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Chapter 1

General Introduction

Cultivated wheat is represented by two speciegadrwheat Triticum
aestivum L; 2n= 6x = 42; AABBDD) and durum whealr{ticum turgidumL., 2n=
4x= 28; AABB), and is globally the most importardotl and feed commodity,
ranking fourth among the 20 most important agrigalt crops, with an annual
production of over 600 million tons (MT) (FAO 201(&ag.1). Together, the cereals
maize, rice and wheat contribute directly 47% amdirectly - by including animal
feed - 50%, to the global human consumption (Tweeted Thompson 2009). The
global average contribution of wheat to the humaietady energy (2794
kcal/capita/day) is estimated at 19% (529 kcaltedgay), although this varies over
regions with the diversity in nutrition habits (FAXD10b). The nutritional importance
of wheat is increasing in Central-West Asia (35%4dietary energy per capita) as
well as North Africa and Europe (24%) (Fig. 2). Tihereased demand for wheat in
Asia and Africa is due to the strong economic gtogihice the late 1990s as well as
to the international attention for biofuel crops.dddition, limited investigations in
infrastructure and technology (particularly irriget) put more pressure on available
land and water, which are two main production fexctor agricultural staple crops
(Rosegrant 2008). Consequently, the price of whemeased between 2005 to 2007
by 70%, subsequently decreased in November 20Q8skaurrently still above the
2005 level (lvanic and Martin 2008).

Since 1961, wheat production increased globallyhwaitmost 300% beyond
600 MT in 2008 on a virtually stable cultivationearof 200 million ha., hence the
progress was largely achieved by increased aveyadgs rather than expansion of
arable land (FAO 2010c). The global average whiedd yncreased from one to three
tons per ha., with a parallel expansion of consionptfrom 400 to 530
kcal/capita/day during the last four decades (B)gdue to human population growth
that doubled since 1961 and is projected to ttipleine billion people in 2050 (FAO,
2010e). However, the annual growth rate of globbheat production is below one
percent, which eventually cannot meet the globaketaequirements during the four
decades ahead (Fischer et al. 2009; Fischer anct&tten 2010). Hence, in order to
maintain the current global food security, the ager yield of all major cereals

(wheat, rice and maize) should be higher than foures per ha. in 2050 (Gilland
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Figure 1. Global production of leading agricultui@d and feed crops in 2010 (FAO
2010a).
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Figure 2. The contribution of wheat to regional fmdaily dietary demands (FAO
2010b).
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Figure 3. Temporal trend of the harvested whead,aseerall production, yield per
hectare and its contribution to global food demairdsO 2010b and FAO 2010c).
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2006). Nevertheless, hunger is presently still gomehallenge and FAO estimates
that more than 800 million people suffer from maitition all over the world (Fig. 4),
which is due to variable production potentials, pdstribution and varying dietary
energy demands. Therefore, the gap between farnyezld and attainable yield
should be urgently bridged to increase global fpodduction. The generation of
cultivars with enhanced resistance to biotic andtabstress along with optimized
management practices is currently considered tthédest strategy to achieve this
goal (Fischer and Edmeades 2010).

Septoria tritici blotch (STB) is one of the mossttactive wheat diseases and
was first described in Europe by Desmazieres (1&42) later by Sprague (1938).
The causal agent is the ascomyddigcosphaerella graminicol@Fuckel) J. Schrot,
which was observed since 1894, but the connecetwden this fungus and STB was
only discovered almost 80 years later by Sandensddew Zealand (1972, 1976).
The importance of STB increasingly surfaced simeedarly 1970s, possibly due to a
combination of improved genetic control of wheastsuand the promotion of
conservation tillage that supports the over summgeof many pathogens, including
M. graminicola(Forrer and Zadoks 1983; Mergoum et al. 2007; SaadiWilcoxson
1974; Shipton et al. 1971). Moreover, industriaivaites and global climate change
also influenced the incidence d#l. graminicola and Stagonospora nodorum
(Bearchell et al. 2005; Shaw et al. 2008). Curfergcasts project a geographically
variable but steady importance of STB (Roos e2@L0).

M. graminicolahas an asexual (Quaedvlieg et al. 2011) as wellssxual life
cycle that is driven by its heterothallic bipolaiatimg system resulting in splash-
dispersed pycnidiospores and airborne ascospospectvely (Fig. 5). Ascospores
are an important source of primary inoculum thatrekased from wheat debris,
whereas disease progress during the growing seadargely driven by the splash-
borne pycnidiospores, although ascospores can fioeetb year round (Eyal 1987;
Eyal 1999; Hunter et al. 1999; Kema et al. 1996l;Dignald and Linde 2002;
Ponamorenko et al., 2011; Shaw and Royle 1989; hah 2007 ).

Temperature and relative humidity (RH %) have ltiegn considered as the
two most critical success factors féf. graminicola establishment. A range of
temperatures (12-35C) was tested and %2 was determined as the optimal
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temperature for disease development. During incoibat leaf wetness period of at
least 48 hours post inoculation is required forgteation and the initialization of
colonization (Chungu et al. 2001; Eyal 1987; Hesd &haner 1987; Holmes and
Colhoun 1974; Kema et al. 1996a; Magboul et al. 219%/eber 1922). After
incubation, the relative humidity should b85% for optimal disease development. In
the field, pycnidia exude cyrrhi containing the icha at a range of different relative
humidities, but it is maximized at 100 % and redliog 50% at 98% (Gough and Lee
1985; Pachinburavan 1981). Daamen and Stol (198)ridbed a positive correlation
between post-harvest (August) sunshine hours argl iBdidence in the next year.
Shaw et al. (2008) considered that this relatignsimight be due to reduced
reproduction of saprotrophic organisms that leanese nutrition in the wheat straw
for M. graminicolapseudothecia development. Currently, greenhougergments as
well as host-pathogen relationships of related wipaghogens increasingly indicate
that light is a crucial environmental factor fosease development (Carretero et al.
2010; Friesen et al. 2007; Kema et al. 1996¢; Magand Ciuffetti 2005).

Entry of ascospores . i i : -
into the leaves Primary infection: Lesions on wheat develop pycnidia

via stomata y ‘\‘ /—\

Secondary spread of pycnidiospores
up plants by contact and
rain dispersal

Primary infection
of plants is by

airborne
ascospores.
Pycnidium lf,
B

~

Pseudothecium

Pseudothecia and
pycnidia develop within lesions

I.‘
\/Pathogen overwinters as mycelium,

pycnidia and pseudothecia on crop
debris, autumn sown crops and volunteer
hosts.

Figure 5. The life cycle oMycosphaerella graminicolan wheat (Ponomarenko et
al., 2011).
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Suboptimal field conditions do significantly probpthe latency period d¥l.
graminicolaand hence delay the appearance of disease symptomsarely reduce
the damage on susceptible cultivars (Henze et0fl7;2Lovell et al. 2004; Shaw and
Royle 1993; Viljanen-Rollinson et al. 2005). Thegaesnvironment classification of
the International Maize and Wheat Improvement Qe(@MMYT) (Braun et al.
1996) has identified STB as a main breeding tamgett least one third of the total
spring wheat growing area of developing countriesCentral and Western Asia,
North Africa and Latin America (Braun et al. 199Buveiller et al. 2007). The
incidence of STB on winter wheat is particularlgthiin moderately to severely cold
climates with high rainfall at higher altitudesasll as in Europe, Russia, Australia
and New Zealand (Braun et al. 1996; Byerlee and aMb993; Heisey et al. 2002;
Lantican et al. 2005; Abramova et al. 2008; Daarard Stol 1992; Eriksen and
Munk 2003; Halama 1996; Murray et al. 1990; Paskir2005; Polley and Thomas
1991; Royle et al. 1986; Sanderson 1972, 1976; i8dbn et al. 2001; Scott et al.
1988; Shipton et al. 1971).

As mentioned above, both spring and winter culsvauffer variable yield
losses depending on seasonal and regional conslitmritivar susceptibility, crop
history and management (Hardwick et al. 2001; Murea al. 1990). Linear and
exponential regression analysis models showedyiblt loss was highly correlated
with the STB percentage on the first and seconidgars at GS 75 in winter wheat
(King et al. 1983b). The combined yield penaltyMbf graminicolaandS. nodorum
was reported to be 35% per year (Jenkins and Mat§&0). Comparative fungicide
experiments under field conditions showed that $laBiage alone ranged from 8-18
% in spring wheat and from 10-25 % in winter whaatl can easily increase to 50%
during epidemics (Forrer and Zadoks 1983; Kingletl@83a). Total yield losses in
England and Wales were estimated at 329 Mt/yeangur985-1989 wortk»40 M€
per year (Cook et al. 1991). This was confirmediierentire UK in 1998, a year with
a unique and dramatic disease incidence primaué/td STB (Hardwick et al. 2001).
Until now disease management has strongly focusedcteemical control, but
presently host resistance is also considered aatmantrol strategy to minimize STB
yield penalties (Loughman and Thomas 1992).

Fungicides have been used for over 200 years tiegiremall grain cereals,
but the demand has significantly increased sineeSbcond World War, due to a
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greater variety of crops and fungicide availabi{Brent and Hollomon 1995; Morton
and Staub 2008). The contemporary annual fungitcitie values over six billion €
with a market share of 36% for Europe (Knight amaliér 2009). Initially, the largest
market share was on horticultural and vegetablps;rbut this changed to barley and
later wheat since the 1960s (Russell 2005). Thdy eapper and sulfur-based
fungicide formulations had controlled plant disedsem the 1940s to the 1980s.
These were replaced by sterol demethylation-inhipi{DMIs) fungicides until the
early 1990s (Brent and Hollomon 1995; Fraaije e2803). STB and glume blotch
control commenced in 1964 in Western Europe. Owae,t STB increased in
importance and is currently the main target ofageochemical and breeding industry
(Daamen and Stol 1992; Goodwin et al., 2011; Mc2du2006; Russell 2005). In
1997 Quinine Outside Inhibitors (Qol) were introdd@and largely replaced DMIs for
STB management. However, contrary to the expedstioesistance rapidly
developed and disseminated over Europe (Fraaipd.2003; Heaney et al. 2000;
Torriani et al. 2009; Ware et al., unpublished).efdfiore, STB management is
currently virtually entirely azole based (imidazolend triazoles; DMIs), with
imminent risks on resistance development and caresdty reduced efficacy of STB
control (Cools and Fraaije 2008; Gisi et al. 200Btegrated pest management
programs enabled the development of decision stpgygstems that optimized
fungicide applications, thus responding to incregseconomic and environmental
demands (Bahat et al. 1980; Burke and Dunne 20@&I€y et al. 1997; Paveley et
al. 2001; te Beest et al. 2009; Wik and Rosenq@10). Currently, national
pesticide reduction programs and European legisiaturther delimit fungicide
applications (Epstein and Bassein 2003; FreierBolkkr 2009; Gullino and Kuijpers
1994; Ragsdale and Sisler 1994; Sande et al. 20103. contributed to priority
setting for the cereal market with increasing emspghaon the identification and
deployment of host resistance to control STB (Angusl. 2010; Jorgensen et al.
2008; Verreet et al. 2000).

