considering genotype as random effect:

Yijkl = U + Ei + Ij + Gk + (RE)h + (IE)ij+(Gl)jk+(GE)ik+(GIE)ijk+bijl+ei]'kl

) = general mean

E; main effect of ith environment

l

main effect of jth isolate

Gy = main effect of kth genotype

R| = main effect of /th replication

(RE)y; = replication-by-environment interaction
(1E); = isolate-by-environment interaction
(Gl = genotype-by-isolate interaction

(GE)ix = genotype-by-environment interaction

(GIE)jx = genotype-by-isolate-by-environment interaction
bij = main-plot error

m = sub-plot error

Post hoc comparisons between means of inoculated and not inoculated plots were per-
formed using a Dunnett test. Multiple comparisons of genotypes were done with the Tu-
key-Kramer test using statistical software SAS 9.1.

In the a-lattice of mapping populations prior to ANOVA, adjusted means were calculated
for genotypes in each environment. ANOVA across environments was performed using a

general linear model with genotype and environment effects, considering genotype as

15



Material and methods

random. Entry-mean heritability (h?) was calculated by PLABSTAT as the ratio of genotypic

to phenotypic variance (Knapp et al. 1985).

Stability analysis across environments

A regression approach was used with the coefficient of regression (b;) and the deviation
mean square (MSge) as important parameters to describe environmental stability
(Eberhart and Russell 1966; Becker and Léon 1988). The b; value characterizes the specific
response of genotypes to increasing epidemic pressure and the MSq., value describes the

contribution of a variety to G x E interaction (Miedaner and Flath 2007).

QTL analysis

QTL analysis was performed using composite interval mapping (CIM) with PLABMQTL (Utz
and Melchinger 1996; Utz 2009 pers. comm.). For detection of QTL LOD threshold was set
to 3.0. After QTL detection, critical LOD scores were determined for all traits in all popula-
tions based on 1,000 permutations (a =10 %) as recommended by Churchill and Doerge
(1994). Additionally, five-fold cross validation was applied to determine the magnitude of
bias of phenotypic variance (R?) explained by detected QTL. The entire data set (DS) is
split into five genotypic subsamples. Means from four out of five subsamples serve as the
estimation set (ES) for QTL detection, localization, and estimation of genetic effects. The
remaining subset forms the test set (TS) in which predictions derived from ES are tested
for their validity by correlating predicted and observed data. By permutating the respec-
tive subsets used for ES and TS, five different cross validation runs are possible (Utz et al.
2000). In this study, five-fold cross validation with 200 replicated runs was used. Detected
QTL are presented with genome position, flanking markers, distance to next marker, con-
fidence interval (Cl), and normalized adjusted RZ(chzldj). The 95 % Cl is calculated after
Darvasi and Soller (1997). R was adjusted (R(Zldj) to get more adequate estimation of
explained phenotypic variance (Hospital et al. 1997), and was normalized (nRﬁdj) so that
the sum across detected QTL is equal to model Rédj (see Zhu et al. 2004). In this study
QTL was declared major if it explained more than 10 % of nRﬁdj (Draeger et al. 2007; Se-
magn et al. 2007). In the final simultaneous fit, the detected QTL and their positions were

used to obtain estimates of additive effects. These effects were calculated for each envi-
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ronment illustrating QTL-by-environment (QTL x E) interaction. QTL x E interactions were
tested for significance by sequentially rejective Bonferroni F-test according to Bohn et al.

(1996). Genetic maps and QTL positions were drawn using MapChart 2.1 (Voorrips 2002).

Meta QTL-analysis

Meta QTL-analysis was applied within History/Rubens and Arina/Forno across three pa-
thogens: Fusarium head blight (FHB, caused by Fusarium graminearum), Stagnospora
glume blotch (SGB, caused by Stagnospora nodorum), and STB. Schnurbusch et al. (2003),
Paillard et al. (2004), and Holzapfel et al. (2008) provided phenotypic raw data of SGB
(percentage of the infected glume area per spike) and FHB (percentage of diseased spike-
lets). In order to compare QTL effects between different experiments, AUDPC was not
used for SGB and FHB in Arina/Forno, but rather the arithmetic mean of two scorings, as
described previously. QTL mapping was conducted with PLABMQTL using equal QTL-
mapping procedures for all three diseases to get comparable LOD curves and estimations
of QTL effects. Meta-analysis was done by adding LOD scores of disease traits within each
population. History/Rubens was analyzed for resistance to FHB and STB, Arina/Forno for
resistance to FHB, SGB, and STB. In contrast to other meta QTL studies (Hanocq et al.
2007; Griffiths et al. 2009; Liu et al. 2009; Loffler et al. 2009; Mao et al. 2010) searching
for common QTL regions of one or two trait(s) across populations using data from the
literature, we looked for meta QTL within one population across different resistance traits
using raw data of field evaluations. With this approach, overlapping QTL regions for mul-
tiple-disease resistance were detected. Because the detection of meta QTL depends on
addition of LOD scores, all scores larger than six were declared as meta QTL. Also major
QTL for one resistant trait with high LOD scores appeared as meta QTL. With focus on
multiple-disease resistance, meta QTL were selected showing significant (P <0.01) QTL

effects across at least two resistance traits and with a LOD score > 6.
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3 RESULTS

3.1 Test of varieties and isolates

Comparison of inoculation and natural infection

We inoculated field trials with four isolates of S. tritici to ensure the development of dis-
ease symptoms in a total of nine environments. Additionally, one main plot was not in-
oculated to get information about natural infection each year (Table 6). The four isolates
used in field trials showed the same level of aggressiveness with mean STB ratings > 30 %
across 24 varieties and nine environments. The inoculated plots showed significantly
higher mean STB ratings (Dunnets’s test, P < 0.01) compared to the not inoculated plots.

Table 6: Comparison of mean STB rating of plots inoculated with four S. tritici isolates and
not inoculated plots across 24 wheat varieties evaluated in nine environments

Mean STB rating (% flag leaf area infected)
Variant T Mean (N =9)
2007 (N=2)Y 2008 (N=4) 2009 (N = 3)

Septoria tritici inoculated

BAZ 6/1/04 14 37 41 33.6 **
BAZ 8/8/04 15 34 47 34.2 **
D 12/5 25 28 45 32.6 **
IPO 94269 16 34 42 32.9 **
Not inoculated 4 25 31 220

Y'N = number of environments
** Significance of comparison with notinoculated plots (Dunnett’s test, P <0.01)

Disease symptoms caused by natural infection were comparatively low in 2007 and were
exceeded each time by inoculated plots (Table 7). Levels of disease severity increased the
following years favoured by rainfall events after flag leaf emergence (BBCH 39) with leaf
wetness and high humidity. The parallel rise of symptoms of both, the not inoculated and
inoculated plots, indicates that natural infection contributed to the symptoms of inocu-
lated plots. Correlation with the mean STB rating of inoculated plots over all environ-
ments with means of not inoculated versus inoculated plots in each year resulted in posi-
tive correlation coefficients (Table 7). While natural infection 2007 showed a moderate
correlation of r=0.46, correlation of inoculated plots with overall mean (r = 0.84) was

considerably high. Inoculation is therefore a successful method to obtain infections and to

18



Results

detect the full range of genotypic variance, even under conditions with low rates of natu-
ral infection.

Table 7: Mean percentage of not inoculated versus inoculated flag leaf area with Septoria
tritici blotch of 24 wheat varieties across three experimental years including nine envi-
ronments

oy 2007 (N=2)? 2008 (N = 4) 2009 (N = 3)
Variety
Not inoculated Inoculated  Notinoculated Inoculated  Notinoculated Inoculated

Ambition 3 6 18 21 9 14
Apache 4 42 31 47 53 80
Arina 3 13 12 18 19 31
Atlantis 3 13 18 27 20 33
Biscay 3 19 56 58 58 72
Bussard 7 40 40 54 55 71
Cliff 6 11 44 55 52 64
Contra 12 38 41 61 57 77
Dream 3 22 17 26 20 36
Drifter 5 20 48 59 48 67
Flair 2 14 11 15 26 32
Florett 2 8 13 15 12 16
History 3 14 7 14 11 16
Lindos 3 34 27 45 53 75
Lynx 3 12 38 44 41 50
Meteor 2 25 15 35 31 51
Piko 1 13 14 24 26 42
Robigus 2 8 8 19 24 34
Rubens 3 34 51 62 62 85
Senat 8 8 18 20 11 19
Skalmeje 5 15 18 25 14 33
Sobi 1 19 21 11 21
Solitar 1 5 9 7 9
Tuareg 2 29 26 14 20
Mean 4 18 25 33 31 44
Correl. 0.46 0.84 0.85 0.97 0.98 0.99

Yparents of mapping populations in green (resistant) and red (susceptible)
2 Means across locations per year (N = number of locations)

3 Correlation with the overall mean STB rating (% flag leaf area infected) of inoculated plots across nine environments

Analysis of variance and correlations
In analysis of variance for HED, PLH, and STB, there were highly significant (P < 0.01) dif-

ferences between genotypes for all traits evaluated (Table 8, Table 9). For STB, genotypes
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had the highest variance component followed by the environment (Table 8). A significant
G x E interaction was detected, but it was considerably smaller than the effect of geno-
types. The effects of isolates and genotype-by-isolate interaction were negative and with
low impact. Thus, the following values of STB rating are shown as means across isolates.

Table 8: Estimates of variance components for heading date, plant height, and STB rating
across 24 European wheat varieties

Source Heading date Plant height STB rating
(days) ! (cm) ? (%)
Environment (E) 79.7 ** 28.7 ** 119.2 **
Isolate (1) na na -3
Ix E na na 39.2 **
Genotype (G) 6.0 ** 91.4 ** 314.8 **
Gxl na na 4.1 **
GxE 1.4 ** 9.6 ** 168.6 **
GxIxE na na 18.8 **
Error 0.7 6.9 76.4

S Days from 1st January, means across seven environments and two isolates
2) Means across ten environments and two isolates

3) Septoria-tritici blotch (% flag leaf area infected), means across nine environments and four isolates

*) ha =not applicable

5) Negative variance component

** F-testsignificantat P <0.01

Heading date ranged from 148.6 (Apache) to 158.5 (Solitar) days from first January with
mean of 155.3 days evaluated across seven environments (Table 9). The tallest variety
was Arina (104.2 cm) and the shortest Lynx (70.1 cm) measured in ten environments.
There was no correlation between STB disease severity and PLH (r =-0.04). The correla-
tion with HED was moderate (r =- 0.53), just depending on the two very early and sus-

ceptible varieties Apache and Rubens and the very late resistant variety Solitar (Table 9).
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Table 9: Means of 24 wheat varieties for heading date, plant height, and Septoria tritici
blotch (STB) over three years (2007 to 2009) sorted by STB

Variety 1) Heading date Plant height STB rating Multiple
(days) ? (cm) ¥ (%) *)  comparisons *

Solitaer 158.5 99.3 8.1 a

Florett 154.0 81.2 13.6 b

History 157.3 94.3 14.6 bc

Ambition 157.0 82.9 15.6 bed

Senat 157.9 74.1 17.1 cde

Sobi 154.0 90.6 17.8 def

Tuareg 157.1 83.2 19.1 efg

Flair 154.7 93.7 20.7 fg

Arina 153.4 104.2 213

Robigus 156.0 75.6 21.5

Skalmeje 155.4 86.5 25.5 h

Atlantis 155.1 95.4 26.0 h

Piko 157.9 92.1 27.6 h

Dream 157.5 100.3 28.5 h

Meteor 155.0 85.1 37.8 i

Lynx 157.4 70.1 38.8 i

Cliff 156.1 77.7 48.3 j

Lindos 153.6 96.4 524 k

Drifter 155.4 95.7 53.2 k

Biscay 156.2 78.7 54.1 ki

Apache 148.6 79.9 56.6 I

Bussard 154.5 103.6 56.7 I

Contra 154.3 90.2 61.5 m

Rubens 149.3 85.4 63.4 m

Mean 155.3 88.2 333 -

LSDss, 0.44 1.16 2.86 -

Heritability (%) 99.58 99.81 99.66 -

Yparents of mapping populations in green (resistant) and red (susceptible)
2) st . . .
Days from 1 January, means across seven environments, min. and max. in bold
3 Means across ten environments, min. and max. in bold
4 Septoria tritici blotch (% flag leaf area infected), means across nine environments
*)Varieties with the same letter are not significantly different in STB (Tukey-Kramer test, a = 5%)

® Least significant difference for pairwise comparisons (o =5%)
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Entry-mean heritabilities for HED, PLH, and STB were high (> 0.99) indicating a high level
of accuracy of field trials. Multiple testing identified genotypes with different letters as
significantly different from each other in STB (Tukey-Kramer test, a =5 %). Solitar is the
most resistant variety followed by Florett and History with mean STB ratings < 15 %. In
contrast, the most susceptible wheat varieties were Rubens and Contra with mean STB
ratings > 60 %. The chosen parents of mapping populations are a good representation of
the genetic variance for STB including the most resistant and susceptible varieties

(Table 9).

G x E interaction and environmental stability

G x E interaction on resistance traits is well known. It is also true for STB in wheat varie-
ties as shown for the parents of mapping populations in detail (Table 10). For instance,
Tuareg showed the same level of resistance as Solitar in 2007, but was highly susceptible
at Freising 2008. Another example is Arina, which was resistant at Freising and Hohen-
heim 2008, but moderately susceptible at Oberer Lindenhof and Wohlde in 2008 as well
as at Freising, Hohenheim, and Oberer Lindenhof in 2009.