The first genetic study of resistance to STB in athevas published by
Narvaez and Caldwell (Narvaez and Caldwell 195dpsgquently, resistance genes
Stb1-Stb4vere identified and later mapped (Rillo and Calliii866; Somasco et al.
1996; Wilson 1979, 1985; Adhikari et al. 2004a; Aini et al. 2004b; Adhikari et al.
2004c). Arraiano et al. (2001) characteriZath5in a synthetic hexaploid line that
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provided broad resistance to at leastM.2graminicolaisolates. The discovery of the
mating system iM. graminicola(Kema et al. 1996b; Waalwijk et al. 2002) resulted
in the formal genetic proof of an operational gémregene interaction in the wheat

M. graminicola pathosystem. This further enabled the identifozatof a range of
additionalStbgenes, includingtb6(Brading et al. 2002) that is predominant among
European wheat cultivars (Arraiano and Brown, 20@ihce 2003 nine additional
resistance genesStpb7-Stblp have been characterized and mapped in spring and

winter wheat cultivars (Table 1).

Resistance gen®tbloriginates from the winter wheat cv. Bulgaria 8&las
the first resistance gene that was commerciallyayepl in cvs. Oasis and Sullivan,
providing long- lasting resistance to STB in thedMest of the United States
(Goodwin 2007; Patterson et al. 1975; Pattersoml.etl979). The Brazilian cv.
Veranopolis that carrieStb2was released in 1950 and was deployed as a ptogeni
of other wheat cultivars such as cvs. Cotipora,daagermelha, Nova Prata and
Vacaria (Kohli and Skovmand 1997; Mcintosh R.A. 19Brestes and Hendrix 1975;
Wilson 1979). The breeding line Israel 493 carB&s3Wilson 1979), but there is no
official report on its commercial deployment (Adaiket al. 2004a; Goodwin 2007).
Stb4originates from cv. Tadinia, which is a derivativea cross between the Dutch
cv. Tadorna and Inia 66 and was introduced as ammmal cultivar in 1985 in
California with adequate resistance to STB thaethslmost 15 years (Jackson et al.
2000; Somasco et al. 19963tb5 was described in the Chinese Spring/Synthetic
hexaploid substitution line of chromosome 7D thiaspnted resistance to 12 of the
13 testedM. graminicolaisolates (Arraiano et al. 2001), providing a riekly broad
resistance that is however, not yet commerciallpliad. Stb6 was described in the
cvs. Shafir and Flame and was later identified rargge of cultivars suggesting that it
is among the most widespre&tb genes in contemporary wheat breeding programs
(Arraiano and Brown 2006; Brown et al. 2001; Clartret al. 2005b; Kema et al.
2000; Kema and van Silthout 1997). Another pred@mnirgene iStb7that was first
identified in the Uruguayan line ST6 that was seelédrom cv. Estanzuela Federal
(McCartney et al. 2003), which is derived from thiess EHRO/CNT8 (GRIPIGtb7
is also reported in cvs. KK4500 and TE9111 (Chartea al. 2005a; Chartrain et al.
2005c). The International Triticeae Mapping Initrat(ITMI) population is developed
from a cross between cv. Opata85 and the synthetiaploid derived line W7984,
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which carriesStb8(Adhikari et al. 2003; Roder et al. 1998). HenceZ984 has been
deployed in the development of marker assisteattete(MAS) programs (Francki et
al. 2009; Song et al. 2005; Varshney et al. 2000 thus far not in commercial wheat
breeding for resistance to STBtb9was discovered in the French winter wheat cv.
Courtot as well as the British spring wheat cv. i€ofChartrain et al. 2009). The
breeding line Kavkaz-K4500 L.6.A.4 (KK4500) was dped at CIMMYT and was
derived from winter wheat cvs. Kavkaz and Frontdra originate from Russia and
Brazil, respectively (Eyal 1999). It is an impoitamternational source of resistance to
STB and genetic analysis indicated that it cari$tbg Stb7 Stbl0 and Stbl2
(Chartrain et al. 2005a), suggesting that generpigliag is an effective strategy for
STB resistance breeding. Brown et al. (2001) stud®TB resistance in the
Portuguese line TE9111 and concluded that it carasistance gen&bl11 Stb7and
Stb6(Chartrain et al. 2005cktb13andStbl4are described in cv. Salamouni (USDA-
Annual wheat newsletter volume 53) aBtb15was reported in the Swiss cv. Arina
and could also be present in the British cv. Ribgkrdaiano et al. 2007).

Unfortunately, the efficacy of the above mentiorteith genes (Table 1) is
generally narrow (This thesis, Chapter two). Coragaio the number of resistance
genes that has been identified to yellow rust (8f rust (96), stem rust (64),
hessian fly(33) and powdery mildew (104) (Komugdl2) this is a very limited
arsenal for ongoing breeding programs. It is tleeeprudent to explore more wheat
germplasm in order to identify new genes for resise to STB and to provide
breeders with up to date tools for the incorporatad these genes in commercial

breeding programs.

Scope of the thesis

The aim of the research presented in this thesis tea identify and
characterize new genes for resistance to STB aiteiify linked molecular markers

that will facilitate the introgression of the assdedStbgenes.

In Chapter 2 the genetic diversity iltMycosphaerella graminicolasolates
from a wide and diverse origin is described basegloenotyping assays as well as
SSR genotyping. Screening of these isolates on de wange of wheat cultivars

10
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Table 1. Genes for resistance to septoria tritmidh (St of wheat that have been reported in winter amohgpvheat cultivars along

with their chromosomal positions and associatecemgar markers.

Chromosomal
Stbgenes Cultivars source position Closest(Flanking) marker Reference
Stb1 Bulgarai 88 5BL Xgwm335 (Adhikari et al. 2004d)
Sth2 Veranopolié 3Bs Xgwm389 (Adhikari et al. 2004c)
Stb3 Israel 493 7As Not published yet (Goodwin 2007)
Stb4 Tadinid 7Ds Xgwmlll (Adhikari et al. 2004b)
Stb5 Cs Synthetic 6X (70) 7Ds Xgwmd44 (Arraiano et al. 2001)
Stb6 Shafir 3As Xgwm369 (Brading et al. 2002)
Stb7 Estanzuela Federal 4AL Xwmc313; Xwmc219 (McCartney et al. 2003)
Stb8 W7984 7BL Xgwm146; Xgwm577 (Adhikari et al. 2003)
Stb9 Courtot 2B XksuF1; Xfbb226 (Chartrain et al. 2009)
Stb10 KK450072 1D Xgwm603; Xgwm458 (Chartrain et al. 2005a)
Stb1l TE9111? 1Bs Xbarc008 (Chartrain et al. 2005c)
Stb12 KK45007 4AL Xwmc313; Xwmc219 (Chartrain et al. 2005a)
Stb13 Salamouni 7BL Xwmc396 USDA-Annual wheat newsletter volume 53
Stb14 Salamouni 3Bs Xwmc500 USDA-Annual wheat newsletter volume 53
Stb15 Arina® 6As Xpsro04 (Arraiano et al. 2007)

These lines also carStbh6

*These lines also carStb6andStb7

11
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enabled the identification of specifid. graminicolaisolates that are particularly
useful in preliminaryStb gene postulations in breeders’ germplasm, bothhe
seedling as well as adult plant stage. These amlgtso showed that many of the
describedStb genes have a limited efficacy in Europe, which arsdores the
necessity to extend the number of genes for pedcheeeding in both bread and
durum wheat. The confirmation of the phenotypichdiomy of STB on bread and
durum wheat necessitates the application of seplragraminicolaisolate panels for
these wheat species for detailed characterizafioeststance.

Subsequently, genetic analyses — using the wetlctexrizedM. graminicola
strains described i€hapter 2 - of several recombinant inbreed lines (RILs) and

double haploid (DH) populations are describe@iapters 3, 4, and 5

The focus ofChapter 3 is on synthetic hexaploid wheats (SHs), which are a
rich source of nevistbresistance genes with an unusual wide efficacyatds/broad
panels ofM. graminicolaisolates. Analyses of a RIL population derived frtme
cross between the SH M3 and the highly suscephitdad wheat cv. Kulm revealed
two novel resistance loci on chromosomes 3DL ant &#at explain over 63 of the
observed phenotypic variation at 28 days post ilabicun in adult plant stage. The
3DL resistance was designated&tbl6and is expressed in the seedling and adult
plant stages. The resistance locus on chromosonie &ésignated as$tb17,was

specifically expressed at the adult plant stage.

Chapter 4 described the genetic analysis of STB resistancthenFrench
commercial wheat cvs. Apache and Balance. Mvegraminicolaisolates were used
to detect four QTLs on chromosomes 3AS, 1BS, 6D$ dd (7DS/7DL switch) in
seedlings and one QTL on 2DS in the adult plargestdhe QTL on chromosome
6DS is a novel QTL that was designat8th18.Since known and newtb genes
segregated in the Apache/Balance DH populationintieeaction between these genes
could be studied with the applidd. graminicolaisolates. Epistatic and additive
effects were prominent and resulted in various lfe\a# explained variation that
significantly varied ovemMM. graminicolaisolates. Nevertheless, pyramiding $fb
genes generally contributes to a wider efficacyams a broader range of isolates.

The 2DS QTL that was discovered in adult plantdfiekperiments is most likely a

12
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major genetic component in the regulation of eadsrand tallness and therefore

indirectly contributes to STB resistance.

Chapter 5 describes the genetic analysis of resistance ® i8Tthe German
cvs. Solitar and cv. Mazurka. Sevih graminicolaisolates were used and enabled
the identification major effect QTLs on chromosom3ésS, 1BS and 4AL and minor
effect QTLs on chromosomes 1B, 3D, 6B and 7D thatewcontributed by both
parental cultivars. The major QTLs on chromoson’&S,3LBS and 4AL were tightly
linked to the positions wher8tb6, Stblland Stb7+12 have been reported. Two
specific QTLs controlling necrosis were detected dmomosomes 1A and 3B.
Epistatic effects have reliably been detected coutributed less to the total variance.
Altogether, seedling analyses showed a complexitainee of resistance to STB with
regard to isolate-specificity and resistance meisias, which complicates marker
assisted deployment of these genes.