Table 10: Means of Septoria tritici blotch (% flag leaf area infected) of parents of mapping
populations and overall means across 24 varieties and across four isolates in nine envi-
ronments (= location x year combination): Freising (FRE), Hohenheim (HOH), Oberer Lin-
denhof (OLI), and Wohlde (WOH) 2007, 2008, and 2009

Environment

Parents 2007 2008 2009 Mean
FRE HOH FRE HOH OLI WOH FRE HOH OLI (N=9)

Solitar 7 2 3 4 8 21 12 9 7 8

Florett 13 3 26 7 6 20 18 14 16 14

History 22 5 10 24 15 20 16 13 15

Tuareg 8 13 10 20 18 26 14 19

Arina 14 12 9 6 25 31 48 23 23 21

Biscay 18 20 26

Bussard 32 49 33

Rubens 46 22 24

Mean (N = 24) 19 17

Scale Septoria tritici blotch:  0-10 light green
(% flag leaf area infected) 11-20 lightyellow

21-50 gold
>50% brown
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Environmental stability of varieties is a major breeding goal to reduce G x E interaction. A
regression approach was used with the coefficient of regression (b;) and the deviation
mean square (MSge,) to describe environmental stability. The smaller both values are, the
higher is the stability and the level of resistance to STB (Figure 4). With focus on the par-
ents of mapping populations, indicated in the figure, Solitar, History, and Florett were the
best genotypes. Even under very high epidemic pressure they remained resistant in most
environments, with mean disease severities of 8 to 15 % (Table 10). Tuareg and Biscay
showed the highest MSgye, indicating low stability. While Tuareg is rather resistant, Biscay
is one of the most susceptible varieties in the trials. Arina, Rubens, and Bussard showed a
moderate to high MSqg., with increasing susceptibility from 2007 to 2009 starting from
different levels of resistance (Table 10). Hence, Solitar, History, and Florett are examples
for a stable resistant variety, whereas Tuareg is rather resistant but not stable and Biscay

is susceptible and not stable.
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Figure 4: The relation of deviation mean square (MSge,) and regression coefficient (b;) of
24 wheat varieties in stability analysis of Septoria tritici blotch severity across nine envi-
ronments; resistant and susceptible parents of mapping populations are named and indi-
cated by green circles and red squares, respectively; LSDsy = least significant difference
for pairwise comparisons of b; (P < 0.05)
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3.2 Mapping populations

Phenotypic data

Field trials revealed differentiation for STB, HED, and PLH between the parents and within
all five mapping populations (Table 11). The populations differed on average by 12 % for
STB, 5 days for HED, and 21 cm for PLH. Differentiation was significant for all traits. Heri-
tabilities (h?) ranged from 0.69 to 0.87 for STB, the only exception was Tuareg/Biscay (h? =
0.38). For HED (h? = 078t00.93) and PLH (h? = 0.92 to 0.98), heritabilities were high
throughout mapping populations.

Table 11: Means of parents (P 1 and P 2) and populations for Septoria tritici blotch, head-
ing date, and plant height evaluated in three to six environments 2008 and 2009, LSDsy, =
Least significant difference (P < 0.05), h? = heritability + standard error

Traits #gY Parents Population
Populations P1 P2 Mean Mean Min  Max LSDsy, h?
Septoria tritici blotch (%)
Florett/Biscay 5 25.1 59.4 42.3 36.1 7.9 73.1 17.27 0.73+0.02
Tuareg/Biscay 4 24.9 48.7 36.8 36.6 14.1 65.2 19.15 0.38 £0.06
History/Rubens 6 13.2 871 50.2 47.7 13.2 88.2 16.90 0.87 +0.02
Arina/Forno 3 23.7 55.0 39.4 42.9 18.4 87.4 20.85 0.73+0.03
Solitér/Bussard 3 131 819 475 35.5 8.7 73.8 19.73 0.69 = 0.06

Heading date (days)

Florett/Biscay 5 152.7 154.6 153.6 154.8 149.8 160.1 1.09 0.93+0.01
Tuareg/Biscay 4 157.9 156.7 157.3 156.7 153.6 160.4 1.55 0.88+0.01
History/Rubens 5 159.3 151.0 1551 155.4 1515 160.4 1.31 0.93+0.01
Arina/Forno 3 152.0 150.6 151.3 151.3 1459 1557 1.45 0.8810.02
Solitér/Bussard 3 157.2 1539 1555 156.8 153.0 160.7 2.42 0.78£0.04
Plant height (cm)
Florett/Biscay 6 79.1 76.8 77.9 77.3 62.0 97.8 2.81 0.95*0.00
Tuareg/Biscay 5 81.2 77.9 79.6 79.1 64.6 95.9 294 0.95+0.01
History/Rubens 6 93.0 81.8 87.4 95.0 64.4 1164 494 0.98 +0.00
Arina/Forno 4 99.7 88.5 94.1 92.6 721 113.7 4.18 0.96 +0.00

Solitar/Bussard 4 94.9 100.9 97.9 97.3 76.3 117.0 5.68 0.92+0.01

Y Number of environments; each population together with parents was evaluated in different sets of environments

All correlations between STB and HED as well as between STB and PLH are negative and
moderate in most cases (Table 12), although significant (P < 0.01, P < 0.05). Two popula-
tions, Florett/Biscay and Tuareg/Biscay, were fixed for the reduced height (rht) allele at

Rht-D1 locus, and two populations, Arina/Forno and Bussard/Solitar, for the tall allele.
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History/Rubens population is segregating at Rht-D1 locus (Figure 5) and shows a consi-
derably higher correlation between STB and PLH (r = -0.55).

Table 12: Correlation of Septoria tritici blotch with heading date and plant height in five
wheat populations with different alleles at Rht-D1 locus assessed in three to six environ-
ments 2008 and 2009

Population Rht-D1 locus Coefficients of correlation
Heading date Plant height
(days) (cm)
Florett/Biscay fixed for Rht-D1b -0.19 ** -0.13 *
Tuareg/Biscay fixed for Rht-D1b -0.18 ** -0.20 **
History/Rubens segregating -0.30 ** -0.55 **
Arina/Forno fixed for Rht-D1a -0.23 ** -0.45 **
Bussard/Solitar fixed for Rht-Dl1a -0.33 ** -0.26 *

Y Rht-D1b =reduced height allele, Rht-D1a =tall allele
* Significant (P <0.05)
** Significant (P <0.01)
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Figure 5: Relationship between mean STB rating and plant height for progeny of the
population History/Rubens, separated into subpopulations homozygous for either the
Rht-D1b semi-dwarf allele or Rht-D1a wild-type allele across six environments, n = num-
ber of progeny in the respective class

ANOVA for STB revealed highly significant (P < 0.01) variance components of genotype,
environment, and G x E interaction (Table 13). Also, for PLH and HED these variance com-

ponents were significant (P < 0.01). Tuareg/Biscay population had the smallest genotypic
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variance of all populations with an extremely high G x E interaction. For the other popula-

tions G x E interaction was similar or smaller than genotypic variance.

Table 13: Estimates of variance components for Septoria tritici blotch, heading date, and
plant height of five wheat populations evaluated in three to six environments

Trait/Source Environment (E) Genotype (G) GxE Error
Population DF Var.cp. & DF Var.cp. DF Var.cp. DF Var.cp.
Septoria tritici blotch (%)
Florett/Biscay 4 172.6 ** 315 104.3 ** 1,260  143.8 ** 1,525 49.8
Tuareg/Biscay 3 151.7 ** 268 28.7 ** 804  140.9 ** 1,012 49.5
History/Rubens 5 118.0 ** 102  255.9 ** 508 158.5 ** 544 63.4
Arina/Forno 2 33.4 ** 197 149.6 ** 394  110.1 ** 543 58.5
Bussard/Solitar 2 1.3 80 111.1 ** 160 149.8 2 - -
Heading date (days)
Florett/Biscay 4 70.4 ** 315 2.0 ** 1,260 0.3 ** 1,525 0.4
Tuareg/Biscay 3 84.7 ** 268 2.3 ** 804 0.5 ** 1,012 0.7
History/Rubens 4 90.7 ** 102 3.1 ** 406 0.7 ** 453 0.4
Arina/Forno 2 163.5 ** 197 1.9 ** 394 0.4 ** 543 0.4
Bussard/Solitar 2 161.4 ** 80 2.7 ** 160 232 - -
Plant height (cm)
Florett/Biscay 5 19.8 ** 315 20.1 ** 1,575 2.6 ** 1,830 3.5
Tuareg/Biscay 4 36.6 ** 268 20.1 ** 1,072 2.0 ** 1,012 3.6
History/Rubens 5 14.7 ** 102  128.7 ** 508 13.0 ** 544 6.0
Arina/Forno 3 34.0 ** 197 54,7 ** 591 4.6 ** 724 4.5
Bussard/Solitir 3 91.3 ** 80  46.9 ** 240 166 % - -

Y DF = degress of freedom; Var.cp. = variance component

2 Error included in G x E because only onereplication
** F-testsignificantat P <0.01

The five mapping populations showed a wide and continuous distribution of mean STB
severity averaged across three to six environments in field trials (Figure 6). Parental lines
were located on either end of the distribution. History/Rubens population showed the

widest range whereas Tuareg/Biscay had a smaller variation.
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Figure 6: Histograms showing the results for Septoria tritici blotch (% flag leaf area in-
fected) in five wheat populations from field trials (means across three to six environ-
ments)

Genetic linkage mapping and genetic similarity

A combination of SSR, DArT, AFLP, and RFLP markers were used to construct genetic maps
in five wheat populations (Table 5). Total number of linkage groups varied among map-
ping populations with 22 in Florett/Biscay, 20 in Tuareg/Biscay, 35 in History/Rubens, 26
in Arina/Forno, and 22 in Bussard/Solitar. Each of the linkage groups could be assigned to
one of the chromosomes. Except Tuareg/Biscay, all 21 wheat chromosomes were

represented by linkage groups (Table 14). In Tuareg/Biscay chromosomes 3D and 6D were
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missing. The number of markers per chromosome ranged from 3 to 42 (A genome), 6
to 41 (B genome), and 2 to 32 (D genome). Generally, the D genome was less represented

by markers than A and B genome.

Table 14: Number of mapped SSR, AFLP, RFLP, and DArT markers on chromosomes and
genomes in five wheat populations

Population Chromosome Genome coverage
Genome 1 2 3 4 5 6 7 Total % cMm

Florett/Biscay A 16 23 13 7 6 9 23 97 439 583
B 17 11 10 6 11 10 7 72 326 427

D 10 18 2 5 10 3 4 52 235 331

Sum 1,341

Tuareg/Biscay A 11 3 26 7 3 16 9 75 28.6 402
B 24 19 26 7 12 19 21 128 489 598

12 19 - 5 13 - 10 59 225 327

Sum 1,327

History/Rubens A 22 25 19 31 17 25 38 177 36.0 755
B 40 39 36 18 26 22 41 222 452 1,010

12 14 9 11 18 10 18 92 18.7 597

Sum 2,361

Arina/Forno A 15 27 21 18 25 15 42 163 375 1,221
B 23 27 25 10 23 20 28 156 35.9 973

14 14 22 6 16 12 32 116  26.7 1,112

Sum 3,305

Bussard/Solitar A 17 11 15 13 18 6 11 91 38.6 411
B 17 17 17 6 14 8 19 98 415 576

D 5 8 4 2 16 6 6 47 19.9 328

Sum 1,314

In order to assess the level of genetic diversity among parents of mapping populations,
the genetic similarity (GS) was estimated using 221 preselected SSR markers (Korzun
2009, pers. comm.). The dendrogram obtained from cluster analysis using the software
NTSYS PC2.0 resulted in separation among varieties according to their GS (Figure 7). Esti-

mates of GS ranged from 0.58 for History and Rubens to 0.73 for Tuareg and Biscay.
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Figure 7: Dendrogram of the parents of mapping populations revealed by cluster analysis
based on genetic similarity (GS) estimates calculated from a set of 221 SSR markers (Kor-
zun 2009 pers. comm.)

QTL analysis

In total, one to nine, zero to nine, and four to eleven QTL were detected for STB, HED, and
PLH, respectively, across five wheat populations using composite interval mapping (CIM)
with a LOD threshold of 3.0 (Table 15). Critical LOD scores based on 1,000 permutations
ranged from 3.0 to 7.7 among traits and mapping populations, with the exception of His-

tory/Rubens which had critical LOD scores ranging from 15.5 to 15.8 among traits. One to

2

two major QTL (nRg,;

> 10 %) for resistance to STB were detected per population, all de-
rived from the resistant parent. Altogether, resistance QTL explained 14 to 55 % of the
total phenotypic variance (total R%q). In most populations the susceptible parent also
contributed resistance QTL. Astonishingly, in the Bussard/Solitar population only one QTL

for STB was detected.
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Table 15: Summary of QTL detected by composite interval mapping for all traits evaluated
in field trials across three to six environments in five mapping populations

Traits Critical LOD  No. of QTL detected No. of major QTL  Total R%,;
Populations a=10%" LOD >3.0 NR%4 210 %2 all QTL (%) ®
Septoria tritici blotch (%)
Florett/Biscay 3.2 9(5)% 2(2) 54.9
Tuareg/Biscay 3.1 6 (5) 2(2) 51.3
History/Rubens 15.8 5(5) 2(2) 54.8
Arina/Forno 4.5 5(3) 1(1) 33.2
Bussard/Solitar 7.5 1(1) 1(1) 14.1
Heading date (days)
Florett/Biscay 3.2 9 1 38.8
Tuareg/Biscay 3.0 6 1 43.8
History/Rubens 15.8 5 3 50.0
Arina/Forno 4.4 2 1 16.5
Bussard/Solitar 7.7 0 - -
Plant height (cm)
Florett/Biscay 3.2 4 0 25.3
Tuareg/Biscay 3.1 2 69.5
History/Rubens 15.5 5 2 68.4
Arina/Forno 4.4 11 1 60.0
Bussard/Solitar 7.5 1 0 8.4

Critical LOD scores (a =10 %) based on 1,000 permutations
2

Number of detected QTL, each explaining > 10 % of normalized adjusted phenotypic variance (nR%q;)
Total adjusted phenotypic variance explained by all detected QTL

Number of QTL derived from resistant parent in brackets (bold)

QTL for STB resistance are all located on different chromosomes, except of Histo-
ry/Rubens chromosome 5B where two QTL were found (Table 16). The confidence inter-
vals (Cl) of these two QTL on chromosome 5B do not overlap, indicating independency.
The distance of QTL to next flanking marker ranged from 0 to 4 cM across all populations.
Small distances between marker and QTL resulted from high-density genetic linkage
maps. Comparisons of QTL positions between populations were not possible because of
missing common markers across genetic maps (S 5).