Chapter 6 eventually puts the results of chapters 2-5 imoadber context and
provides a critical review of past methodologiesl dhe current alternatives that
provide a higher resolution and better characteoma of STB resistance.
Furthermore, the chapter anticipates on improveshptyping protocols to stabilize
data generation that will contribute to enhanceatbgging and mapping analyses and
hence to successful commercial deploymerg&tbigenes.
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Abstract

The ascomycet®lycosphaerella graminicolaauses the foliar disease septoria
tritici blotch (STB), which is currently the mosnhportant wheat disease in Europe
with potential yield losses of up to 50% under amde conditions. Fungicide
application and host resistance are the two maggade management strategies to
control STB. The occurrence of fungicide resistaacel the implementation of
pesticide reduction programs have resulted in areased focus on host resistance.
To date 15 major resistance genes have been igenéihd mapped using different
phenotyping methods. In this research we screeset @ 94 cultivars, landraces and
breeding lines including a differential set of odts carrying the mappesitb genes,
with a wide range of 50 European and gldidalgraminicolaisolates in three seedling
experiments and used a subset in a comparativel fiehl. This delivered
pathogenicity characteristics — both necrosis dgrakent and the success of asexual
fructification - of the M. graminicola isolates that can be further deployed in
forthcoming host and fungal genetic studies. Furnttoge, it showed the wide
diversity of host resistance in the tested gernmpla¥he data enable®tb gene
postulations — with a prevalence $ith6, Stb8, Stbdnd Stb2in French breeding lines
- and identified new sources of resistance to SA& tan be readily applied in
commercial breeding programs. Resistance ¢khg present in the wheat line Cs/
Synthetic 7D, was the most effective against theog@anM. graminicolaisolates
and provided a substantial level of resistancen&global set of isolates. Cultivar
Arina that carriesStb6+15was the most resistant line to the global setsofates.
ConverselyStb9 present in the French cv. Courtot, &8t6 were susceptible to the
majority of isolates. Comparative seedling and agldnt experiments showed that
resistance genes expression depends on the plysallstage of the wheat plant.
Many resistances were specific to the seedlingestagl fewer were specific to the
adult plant stage. AIM. graminicolaisolates were genotyped with SSR markers and
represented unique genotypes, except for two sofabm a field in Northern France.
Accompanying phenotypic data from hierarchicallgnpéed isolates from five French
wheat fields confirmed a distribution of pathogéyicat a fine spatial scale with
multiple significantly different strains among awithin wheat field and even within

the same spot in such wheat field.
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Introduction

Septoria tritici blotch (STB) is caused hbylycosphaerella graminicola
(Fuckel) J.Schrét (Sanderson, 1976), and is orteoimost devastating foliar wheat
diseases since its discovery in France (Desmazidi@$2, Sprague, 1938). The
ascomyceté. graminicolawas already observed in 1894, but was not recegras
the Septoria tritici (Crous et al., 2001) teleomorph until the 1970New Zealand
(Sanderson, 1972, Sanderson, 1976). Intensive wioléd wheat cropping using
susceptible cultivars, lack of rotation and minimtilage practices as well as global
climate change increased the incidence and sevari8TB epidemics (Bearchell et
al., 2005, Eyal, 1999, Fraaije et al., 2005, Mergoet al., 2007). Generally, STB
driven yield losses range between 8-25%, but easityreach 50% under conducive
conditions (Forrer & Zadoks, 1983, King et al., 3R8STB control is traditionally
accomplished by fungicide applications that costveen 12-58 € h§ depending on
cultivar susceptibility and STB severity (Jorgens2@08, Wiik & Rosenqvist, 2010,
Te Beest et al., 2009). However, fungicide resistashevelopment iM. graminicola
populations is a great concern (Fraaije et al.,520@avroeidi & Shaw, 2005,
Stergiopoulos et al., 2003, Torriani et al., 20D&gensen et al., 2010, EPPO, 2010).

M. graminicolahas a heterothallic bipolar mating system thahisracterized
by two mat alleles at a single locus (Kema et al., 1996ckxu8kreproduction results
from cellular interactions between two pathogemiss with opposite mating types
leading to a transient diploid phase enabling gemetombination that is presented in
the progeny (Coppin et al., 1997)1. graminicola continually completes sexual
cycles, depending on weather conditions, that d¢akh five to seven weeks and
results in complex natural populations with exteagjenetic variation (Kema et al.,
1996¢, McDonald et al., 1996). However, genotypesshort-lived invl. graminicola
populations due to the concatenation of sexual esy¢Wittenberg et al., 2009;
Goodwin et al.,, 2011), enabling the fungus to ad@ptadverse conditions as
exemplified by the rapid development of fungicidsistance (Gisi et al., 2000, Gisi et
al., 2002, Torriani et al., 2009, Ware, 2006). leret al. (2002), therefore designate
M. graminicolaas a pathogen that poses a significant threatagmproduction due to
its lifestyle. Nevertheless, fungicide applicaBand breeding for resistance are still,

rather than cultural methods, the major STB diseasnagement strategies
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(McDonald & Linde, 2002, Loughman & Thomas, 1992engoum et al., 2007, Jing
et al., 2008).

In recent years, 18 major resistance genes and QS$txl-Stb18 were
identified (Arraiano et al., 2007, Chartrain et, &009, Goodwin, 2007, Tabib
Ghaffary et al., 2011a, 2011b). However, the majanas been poorly deployed in
breeding programs, partly due to their low efficatty addition, the number of
availableStb genes for practical breeding programs is low caegbdao other wheat
diseases and pests such as the rusts, powderywméddd Hessian fly (Komugi,
2011). It is therefore necessary to invest in geiseovery by screening programs
using state of the art phenotyping protocols thxaiat existing genetic variation in

M. graminicola.

In this study we summarize several extensive studigere we genotyped and
phenotyped 50/1. graminicolaisolates from 14 different countries in four coetits
on 94 wheat cultivars in three seedling experimesntsl one adult plant field
experiment. This contributed to nestbgene discovery and resulted in new tools for

an improved understanding of the whed&ll -graminicolapathosystem.

Material and Methods

Wheat cultivars and M. graminicola isolates

In total 94 cultivars, breeding lines and landraseduding 13 differential
wheat cultivars/lines, carrying 1Stb genes (Table 1 and 2), were tested in three
independent seedling experiments over the perid@®-PB08. The first experiment
(EXP1) comprised a set of 50 breeding lines antiveu$, including cvs. Bulgaria,
Veranopolis, Shafir and Tadinia that at the time h@ported resistance genes, and
which were studied with 30 isolates (Table 3). Hrench isolates were obtained
from hierarchically sampled leaves from five indwal wheat fields in five
geographically different regions (Appendices, F&J.). The entire French panel of
isolates was later used to test a suite of cukivarwhich Stb genes were mapped
using well-characterized isolates after a genegtare relationship betweehl.
graminicola and wheat was described (Brading et al., 2002aiano et al., 2007,
Chartrain et al., 2009, Goodwin, 2007) (EXP2). Aset of eight isolates was used to

verify seedling
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Table 1. Differential set of cultivars carrying npeggl genes for resistance to septoria tritici bl¢gth) of wheat that have been reported in winter amohgp

wheat cultivars.

2 2 2 2 8 852 2 3 3 3 38 3 8 E 3 %
(%)) (%)) n n n (%)) (%)) n n a a a a h h h ) h
Reference
Bulgaria 88 X X Adhikari et al., 2004c
Veranopolig X X Adhikari et al., 2004b
Israel 493 X X Adhikari et al., 2004b
Tadinid X X Somasco et al., 1996; Adhikari et al., 2004a

CS/synthetic(6x) 7D

Arraiano et al., 2001

Shafir

Brading et al., 2002

Estanzuela Federal

McCartney et al., 2003

M6 Synth(w7984)

Adhikari et al., 2003

Courtot

Chartrain et al., not published

Kavkaz - K4500

Chartrain et al., 2005a

TE911F X X X Chartrain et al., 2005c

Salamouni USDA-Annual wheat newsletter volume 53
Arina® X Arraiano et al., 2007;

M3 (Synthetic) Tabib Ghaffary et al., 2011a

Balance X x Tabib Ghaffary et al., 2011b

! These lines also carBtb6(Chartrain et al.,2005b)
% These lines also car§tb6andStb7(Chartrain et al., 2005a; Chartrain et al., 2005c)

27



Chapter 2

28

Table 2. List of used wheat germplasm, with theigio and characteristics, in seedling and adwanpl

experiments.

Seedling Adult
Trials’® Trial*
B a & 2
Growing Breeding IR, n
Wheat line Code label Ploidy typé type’ Origin
Bulgaria 88 Bulgaria H W BL Bulgaria + + o+
Veranopolis Veranopolis H S Ccv Brazil + + o+
Israel 493 ISR493 H S BL Israel + +
Tadinia Tadinia H S Ccv USA + + +
CS/synthetic(6x) 7D  CS/Syn 7D H S BL USA + +
Shafir Shafir H S Ccv Israel + + +
Estanzuela Federal E. Federal H S Ccv Uruguay + o+
M6 Synth(w7984) W7984 H w BL USA + +
Courtot Courtot H w Cv France + +
Kavkaz - K4500 KK4500 H W BL CIMMYT + +
TE9111 TE9111 H S BL Portugal + +
Salamouni Salamouni H S Ccv Lebanon +
Arina Arina H W Ccv Switzerland +
Taichung 29 T29 H S LR Japan + o+ o+
00/st/01 SE1 H W BL France + +
00/st/02 SE2 H W BL France + +
00/st/03 SE3 H w BL France + + +
00/st/04 SE4 H W BL France + +
00/st/05 SE5 H w BL France + +
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Table 2. List of used wheat germplasm, with theigio and characteristics, in seedling and adwanpl

experiments.

Seedling Adult
Trials’® Trial*
B a & 2
Growing Breeding IR, n
Wheat line Code label Ploidy typé type’ Origin
00/st/06 SE6 H w BL France +
00/st/07 SE7 H w BL France + +
00/st/08 SES8 H W BL France +
00/st/09 SE9 H w BL France +
00/st/10 SE10 H W BL France +
00/st/11 SE11 H W BL France + +
00/st/12 SE12 H w BL France +
00/st/13 SE13 H W BL France + +
00/st/14 SE14 H w BL France + +
00/st/15 SE15 H W BL France + +
00/st/16 SE16 H W BL France +
00/st/17 SE17 H w BL France +
00/st/18 SE18 H W BL France + +
00/st/19 SE19 H w BL France + +
00/st/20 SE20 H W BL France + +
FD NL 01 FD1 H W BL France +
FD NL 02 FD2 H w BL France + +
FD NL 03 FD3 H W BL France + + +
FD NL 04 FD4 H w BL France +
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Table 2. List of used wheat germplasm, with theigio and characteristics, in seedling and adwanpl

experiments.

Seedling Adult
Trials’ Trial*
a a & &
Growing Breeding IR, n
Wheat line Code label Ploidy typé type’ Origin
FD NL 05 FD5 H w BL France + +
FD NL 06 FD6 H W BL France + +
FD NL 07 FD7 H w BL France + +
FD NL 08 FD8 H W BL France +
FD NL 09 FD9 H w BL France +
FD NL 10 FD10 H w BL France + +
FD NL 11 FD11 H w BL France + +
FD NL 12 FD12 H w BL France + +
FD NL 13 FD13 H w BL France +
FD NL 14 FD14 H w BL France + +
FD NL 15 FD15 H w BL France +
FD NL 16 FD16 H w BL France +
FD NL 17 FD17 H w BL France +
FD NL 18 FD18 H w BL France + +
FD NL 19 FD19 H w BL France + +
FD NL 20 FD20 H w BL France + +
Triticum polonicum T. polonicum T W WT +
lassul20 lassul20 H S BL Italy +
Olaf Olaf H S Cv USA +
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Table 2. List of used wheat germplasm, with theigio and characteristics, in seedling and adwanpl
experiments.
Seedling Adult
Trials’ Trial*
a a & &
Growing Breeding IR, n
Wheat line Code label Ploidy typé type’ Origin
Kavkaz Kavkaz H w Cv Russia +
Erik Erik H S Cv USA +
Kulm Kulm H S CcVv USA +
M3 M3 H S BL CIMMYT +
Chinese Spring CS H S LR China +
Largo Largo H S BL USA +
ND495 ND495 H S BL USA +
TA 4152-37 TA4152-37 H S BL CIMMYT +
TA 4152-19 TA4152-19 H S BL CIMMYT +
TA 4152-60 TA4152-60 H S BL CIMMYT +
BR34 BR34 H S Ccv Brazil +
Grandin Grandin H S Cv USA +
Katepwa Katepwa H S Ccv Canada +
Altar84 Altar 84 T S Cv CIMMYT +
Ben Ben T S cv USA +
T. dicoccoidesra106) T. dic.TA106 T S WT Middle East +
T. dicoccoidegraelA T. dic.IsrA T S WT Middle East +
T. dicoccoidegri 478742) T. dic.(p1478742) T S WT Middle East +
T. dicoccoidegri 481521) T. dic. (Pl 481521) T S WT Middle East +
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'H for hexaploid; T for tetraploids?S for spring wheat, W for winter wheaticv. for cultivar; BL for breeding line; LR for lanace and WT

Table 2. List of used wheat germplasm, with theigio and characteristics, in seedling and adwanpl

experiments.