The majority of resistance QTL showed QTL x E interactions. The frequency of significant
(P <0.01) QTL x E interaction for STB resistance (69 %) is much higher than for PLH (24 %)
or HED (36 %) (supplement tables S2 and S 3). Major QTL on chromosomes 5B (Histo-

ry/Rubens) and 7A (Bussard/Solitdr) showed no QTL x E interactions.
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Table 16: Localisation of QTL with LOD > 3.0 for resistance to Septoria tritici blotch (% flag
leaf area infected) in five wheat populations (means across environments); major QTL
explaining 2 10 % of phenotypic variance are highlighted

No. Chrom.  Pos. Flanking marker " d? a? nR%, 4 QTLxE %
(cM) left right (cM)  (cM) (%)

Florett/Biscay (N = 301)
1 1A 44 Xwmc0312  XwPt-7030 0 27- 56 3.0 ok
2 1B 78 XwPt-0260 Xwmc0419 0 68- 88 2.9 *k
3 2B 4 XP2553-222 Xwmc0344 4 0- 10 4.8 ok
4 3B 60 XP2553-237 Xstb10 1 57- 61 12.6 *k
5 4B 6 XP1754-147 XwPt-8092 1 2- 10 9.3 ok
6 5B Xgwm0408  XwPt-4577 0 0- 19 23 ok
7 6D 16 Xgwm0469  Xcfd0013 0 13- 16 11.9 *ok
8 7A 36 Xbarc0108  Xwmc0009 0 30- 42 5.1 ok
9 7D 2 XwPt-7842  XwPt-7368 2 0- 13 3.0

Total R%,4 (%) 54.9 ©
Tuareg/Biscay (N = 263)
1 1A "s7) 44 Xwmc0024  XwPt-3904 0 29- 59 3.1 ok
2 4A 6 XwPt-5434 Xwmc0219 0 0- 13 5.8
3 4B 22 Xwmc0471  Xwmc0238 0 7- 29 17.3 ok
4 4D 2 Xcfd0071 Xgwm0129 0 0- 12 5.2
5 6B 24 XwPt-6286 XP1459-119 0 18- 30 11.8 ok
6 7B 4 Xwmc0517 XP2255-118 0 0- 14 8.0 ok

Total R%,; (%) 51.3
History/Rubens (N = 94)
1 4D 4 Rht-D1 Xbarc0105 0 0- 9 21.2 ok
2 5B ™ 34 XwPt-4996 Xgwm0274 0 29- 39 10.4
3 5B " 68 Xbarc0142 XP7152-196 0 57- 79 9.8 ok
4 6B " 16 XP7162-180 XP7256-485 0 11- 21 7.1 ok
5 7B "™ 24 Xgwm0263  XP6653-115 0 19- 29 6.2

Total R%,; (%) 54.8
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Table 16: Continued

No. Chrom.  Pos. Flanking marker * d? a®  nR%L; Y QTLxE
(cM) left right (cM) (M) (%)

Arina/Forno (N = 200)

1 2B 140 Xpsr0540 Xcfd0276 0 133- 147 7.0 ok

2 3B 112 Xcfab2134 Xgwm0131 2 96- 128 10.4 *k

3 5B 44 Xwmc0473  Xpsr0574 0 37- 51 4.9

4 6D 106 Xcfd0019 XgdmO0014 2 99- 113 6.9

5 7B "™ 148 XksuD2 Xgwm0146 0 130- 157 4.1 ok

Total R%,q; (%) 33.2

Bussard/Solitédr (N = 81)
1 7A ™ 38 Xwmc0790 XwPt-8067 1 23- 53 14.1
Total R%; (%) 14.1

) Closest marker in bold

2) Distance in cM to the next flanking marker

3) 95 % confidence interval after Darvasi and Soller (1997)

4) Normalized partial phenotypic variance explained by detected QTL

5) QTL-by-environment interaction tested for significance (sequentially rejective Bonferroni F-test)

6) Adjusted phenotypic variance explained by detected QTL (final simultanous fit) across environments
7) LOD > 3.0 but not significant (ns) according to critical LOD score after 1,000 permutations (a =10 %)
** F-Test significantat P <0.01

The most effective QTL was detected in History/Rubens explaining 21 % nRédj. This QTL
resides at the Rht-D1 locus conferring reduced plant height. The tall allele has a significant
higher resistance, than the short allele (Figure 5).

QTL x E interaction was frequently detected for STB resistance. This is illustrated in detail
with the additive effects of resistance QTL at each location for Florett/Biscay, to give just
one example (Table 17, for the other populations, see supplement table S 4). With focus
on the two major QTL, they had a quite small additive effect at Freising and Wohlde 2008,
but a very high impact at Hohenheim 2008 and Oberer Lindenhof 2009. In the series anal-
ysis, the resistant alleles of the two major QTL reduced STB rating by 5.2 and 5.8 % flag
leaf infection. Both parents, susceptible and resistant, were donors of resistance alleles,
although the susceptible Biscay contributed only QTL with small effects. This is also true
for Tuareg/Biscay and Arina/Forno, whereas in History/Rubens and Bussard/Solitdr only

the resistant parent is donor of resistance alleles (S 4).
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Table 17: Additive effects of resistance alleles illustrating QTL-by-environment interaction
for Septoria tritici blotch (% flag leaf area infected) in the population Florett/Biscay at five
environments; major QTL explaining =2 10 % of phenotypic variance are highlighted

QTL designation Donor of Additive effect of resistance allele (%) 1
resistance 2008 2009 Series
FRE HOH WOH FRE oLl
Florett/Biscay (N = 301)
QStb.Isa_fb-1A Florett -4.1 -3.3 -0.1 -1.0 -3.2 -2.3
QStb.Isa_fb-1B Biscay -3.2 -3.9 -0.5 -0.9 -4.6 -24
QStb.Isa_fb-2B Biscay -1.1 -4.4 -1.0 -3.6 -4.4 -2.9
QStb.Isa_fb-3B Florett -2.0 -12.9 -0.8 -6.2 -7.4 -5.8
QStb.Isa_fb-4B Florett -1.1 -7.6 -0.7 -3.5 -9.2 -4.5
QStb.Isa_fb-5B Biscay -2.5 -4.9 -0.6 -0.6 -3.5 2.1
QStb.Isa_fb-6D Florett -3.4  -10.2 -0.7 -2.5 -9.6 -5.2
QStb.Isa_fb-7A Florett -6.2 -3.0 -1.1 -2.2 -2.5 -3.1
QStb.Isa_fb-7D Biscay -2.7 -3.8 -0.7 -1.6 -2.8 -2.2
Total R%,y (%) ) 157 498 164 400  42.7 54.9

1) Estimated additive effects (less % flag leaf infection) in final simultaneous fit of the resistance allele
atthe locations Freising (FRE), Hohenheim (HOH), Oberer Lindenhof (OLI), Wohlde (WOH),
across two years (2008, 2009) and in the series

2) Adjusted phenotypic variance explained by detected QTLin final simultanous fit in each

environment and in the series

Five-fold cross validation revealed lower number of QTL detected in estimation set (ES)
compared to data set (DS) in three cases (Table 18). In addition, the Rczldj decreased from
DS to ES and even more in the test set (TS). Factors influencing power, precision, and ac-
curacy (Beavis 1998, p. 150) of QTL mapping are population size, heritability, genome
coverage, and method of QTL analysis. There is a tendency that all parameters are higher
in larger populations like Florett/Biscay and Tuareg/Biscay, than in smaller populations
like History/Rubens and Bussard/Solitar. It is not the case for entry-mean heritabilities in

these five wheat populations.
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Table 18: Results of five-fold cross validation with 200 replicated runs in five wheat popu-
lations for resistance QTL against Septoria tritici blotch

Population No. of lines Heritability No. of QTL R%,4; (%) 3

psY Es? DS ES TS
Florett/Biscay 301 0.73 9 6.3 54.9 48.5 38.3
Tuareg/Biscay 263 0.38 6 6.4 51.3 52.2 40.2
History/Rubens 94 0.87 5 3.1 54.3 47.4 23.6
Arina/Forno 200 0.73 5 3.7 33.2 30.2 14.2
Bussard/Solitar 81 0.69 1 1.1 14.1 14.0 4.3

b DS, data set; ES, estimation set; TS, test set

2 Number of QTLin ES calculated as the mean

3)Adjusted phenotypic variance explained by all detected QTLin each set

In plant breeding, the size of QTL effects is crucial to apply marker-assisted selection. Flo-
rett/Biscay was divided in four subpopulations, each carrying different alleles of the two
major QTL (QStb.Isa_fb-3B and -6D), to demonstrate the size of QTL effects (Figure 8). The
first subpopulation carried the susceptible allele (S) at both resistance loci with a mean
STB rating of 46 %. The second subpopulation carried the resistant allele (R) at 3B locus
and the S allele at 6D locus. In the third subpopulation, the allele situation was vice versa.
Mean STB rating was reduced by 10 % in both subpopulations. The fourth subpopulation
carried the resistant allele at both loci and reduced STB rating by 20 %, compared to the
susceptible allele situation. The most resistant progeny were even better than the resis-
tant parent Florett as indicated by green dashed line (Figure 8). In conclusion, combining

major QTL in wheat breeding seems promising.
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Figure 8: Notched boxplots for subpopulations of Florett/Biscay illustrating four different
allele situations at two major QTL loci (QStb.Isa_fb-3B, -6D) for resistance to Septoria tri-
tici blotch (S = susceptible allele present, R = resistant allele present); if notches do not
overlap, medians are different according to McGill et al. (1978); horizontal line within
boxes = median, + = mean, o = outliers, red and green dashed line indicate mean STB rat-
ing of susceptible and resistant parent, respectively, across environments

Altogether, 26 QTL for STB resistance were mapped across 13 chromosomes, each ex-
plaining 2.3 to 21.2 % of normalized adjusted phenotypic variance (Table 19). Additive
effects of detected resistance QTL ranged from 1.5 to 10.2 % reduced flag leaf infection
among the five mapping populations. Most QTL were mapped on the B genome with four

QTL located on chromosome 5B.
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Table 19: Distribution of QTL for resistance to Septoria tritici blotch in five wheat popula-
tions across chromosomes and genomes; major QTL explaining > 10 % of normalized par-
tial phenotypic variance are highlighted

Genome Chromosome
Population 1 2 3 4 5 6 7
nRZadi” Effect 2 nR%q Effect nRZ,y Effect nR%y Effect nR%y Effect nR?y Effect nR?y Effect
A genome
Florett/Biscay 3.0 -2.3 - - - - - - - - - - 51 -31
Tuareg/Biscay 3.1 -1.5 - - - - 58 -2.2 - - - - - -

History/Rubens - - - - - - - - - - R - - R
Arina/Forno - - - - - - - - - - - _ - -
Bussard/Solitar - - - - - - - - - - - - 141 -55

B genome
Florett/Biscay 29 -2.4 48 -29 126 -5.38 9.3 -45 23 21 - - - -
Tuareg/Biscay - - - - - - 173 -40 - - 118 -33 80 -26
History/Rubens - - - - - - - - 104 -5.6 7.1 -47 6.2 -4.2

Arina/Forno - - 70 -43 104 -5.6 - - 49 -35 - - 41 -3.1
Bussard/Solitar - - - - - - - - - - R - - R

D genome
Florett/Biscay - - - - - - - - - - 119 -5.2 30 -22
Tuareg/Biscay - - - - - - 52 -19 - - R - _ R
History/Rubens - - - - - - 212 -10.2 - - - - - R
Arina/Forno - - - - - - - - - - 69 -45 - -

Bussard/Solitar - - - - - - - - - - - - R _

") Normalized partial phenotypic variance (%) explained by resistance QTL

2 additive effect of resistance allele (less % flag leaf infection)

3.3 QTL meta-analysis

QTL meta-analysis was carried out in two wheat populations: Arina/Forno and Histo-
ry/Rubens. Raw data of different experiments was used for initial QTL analysis. In Ari-
na/Forno, seven and three QTL explaining 48.0 and 34.3 % of phenotypic variance (Rédj)
were detected for FHB and SGB resistance, respectively (Table 20). In History/Rubens, six
QTL for FHB resistance were mapped explaining 57.8 % of Rédj- Additionally, STB, HED,

and PLH of this study was used in meta-analysis.
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Table 20: Summary of initial QTL analysis of Arina/Forno and History/Rubens with number
of environments (No. env.), years, and heritabilities (h?) for evaluated traits in field trials
and total adjusted phenotypic variance (Total R%,4) explained by detected QTL with
LOD > 3.0 used in meta-anylsis across pathosystems within mapping populations

Population (size) No. env. (years) h? No. of QTL Total R?,;
Trait (Abbreviation) (@2t seuree) (LOD > 3.0) (%)
Arina/Forno (N = 200)
Septoria tritici blotch (5T8) ™ 3(1) 0.73 5 33.2
Fusarium head blight (FHB) ® 6 (3) 0.92 7 48.0
Stagnospora glume blotch (SGB) @) 5(2) 0.81 3 34.3
Heading date (HED) ) 3(1) 0.88 2 16.5
Plant height (PLH) V! 4 (1) 0.96 11 60.0
History/Rubens (N = 94)
Septoria tritici blotch (STB) @ 6(2) 0.87 5 54.8
Fusarium head blight (FHB) 5(2) 0.93 6 57.8
Heading date (HED) 5(2) 0.93 5 50.0
Plant height (PLH) ! 6(2) 0.98 5 68.4

Y Data of this study

? paillard et al. (2004)

%) Schnurbusch et al. (2003)
4 Holzapfel et al. (2008)