Seedling Adult
Trials’ Trial*
A a & 4o
Growing Breeding IR, n

Wheat line Code label Ploidy typé type’ Origin

T. dicoccoidegri41025) T. dic.(P1 41025) T S Wi Middle East +
Solitaf Solitar H w CcVv Germany +
Mazurka Mazurka H W Ccv Hungry +
Wangshuibai Wangshuibai H S LR China +
Falat (Seri82) Falat H S Ccv CIMMYT +
Frontana Frontana H S Ccv Brazil + +
Sumai-3 Sumai-3 H S Cv China +
Florett Florett H W Ccv Germany +
Tuareg Tuareg H w cv Germany +
Biscay Biscay H W Ccv Germany +
Nogal FD02112 H W BL France +
02CY 399 02CY 399 H w BL CIMMYT +
FHD 2054.3 FHD 2054.3 H w BL France +
Bio2000 Bio2000 H w BL France +
Sankara Sankara H W cv France +
Apache Apache H W Ccv France +
Balance Balance H w Cv France +

for wild type; “used in that particular experimentSusceptible check®not identical with British cv. Solitaire
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data in field trials (EXP4, Tables 1-2). Finallyewested a broad selection Mt
graminicolaisolates on eight durum wheat and 46 bread whdévams, breeding
lines, landraces as well as 13 cultivars carr@iigfl-Stb15EXP3).

Phenotyping - experimental design, pre- and postuation growth conditions, data
collection and analysis
Essentially all experiments were performed accagrdm a split plot design

with two or three replicates. Main plots are rowplwts and subplots are the plots
within rows. Main plot treatments are isolates &ndtivars are subplot treatments.
For a first impression of the incidence of P in BX£ two-way tables of isolate by
cultivar means sorted to ascending marginal meame been calculated. Percentage
data Y were logistically transformed (i.e. Z=In(¥00-Y)) (and 0.5 and 99.5 were
taken to accommodate for Y=0 and Y=100 respectjyalipr to analysis. The logistic

transformed data Z were analyzed with a mixed madalysis of variance model
Z= systematic part +random part

Where thesystematic partrefers to fixed effects of isolate and cultivardaimeir
interaction, whereas thandom partrefers to random effects of replicate, main plots
within replicate, plots within main plots. In theéD@L adult plant and seedling
experiment the interaction replicate x cultivar waand not to be significant and
analysis was done using the model without repbeatultivar interaction The mixed
models were analyzed by restricted maximum likelthREML) (Searle et al.,
1992). Approximate F-tests according to Kenward &g&'s (1997) were used to test
for main effects of isolate and cultivar and theeraction of isolate and cultivar. In
case the denominator of the F-distribution coultb® calculated, fixed effects were
tested by computing Wald statistics and compariigse with chi-square
distributions, ignoring variability in the estimdtevariance components. In case of
significant cultivar by isolate interaction the &wgerative hierarchical clustering
procedure (Corsten & Denis, 1990) and implementedhe GenStat procedure
CINTERACTION was used for identifying simultaneougiroups of isolates and
groups of cultivars in the two way table of isolatecultivar predicted means on the
logistic scale, such that interaction is due tenattion between those groups. The

clustering procedure assumes independently disédboneans with constant variance.
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Table 3. List oMycosphaerella graminicoleolates, their origin and in which seedling addlaplant experiments
they were used.

Adult
Origin Seedling Trialg Trials
— AN ™ <
Sampling o o Qo o
, , X X X >
Isolaté Country field location Spot Leaf Code label W W W W
IPO323 Netherlands W.Brabant IPO323-NLD + + +
IPO94269 Netherlands Kraggenburg IPO94269-NLD + +
IPO98031 France Aire D'Havrincourt 1 1 98031-ADH + +
IPO98047 France Aire D'Havrincourt 1 1 98047-ADH + +
IPO98094 France Aire D'Havrincourt 2 1 98094-ADH + +
IPO98097 France Aire D'Havrincourt 2 1 98097-ADH + +
IPO98099 France Aire D'Havrincourt 3 1 98099-ADH ++
IPO98113 France Aire D'Havrincourt 4 5 98113-ADH + + +
IPO99018 France Beauce 99018-BEA + +
IPO99031 France Beauce 99031-BEA + +
IPO99032 France Beauce 99032-BEA + +
IPO99038 France Beauce 99038-BEA + + +
IPO99042 France Beauce 99042-F + +
IPO99048 France Beauce 99048-BEA + +
IPO98032 France Capelle-en-Pévelle 1 1 98032-CEP +
IPO98033 France Capelle-en-Pévelle 1 1 98033-CEP +
IPO98034 France Capelle-en-Pévelle 1 4 98034-CEP +
IPO98035 France Capelle-en-Pévelle 1 3 98035-CEP +
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Table 3. List oMycosphaerella graminicoleolates, their origin and in which seedling addlaplant experiments
they were used.

Adult
Origin Seedling Trialg Trials
— AN ™ <
Sampling o o Qo o
, , X X X >
Isolaté Country field location Spot Leaf Code label W W W W
IPO98028 France St. Pol de Léon 1 1 98028-SPL + +
IPO98038 France St. Pol de Léon 2 1 98038-SPL + +
IPO98046 France St. Pol de Léon 2 2 98046-SPL + +
IPO98050 France St. Pol de Léon 3 1 98050-SPL + +
IPO98075 France St. Pol de Léon 1 2 98075-SPL + + +
IPO98078 France St. Pol de Léon 4 1 98078-SPL + +
IPO98001 France Villaines la Gonais 1 1 98001-VLG + + +
IPO98021 France Villaines la Gonais 1 1 98021-VLG + + +
IPO98022 France Villaines la Gonais 3 2 98022-VLG + +
IPO98051 France Villaines la Gonais 2 1 98051-VLG + +
IPO98057 France Villaines la Gonais 2 2 98057-VLG + +
IPO98072 France Villaines la Gonais 4 1 98072-VLG + +
IPO95054 Algeria Berrahal 95054-ALG +
IPO92034 Algeria Guelma 92034-ALG +
IPO86068 Argentina Balcarce 86068-ARG +
IPO99015 Argentina Unknown 99015-ARG +
IPO94218 Canada Saskatoon 94218-CAN +
IPO88018 Ethiopia Holetta 88018-ETH +
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Table 3. List oMycosphaerella graminicoleolates, their origin and in which seedling addlaplant experiments

they were used.

Adult
Origin Seedling Trialg Trials
i AN ™ <
Sampling o o Qo o
, , X X X >
Isolaté Country field location Spot  Leaf Code label W W W W
IPO88004 Ethiopia Kulumsa 88004-ETH +
IPO2166 Iran Dezful, Safi Abad 02166-IRN +
IPO2159 Iran Gorgan, Aq Qaleh 02159-IRN +
IPO90006 Mexico Toluca 90006-MEX +
IPO89011 Netherlands  Barendrecht 89011-NLD +
IPO90015 Peru Unknown 90015-PRU
IPO92004 Portugual Casas Velhas 92004-PRT +
IPO95036 Syria Minbeg 95036-SYR +
IPO86013 Turkey Adana 86013-TUR +
IPO87016 Uruguay Dolores 87016-URY +
IPO00003 USA Colusa - 3 00003-USA +
IPO00005 USA Colusa - 3 00005-USA +
IPO95053 Algeria Berrahal 95052-ALG +
IPO86023 Turkey Altinova 86022-TUR

"Information on hierarchical sampling
’All isolates are available at the KNAW-Fungal Disiéy Center, http://www.cbs.knaw.nl/

*These isolates are durum wheat adapted isolatethats are bread wheat adapted isolates
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Significant isolate by cultivar interaction on thagit scale was also explored by
assessing means for cultivars within isolates enlalgit scale using pairwise t-tests.
LSD-values were determined and appliedto the tabfe means of the
transformed data that were subsequently back vemsfl percentage for presentation
in Tables and Figures. For EXP1-3 disease seventiere evaluated 21 days after
inoculation as percentages of the total first bvafa bearing necrosis (N) and pycnidia
(P). Field experiments were evaluated between 2il28hdays after inoculation as
total STB symptoms on the flag leaves for N andaRlly deviated from each other

under these conditions.

We considered that N and P levels as resistant thegedid not significantly
differ from minimal N and P levels. Similarly, segtibility was considered once N
and P values did not significantly differ from miapal N and P values. Values that
differed significantly from both minimal and maxihid and P levels were considered
as intermediate. This enabled a statistically soStilgene postulation and also
provides isolate characteristics that can be widgdplied in forthcoming genetic
studies. All calculations were performed with thatistical programming language
Genstat (Payne et al.,, 2009). Comparative seedingdult plant analyses were

individually performed per isolate using a Spearmaark correlation test.

For seedling experiments ten seeds per pot wegarlynsown in VQB 7x7x8
cm TEKU® plastic potswith a steamed sterilized fssatd mixture. Seedling
experiments were temporally replicated twice (EX®Dbr thrice (EXP2-3) with pots
as experimental units. Plants were grown in col@tdojreenhouse compartments with

light conditions of 16 hour/day, pre- and post-mation temperature and relative
humidity (RH) settings of 18/£6C vs. 22°c (day/night rhythm) and RH values of

70% vs>85%, respectively.

All strains were isolated from individual pycnidi@m collected leaf material
(Table 3). Each isolate was pre-cultured in an @dat@d 100 ml Erlenmeyer flask
containing 50 ml yeast-glucose (YG) liquid mediug®gr Glucose, 10 gr yeast per
liter demineralised water). The flasks were inotdausing a small piece of isolate
mycelium maintained at — 8@ and were incubated in an orbital incubated shaker
(Innova 4430, New Brunswick Scientific, USA) at18%n and 18C for 5-6 days.
Each pre-culture was subsequently used to inoctiiage 250 ml Erlenmeyer flasks
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containing 100 ml YG media that were incubated untlee abovementioned
conditions to produce inoculum - 18pores.mt, supplemented with two drops of
Tween 20 (MERCK®, Nottingham, UK), total volume4® ml for a set of 18 plastic
pots - for plant infections at growth stage (GS{Wik & Rosengvist, 2010). Adult
plant experiments were performed in 2001 at CappeilPévele in Northern France
at the breeding station of breeding company Flondh®esprez. Each field plot
contained two 0.3m spaced rows of 1.5m length. Utations were carried out using a
backpack air-pumped sprayer, calibrated at a ré&td0oL/100 nf at flag leaf
appearance stage (GS 47-49), using a concentratid®® spores/ml supplemented
with 36 ml of four times diluted Tween 20 surfadta@ne hour before inoculation a
sprinkler irrigation system was turned on for a fewnutes to provide enough
humidity in the plant canopy. Inoculations starteten the flag leaves of the earliest
DH lines had developed and were subsequently regpeaice at 3-5 day intervals to

compensate for earliness differences.