LOD scores of initial QTL analysis for disease resistance were added to look for common
QTL regions across pathosystems within mapping populations. In detail, LOD scores for
STB, FHB, and SGB resistance in Arina/Forno as well as for STB and FHB resistance in His-
tory/Rubens were added to determine localization, position, flanking markers, support
interval (SI), and LOD scores of meta QTL. In total, 12 and 19 genome positions were de-
tected with LOD > 6.0 across three and two pathosystems in Arina/Forno and Histo-
ry/Rubens, respectively. Out of these, meta QTL for multiple-disease resistance were se-
lected showing significant (P < 0.01) QTL effects across at least two resistance traits. With
PLABMQTL, eight meta QTL for multiple-disease resistance were detected conforming the
selection criteria. Meta QTL were located on chromosomes 3B, 4B, 5B, and 6D in Ari-
na/Forno, and on chromosomes 2B, 4D, 5B, and 7B in History/Rubens (Table 21). LOD

scores ranged from 6.1 to 22.7 and from 7.0 to 48.7.
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Table 21: Localization of meta QTL with LOD 2 6 for multiple-disease resistance in wheat
populations Arina/Forno and History/Rubens across Septoria tritici blotch (STB), Fusarium
head blight (FHB), and Stagnospora glume blotch (SGB) and across STB and FHB, respec-

tively
Chrom.  Pos. Flanking marker 1 d? s1? Lop ¥
(cM) left right (cM) (cM)

Arina/Forno (N = 200)
3B 120 XgwmO0131 Xgwm0383 5 106- 130 6.1
4B 16 Xpsr0914 Xglk0335 1 10- 22 12.0
5B 70 Xgwm0639 Xpsr0120 1 68- 72 22.7
6D 106 Xcfd0019.b Xgdm0014 2 100- 110 10.9

History/Rubens (N = 94)
2B 140 XwPt-0694 XP7056-648 2 138- 144 18.1
4D 4 Rht-D1 Xbarc0105 0 2- 6 48.7
5B 68 Xbarc0142 XP7152-196 0 64- 72 7.0
7B 24 Xgwm0263 XP6653-115 1 22- 28 30.6

) Closest marker in bold

2) Distance in cM to the next flanking marker

3) Support interval of meta QTL with a LOD fall off of 1.0 expressed as position on the chromosome

4) Added LOD score across analyzed resistance traits: in Arina/Forno LOD scores of resistance to
Septoria tritici blotch (STB), Fusarium head blight (FHB), and Stagnospora glume blotch (SGB)
were added; in History/Rubens LOD scores of resistance to STB and FHB were added;

LOD scores were calculated by composite interval mapping using PlabMQTL

The most effective meta QTL was on chromosome 4D in History/Rubens closely linked to
Rht-D1. The resistance allele, coming from History, reduces disease severity by 9.8 % for
STB and 6.3% for FHB explaining 47 and 60 % of partial R? in QTL meta-analysis
(Table 22). All resistance alleles at one meta QTL come from the same parent indicated by

the same donor of resistance allele across pathogens.
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Table 22: Partial R? (pR?) and effects of meta QTL for multiple-disease resistance in wheat
populations Arina/Forno and History/Rubens across Septoria tritici blotch (STB), Fusarium
head blight (FHB), and Stagnospora glume blotch (SGB) and across STB and FHB, respec-
tively

Chrom. Pos. STB FHB SGB
(cM) pR? Effect ) Donor? pR? Effect Donor pR? Effect Donor
Arina/Forno (N = 200)
3B 120 15.9 -5.9 ** A 8.2 -3.1 ** A 1.8 -0.8 A
4B 16 4.1 -2.5 ** F 0.0 -0.2 F 13.0 -2.1 ** F
5B 70 0.8 -1.2 F 129 -3.8 ** F 7.8 -1.7 ** F
6D 106 3.9 -3.3 ** A 5.5 -3.0 ** A 1.1 -0.8 A
History/Rubens (N = 94)
2B 140 11.6 -3.7 ** R 9.9 -1.7 ** R - - -
4D 4 47.2 -9.8 ** H 60.3 -6.3 ** H - - -
5B 68 27.2 -6.1 ** H 12.8 -1.9 ** H - - -
7B 24 239 -5.4 ** H 30.0 -3.1** H - - -

D Additive effects (less % infection) of meta QTL for STB, FHB, and SGB; all numbers reflect better resistance
2) Donor of resistance allele coming from Arina (A), Forno (F), History (H), Rubens (R)
** F-testsignificantat P <0.01

The LOD curves are plotted to illustrate meta QTL for multiple-disease resistance in Ari-
na/Forno (Figure 9) and History/Rubens (Figure 10). LOD curves for PLH and HED are giv-
en in comparison to the resistance traits. Influence of PLH and HED to meta QTL is crucial
on chromosome 5B in Arina/Forno and chromosomes 2B, 4D, and 7B in History/Rubens
indicated by high LOD scores of these traits within support interval of meta QTL.

In addition, significant QTL from initial QTL mapping experiments are labeled at the LOD
peak. Initial QTL of Arina/Forno for STB, SGB, and FHB resistance on chromosomes 3B, 4B,
5B, and 6D and of History/Rubens for STB and FHB resistance on chromosomes 4D, 5B,

and 7B were confirmed.
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Figure 9: lllustration of meta QTL on chromosomes 3B, 4B, 5B, and 6D in wheat popula-
tion Arina/Forno for multiple-disease resistance to Fusarium head blight (FHB), Stagnos-
pora glume blotch (SGB), and Septoria tritici blotch (STB); LOD curves for plant height
(PLH) and heading date (HED) are given in comparison to resistance traits; rectangles with
line insight show support intervals and positions of meta QTL; initial QTL in brackets
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Figure 10: lllustration of meta QTL on chromosomes 2B, 4D, 5B, and 7B in wheat popula-
tion History/Rubens for multiple-disease resistance to Fusarium head blight (FHB) and
Septoria tritici blotch (STB); LOD curves for plant height (PLH) and heading date (HED) are
given in comparison to resistance traits; rectangles with line insight show support inter-
vals and positions of meta QTL; initial QTL in brackets
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4 DISCUSSION

4.1 Phenotypic evaluations

Field trials

The basis for all studies were multienvironmental field trials organised as split-plot design
for varieties and isolates, and as a-lattice design for phenotyping mapping populations.
All trials were inoculated with S. tritici isolates. Weather conditions during and after in-
oculation are critical. A long period of leaf moisture is required to get successful infections
(Shaw 1991; Shaw and Royle 1993), which are essential to differentiate varieties and
populations for resistance to STB. In 2009, rainfall was missing during and after inocula-
tion at Wohlde in Northern Germany and consequently no infections with S. tritici oc-
curred despite inoculation. Although, natural infection at Freising and Hohenheim 2007
was low, inoculation was successful due to high relative humidity (>80 %) and cloudy
weather conditions during and after inoculation. For all trials, the inoculation date was
adapted to local weather forecast with rainfall events most likely, after flag leaves had
been fully unrolled (BBCH 39 to 55). In other field trials (Kema and van Silfhout 1997;
Arama et al. 1999; Brown et al. 2001; Eriksen et al. 2003), irrigation was applied to pro-
vide favourable relative humidity in evaluated plots, which is recommendable for all field
trials with regard to resistance breeding against S. tritici.

Heritabilities for STB were high for both trials, the test of isolates and varieties (h? > 0.99)
as well as the mapping populations (h? = 0.69 to 0.87) indicating high accuracy of field
trials. The only exception was population Tuareg/Biscay, where genotypic variation was
much smaller than the effect of environment and G x E interaction. In comparison, Ro-
sielle and Brown (1979) reported heritabilities ranging from 0.57 to 0.68 for STB, 0.56 to
0.88 for HED, and 0.41 to 0.49 for PLH in F;, plants of three spring wheat populations. Field
trials were conducted at only one location across two years. Other studies, concerning
fungal disease resistance, reported heritabilities ranging from 0.35 to 0.93 for Fusarium
head blight (Buerstmayr et al. 2000; Paillard et al. 2004; Semagn et al. 2007; Voss et al.
2008; Bonin and Kolb 2009), from 0.34 to 0.85 for Stagnospora glume blotch
(Schnurbusch et al. 2003; Uphaus et al. 2007; Shankar et al. 2008), and from 0 to 0.98 for
STB (Van Ginkel and Scharen 1987; Eriksen et al. 2003).

42



Discussion

We can conclude that resistance breeding needs highly accurate inoculation methods
applicable for large-scale field trials in multiple environments. Our method presented
here is sound under conducive weather conditions during and after inoculation. An irriga-
tion system is useful to ensure leaf wetness during the critical period of inoculation and
infection of S. tritici. Because of high G x E interaction, field trials should be conducted at
several locations across a minimum of two years to get accurate genotypic differentiation

of wheat varieties and breeding lines for resistance to STB.

Inoculation versus natural infection

One rationale for the current field trials was to study whether ratings of inoculated plots
coincide with natural infection. Coefficients of correlation between non-inoculated plots
and mean STB rating of inoculated plots across nine environments were high, except in
2007, where natural infection was almost missing. Inoculation supports infection with STB
under field conditions, thus genotypic differentiation is improved. In field trials natural
infection cannot be excluded, therefore, level of natural infection contributes to the
symptoms depending on environmental influence. Not inoculated plots 2008 and 2009
were diseased as high as inoculated plots each year. Thus, natural infection played an
important role. With selected isolates, similar infection rates and genotypic differentia-

tion were obtained by comparing inoculated plots with not inoculated plots.

Seedling test

Parents of mapping populations were also evaluated at seedling stage to detect geno-
type-by-isolate (G x|) interactions. The avirulent isolates IPO 323 (avir. Stb6) and
IPO 88004 (avir. Stb15) showed highly significant G x | interactions, thus Stb6 was post-
ulated in Arina, Florett, Forno, Rubens, Solitar, and Tuareg as well as Stb15 in Arina and
Florett (Kema 2009, pers. comm.). Gene postulation based on these seedling test has to
be confirmed by mapping of segregating populations with the respective avirulent iso-
lates. Other studies showed presence of Stb6 and Stb15 in Arina, confirming these results
(Chartrain et al. 2004a; Arraiano et al. 2007). The isolates (BAZ 6/1/04 and BAZ 8/8/04)
chosen to inoculate field trials were virulent to all parents in seedling stage indicating no

isolate-specific resistance. Results of QTL analysis revealed no QTL for STB resistance on
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chromosomes 3A and 6A in this study, where the most common isolate-specific resis-
tance genes Stb6 and Stb15 are located (Arraiano and Brown 2006).

There are many reports about resistance screening to STB in wheat cultivars at the seedl-
ing stage in which Stb genes were sought (Kema et al. 1996a; Kema et al. 1996b; Arraiano
et al. 2001a; Arraiano and Brown 2006). At seedling stage, two different methods were
applied: (i) whole seedling test (Kema et al. 1996a) and (ii) detached leaf test (Arraiano et
al. 2001a). Both methods were basically used to detect interactions between wheat geno-
types and S. tritici isolates. A gene-for-gene relationship was described for Stb6 (Brading
et al. 2002), which is widespread in wheat varieties (Chartrain et al. 2005b). Coefficients
of correlation across whole seedling test, detached leaf test, and field test were high
(Arraiano et al. 2001a), depending, however, on isolates used for inoculation (Kema and
van Silfhout 1997). Hence, screening methods at seedling stage are useful to detect iso-
late-specific resistance. The inoculation at seedling stage cannot predict quantitative re-
sistance in adult plants. Therefore, field trials at several environments inoculated with
isolates virulent to common Stb genes are the method of choice to analyze quantitative
adult-plant resistance. The advantage of field trials compared to tests at seedling stage is
the ability to evaluate varieties under natural conditions, which is closest to agricultural
practice. Disadvantages are labour, space, and time required to set up and evaluate field
trials. However, field trials are of high risk to detect isolate-specific resistance genes due

to the influence of natural infections as shown in our trials.

Genotypic differentiation of adult-plant resistance under inoculation

Isolates used to inoculate field trials in this study were selected in order to detect quan-
titative adult-plant resistance rather than isolate-specific resistance genes. Thus, most of
the non-environmental variation in the resulting disease severity was explained by differ-
ences between wheat genotypes. In contrast to other studies (Kema and van Silfhout
1997; Arraiano and Brown 2006; Arraiano et al. 2007), no significant G x | interaction was
detected indicating quantitative, horizontal resistance (Parlevliet 1977) in our material
triggered by the choice of isolates.

The analysis of variance revealed a significant genotypic differentiation for resistance to
STB in the test of varieties and in five segregating populations. In the variety test, geno-

typic variation of STB severity ranged from 8 to 63 % flag leaf area infected, evaluated
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across three years including nine environments. Until now, no comparable study has been
published giving such evaluation of quantitative adult-plant resistance to STB in European
wheat germplasm.

Comparing results for STB in this study with data from official variety testing in Germany
(Bundessortenamt 2009, scale from 1 to 9, 1 = no susceptibility, 9 = very high susceptibili-
ty) the varieties Biscay (7), Bussard (6), and Drifter (7) are susceptible, whereas Sobi (3)
and Solitar (2) are resistant, confirming results presented here. Solitdr, the most resistant
variety for STB, is also known as a resistant cultivar for Fusarium head blight, powdery
mildew (caused by Blumeria graminis), and Stagnospora glume blotch (Bundessortenamt
2009). Therefore, this variety seems to be a useful parent for resistance breeding. Its use,
however, is limited by tallness and lower yield performance.

Genotypic variation for STB was significant in all five segregating populations. The distri-
bution of wheat lines for flag leaf infections with STB revealed a wide phenotypic varia-
tion indicating a quantitative inheritance in all five mapping populations.

We can conclude that varieties as well as segregating populations showed a wide range of

genotypic variation for STB resistance which is useful for breeding.

Environmental influence on Septoria tritici blotch resistance

Environment and G x E interaction affected STB ratings in the test of varieties as well as in
all five mapping populations. The level of resistance of varieties is one factor that contri-
butes to G x E interaction. Resistant varieties are more stable across environments than
susceptible varieties (Miedaner and Flath 2007). Successful new varieties combine high
yield and stable resistance over a wide range of different environments. Thus, plant
breeders should be interested in stable varieties. We used a regression approach
(Eberhart and Russell 1966) to identify varieties stable for STB resistance across nine envi-
ronments. Concepts of stability and methods to analyse G x E interactions were summa-
rized by several authors (Freeman 1973; Westcott 1986; Becker and Léon 1988). In con-
trast to multivariate methods, linear regression provides a simple measure of stability,
which allows ranking of varieties. The limitation of this approach is the large number of
environments needed for an accurate estimate of stability. The importance of assessing
stability parameters for resistance traits was shown in this study. Tuareg for instance, was

resistant in the first year and highly susceptible in the second year of evaluation, thus
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mean rating across all environments would, therefore, indicate a moderate resistant va-
riety. Including MSge, Of regression, Tuareg was revealed as not being stable. In conclu-
sion, multienvironmental data of STB severity are necessary. The information on stability
is an additional tool to select breeding lines with a high level of resistance which are sta-

ble across environments.