Genotyping -DNA extractions, microsatellite markanglysis

The 50M. graminicolaisolates used in the EXP1-3 (20 Global, 28 Frearuh
two Dutch reference isolates) were cultured on typaptone-dextrose (YPD) agar
plates (10 g of yeast extract, 20 g of peptoneg 20 dextrose, 20 g of agar per liter).
Mycelium samples were collected from the plategrai-3 days growth at 17°C,
lyophilized and stored at -80°C prior to DNA extian. Total DNA was extracted
from about 10 mg lyophilized mycelium using the QGEBN® Biorobot 3000 and
DNeasy® 96 Plant Kit, according to the manufactsrmstructions.

The genotypes of 48 isolates were determined wétien polymorphic
microsatellite markers previously identified in ES@quences: ac-0001, ac-0002, ag-
0003, ag-0009, caa-0003, caa-0005, tcc-0009 (Gaoévial., 2007). The forward
primers were 5'-labeled (WellRED-Sigma-Aldrich®)tivione of three fluorochromes
(D2, D3 and D4, respectively black, green and blg@ch microsatellite marker was
amplified by polymerase chain reaction (PCR) withe t EUROGENTEC®
HotGoldStar Mix® adding about 20 ng template DNAI &5uM of each primer in a
final volume of 10ul. Reactions were performed in an Applied Biosys@m®6-Well
GeneAmp® PCR System 9700 or a MJ Research PTCH2DMhal cycler at 95°C for
10 min, followed by 35 cycles of 94°C for 10 seb;G for 20 sec, 72°C for 30 sec,
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and a final extension step of 72°C for 5 min befooeling to 10°C. PCR products
were diluted 2-3 times to prevent signal saturaaod analyzed using a CEQ8000
DNA sequencer (Beckman Coulter, Inc.), with allsieing and grouping manually
performed by visual inspection of chromatograms.

Results

All M. graminicolaisolates grew well under laboratory conditions avete
successfully used for plant inoculation in seedhlng field experiments.

The microsatellite marker data showed that all B@ates used in these
experiments were genetically distinct except forO#®8034 and IPO98035
(Appendices, Table S5). IPO98034 and IPO98035 tiedtical alleles for the seven
microsatellite markers (Appendices, Table S5) amdah additional 15 microsatellite
markers not reported in this study (unpublisheéd)dd&oth isolates originate from the
same wheat field in Cappelle-en-Péveéle in the NafthFrance and with a few
exceptional cases the phenotypic data also sumgptiréesimilarity of the interactions
on the evaluated wheat germplasm and, hence, wsidesnthem to be clones
(Appendices, Table S5, Fig.S1). All 2,899 seediitgractions (EXP1: 1,500; EXP2:
319 and EXP3: 1,080), showed that N and P-value®leted well (r=0,68) but that
the former were always higher than the latter. Ifew exceptionally susceptible
responses (e.g. Chinese Spring. IPO02166) pycnidia appeared ahead of full
necrosis development. Individual analyses of bo#rameters showed highly
significant cultivar-isolate interactions in allréfe experiments (P=0.001), as well as
the adult plant experiments, but the highest Waldidtio of EXP3 indicated a
relatively high genetic variation in that experimaompared to EXP1 and EXP2
(Table 4).

EXP1 and EXP2: French isolates and cultivars.

The N data showed a significantly lower resolutiondescribing genetic
variation among the French isolates and cultijAppendices, Fig. S2). N data from
EXP1 distributed cultivars and isolates in eacle¢hsignificantly different groups,
whereas P clustered them in 13 and 10 signifigalifferent groups, respectively
(Appendices, Fig S3).
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Table 4. Results of REML analyses of necrosis () pycnidia (P) data obtained in seedling (EXP&8) adult plant field (EXP4)

experiments with wheat arMycosphaerella graminicoleolates.

P
Wald Chi-square Wald Chi-square
Fixed term statistic df  Wald/df. probability statistic d.f.  Wald/d.f. probability
Isolate 118.9 29 4.1 el 152.78 29 5.27 ol
Experiment 1 Cultivar 2511.01 49 51.25 ok 2543.38 49 51.91 *rx
Isolate.Cultivar 2739.83 1421 1.93 ok 3015.7 1421 2.12 ok
Isolate 226.67 28 8.1 ok 129.92 28 4.64 ok
Experiment 2 Cultivar 170.71 10 17.07 el 233.38 10 23.34 el
Isolate.Cultivar 621.58 280 2.22 *hx 700.87 280 2.5 ok
Isolate 52.83 19 2.78 *hx 178.31 19 9.38 *rx
Experiment 3 Cultivar 5052.24 53 95.33 ok 4273.29 53 80.63 *rx
Isolate.Cultivar 2506.01 1007 2.49 ok 3880.03 1007 3.85 ok
Experiment 4 Isolgte - - - - 148.70 6 24.78 ok
Seedling Cultlvar. - - - - 352.67 22 16.03 ok
Isolate.Cultivar - - - - 361.98 132 2.74 ok
. Isolate - - - - 7.47 6 1.24 ns
Experiment4 o ivar i i i . 152.19 22 6.92
Adult plant .
Isolate.Cultivar - - - - 220.81 132 1.67 rxk

'd.f.= degrees of freedom
“Significant at P=0.001, ns=not significant
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A similar trend was observed when the French isselatere tested on the differential
cultivars although the number of significantly éifént groups was larger for N and
smaller for P (Appendices, Fig. S4-5). Apart frame reference isolates IPO323 and
IPO94269 (Wittenberg et al., 2009) that were coneatly placed in significantly
different clusters, both experiments clearly showeat isolates from the same field
were in all cases distributed over significantlffetient groups (Table 3; Appendices,
Fig. S2-5).

More specifically, the range of data in EXP1 varedween 0-98N and 0-80P.
Isolate IPO98001 was the least aggressive isolatie mveans of 15N and 1.7P,
whereas IPO99042 was the most aggressive isol#terméans of 48N and 36P. The
most susceptible cultivar was cv. Taichung 29 wigans of 90N and 41P, whereas
line SE11 with means of 17N and OP and the tetrdploiticum polonicumwith
mean values of 23N and 0.6P were the most resistees. The cvs. Bulgaria 88,
Veranopolis, Tadinia and Shafir clustered in foiffedent groups for P, confirming
that these cultivars carry differeBitbgenes. (Table 1; Appendices, Fig. S3).

In EXP2 the French isolates were testedstindifferentials, which resulted in
a range of 1-100N and 0-91P. Isolate IPO98047 hasrtost aggressive strain (87N
and 43P) and IPO98001was the least aggressivaas@aN and 8P). None of the
differentials was resistant to all isolates. CstBgtic 7D, carryingstb5was the most
resistant (28N and 4P) and cv. Courtot (98N and) 56&s the most susceptible
cultivar. Analysis of the cultivar clustering sugted thatStb6was a major factor for
cluster assembly (Appendices , Fig. S3 and 5). Téssilted in two distinct major
clusters among the French breeding lines (Appesdi€gy. S3) and also showed such
clusters among thtbdifferentials, where th&tb6cluster could be further divided in
cultivars with two or moré&tbgenes (Appendices , Fig. S5; see for further dethé
phenotyping section).

Overall, the pathogenicity patterns of the Frensblates on the set of
differentials as well as on the French germplasmeuasignificantly among and
within fields, within individual spots in a fieldnd even on the same spot
(Appendices, Tables S1-2).

EXP3: Global panels

In the final seedling experiment we tested 54 cais with 20M. graminicola

isolates that were distributed in 12/13 clustens Noand in 14/19 clusters for P
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(Appendices , Figs. S6-7). The latter parametearbjeseparated isolates that
originated from durum wheat and bread wheat. Vhegraminicolaisolates did not
cluster according to geographical origin and in tileeat clusters, tetraploid and
synthetic hexaploid (derived) wheat lines were lethpogether as they expressed a
surprisingly broad resistance spectrum to the 1@iegh bread wheat adapted.
graminicola strains. The overall range of 0-100N and 0-79P his experiment
enabled a thorough analysis of the data. Isolat®0M®05 had the lowest
aggressiveness on the 54 cultivars (means 30N Bh@rtd was only pathogenic on
the differential cvs. Shafir and W7984 whereas ri@st pathogenic isolate on the
total set of cultivars was IPO95036 with an average46N and 18P. Isolate
IPO89011was the most aggressive strain on therdiffal sub-set and compromised
the resistance of 11 out of 13 cultivars. Interegi, this isolate was avirulent on cv.
Courtot and ‘CS/ synthetic 7D’. The former was agtime most susceptible cultivars
in EXP2. Among the bread wheat cultivars ‘ShafmdadW7984’ were overcome by
17 bread wheat strains, whereas cvs. Arina and TE@&re only showing significant
P values for three and four strains, respectiveaple 7).

Among the 16 durum wheat M. graminicola interactions we observed
varying levels of disease development (43-98N ad8m®), but both isolates produced
very similar phenotypes (Table 7; Appendices Fig7g6in accordance with earlier
reports (Kema et al.,, 1996a, Kema et al., 1996h¢ durum isolates induced
substantial overall N levels in many cultivars (88022, 18N and IPO95052,10N)
that peaked surprisingly high in some specificieats such as ‘Chinese Spring’ (90N
with IPO95052). Also, bread wheat isolates provokethstantial N levels in the
durum wheat cultivars ranging from 31 to 74N wiblates IPO86068 and IPO88004,
respectively. In contrast to earlier reports (Keetaal.,, 1996a), we also observed
durum strains producing substantial P levels on esanopolis and Chinese Spring
that ranged between 5P and 15P. Conversely, brbadtwsolates, such as IPO95036,
produced up to 30P on durum wheat cultivars in Thalicoccoidesaccession Pl
41025 (Table7). Nevertheless, in general termstwiee wheat species expressed a
non-compatible relationship with sympatric strathgt originated from the other

species.

Finally, we compared the cluster assemblies in EX®2EXP3 that clearly

showed their incongruence (Appendices , Fig. S8).
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Table 5. Results of inoculation experiments witiVA&osphaerella graminicolesolates on 11 wheat cultivars that carryStBgenes (EXP1). Figures
represent P data. Colors indicate resistant (goifgcantly different from OP, green boxes), inteatate significantly different from OP as well aaxR,
yellow boxes) and susceptible (not significantlffetent from maxP, red boxes).
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— [ee] — [ee] — (9N (o] [V} N — N~

E o Q@ o © o o o o © © °© & © o & o o5 6 ° o ° & o 6 O o o o
Stb6 detectors Stb8 detectors Stb4 detector St rs

Bulgaria 7 10 11 8 10 8 17 11

Veranopolis 17 8 10 7

ISR493 11 7 8 14 10

Tadinia 20 17 21 7 15 15 12

Cs/synthetic 7D 8 8

Shafir 44 16 23 15 26 16 17 28 15 20 12 14 24 26

E. Federal 31 24 14 38 13 13 21 30 26 21 8 26 9 8 33 43 44

W7984 21 41 17 8 10 24 17

Courtot 39 49 48 17 35

KK4500 15 14

TE9111 10 28 42 13
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Table 6. Results of inoculation experiments withvil®osphaerella graminicolesolates on 50 wheat
cultivars and breeding lines for gene postulateXF?2). Figures represent P data. Colors indicatistant
(not significantly different from OP, green boxastermediate significantly different from OP aslhaes

maxP, yellow boxes) and susceptible (not signifilgagifferent from maxP, red boxes).

Cultivar

IPO323-NLD
98021-VLG
IPO94269-NLD
Sth6é
99048-BEA
98050-SPL
98032-CEP
Sth
98034-CEP
98001-VLG
98031-ADH
98038-SPL
Stb4
98028-SPL
98078-SPL
99018-BEA
98033-CEP
98035-CEP
98099-ADH
99031-BEA
99032-BEA
Sth2

FD1
FD10
FD11
FD12
FD13
FD14
FD15
FD16
FD17
FD18
FD19
FD2
FD20
FD3
FD4
FD5
FD6
FD7
FD8
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Table 6. Results of inoculation experiments withivi®osphaerella graminicolesolates on 50 wheat
cultivars and breeding lines for gene postulateXF?2). Figures represent P data. Colors indicatistant
(not significantly different from OP, green boxastermediate significantly different from OP aslhaes

maxP, yellow boxes) and susceptible (not signifilgagiifferent from maxP, red boxes).

Cultivar

IPO94269-NLD

Sth6é
99048-BEA
98050-SPL
98032-CEP

Sth
98034-CEP
98001-VLG
98031-ADH
98038-SPL

Stb4
98028-SPL
98078-SPL
H 99018-BEA
98033-CEP
98035-CEP
98099-ADH
99031-BEA
99032-BEA

Sth2

(a)
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Y
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Frontana
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SE2
SE20
SE3
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Table 6. Results of inoculation experiments withvil®osphaerella graminicolesolates on 50 wheat
cultivars and breeding lines for gene postulateXF?2). Figures represent P data. Colors indicatistant
(not significantly different from OP, green boxastermediate significantly different from OP aslhaes

maxP, yellow boxes) and susceptible (not signifilgagifferent from maxP, red boxes).
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&mg o> O o o o o O o O o O O & o o
SE4 14
SE5
SE6
SE7
SES8
SE9
Bulgaria
Veranopolis
Tadinia
Shafir
T29
T._polonicum
Total
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Table 7. Results of inoculation experiments witiVB@osphaerella graminicolsolates on 54 wheat
cultivars including 13 differential that carry 3hgenes (EXP3). Figures represent P data. Colorsateli
resistant (not significantly different from OP, greboxes), intermediate significantly differentfr@P as

well as maxP, yellow boxes) and susceptible (rgptiicantly different from maxP, red boxes).

Cultivar

90006-MEX
88004-ETH
86013-TUR
92004-PRT
00003-USA
89011-NLD
94218-CAN
87016-URY
95054-ALG
00005-USA
90015-PRU
99015-ARG
86068-ARG
92034-ALG

02159-IRN

88018-ETH
95036-SYR
02166-IRN

86022-TUR
95052-ALG

Bulgaria
Veranopolis
ISR493
Tadinia
CS/Syn 7D
Shafir

E. Federal
W7984
Courtot
KK4500
TE9111
Salamouni
Arina

Cs
Katepwa
Erik

FHD 2054.3
M3

13 24 13
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Table 7. Results of inoculation experiments witiVA@osphaerella graminicolsolates on 54 wheat
cultivars including 13 differential that carry 3thgenes (EXP3). Figures represent P data. Coloreateli
resistant (not significantly different from OP, greboxes), intermediate significantly differentfr@P as

well as maxP, yellow boxes) and susceptible (rgptiicantly different from maxP, red boxes).

Cultivar

90006-MEX
88004-ETH
86013-TUR
92004-PRT
00003-USA
89011-NLD
94218-CAN
87016-URY
95054-ALG
00005-USA
90015-PRU
99015-ARG
86068-ARG
92034-ALG
02159-IRN

88018-ETH
95036-SYR
02166-IRN

86022-TUR
95052-ALG

Nogal
TA4152-19
TA4152-37
SE11

SE3

FD12

FD3

02CY 399
Apache
Balance
Bio2000
Biscay
Florett
Frontana
Grandin
Kulm

Largo
Mazurka
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Table 7. Results of inoculation experiments witiVB@osphaerella graminicolsolates on 54 wheat
cultivars including 13 differential that carry 3hgenes (EXP3). Figures represent P data. Colorsateli
resistant (not significantly different from OP, greboxes), intermediate significantly differentfr@P as

well as maxP, yellow boxes) and susceptible (rgptiicantly different from maxP, red boxes).
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Sankara

Solitar

Sumai-3

T29

Tuareg

Wangshobai

TA4152-60

BR34

Falat

Altar 84

Ben

Langdon16

T. dic.(P141025)
T. dic. (P1481521)
T.dic.ISR A

T. dic. TA106

T. dic. (P1478742)
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EXP4: Adult plant field experiments

Disease symptoms developed well under conducivalitons in the field
experiment (Table 8; Appendices, Fig S9). The coatpee seedling-adult plant
response analysis resulted in significant ranketations for only two (IPO323 and
IPO98021) out of the seven us@dl graminicola strains, indicating significant
differences in the expression of resistance undese different physiological stages

of wheat plants.
Phenotyping — compatibility thresholds and gendylason

Due to the higher resolution of P datafocused gene postulations primarily
on this parameter and used a conservative butbfeexdpproach by determining the
thresholds for resistance and susceptibility thhostatistical analyses. Each figure
that was not significantly different from OP wassmlered as a resistant response.
Likewise, each figure not significantly differembin the highest score in the entire
experiment was considered as susceptible. Valuieg Isggnificantly different from
these two threshold values were considered asmetsiate (all at P=1% level). This
translates to varying thresholds for each experimant clearly indicates what
interactions are incompatible (EXF94P, EXPZ6P and EXP&4P) and compatible
(EXP1>17P, EXP2 49P and EXP326P), which in turn provides a basis for gene
postulations (Tables 5-7).

A starting point for these analyses was the dateosethe differentialStb
cultivars (EXP2). These data were used to chaiaet@n)compatibility and provided
a matrix that was superimposed over the EXP1 andEdata. Despite the limitations
of this approach, due to the lack of near isogéines with individualStb genes, it
provided a first insight in genetic diversity inede large phenotypic data sets.
Cultivar Shafir carriesStb§ which is surprisingly prevalent in th®tb differential
cultivars (Table 1). The reference strain IPO323watl as isolate IPO98021 are
avirulent on cv. Shafir and have parallel respormesll other cultivars, including
compatible interactions with cvs. Estanzuela Fdd&#& 984 and Courtot that lack
Stb6 (Table 1). The other reference strain, IPO942G8&umvents Stb6 in all
differentials except in cv. KK4500 that carries f@ibgenes (Chartrain et al., 2005a)
(Table 1, Table 5). Hence, we used these tigektes forStb6 detection and
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Table 8. Relationship between seedling and adatitfgtage resistance in a subset of 23 Frenchibgeed
lines that were inoculated with seviglycosphaerella graminicolesolates. Resistant in seedling (P< 9%)
and adult plant stages (P<10%), green boxes; aesist seedling but susceptible in adult plantetag
yellow boxes; susceptible in seedling but resistamaidult plant stage, brown boxes; and suscepaible

both seedling (P>9%) and adult plant stages (P>1@d)boxes

) 9 &) 9 h ) o

= = < % o @ P

Z - ™ — Q ® L0
Isolate Q S 3 3 S S o

™ [ele] [e0) (e (@) (o)) [ce]

Q o 3 o o 3 3

= o8 o o a a &
Cultivars S A S A S A S A S A S A S A

FD2
FD3
FD5
FD6
FD7
FD10
FD11
FD14
FD18
FD19
FD20
SE1
SE2
SE3
SE4
SE5
SE7
SE13
SE14
SE15
SE18
SE19
SE20

'S=seedling data, A=adult plant data

“Significant at P=0.001, ns=no correlation
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postulate it in 16 breeding lines and cultivarsluding cv. Shafir (Table 6). In
addition, another set comprising cvs. Tadinia, Btilyand breeding lines SE3, SES5,
SE10, SE11, SE13,SE14, SE15, SE16 and SE18 westantdo these three isolates
and 26 out of these 27 entries clustered in onem@ade (Appendices, Fig. S3)
suggesting a commdadBtb6presence among these accessions. Exceptions enlahgd
SE4 that shows identical responses to IPO323, IB@Band IPO94269 as cv. Shafir;
as well as cv. Olaf and line SE17 that are cludtexeStb6 carriers despite their
opposite compatibility with isolates IPO323 and #8021 (Table 6). Likewise we
have determinetl. graminicolaisolates that are indicative for the presenc&thiB,
Stb4 and Stb2n wheat germplasm (Table 5). These 18 isolate® wabsequently
used to postulate genes in the French breeding, lmeich showed th&tb6andStb4
are the most prevalent genes, wher&s2 and Stb8 were detected at a lower

frequency (Table 6).

To further validate EXP1 and EXP2 we tried to ptztiStb genes in 46
commonly used cultivars out of 54 that were testeiXP3, which also included the
differential wheat cultivars carrying the 15 remaokStb genes. Statistical analyses
confirmed the great diversity in pathogenic andstaace profiles of the applidd.
graminicolaisolates and wheat cultivars, clearly contrastinth whe same analyses
using the French panel (Appendices, Fig S8). Tmabked the identification of
valuable additional isolates, compared to the Eemapstrains (Table 5) that can be
used forStbpostulations. For example, the Mexican isolate 1@ is an additional
master differentiator as it is virulent f8tbg Stb7andStbQ The former gene is very
prevalent in wheat germplasm and frequently co-scatith otherStbgenes in wheat
germplasm (Table 1). Hence, germplasm resistarthigo strain may carry at least
Stbl, Stb2, Stb3, Stb4, Stb5, Stbd$tb15 which then can be further analyzed using
the determined pathogenicity patterns of otherirtraOthers include strains with
specific virulences for individual genes suchSiis7 (IPO88018) Stbh8(IP0O95054) as
well as several combinations &tb genes includingStb2+Stb6Sth8 (IPO95036),
Stb2+Stb6+Sth9 (IPO90015), Stb2+Stb7+Stb8 (IPO02166), Stb6+Stb8+Sth9
(IPO92034), Stb4+Stb6+Sth13+Stb14(IPO87016) and a variety of other
combinations. This project enabled the validatidrthese differential strains on a
number of cultivars with multiple mapp&itb genes (Table 7). ‘Arina’ carriesStb6
and Stb15 (Table 1) and is specifically resistant to IPO3d&bib Ghaffary and

52



Challenges of phenotyping and gene postulation........