Escape mechanisms

Escape mechanisms, like plant height and heading date, reduce the chance of contact
between pathogen and host. Influence of PLH and HED to STB resistance must be taken
into account (Rosielle 1972; Parlevliet 1977; Jlibene et al. 1992; Simdn et al. 2004). In test
of isolates and varieties, correlation between STB and PLH was missing, whereas correla-
tion between STB and HED was moderate, just depending on two very early and suscepti-
ble varieties (Apache, Rubens) and one late very resistant variety (Solitar). For the remain-
ing 21 varieties correlation was not significant. A significant negative moderate correla-
tion between STB severity and HED as well as PLH was detected in all five mapping popu-
lations. The only exception was History/Rubens with a considerably higher correlation
between STB and PLH caused by the segregating Rht-D1 locus. In four out of five mapping
populations resistance loci coincided with positions for plant height and/or heading date
indicated by overlapping confidence intervals of detected QTL on chromosomes 1B (His-
tory/Rubens), 2B (Florett/Biscay), 4B (Arina/Forno), 4D (Tuareg/Biscay, History/Rubens),
5B (Arina/Forno), and 6D (Arina/Forno) (S 5). However, there was no severe influence on
PLH and HED to disease severity in our study. One explanation could be that inoculation
was done once after latest genotypes’ flag leaves had been fully unrolled, thus, differenc-
es in plant height or heading date had no severe effect on disease development, al-
though, these differences were significant. In natural infected field trials taller plants tend
to have less disease because the vertical spread of spores up the plant is reduced
(Baltazar et al. 1990; Jlibene et al. 1992). The influence of plant height and heading date
to STB was analyzed recently in a set of 226 wheat lines after natural infection (Arraiano
et al. 2009). Reduced STB severity was mainly associated with greater plant height (r = -
0.7, P <0.001), whereas heading date had no severe effect (r =-0.1, P > 0.05). Other stu-
dies showed significant negative coefficients of correlation between plant height and leaf

infections after field inoculation with S. tritici (Rosielle 1972; Jlibene et al. 1992; Arraiano
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et al. 2009), whereas Chartrain et al. (2004b) found a positive correlation that was not
significant. There was a significant negative correlation between flowering as well as HED
and STB infection reported by several authors (Arama et al. 1999; Chartrain et al. 2004b;
Arraiano et al. 2006). Earlier genotypes became more diseased than later genotypes. This
was true for Apache and Rubens in this study, but not for other varieties.

In conclusion, assessment of morphological traits is of importance to provide unbiased
results and to avoid escape mechanisms as being selected as resistance. Taking into ac-
count the influence of PLH and HED to STB severity, data should be corrected according to

a covariance analysis (Simdn et al. 2004).

Effect of Rht-D1 on Septoria tritici blotch

Generally, correlations between STB and PLH as well as between STB and HED in this
study were of minor importance with one exception regarding correlation between STB
and PLH in History/Rubens population, which is segregating at the Rht-D1 locus. Earlier,
the effect of the Rht-D1 dwarfing locus on FHB rating was shown in History/Rubens and
two other populations (Voss et al. 2008). Plant height and FHB rating were significantly
negatively correlated in all populations. This correlation decreased within subpopulations
homozygous for one or the other height allele (Voss et al. 2008). In our study, the correla-
tion remained significant in the shorter subpopulation (carrying Rht-D1b, r=-0.59,
P <0.01) and vanished only in the taller subpopulation (carrying Rht-D1a, r =-0.10,
P > 0.05). Either linkage or pleiotropic effects might be possible explanations for the cor-
relation between plant height and disease rating (Holzapfel et al. 2008; Voss et al. 2008).
In another study, Simdn et al. (2004) evaluated the influence of Rht genes on STB severity.
They concluded that shorter distances between leaf layers favoured inoculum transfer
and therefore reduced plant height was correlated with higher disease severity. Here, in
the mapping population History/Rubens, we found QTL for PLH and STB severity at the
same genome position, indicating linkage or pleiotropic effects responsible for negative
correlation between PLH and STB severity.

The most effective QTL for resistance to STB is located on chromosome 4D caused by the
lower susceptibility of the taller wild-type allele (Rht-D1a) at Rht-D1 locus. However,
another major QTL was detected on chromosome 5B. Plant breeders have to select short,

high yielding varieties in combination with at least moderate resistance. Thus, it might be
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possible to select short varieties in combination with improved resistance, which seems

promising taking into account the variance for STB within the shorter subpopulation.

4.2 Genetic mapping and QTL detection

Influence of genetic similarity of parents on rate of polymorphism

In total, five mapping populations were used in our QTL analysis. Two of them, Ari-
na/Forno and History/Rubens, have been used in previous studies to map FHB and SGB
resistance. These two genetic maps showed high density and good genome coverage. In
History/Rubens additional DArT markers even improved genome coverage and facilitated
combining linkage groups within one chromosome. A plant breeding company provided
three additional populations using modern varieties for parents. The level of polymor-
phism between parents of mapping populations Florett/Biscay and Tuareg/Biscay was
relatively low. The AFLP polymorphism was lower in Florett/Biscay and Tuareg/Biscay
with 3 to 4 AFLPs per primer combination compared to 7 to 8 in History/Rubens (Holzap-
fel 2009 pers. comm.) and 6.4 in Arina/NK93604 (Semagn et al. 2006). A similar low rate
of polymorphism was detected for DArT markers. In Florett/Biscay and Tuareg/Biscay 7 to
8 % of analyzed DArT markers were polymorphic, in History/Rubens 17.6 %, and in Bus-
sard/Solitar 13 %. One explanation for these differences in the level of polymorphism
could be genetic similarity (GS) between parents. Florett, Tuareg, and Biscay are quite
similar to each other (GS=0.70to 0.73), compared to History/Rubens (GS =0.58) and
Bussard/Solitar (GS = 0.66) as revealed by cluster analysis (see Figure 7).

The genetic maps of Florett/Biscay, Tuareg/Biscay, and Bussard/Solitdar span more than
1,300 cM with small average interval distances (2.3 to 6.1 cM) indicating high density
maps, although genome coverage is limited. In comparison, Somers’ high-density consen-
sus map covered 2,569 cM with an average interval distance of 2.2 cM (Somers et al.
2004). Although in the five mapping populations presented in this study a large number of
polymorphic markers were generated (384 to 939), only a smaller proportion remained in
the final map (28 to 68 %) due to clustering and missing linkage. This indicates that espe-
cially the genetic similar parents Florett/Biscay and Tuareg/Biscay possess highly con-
served genomic regions. Due to the lack of coverage of genetic maps compared to Histo-

ry/Rubens (2,361 cM) and Arina/Forno (3,305 cM), QTL could possibly remain unde-
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tected. With regard to the results of QTL analysis, the explained phenotypic variance
(nRﬁdj) by detected QTL was independent from genome coverage, thus most important
genomic regions with respect to STB resistance, PLH, and HED should be detected. The
exception was Bussard/Solitar, with less than 15 % nRﬁdj explained by only one QTL for
STB. Therefore, application of additional polymorphic markers could improve genome
coverage that reveals additional QTL loci. In parallel, the Bussard/Solitar population needs
more precise phenotypic evaluation, such as sowing double rows with two replications
across several environments with increased population size.

In all five mapping populations, higher proportions of markers were mapped on the A and
B genome compared to the D genome. The low level of polymorphism in this genome is
consistent to several other studies (Roder et al. 1998; Eriksen et al. 2003; Akbari et al.
2006) and can be explained by the rather recent introgression of the D genome into bread
wheat probably occurring only a few times or even once in history (Salamini et al. 2002).
The development of D genome specific markers from the diploid Aegilops tauschii
(Pestsova et al. 2000) facilitated mapping and improved marker density on the D genome
of hexaploid wheat.

We can conclude that the level of marker polymorphism decreases using modern high-
yielding varieties as parents in mapping populations, due to highly conserved genomic
regions. However, most of phenotypic variance for STB resistance was represented by
detected QTL with exception of Bussard/Solitar. These QTL already reside in an adapted

genetic background with high agronomic performance useful in resistance breeding.

QTL for STB resistance

In adult plants, resistance to STB can be isolate-specific or quantitative. The phenotypic
data of mapping populations suggested a typical quantitative inheritance of STB resis-
tance evaluated in the field at adult-plant stage. The results of QTL analysis confirmed
that resistance was inherited quantitatively depending on several QTL, each explaining
part of phenotypic variance. In total, 26 QTL for STB resistance were mapped across five
wheat populations on all chromosomes excluding 1D, 2A, 2D, 3A, 3D, 5A, 5D, and 6A. QTL
for resistance to STB in all five wheat populations were not equally distributed across
chromosomes and genomes. Most of STB resistance QTL were mapped on the B genome

(60 %).
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Altogether, detected QTL in each population explained 14 to 55 % of adjusted phenotypic
variance (Rfldj). R?was adjusted (Rﬁdj) to get more adequately estimation of explained
phenotypic variance (Hospital et al. 1997) and normalized (nRﬁdj) that the sum across
detected QTL is equal to model R(Zldj (see Zhu et al. 2004). Both parents contributed resis-
tant alleles. Major QTL, however, were all from the respective resistant parent. Eight QTL
were declared major explaining more than 10 % of chzldj. This is quite strict in compari-
son to other QTL studies (Draeger et al. 2007; Semagn et al. 2007), which used just R“to
differentiate between minor and major QTL. Therefore, major QTL in this study were
found consistently across environments: QStb.Isa_fb-3B, QStb.Isa_fb-6D, QStb.Isa_tb-4B,
QStb.Isa_tb-6B, QStb.Isa_hr-4D, QStb.Isa_hr-5B.1, QStb.Isa_af-3B, QStb.Isa_bs-7A. Major
QTL from different populations (Florett/Biscay and Arina/Forno) were detected at the
same chromosome 3B (S 5). Because of missing common markers it was not possible to
locate whether these QTL were at the same marker interval. Fine mapping of these QTL
with markers common across populations will map QTL positions more precisely, facili-
tate meta-analysis, and thus promote marker-assisted selection in wheat breeding. This is
suggested for all major QTL presented here, because the main limitations to do meta-
analysis in wheat are missing common markers in QTL regions.

In two other studies detection of QTL for STB resistance were reported. Eriksen et al.
(2003) mapped QTL for STB resistance, some of the alleles providing resistance at seedl-
ing stage, whereas others at adult-plant stage and some were effective at both the seedI-
ing and the adult-plant stage. With focus on adult-plant stage, four resistance QTL were
mapped at chromosomes 2B, 3A, 6B, and 7B (QStb.risg-2B, QStb.risg-3A.2, QStb.risg-6B.2,
QStb.risg-7B), altogether explaining 62 to 77 % of phenotypic variance. The resistant par-
ent Senat provided all resistant alleles. There was an overlap of resistance QTL and QTL
for plant height at chromosome 3A. The authors concluded that linkage is the most likely
reason for this event. In this study, we mapped QTL on the same chromosomes (S 5), two
on chromosome 2B in Florett/Biscay and Arina/Forno (QStb.Isa_fb-2B, QStb.Isa_af-2B),
two on chromosome 6B in Tuareg/Biscay and History/Rubens (QStb.Isa_tb-6B,
QStb.Isa_hr-6B), and even three on chromosome 7B in Tuareg/Biscay, History/Rubens,
and Arina/Forno (QStb.Isa_tb-7B, QStb.Isa_hr-7B, QStb.Isa_af-7B). SSR markers

Xwmc0344 on chromosome 2B close to QStb.Isa_fb-2B and Xwmc517 on chromosome 7B
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close to QStb.Isa_tb-7B were the only markers in accordance to the map of Savan-
nah/Senat. Support intervals of resistance QTL in Savannah/Senat on chromosomes 2B
and 7B did not include the common markers indicating independency of QTL detected
here.

Chartrain et al. (2004b) detected one QTL (QStb.psr-6B-1) explaining 24 % of phenotypic
variance (R?). The resistance allele came from the susceptible parent Riband. The posi-
tion of the QTL was close to SSR marker Xgwm0219, which is also present in Tua-
reg/Biscay and History/Rubens (S 5). Other common markers are missing, thus comparing
the position of STB QTL mapped on this chromosome in Tuareg/Biscay and Histo-
ry/Rubens (QStb.Isa_tb-6B, QStb.Isa_hr-6B) was not possible.

These two studies show that, until now, little has been known about quantitative resis-
tance to STB at adult-plant stage. Population size and number of evaluated environments
were very limited in these studies, which has a significant effect on power of QTL detec-
tion as well as on accuracy and precision of QTL estimates (Melchinger et al. 2004; Schon
et al. 2004). Our results can provide a better understanding of inheritance of STB resis-
tance at adult-plant stage. QTL mapping in five populations, where three were much larg-
er in population size and the multienvironmental evaluations allow accurate estimation of
QTL effects confirmed by cross validation, which was not applied by Chartrain et al.
(2004b).

The challenges of QTL mapping in wheat populations compared to other crops are (i) the
large genome size, (ii) low polymorphism rate between modern high-yielding varieties,
and (iii) that the genome has not yet been sequenced. Therefore, a multi-stage-QTL-
mapping approach is proposed. Firstly, genetic linkage maps are generated in each popu-
lation using high throughput low cost marker techniques (DArT, AFLP) in combination
with some anchor markers (SSR). Good genome coverage of sufficient density is needed
to detect most of responsible resistance-QTL alleles. In parallel, mapping populations in-
oculated at several environments conducive to disease development are phenotyped.
Secondly, QTL mapping is applied in each population to reveal common QTL regions
across populations. Thirdly, fine mapping of common QTL regions with a larger set of
common markers is conducted across populations. After this step, it should be possible to

generate a consensus map of common QTL region via meta analysis.
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4.3 QTL meta-analysis

One objective of this study was to reveal common QTL regions for multiple-disease resis-
tance within two mapping populations using meta-analysis. Meta-analysis is defined as
the integration of individual experiments with a comparative map-based approach on
three different levels: (i) different populations within the same crop inoculated with one
pathogen (e.g. wheat/Septoria); (ii) one population of the same crop inoculated with dif-
ferent pathogens (e.g. wheat/Fusarium/Septoria/Stagnospora); (iii) populations of differ-
ent crops inoculated with the same pathogen (e.g. wheat and maize/Fusarium). In this
study, we present data concerning the first two levels, the third level will be discussed
only theoretically.

On chromosome 5B, QTL for STB resistance were located close to Xgwm0274 in Ari-
na/Forno (QStb.Isa_af-5B) and History/Rubens (QStb.Isa_hr-5B.1), indicating a meta QTL
effective across both populations, according to the first level of definition of meta-
analysis. Because of missing common markers between mapping populations it was not
possible to create a consensus map and to estimate position, support interval, and effect
of meta QTL across segregating populations within different wheat populations inocu-
lated with S. tritici. Further marker analyses are needed to fine map detected initial QTL
and to reveal meta QTL across mapping populations inoculated with one or several im-
portant pathogens.

Meta-analysis revealed QTL for multiple-disease resistance with significant effects across
a minimum of two disease traits within Arina/Forno and History/Rubens, according to the
second level of definition of meta-analysis. Four meta QTL for different disease combina-
tions were detected in each population, three on the B genome and one on the D ge-
nome. Initial QTL in Arina/Forno of Schnurbusch et al. (2003) for SGB and of Paillard et al.
(2004) for FHB as well as in History/Rubens of Holzapfel et al. (2008) for FHB were con-
firmed, revealed by reanalyzing raw data with PLABMQTL using equal settings than the
previous authors. Three meta QTL, on chromosome 5B in Arina/Forno and on chromo-
somes 4D and 7B in History/Rubens with small support intervals (SI < 6), are based on two
initial QTL already detected in the single-trait-analysis. All other meta QTL had significant
effects because of either one detected initial QTL or even without any detected initial
QTL, which is the case for meta QTL on chromosomes 3B and 2B in Arina/Forno and His-

tory/Rubens, respectively. The latter two meta QTL as well as the LOD peak detected at

52



Discussion

the beginning of chromosome 5B in History/Rubens (Figure 10, QGhost) could be a non-
existing “ghost” meta QTL. By adding two smaller LOD scores, each not detected in the
initial QTL mapping experiment, meta QTL with significant effects could be arise. The
problem of mistakenly identified QTL in initial QTL analysis was discussed in detail pre-
viously (Martinez and Curnow 1992; Jansen 1993) and the same applies for meta QTL.
Therefore, threshold for detection of meta QTL as well as validation of detected meta QTL
has to be commented upon.

For detection of meta QTL, threshold was set in this study to LOD 6.0, i.e. double the LOD
score according to initial QTL analysis using 3.0. No adjustment of critical LOD scores due
to permutations are at present possible in the used program PLABMQTL. In total, 12 and
19 positions were detected with LOD > 6.0 in Arina/Forno and History/Rubens, respec-
tively. Out of these, meta QTL for multiple-disease resistance were selected by the follow-
ing criterion: Significant individual QTL effects for a minimum of two disease traits. Ac-
cording to the selection criterion, eight multiple-disease resistance QTL were found in the
two mapping populations. Two meta QTL on chromosome 3B in Arina/Forno and on
chromosomes 2B in History/Rubens were detected, although these QTL alone had no sig-
nificant effects in initial QTL analysis. A LOD threshold in meta-analysis larger than 6 in
Arina/Forno and even larger in History/Rubens, according to small population size of
mapping populations, is recommended. In combination with the selection criterion of
significant QTL effects at a minimum of two disease traits, nonexisting “ghost” meta QTL
would not have been selected. Further research is needed to define critical LOD scores for
meta QTL. Until now, permutation test and cross validation for meta QTL were not possi-
ble in PLABMQTL. In future analyses, such tools are highly recommended to determine
the magnitude of bias of number, position, and genetic effects of meta QTL.

In Arina/Forno, multiple-disease resistance QTL were only detected across two patho-
gens. There was no meta QTL with significant effects across all three pathogens. However,
there is a positive side effect, as shown for chromosome 5B, where STB infection is re-
duced by selecting the resistant allele effective for resistance to FHB and SGB. In compar-
ing meta QTL positions between mapping populations, there is one meta QTL on chromo-
some 5B effective against FHB and SGB in Arina/Forno and similarly effective against FHB

and STB in History/Rubens. Because of missing common markers at this position it is not

53



Discussion

possible to specify whether this meta QTL is located at the same position in both popula-
tions (S 5).

However, it was possible to reveal each of four multiple-disease resistance QTL across
each of two pathogens in two mapping populations, which has not been shown before in
wheat studies. Closely linked markers are available, and small support intervals indicate
high accuracy of meta QTL positions.

In future analysis, synteny between major crops such as rice, maize, and wheat
(Bennetzen and Ma 2003), will promote detection of meta QTL in segregating populations
across different crops, according to the third level of definition of meta-analysis. Fusarium
head blight and ear rot are major diseases in wheat and maize both caused by F. grami-
nearum provoking losses in yield and quality and accumulation of mycotoxins. Therefore,
resistance breeding is one major component to reduce Fusarium severity in both crops.
Meta-analysis is a useful tool to detect common regions for Fusarium resistance across
wheat and maize genome or to use synteny to check if QTL appearing in one crop are also
present in the other at similar loci. Until now, no study has been published concerning
meta-analysis across these two crops. The increasing number of publications concerning
Fusarium resistance in wheat (e.g. Waldron et al. 1999; Buerstmayr et al. 2002; Paillard et
al. 2004; Schmolke et al. 2005; Draeger et al. 2007; Liu et al. 2007; Semagn et al. 2007;
Abate et al. 2008; Holzapfel et al. 2008; Bonin and Kolb 2009) and maize (Pérez-Brito et al.
2001; Ali et al. 2005; Robertson-Hoyt et al. 2006; Ding et al. 2008) seems promising with
regard to future research using synteny to reveal meta QTL across wheat and maize with

the goal of reducing Fusarium severity.

4.4 Genetic architecture of STB resistance and significance for resistance breeding

QTL analysis was performed in five segregating populations revealing a total of 26 QTL for
resistance to STB allowing some conclusions on genetic architecture of this trait: (i) a
large diversity of QTL have been mapped on most wheat chromosomes accounting for
quantitative STB resistance at adult-plant stage, (ii) most resistance QTL are located on
the B genome in comparison to the A and D genome, and (iii) in every population at least
one major QTL was detected explaining more than 10 % of nRﬁdj. In summary, adult-
plant resistance to S. tritici in the analyzed populations was inherited quantitatively de-

pending on several loci each explaining only a smaller part of the phenotypic variance.
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Besides quantitative resistance, thirteen isolate-specific resistance genes have been
mapped in previous studies. No Stb gene was mapped on chromosomes 1A, 2B, 4B, 4D,
and 6D whereas in this study 12 QTL for STB resistance have been found. Thus, additional
sources for STB resistance have been detected. At the same chromosomal region as QTL
in this study some Stb genes were mapped on chromosomes 1B, 3B, 4A, 5B, 7A, 7B, and
7D confering to Stb11, Stb2, Stb7, Stb1, Stb3, Stb8, and Stb4. Five QTL (QStb.Isa_fb-1B,
QStb.Isa_tb-4A, QStb.Isa_fb-7A, QStb.Isa_bs-7A, QStb.Isa_af-7B) were mapped on chro-
mosomes with common markers next to Stb genes (Table 23), all the other QTL were
mapped on similar chromosomes, but with no common markers. Xwmc0219 next to
Stb12 on chromosome 4A and XgwmO0146 next to Stb8 on chromosome 7B were mapped
within the confidence interval (Cl) of QStb.Isa_tb-4A and QStb.Isa_af-7B, respectively,
whereas Xbarc0008 next to Stb11 and Xwmc0083 next to Stb3 were close to Cl of QTL,
but not within. Therefore, Stb12 and Stb8 could have an effect at adult-plant stage de-
tected as QTL in this study. Arraiano et al. (2009) analyzed the contribution of isolate-
specific disease resistance to the control of STB in wheat. Most variation in level of STB
resistance caused by natural infection was explained by the presence or absence of Stbé.
It is discussed that defeated Stb genes may confer quantitative or partial resistance to STB
at adult-plant stage, which could be a residual effect. Another hypothesis was linkage
between Stb genes and QTL (Arraiano et al. 2009). Further research is required to validate
these hypotheses.

Table 23: Comparison of position of QTL and Stb genes located on the same chromosome
using common markers present in genetic maps of segregating populations and 95 % con-
fidence interval (Cl) of QTL position; marker position within Cl of QTL are highlighted

Chrom. QTL designation Stb gene Common marker Marker position Cl of QTL

(cM) (cM)
1B QStb.Isa_fb-1B Stb11 Xbarc0008 ) 65 68-88
4A QStb.Isa_tb-4A Stb12 Xwmc0219 2 7 0-13
7A  QStb.Isa_fb-7A Stb3 Xwmc0083 0 30-42
7A QStb.Isa_bs-7A Stb3 Xwmc0083 ) 23-53
7B QStb.Isa_af-7B Sth8 XgwmO0146 4 148 130-157
Y Chartrain et al. 2005¢ * Goodwin et al. 2007
? Chartrain et al. 2005a “ Adhikari et al. 2003
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STB resistance is mainly affected by additive effects and, therefore, the combination of
major QTL in breeding material seems promising to reduce STB severity. Another strategy
is to use markers next to Stb genes within Cl of QTL to combine isolate-specific resistance
and quantitative resistance. Meta-analysis in two populations revealed eight loci respon-
sible for multiple-disease resistance. Closely linked markers allow the implementation in
marker-assisted breeding programs. Further research is required to validate major QTL
for STB as well as meta QTL for multiple-disease resistance in different genetic back-
grounds.

An outlook to future research could be the combination of FHB resistance QTL reported in
the literature with detected major QTL for STB resistance. Both diseases are of major in-
terest in a practical breeder’s point of view. Thus, using donors for FHB and STB resis-
tance as parents to validate QTL effects in the segregating progenies could be the next
step. Another strategy is the validation of meta QTL. Lines carrying resistance alleles of
meta QTL can be used in backcrosses with the resistance donor. Progenies selected by
flanking markers representing different allele situations at meta QTL locus could be phe-

notyped in parallel field trials inoculated with Fusarium, Stagnospora, and Septoria.
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5 SUMMARY

Septoria tritici blotch (STB), caused by Septoria tritici (teleomorph Mycosphaerella grami-
nicola), is one of the most important diseases in wheat varieties worldwide, responsible
for severe damage of the leaves causing yield losses between 30 and 40 %. Control of STB
includes crop rotation, soil tillage, fungicide application, and cultivation of resistant varie-
ties. Profit-making wheat growers are forced to apply narrow crop rotations under re-
duced tillage. Some fungicides including widely-used strobilurins are no longer effective
due to mutations in the highly variable pathogen population of S. tritici. Therefore, resis-
tance breeding using genetic mapping to identify quantitative-trait loci (QTL) associated

with STB resistance provides a promising strategy for controlling the disease.

The main goal of this study was to detect chromosomal regions for quantitative adult-
plant resistance of winter wheat to STB. Besides this, we analyzed the genetic diversity of
24 European varieties after inoculation with four different isolates of S. tritici. Multienvi-
ronmental field trials inoculated with S. tritici were applied to test isolates and varieties
and to phenotype mapping populations. In detail, the objectives were to (1) compare
natural infection and inoculation, (2) evaluate genotypic variation of adult-plant resis-
tance to STB in European varieties, (3) analyze genotype x environment (G x E) interac-
tion, (4) evaluate and analyze phenotypic data including STB severity, heading date (HED),
and plant height (PLH) of five mapping populations, (5) construct genetic linkage maps of
these populations using AFLP, DArT, and SSR markers, (6) determine number, positions,
and genetic effects of QTL for evaluated traits, and (7) reveal QTL regions for multiple-

disease resistance within mapping populations using QTL meta-analysis.

In all trials, inoculation with one to four preselected isolates was performed and STB se-
verity was visually scored plotwise as percentage coverage of flag leaves with lesions
bearing pycnidia. 24 winter wheat varieties were chosen with maximal differentiation in
resistance to STB and evaluated across three years including nine environments. Five
mapping populations, Florett/Biscay, Tuareg/Biscay, History/Rubens, Arina/Forno, and
Solitar/Bussard, each comprising a cross of a resistant and a susceptible variety, with

population sizes ranging from 81 to 316, were phenotyped across four to six environ-
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ments. In parallel, 221 to 491 polymorphic genetic markers were assigned to linkage
groups covering 1,314 to 3,305 cM of the genome. Based on these linkage maps, the
number, positions, and genetic effects of QTL could be determined by composite interval
mapping. Furthermore, raw data of different experiments evaluated for resistance to two
other pathogens, Fusarium head blight and Stagnospora glume blotch, were used to re-
veal multiple-disease resistance QTL within Arina/Forno and History/Rubens populations

by the software package PLABMQTL.

Results of inoculated field trials coincided with not inoculated trials showing natural infec-
tion (r=0.84 to 0.99, P <0.01), thus inoculation method was accurate to evaluate STB
severity in the field. Genotypic variation between 24 varieties ranged from 8 % (Solitéar) to
63 % (Rubens) flag leaf area infected. In the analysis of variance, genotypic variance had
highest impact followed by G x E interaction (P < 0.01). Therefore, environmental stability
of varieties should be a major breeding goal. The varieties Solitar, History, and Florett
were most stable, as revealed by a regression approach. In contrast, disease symptoms of

Biscay ranged from 19 to 72% within the three experimental years.