Kema,unpublished dataChartrain et al., 2005b) and IPO90006 as welbaks} more
bread wheat adapted isolates from four contineAtk.other differentials were
circumvented by at least one of these isolatescatidg that a subset of these isolates
can differentiateStb15 from the otherStb genes. This set comprises IPO323,
IPO90006, IPO88004, IPO86013 and IP0O92004 in whiB®©323/IPO90006
differentiateStb6from Stb15 and the others differentiate the latter fromadiier Stb
genes. Differential TE9111 carri€dtb6+Stb7+Stbh11l(Chartrain et al. 2005c) and
indeed is resistant to IPO90006 that carries wneaefor Stb6+Stb7 but is avirulent
for Stb11 which is effective across all other isolates his ttest. Surprisingly few
other cultivar susceptibility patters matched ttatgrs of theStb differentials. An
exception might be ‘Bio2000’ that matched 8#B5(CS/Syn7D) pattern closely.

Geographical differences represented in the glebaihe French panel clearly
demonstrated that cvs. like Estanzuele Fed8&thl) and Courtot$th9, being among
the most susceptible to the French panel (Tabled),still be used as a source of

resistance elsewhere (Table 7).

Finally, by using a wide panel of well-characted2d. graminicolaisolates
we were able to identify potential new sources efistance. None of the 15
describedStbgenes was completely effective to this panel. ldegermplasm such as
M3, Nogal, FHD 2054.3, TA4152-19, TA4152-37, whiate derived from synthetic
hexaploids, and showed a broad resistance spedtruhe global panel, potentially
carries new genes as these responses can hardiplaened by combinations of the
available Stb gene arsenal (Table 7). Similarly, more adaptesngksm such as
breeding lines SE3 and SE11 as well as cv. Apaele heasonably good levels of

resistance towards this panel (Table 6-7).

Discussion

This project has resulted in a large database ofat¥l. graminicola
interactions that will enable new studies into thenetic background of host
resistance. The availability of well-characterizZdd graminicolaisolates has shown
to be indispensable for such studies (Adhikarilet 2003, Adhikari et al., 2004a,
Adhikari et al., 2004b, Adhikari et al., 2004c, &lano et al., 2007, Arraiano et al.,
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2001b, Brading et al., 2002, Chartrain et al., 20@hartrain et al., 2005c, Chartrain
et al., 2009, McCartney et al., 2003, Somasco et 1#8196). However, reliable
phenotyping in theM. graminicolawheat pathosystem remains an area for intensive
consideration as it truly impacts the trustfulne$sStb gene discovery. Since STB
emerged as an important wheat disease differemigbjyging methods have been
developed and applied. Various qualitative and taive phenotyping scales were
used over the years. In some reports both N ané@ré guantitatively scored (Kema
et al., 1996a), while others only scored P (Arraiahal., 2001a, Brown et al., 2001,
Chartrain et al.,, 2009). A combined qualitativefoitative assessment method
evaluated disease severity as the leaf area withighya bearing necrosis along with
the level of sporulation (a variation on the eatligualitative 0-5 scale for STB
phenotyping) (Adhikari et al., 2003, McCartney kbt 2003, Rosielle, 1972). In fact,
all the reportedStb genes were identified by different scoring methaaseither
attached or detached leaf assays (Arraiano et2@0la, Kema et al., 1996a). A
combination of the attached/detached leaf technigyas also applied to induce
sporulation in overall symptomless responses ofdiptid T. monococcuniJing et
al., 2008). This, evidently is far from ideal anahtipers effective introgression $tb
genes into breeding programs, particularly as tipesgram most often rely on field
studies using specific isolates and accompanyingkenaassisted approaches
(Goodwin, 2007). We, therefore, chose to evaluateast array of interactions in
conjunction with tests otb differentials to validateStb efficacy and to provide a
new starting point foStb gene discovery. Ten out of the 18 currently mapptul
genes were identified and mapped with well-chareadd strains from our laboratory
(IPO strains). Recently, Czembor et al. (2010) u$¥d isolates to a subset 8tb
differentials, but only evaluated necrosis develeptnWith our analysis we extend
previous studies (Arraiano & Brown, 2006, Chartratnal., 2005b, Czembor et al.,
2010, Kema et al., 1996a, Kema et al., 1996b, K&manSilfhout, 1997) by testing
all differentials in an attached leaf assay forhbNtand P using one scale. Recently,
we identified three nevbtb genes in ‘M3’ and the French wheat cv. Balance by
exploiting some of these isolates in detailed magtudies (Tabib Ghaffary et al.,
2011a,b), illustrating the value of deep screersnglies to identify new sources or
resistance.
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In one of these studies we identifi&tb17which is specifically expressed in
adult plants. We, therefore, also screened germmplasder field conditions in the
adult plant stage with a subset of the descrilledyraminicolaisolates. Evidently,
single isolate inoculations under field conditioase challenging in terms of
experimental management (Brown et al.,, 2001, Emnksé¢ al., 2003, Kema &
vanSilthout, 1997, Simon et al., 2004), but provaewnealth of information that
cannot be achieved by natural infections. The appbn of individual isolates under
field conditions is required to test gene efficayd is the only way for reliable
phenotyping that helps breeders to select premiemmpglasm. We confirmed earlier
data (Arraiano & Brown, 2006, Brown et al., 200krfa & vanSilfhout, 1997) that
specific seedling and adult plant responses arevomity observed in the wheat\-
graminicola pathosystem. Specific adult plant resistance isnsonty observed for
other cereal diseases (Lin & Chen, 2007, Liu et 2001) due to genes that are
exclusively expressed in plant in a different pbimjical stage such &b17(Tabib
Ghaffary et al., 2011b). Such differential resp@ys®wever, depend strongly on the
used isolates. The results with IPO323 do not Bagmtly differ at the two stages, but
the seedling resistance to isolate IPO98001 waghhaxpressed in the adult plant
stage, whereas specific adult plant resistanceonbsobserved in 10 out of the 141

interactions (Table 8).

Western Europe totally produces 69 million tons aodtributes more than
10% to the global wheat production and France ippmaheat producer with a 6%
global and a 55% regional share (FAO 2010). STBoissidered the most important
constraint of the French wheat production, whick tragggered substantial interest
from the government (Freier & Boller, 2009), breggdicompanies and commodity
boards (Jorgensen et al., 2010). Surfacing fungicebistance issues recently also
underscored the importance of STB for French wheawers (Halama, 1996, Leroux
et al.,, 2005, Loyce et al.,, 2008). We, thereforayehincluded a panel of French
isolates in our studies to address genetic diyefsit pathogenicity at the field level.
Diversity for anonymous markers has been knowraftwng time (Abrinbana et al.,
2010, El Chartouni et al., 2011, Jirgens et alg620but associations within field
variation for pathogenicity have not been addres€rd studies, confirmed genetic
diversity at a fine spatial scale as all strairespnted individual genotypes (Linde et

al., 2002) in accord with the expectations for getwhallic pathogen (Kema et al.,
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1996¢, Wittenberg et al., 2009). Additionally, wenabnstrate extensive genetic
variation within and between fields for pathogetyicirhe SSR data showed that the
25 French isolates of EXP1-2 represented 24 diftegenotypes and screening on the
French breeding lines and the differential panetwdfivars distributed them into 22
and 20 significantly different phenotypes, respagii. For instance, the six isolates
originating from St. Pol de Léon were placed inefisignificantly different clades
(Appendices, Fig. S3 and 5) and arranging all Fraeolates by location shows the
extensive pathological variation within wheat fgldoth on the differentials as well
as on the tested breeding lines. This result dallsan extensive study into the
population dynamics of genes that control pathagini With the ongoing
sequencing initiatives and parallel genetic studdsodwin et al., 2011; Wittenberg
et al., 2009) we are close to elucidating effectgmes and determining the

distribution of such genes will further contribtiteSTB management.

Resistance geneStb6 and Stb4 were most frequently postulated, which
confirmed their prevalence in a wide diversity afr@pean germplasm (Arraiano et
al., 2009, Arraiano & Brown, 2006, Brown et al.,020 Chartrain et al., 2005b,
Eriksen et al., 2003). Brading et al., (2002) sstg that this inevitably relates to
hitherto applied breeding strategies where natocaulum, that is by definition a mix
of many pathogenic variants, rather than well ctt@r&zedM. graminicolaisolates, is
being used for selection purpos&sb4originates from the Dutch wheat cv. Tadorna
that was abundantly used in breeding programsenl®60s (Somasco et al., 1996,
Gervais et al., 2003, Huang et al., 2007, John48ii8, Zeven, 1972), hence, its

prevalence in European wheat cultivars is not $sirng.

Any genetic analysis suffers from restrictions, aminpromises have to be
accepted with respect to the number of populatidmsir size, or the number of
isolates that can be managed. The differential ypg¥@tic 7D is a substitution line of
chromosome 7D from a synthetic hexaploid into dvin€se Spring (Nicholson et al.,
1993). Chartrain et al. (2005b) showed that cv.n€ee Spring carries an allele of
Stb6 on chromosome 3AS. Therefore, we suggest thaty@gi&ic 7D not only
carriesStb5on chromosome 7D, but al§tb6as it is resistant to IPO323. Arraiano et
al. (2001b, 2007) also reported that ‘Cs/Synthasid’esistant to IPO323, IPO89011
and IPO88004, which we confirmed in the currentigtsuggesting that the broad
efficacy of Cs/Synthetic 7D is actually due to antnation of several genes that at
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least includeStb5andStb6 Another possibility is that the 7D chromosomeapptly
carries more genes th&tb5 but this can only be addressed by using a witl®fse
isolates with different specificities in geneticatyses. However, Arraiano et al.
(2007) and Chartrain et al. (2009) tested theirresgating populations with two
isolates in the seedling stage. We, therefore revema that future genetic studies
should include more precisely characterid&dgraminicolaisolates, such as the ones
reported in this study, to ensure sound conclusimmsthe genetic basis of STB
resistance in wheat (Tabib Ghaffary et al., 2011)ddition, individual lines from
segregating population should be exposed to a wadety of M. graminicolastrains
to ascertain that mapped QTLs do not representettif genes with different

specificities (This thesis, general discussion).

Our data provide an overview of wid@tb efficacy, but also demonstrate the
incongruence of different data sets. Gene postuiatwere possible by testing French
breeding materials with Frend. graminicolaisolates, but were hardly possible by
testing a wide panel of global isolates on a wideiety of unrelated wheat
germplasm. Still, genes with good efficacy towaHigopean strains, such 85,
showed also an acceptable efficacy to a much walege ofM. graminicolaisolates.
Moreover, cultivars with apparent low value in termf resistance in a European
context, such as cv. Courtot, showed high levelsesistance to strains from other
geographical regions. Additionally, the value ofngsdifferent panels was clearly
demonstrated by the identification of new sourcksesistance that were recently
confirmed (Tabib Ghaffary et al.,, 2011a). Thus, foew Stb gene discovery,
application of wide and diverse genetic screengegaired as narrower panels may
discover new genes, but their efficacy is usualliimited commercial interest as was
recently shown by the genetic analysis of the Hrenc Balance (Tabib Ghaffary et
al., 2011b) and the German wheat cv. Solitar (Kefral., 2011).