Phenotypic data revealed significant (P < 0.01) genotypic differentiation for STB, HED, and
PLH within all five mapping populations and between the parents. Entry-mean heritabili-
ties (h?) ranged from 0.69 to 0.87 for STB, the only exception was Tuareg/Biscay (h? =
0.38). For HED (h? = 0.78 to 0.93) and PLH (h? = 0.92 to 0.98) heritabilities were high. All
correlations between STB and HED (r=-0.18 to -0.33) as well as between STB and PLH
(r=-0.13 to -0.45) were negative and moderate. The exception was History/Rubens which
is segregating at the Rht-D1 locus showing considerably higher correlation between STB
and PLH (r =-0.55, P < 0.01). The five mapping populations showed a wide and continuous
distribution of mean STB severity averaged across three to six environments in field trials

at adult-plant stage.

In QTL analysis, one to nine, zero to nine, and four to eleven QTL were detected for STB,
HED, and PLH, respectively, across five wheat populations using composite interval map-
ping. One to two major QTL for resistance to STB were detected consistently across envi-

ronments in each population (QStb.Isa_fb-3B, QStb.Isa_fb-6D, QStb.Isa_tb-4B,
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QStb.Isa_tb-6B, QStb.Isa_hr-4D, QStb.Isa_hr-5B.1, QStb.Isa_af-3B, QStb.Isa_bs-7A) ex-
plaining more than 10 % of normalized adjusted phenotypic variance. Altogether, resis-
tance QTL explained 14 to 55 % of adjusted phenotypic variance. Both parents contri-

buted resistant alleles. Major QTL, however, were all from the resistant parent.

QTL meta-analysis revealed each of four loci for multiple-disease resistance located on
chromosomes 3B, 4B, 5B, and 6D in Arina/Forno, and on chromosomes 2B, 4D, 5B, and 7B
in History/Rubens. The most effective meta QTL was on chromosome 4D in Histo-
ry/Rubens closely linked to Rht-D1. The resistance allele from History reduced disease
severity by 9.8 % for STB and 6.3 % for FHB, thus explaining 47 % and 60 % of partial phe-

notypic variance.

In general, European wheat varieties showed a wide range of genotypic variation for STB
resistance useful for breeding. Although the influence of environment and G x E interac-
tion was high, some resistant varieties which were stable across multiple environments
were found (Solitar, History, Florett). Genomic regions associated with STB resistance
were mapped across 13 out of 21 wheat chromosomes. Together with the continuous
distribution of five segregating populations for flag leaf infection, it can be concluded that
the adult-plant resistance to S. tritici was inherited quantitatively depending on several
loci explaining part of phenotypic variance. QTL meta-analysis across three severe patho-
gens, including Fusarium head blight, Stagnospora glume blotch, and STB, within two
populations revealed eight loci for multiple-disease resistance with closely linked markers
applicable in resistance breeding. Combining detected major QTL as well as meta QTL in
present breeding material by applying marker-assisted selection seems a promising ap-
proach to the breeding of varieties with improved resistance to Septoria tritici blotch,

Fusarium head blight, and Stagnospora glume blotch.
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6 ZUSAMMENFASSUNG

Die Septoria-Blattdirre (Septoria tritici blotch, STB) des Weizens wird durch den Erreger
Septoria tritici (teleomorph Mpycosphaerella graminicola) verursacht. Die gefahrliche
Blattkrankheit hat in den Weizenanbaugebieten der gemaRigten Breiten weltweit grole
Bedeutung und fihrt zu Ertragsverlusten zwischen 30 und 40 %. Das Befallsrisiko kann
durch Fruchtfolgegestaltung, Bodenbearbeitung, Fungizidapplikation und den Anbau re-
sistenter Sorten verringert werden. Um Kosten zu reduzieren und das Betriebseinkom-
men zu steigern, sind Landwirte gezwungen, Weizen in engen Fruchtfolgen mit reduzier-
ter Bodenbearbeitung anzubauen. Die als Fungizid weit verbreiteten Strobilurine haben
aufgrund von Mutationen in der sehr anpassungsfahigen Pathogenpopulation von S. tritici
ihre Wirkung verloren. Die Resistenzzlichtung liefert durch die Anwendung der geneti-
schen Kartierung zur Lokalisierung quantitativ vererbter Resistenzloci (sog. QTL) einen

vielversprechenden Ansatz zur Kontrolle der Septoria-Blattdirre bei Weizen.

Im Vordergrund dieser Studie stand die Lokalisation chromosomaler Regionen fiir die
quantitativ vererbte Adultpflanzenresistenz von Weizen gegen STB. AuBerdem wurde die
genetische Diversitdt von 24 europaischen Sorten nach Inokulation mit vier verschiede-
nen S. tritici-lsolaten untersucht. Es wurden Feldversuche in mehreren Umwelten mit ein
bis vier ausgewahlten S. tritici-Isolaten inokuliert, um Isolate und Sorten zu testen und um
Kartierungspopulationen zu phanotypisieren. Diese Isolate wurden so ausgewahlt, dass
sie nur Adultpflanzenresistenz entdecken. Die Ziele waren im Einzelnen (1) den Krank-
heitsbefall bei natirlicher Infektion und nach Inokulation zu vergleichen, (2) die geneti-
sche Variation fur Adultpflanzenresistenz gegen STB in europdischen Sorten zu untersu-
chen, (3) die Genotyp x Umwelt (G x U)-Interaktion zu analysieren, (4) die phdnotypischen
Merkmale STB-Befall, Ahrenschieben (AES) und Wuchshéhe (WUH) von fiinf Kartierungs-
populationen zu erheben und varianzanalytisch auszuwerten, (5) genetische Kopplungs-
karten dieser Populationen mit AFLP, DArT und SSR Markern zu erstellen, (6) Anzahl, Posi-
tion und die genetischen Effekte der QTL fiir die erhobenen Merkmale zu bestimmen und
(7) Genomregionen flir multiple Krankheitsresistenz innerhalb der Kartierungspopulatio-

nen mit Hilfe einer QTL Meta-Analyse zu entdecken.
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In allen Feldversuchen wurde nach der Inokulation der prozentuale Krankheitsbefall mit
STB auf dem Fahnenblatt im Mittel Gber die Parzelle visuell erfasst. 24 Weizensorten, die
sich in der Resistenz gegen STB unterscheiden, wurden (ber drei Jahre in neun Umwelten
angebaut. Funf Kartierungspopulationen, Florett/Biscay, Tuareg/Biscay, History/Rubens,
Arina/Forno und Solitar/Bussard, jeweils Kreuzungen aus einer resistenten und einer an-
falligen Sorte mit PopulationsgréRen zwischen 81 und 316 Genotypen wurden in vier bis
sechs Umwelten phéanotypisiert. Parallel wurden je Population 221 bis 491 polymorphe
Marker den einzelnen Kopplungsgruppen zugeordnet. Die entstandenen genetischen Kar-
ten hatten eine Genomabdeckung von 1.314 bis 3.305 cM. Auf der Grundlage dieser ge-
netischen Karten konnten die Anzahl, die Positionen und die genetischen Effekte der QTL
fur die erhobenen Merkmale bestimmt werden. Hierzu wurde das Verfahren der Inter-
vallkartierung unter Einbeziehung von Kofaktoren verwendet. Dariiber hinaus wurden die
urspriinglichen Daten aus anderen Feldexperimenten zur Untersuchung der Resistenz
gegen zwei weitere bedeutende Krankheitserreger, Ahrenfusarium und Spelzenbriune,
verwendet, um QTL fur multiple Krankheitsresistenz innerhalb der Populationen Ari-

na/Forno und History/Rubens zu entdecken.

Die Ergebnisse der inokulierten Parzellen stimmten gut mit den Boniturwerten in natir-
lich infizierten Parzellen (berein (r = 0,84 bis 0,99, P <0,01). Daraus lasst sich schlieRen,
dass die eingesetzte Inokulationsmethodik geeignet war, um den Befall mit STB im Feld
auch unter ungiinstigen Bedingungen zu gewadhrleisten und eine dhnliche Differenzierung
der Weizensorten wie in der Praxis zu ermdglichen. Zwischen den 24 Weizensorten vari-
ierte die infizierte Fahnenblattflaiche von 8 % (Solitédr) bis 63 % (Rubens) im Mittel Uber
neun Umwelten. Die Varianzanalyse ergab einen hoch signifikanten (P < 0,01) Effekt des
Genotyps und der G x U-Interaktion. Aus diesem Grund ist die Umweltstabilitat der Sorten
ein wichtiges Zuchtziel. In einem Regressionsansatz zeigten die Sorten Solitar, History und
Florett die hochste Umweltstabilitdt. Im Gegensatz dazu schwankte der Befall der Sorte

Biscay zwischen 19 und 72 % innerhalb der Umwelten iber drei Versuchsjahre.

Die varianzanalytische Auswertung der phanotypischen Daten ergab sowohl innerhalb der
finf Kartierungspopulationen als auch zwischen deren Eltern eine hoch signifikante

(P <0,01) genotypische Differenzierung fiir alle drei Merkmale STB, AES und WUH. Die
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Heritabiltat (h?) fur STB lag zwischen 0,69 und 0,87, auBer bei Tuareg/Biscay (h? = 0,38).
Die Heritabilitaten fur AES (h? = 0,78 bis 0,93) und WUH (h? = 0,92 bis 0,98) waren in allen
Populationen sehr hoch. Die Korrelationen zwischen STB und AES (r =-0,18 bis -0,33) als
auch zwischen STB und WUH (r =-0,13 bis -0,45) waren negativ und signifikant (P < 0,01),
aber von geringer Bedeutung. Die einzige Ausnahme war die Population History/Rubens,
die am fiir die Wuchshohe relevanten Rht-D1-Locus aufspaltet und deshalb eine deutlich
hohere signifikant negative Korrelation zwischen STB und WUH aufwies (r=-0,55,
P <0,01). Alle funf Kartierungspopulationen zeigten im Adultpflanzenstadium eine breite
und kontinuierliche Haufigkeitsverteilung der Befallsmittelwerte aus Feldversuchen in

drei bis sechs Umwelten.

In der QTL-Analyse wurden in den fiinf Weizenpopulationen fir die drei Merkmale STB,
AES und WUH ein bis neun, null bis neun und vier bis elf QTL detektiert. Fir die Resistenz
gegen STB wurden in jeder Population ein bis zwei Major-QTL kartiert (QStb.Isa_fb-3B,
QStb.Isa_fb-6D, QStb.Isa_tb-4B, QStb.Isa_tb-6B, QStb.Isa_hr-4D, QStb.Isa_hr-5B.1,
QStb.Isa_af-3B, QStb.Isa_bs-7A), die jeweils mehr als 10 % der normalisierten adjustierten
phanotypischen Varianz erklarten. Insgesamt erklarten alle 26 gefundenen Resistenz QTL
zusammen 14 bis 55 % der adjustierten phanotypischen Varianz in den flinf Populationen.
Resistenzallele stammten vom resistenten aber auch vom anfilligen Elter, wahrend sie

bei den gefundenen Major-QTL alle vom resistenten Elter kamen.

Die abschlieRende Meta-Analyse entdeckte acht Loci fiir multiple Krankheitsresistenz, vier
in Arina/Forno auf den Chromosomen 3B, 4B, 5B und 6D, sowie vier in History/Rubens auf
den Chromosomen 2B, 4D, 5B und 7B. Den mit Abstand groRten Effekt zeigte der Meta-
QTL auf Chromosom 4D in History/Rubens, der eng gekoppelt ist mit Rht-D1. Die Resis-
tenz von History reduziert sowohl den Fahnenblattbefall mit STB um 9,8 % als auch den
Ahrenbefall mit Fusarium um 6,3 % und erklart damit jeweils 47 % bzw. 60 % der partiel-

len phanotypischen Varianz.

Die Studie hat gezeigt, dass in europdischen Weizensorten eine fir die Ziichtung nutzba-
re, breite genetische Variation fir die Resistenz gegen STB vorhanden ist. Obwohl der

Einfluss der Umwelt als auch die G x U-Interaktion bedeutend waren, wurden einige resis-
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tente Sorten mit hoher Umweltstabilitat gefunden (Solitar, History, Florett). Auf 13 von 21
Chromosomen des Weizens wurden QTL fiir die Resistenz gegen STB kartiert. Die kontinu-
ierliche Haufigkeitsverteilung des Fahnenblattbefalls in allen finf segregierenden Popula-
tionen zusammen mit der groBen Anzahl von 26 gefundenen QTL ldsst darauf schlief3en,
dass die Adultpflanzenresistenz gegen S. tritici quantitativ vererbt wird. Die hier vorge-
stellte QTL-Meta-Analyse innerhalb zweier Kartierungspopulationen tber die drei bedeu-
tenden Pathogene Ahrenfusarium, Spelzenbridune und STB konnte acht Loci mit eng ge-
koppelten Markern fiir multiple Krankheitsresistenz detektieren. Ein vielversprechender
Ansatz in der Resistenzzlichtung ist die Anwendung der markergestitzen Selektion. Da-
durch ist es moglich sowohl die gefundenen Major-QTL als auch die Meta-QTL im Zucht-
material zu kombinieren und somit neue Sorten mit verbesserter Resistenz gegeniiber

Septoria-Blattdiirre, Ahrenfusarium und Spelzenbriune zu ziichten.
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Supplement

8 SUPPLEMENT

S 1: Test of wheat varieties in seedling test with set of international isolates for resistance
to Septoria tritici blotch (% leaf necrosis); Isolates used in field trials are highlighted

) )

Septoria triticiisolates ! Varieties in seedling test 2

> = = z g =
Designation Origin e 8 a o g g 5 2 3‘_—3 % Mean
I & &2 & & £ 3 & 8§ @
BAZ 6/1/04  Germany 90 100 80 70 100 100 100 100 95 58 89
BAZ 8/8/04  Germany 100 90 100 85 100 95 55 100 90 85 90
IPO 323 Netherlands 8 80 100 3 33 80 0 0 3 0 31
IPO 2166 Iran 35 100 100 3 100 75 50 100 75 50 69
IPO 86013 Turkey 50 83 90 70 70 68 60 100 95 63 75
IPO 88004 Ethopia 10 100 85 3 100 88 85 100 100 3 67
IPO 90006 Mexiko 15 55 85 70 100 65 53 80 50 45 62
IPO 90015 Peru 80 48 100 75 100 100 90 100 60 95 85
IPO 92034 Algeria 100 100 100 95 100 100 90 100 85 88 96
IPO 94218 Canada 8 100 100 95 100 90 100 100 85 40 82
IPO 95054 Algeria 58 80 100 23 100 75 75 100 100 100 81
IPO 98022 France 85 100 100 85 50 100 93 100 93 &0 89
IPO 98033 France 75 100 100 75 100 100 85 100 100 75 91
IPO 98042 France 75 80 95 63 95 85 95 95 90 73 85
IPO 98050 France 45 100 100 85 95 100 30 100 60 100 82
IPO 98051 France 70 90 100 30 100 100 100 80 100 70 84
IPO 99018 France 78 100 100 90 8 95 95 100 80 85 91
IPO 99031 France 88 100 100 90 100 100 100 100 100 75 95
Mean 50 89 9% 62 90 90 75 92 81 66 80

Y BAZ 6/1/04 and BAZ 8/8/04 were also used in field trials and were provided by Julius-Kiihn-Institut, Germany;
IPO isolates were provided by G. J. Kema, the Netherlands

2 Seedling test by G. J. Kema, Wageningen, the Netherlands; % leaf necrosis on the primary seedling leaves (21 dpi)
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S 2: Localisation and effect of QTL with LOD > 3.0 for plant height (cm) in five wheat popu-
lations (means across environments); major QTL explaining > 10 % of phenotypic variance
are highlighted

No. Chrom. Donorof Pos. Flanking marker * d? a? Effect ¥ nR%y ®QTLxE®
shortening (cM) left right (cM)  (cM) (cm) (%)
Florett/Biscay (N = 301)
1 2B Florett 4 XP2553-222  Xwmc0344 4 0- 15 -1.0 39 *
2 3B Biscay 44 XP2553-237 Xstb10 6 33- 55 -1.4 5.3 **
3 5A Florett 40 XwPt-3924 XP1949-263 1 28- 41 -1.6 9.1
4 5B Florett 36 XP1856-231 Xbarc0059 3 28- 44 -1.5 6.9

Total R?%; (%) 253

Tuareg/Biscay (N = 263)

1 1D Tuareg 8  XwPt-7946  XwPt-9664 0 0- 20 -0.6 2.8 *
2 2B Tuareg 104  XP1952-142 XwPt-4917 2 97- 110 -1.0 6.3
3 2D Biscay 4  Xwmc0112 XP1761-389 0 1- 7 -1.6 13.2
4 3A Biscay 6  XP2553-147 XwPt-7890 0 0- 25 -0.8 38
5 3A Biscay 74  Xbarc0045  Xwmc0264 1 73- 75 -2.8 25.2
6 3B Tuareg 76  XP1952-152 XwPt-6187 5 64- 88 -1.3 8.0
7 5A Tuareg 0 Xwmc0096  XwPt-3620 0 0- 1 -1.0 6.5
8 6A Biscay 86  Xgwm0570 Xwmc0201 1 77- 87 -0.7 3.6

Total Rzadj (%) 69.5

History/Rubens (N = 94)

1 28 "7 History 160 XwPt-7859 XwPt-2397 2 149- 162 -3.3 9.7
2 4D Rubens 4  Rht-D1 Xbarc0105 0 1- 7 -8.6 299 **
3 5A ™ History 10 Xgwm0617  XwPt-4419 0 6- 14 -3.6 12.0 **
4 6A ™  Rubens 66  Xgwm0082a Xgwm0082b 0 61- 71  -2.6 7.1
5 7A ™ Rubens 60 Xgwm0276a Xgwm0276b 0 55- 65 -3.0 9.6

Total R?y; (%) 68.4

Arina/Forno (N = 200)

1 1A Forno 62  Xcfd0058 XgwmO0357 0 52- 72 -1.5 39
2 1B Arina 48  Xpsr0642 XOA093 0 43- 53 -2.1 6.6
3 1D Arina 64 Xgdm0019  Xcfd0019 0 56- 72 -1.6 4.7 **
4 2A Forno 192  Xgwm0526  Xcfa2086 1 189- 195 -2.5 8.5 **
5 2B Arina 172 Xgwm0526  Xpsr0644 3 169- 175 -1.9 39 *
6 4A Arina 102 Xpsr0618 Xpsr0160 0 89- 105 -1.2 2.6 **
7 4B Arina 30 Xgwm0006 Xgwm0538 0 23- 37 -1.5 4.1
8 5A Forno 72 Xglk0317 Xpsr0386 0 69- 75 -3.5 14.4 **
9 5B Arina 72 Xpsr0120 Xcfd0007 0 65- 72 -1.5 3.8
10 6A ™  Arina 134  XOA097 Xnils05 0 118- 150 -1.5 3.6
11 6D Forno 120  Xcfd0019 Xbarc0273 0 113- 120 -1.5 38

Total R?; (%) 60.0
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S 2: Continued
No. Chrom. Donor of Pos. Flanking marker * d? a?  Effect ¥ nR%L; > QTLXE®
shortening (cM) left right (cM)  (cM) (cm) (%)
Bussard/Solitér (N = 81)
1 3A"™ Bussard 24 XwPt-1688.1 Xwmc0532 3 17- 31 -25 8.4
Total R%,g; (%) 8.4

2 0w oN R

w

*
*

*

S3:

Closest marker in bold

Distance in cM to the next flanking marker

95 % confidence interval after Davarsi and Soller (1997)

Estimated additive effects in final simultaneous fit of the QTLallele in the series of field trials; numbers reflect reduced height
Normalized partial phenotypic variance explained by detected QTL

QTL-by-environment interaction tested for significance (sequentially rejective Bonferroni F-test)

LOD > 3.0 but not significant (ns) according to critical LOD score after 1,000 permutations (a=10 %)

F-Testsignificantat P <0.01

F-Test significantat P <0.05

Localisation and effect of QTL with LOD > 3.0 for heading date (days in year) in five

wheat populations (means across environments); major QTL explaining = 10 % of pheno-
typic variance are highlighted

No.

Chrom. Donor of Pos. Flanking marker ¥ d? a? Effect ¥ nR%g 5 QTLx E®

prematurity (cM) left right (cM) (M) (days) (%)
Florett/Biscay (N = 301)

1D Florett 12 XP1761-205 XP1952-198 12 7- 17 -0.5 5.2

1D ™7 Florett 110  Xcfd0072 Xgwm0458 1 93- 111 -0.3 2.3

2A Biscay 20 Xcfd0036 Xwmc0177 2 6- 34 -0.3 3.4

2B Florett 18 XwPt-1140 XwPt-3132 1 10- 26 -0.4 46 **

2D Florett 42 XP1761-393 Xwmc0503 1 38- 46 -0.6 9.9

3B Florett 40 XP2553-237 Xstb10 2 26- 54 -0.3 3.8

4A Biscay 36 XP1354-235 XP1954-118 2 18- 38 -0.3 2.9

5A ™ Biscay 34 Xwmc0096 XwPt-3924 0 21- 41 -0.2 2.3

5D Florett 50 Xcfd0008 XwPt-2256 0 39- 60 -0.3 4.5

O 00 N O U1 b W N B

Total R%4; (%) 38.8

Tuareg/Biscay (N = 263)

o U b W N

1B Tuareg 4 XwPt-7160  XP1753-152 3 0- 15 -0.4 49 *
2D Tuareg 30 Xcfd0043 XwPt-0330 0 23- 37 -0.5 6.4 **
3A Tuareg 86  Xbarc0045 Xwmc0264 1 83- 89 -0.7 14.0 **
4A Biscay 50 XwPt-5172 Xwmc0262 1 44- 51 -0.5 8.3 **
4D ™ Biscay 4 Xgwm0129 XP2255-265 1 0- 14 -0.3 4.0

7D Tuareg 50 Xbarc0184  XwPt-1269 0 45- 52 -0.4 6.3 **

Total R?4; (%) 43.8

History/Rubens (N = 94)

1

2
3
4
5

1B ™ Rubens 190 XP6451-190 Xgwm0140 1 173- 192 -0.6 7.5
2B ™ Rubens 60 Xgwm0257 XP7753-186 O 54- 66 -0.8 141 **
5A ™ Rubens 6 XP7661-461 Xgwm0617 3 0- 13 -0.9 13.3 **
7B ™ History 106 P7056-167 P7455-119 2 100- 112 -0.5 5.0
7D ™ Rubens 10 XwPt-1859 Xbarc0111 0 2- 18 -0.7 10.1

Total R%,q; (%) 50.0
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Supplement

No. Chrom. Donor of Pos. Flanking marker ¥ d? a? Effect ¥ nR%y *'QTLxE®
prematurity (cM) left right (cMm) (cM) (days) (%)
Arina/Forno (N = 200)
1 6D ™ Forno 116 Xpsr0915 Xcfd0019 0 104- 120 -04 6.5
2 7B Forno 58 Xgwm0133  Xpsr0955 0 54- 62 -0.6 10.0 **
Total R%,q; (%) 16.5

Bussard/Solitar (N = 81)
No QTL and no QTL effects found

) Closest marker in bold

2) Distance in cM to the next flanking marker

3) 95 % confidence interval after Davarsi and Soller (1997)

4) Estimated additive effects in final simultaneous fit of the QTLallele in the series of field trials; numbers reflect earlier heading

%) Normalized partial phenotypic variance explained by detected QTL

6) QTL-by-environment interaction tested for significance (sequentially rejective Bonferroni F-test)

7) LOD > 3.0 but not significant (ns) according to critical LOD score after 1,000 permutations (a =10 %)

** F-TestsignificantatP <0.01
* F-Testsignificantat P <0.05

S 4: Additive effects of resistance alleles illustrating QTL-by-environment interaction for
Septoria tritici blotch (% flag leaf area infected) in the populations Tuareg/Biscay, Histo-
ry/Rubens, Arina/Forno, and Bussard/Solitar; major QTL explaining > 10 % of phenotypic

variance are highlighted

QTL designation Donor of

Additive effect of resistance allele (%) 1)

resistance 2008 2009 Series
FRE HOH oLl WOH FRE HOH oLl

Tuareg/Biscay (N = 263)
QStb.Isa_tb-1A Biscay -0.6 - -36 -03 -1.4 - - -1.5
QStb.Isa_tb-4A Tuareg -1.6 - -4.5 -1.3 -1.4 - - -2.2
QStb.Isa_tb-4B  Tuareg -3.5 - -115 -11 -2.1 - - -4.0
QStb.Isa_tb-4D  Tuareg 2.1 - 25 -14 -1.7 - - -1.9
QStb.Isa_tb-6B  Tuareg -1.1 - 64 -11 -4.5 - - -3.3
QStb.Isa_tb-7B Tuareg -0.7 - 77 -09 -1.1 - - -2.6
Total R%,y; (%) ¥ 12.5 421 34 22.4 51.3

History/Rubens (N = 94)
QStb.Isa_hr-4D History -3.6 -16.8 -114 - -5.5 -8.8 -14.7 -10.2
QStb.Isa_hr-5B.1 History -5.8 -46 -7.7 - -27 -65 -6.5 -5.6
QStb.Isa_hr-5B.2 History -2.6 -6.1 -9.0 - -0.5 -7.9 -6.9 -5.5
QStb.Isa_hr-6B History -2.1 -3.5 -6.2 - -2.1 -6.3 -7.8 -4.7
QStb.Isa_hr-7B History -19 -54 -6.7 - -15 -41 -56 -4.2
Total R%; (%) 7.2 479 365 87 446 493 54.8
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S 4: Continued

QTL designation Donor of Additive effect of resistance allele (%) 1

resistance 2008 2009 Series
FRE HOH OLl WOH FRE HOH OLI

Arina/Forno (N = 200)

QStb.Isa_af-2B Forno - - - - -14 -49 -6.5 -4.3
QStb.Isa_af-3B  Arina - - - - -19 -6.2 -8.8 -5.6
QStb.Isa_af-5B  Arina - - - - -39 -19 -4.7 -3.5
QStb.Isa_af-6D  Arina - - - - -23 -59 53 -4.5
QStb.Isa_af-7B Forno - - - - -0.1 -53 -43 -3.1

Total R?; (%) 6.7 321 30.2 33.2

Bussard/Solitar (N = 81)
QStb.Isa_bs-7A  Solitar - - - - -51 -5.4 -6.0 -5.5

Total RZ,q; (%) 68 89 7.8 14.1

1) Estimated additive effects (less % flag leaf infection) in final simultaneous fit of the resistance allele at the
locations Freising (FRE), Hohenheim (HOH), Oberer Lindenhof (OLI), Wohlde (WOH), across two
years (2008, 2009) and in the series

2) Adjusted phenotypic variance explained by detected QTLin final simultanous fit in each environment

and in theseries

S 5: Genetic maps with chromosomal locations of QTL for resistance to Septoria tritici
blotch (STB), Stagnospora glume blotch (SGB), and Fusarium head blight (FHB) as well as
QTL for plant height (PLH), heading date (HED), and meta QTL (MQTL) for multiple-disease
resistance in winter wheat populations Florett/Biscay, Tuareg/Biscay, History/Rubens,
Arina/Forno, and Bussard/Solitar. Additionally, genetic map of Cranbrook/Halbred is pre-
sented as reference map (Akbari et al. 2006). Mapped markers are indicated on the right
of each chromosome and their corresponding cumulative genetic distances (cM) are indi-
cated as ruler at the left page margin. Common marker names across mapping popula-
tions within chromosomes are highlighted with the same color. Detected QTL in our study
are designated with corresponding trait abbreviation left of chromosomes. Line lengths
for QTL and length of hatched bars for MQTL represent 95 % confidence intervals and
support intervals, respectively. Shorter lines and bars indicate more precise QTL and
MQTL locations, respectively
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