The current panel of isolates might therefore badaal suite of strains for
association genetics approaches that have recemtited well for other wheat
diseases (Crossa et al., 2007, Tommasini et al7,2Bhu et al., 2008). However,
such studies require excellent and repeatable pyy@ng protocols. Despite the value
of the current study and its contribution &®tb gene discovery and a better
understanding of gene efficacy, it also addressesnaesirable variety of protocols

over the years and by different research groupsa&et al. (1996a) also addressed
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this when gene-for-gene interactions in the whedt graminicolapathosystem were
still considered suspicious. Over time, these ad#ons have been proven and
confirmed over and over again. However, the effettdifferent geographical
locations on instability of data sets needs to Inei@ated and, additionally, we now
need to capitalize on insight from related spesigsh as the wheat Stagonospora
nodorum and wheat - Pyrenophora tritici-repentis pathosystems that are
characterized by inverse gene-for-gene interactisiven by host sensitivity loci and
small pathogen derived proteins with toxic effe(fsiesen et al., 2007). With the
current excellent genome information Mt graminicola(Goodwin et al., 201]1)we
have a new window of opportunities for enhancedewstdnding of the wheat M.

graminicolapathosystem that will benefit breeders and growewsnd the world.

Acknowledgments

This project is funded by the Fonds de Soutie@bhténtionVégétale
(FSOV2008B), France. S.M. Tabib Ghaffary also agkedges partial financial
support from the Agricultural Research and Educa@oganization (AREO) of Iran.
We hereby acknowledge the important contributioDis. Maarten van Ginkel
(ICARDA), Abbas Keshavarz (Former Head of AREO-$RHd Mohammad Reza
Jalal Kamali (CIMMYT-Iran) in conceiving this praje We thank the Dutch

Mycosphaerella group for constructive discussions.

References

Abrinbana M, Mozafari J, Shams Bakhsh M, Mehrab2B]0. Genetic structure of
Mycosphaerella graminicolgopulations in IranPlant Pathology59,
829-38.

Adhikari TB, Anderson JM, Goodwin SB, 2003. Ideicgtion and molecular
mapping of a gene in wheat conferring resistancéViy@osphaerella
graminicola Phytopatholog3, 1158-64.

Adhikari TB, Cavaletto JR, Dubcovsky J, Gieco J@hl&tter AR, Goodwin SB,
2004a. Molecular mapping of the Stb4 gene for taste to Septoria
tritici blotch in wheatPhytopathologyw4, 1198-206.

Adhikari TB, Wallwork H, Goodwin SB, 2004b. Micrasd#lite markers linked to the
Stb2 and Stb3 genes for resistance to septoii@ bibtch in wheatCrop
Scienced4, 1403-11.

58



Challenges of phenotyping and gene postulation........

Adhikari TB, Yang X, Cavaletto JRet al, 2004c. Molecular mapping of Stbl, a
potentially durable gene for resistance to septtitigi blotch in wheat.
Theoretical and Applied Genetit89, 944-53.

Arraiano L, Brading P, Brown J, 2001a. A detacheediing leaf technique to study
resistance tdMycosphaerella graminicolganamorph Septoria tritici) in
wheat.Plant Pathologyb0, 339-46.

Arraiano LS, Balaam N, Fenwick BMt al, 2009. Contributions of disease resistance
and escape to the control of septoria tritici diotof wheat. Plant
Pathology58, 910-22.

Arraiano LS, Brown JKM, 2006. Identification of iate-specific and partial
resistance to septoria tritici blotch in 238 Eurmpevheat cultivars and
breeding linesPlant Pathology5, 726-38.

Arraiano LS, Chartrain L, Bossolini E, Slatter HKeller B, Brown JKM, 2007. A
gene in European wheat cultivars for resistancantdAfrican isolate of
Mycosphaerella graminicold@lant Pathologyb6, 73-8.

Arraiano LS, Worland AJ, Ellerbrook C, Brown JKM)@Lb. Chromosomal location
of a gene for resistance to septoria tritici blotWlycosphaerella
graminicolg in the hexaploid wheat 'Synthetic 6xXheoretical and
Applied Genetic403 758-64.

Bearchell SJ, Fraaije BA, Shaw MW, Fitt BDL, 2008heat archive links long-term
fungal pathogen population dynamics to air pollatieroceedings of the
National Academy of Sciences of the United Stdtésnerical02 5438-
42.

Brading PA, Verstappen ECP, Kema GHJ, Brown JKMQ20A gene-for-gene
relationship between wheat aktycosphaerella graminicolahe Septoria
tritici blotch pathogenPhytopathologyy?2, 439-45.

Brown JKM, Kema GHJ, Forrer HRet al, 2001. Resistance of wheat cultivars and
breeding lines to septoria tritici blotch caused ligolates of
Mycosphaerella graminicolan field trials.Plant Pathologys0, 325-38.

Chartrain L, Berry ST, Brown JKM, 2005a. Resistantevheat line Kavkaz-K4500
L.6.A.4 to Septoria tritici blotch controlled byoiste-specific resistance
genesPhytopatholog5, 664-71.

Chartrain L, Brading PA, Brown JKM, 2005b. Preserafethe Stb6 gene for
resistance to septoria tritici blotchMycosphaerella graminico)ain
cultivars used in wheat-breeding programmes wodéwlant Pathology
54, 134-43.

Chartrain L, Joaquim P, Berry ST, Arraiano LS, AzarF-, Brown JKM, 2005c.
Genetics of resistance to septoria tritici blotohthe Portuguese wheat
breeding line TE 911 heoretical and Applied Genetit40, 1138-44.

Chartrain L, Sourdille P, Bernard M, Brown JKM, 200dentification and location of
Stb9, a gene for resistance to septoria triticitdbloin wheat cultivars
Courtot and TonicPlant Pathologyb8, 547-55.

59



Chapter 2

Coppin E, Debuchy R, Arnaise S, Picard M, 1997. iMpttypes and sexual
development in filamentous ascomycet®Bcrobiology and Molecular
Biology Reviews§1, 411-428

Corsten L, Denis J, 1990. Structuring interactiontwo-way tables by clustering.
Biometrics46, 207-15.

Crossa J, Burgueno J, DreisigackereSal, 2007. Association analysis of historical
bread wheat germplasm using additive genetic canee of relatives and
population structureGeneticsdoi: 10.1534/genetics.107.078659

Crous PW, Hong L, Wingfield BD, Wingfield M, 2001ITS rDNA phylogeny of
selected Mycosphaerellaspecies and their anamorphs occurring on
Myrtaceae. Mycological Research,05 425-431

Czembor P, Radecka Janusik M, Ma Kowski D, 2010wlence Spectrum of
Mycosphaerella graminicolalsolates on Wheat Genotypes Carrying
Known Resistance Genes to Septoria tritici Blotchournal of
Phytopathologyloi: 10.1111/j.1439-0434.2010.01734.x

Desmazieres J, 1842. Neuvieme notice sur quelglaesep cryptogame®nn. des
Sci. Nat., Bot. S@&r 91-118.

El Chartouni L, Tisserant B, Siah, &t al, 2011. Genetic diversity and population

structure in French populations ®lycosphaerella graminicolaMycologia doi:

10.3852/10-184

EPPO(2010http://archives.eppo.org/MEETINGS/2010_conferersmstbria.htm

Eriksen L, Borum F, Jahoor A, 2003. Inheritance bwdlisation of resistance to
Mycosphaerella graminicolacausing septoria tritici blotch and plant
height in the wheat (Triticum aestivum L.) genomghwDNA markers.
Theoretical and Applied Genetit7, 515-27.

Eyal Z, 1999. The septoria tritici asthgonospora nodorutnlotch diseases of wheat.
European Journal of Plant Patholog@5 629-41.

FAO 2010http://faostat.fao.org/site/567/DesktopDefault. &dpxgelD=56 7#ancor
Forrer H, Zadoks J, 1983. Yield reduction in whieatelation to leaf necrosis caused
by Septoria triticiEuropean Journal of Plant Patholo@®, 87-98.

Fraaije BA, Cools HJ, Fountaine &t al, 2005. Role of ascospores in further spread
of Qol-resistant cytochrome b alleles (G143A) ieldi populations of
Mycosphaerella graminicold@hytopathology5s, 933-41.

Freier B, Boller EF, 2009. Integrated pest managenme Europe-history, policy,
achievements and implementatiorintegrated pest management:
dissemination and impgct35-54.

Friesen TL, Meinhardt SW, Faris JD, 2007. T8&gonospora nodorunwheat
pathosystem involves multiple proteinaceous hot#ctiee toxins and
corresponding host sensitivity genes that intenacn inverse gene for
gene manneilhe Plant Journabl, 681-92.

Gervais L, Dedryver F, Morlais J¥t al, 2003. Mapping of quantitative trait loci for
field resistance to Fusarium head blight in an Raam winter wheat.
TAG Theoretical and Applied Geneti36 961-70.

60



Challenges of phenotyping and gene postulation........

Gisi U, Chin K, Knapova Get al, 2000. Recent developments in elucidating modes
of resistance to phenylamide, DMI and strobilurindicides. Crop
Protection19, 863-72.

Gisi U, Sierotzki H, Cook A, Mccaffery A, 2002. Meanisms influencing the
evolution of resistance to Qo inhibitor fungicidd3est Management
Scienceb8, 859-67.

Goodwin SB, 2007. Back to basics and beyond: irstngathe level of resistance to
Septoria tritici blotch in wheaAustralasian Plant Pathology6, 532-8.

Goodwin, S.B., Ben M'Barek, S., Dhillon, B., Witteerg, A.H.J., Crane, C.F., Van
der Lee, T.A.J., Grimwood, J., Aerts, A., Antonidv, Bailey, A., Bluhm,
B., Bowler, J., Bristow, J., Canto-Canche, B., Chil, A., Conde-
Ferraez, L., Cools, H., Coutinho, P.M., Csukai, Mehal, P., De Wit,
P.J.G.M., Donzelli, B., Foster, A.J., Hammond-KdsaK., Hane, J.,
Henrissat, B., Kilian, A., Koopmann, E., Kourmpeti., Kuzniar, A.,
Lindquist, E., Lombard, V., Maliepaard, C., Martind., Mehrabi, R.,
Oliver, R., Ponomarenko, A., Rudd, J., Salamov, &chmutz, J.,
Schouten, H.J., Shapiro, H., Stergiopoulos, I.,ridar, S.F.F., Tu, H.,
Van den Burgt, A., de Vries, R.P., Ware, S.B., Wrdm, A., Zwiers, L-
H., Grigoriev, I.V., Kema, G.H.J., 2011. Finisheer&me of the Fungal
Wheat PathogenMycosphaerella graminicolaReveals Dispensome
Structure, Chromosome Plasticity and Stealth Patheg)s. PL0S
Genetics, submitted

Halama P, 1996. The occurrence Micosphaerella graminicolateleomorph of

Septoria tritici in FrancePlant Pathologyd5, 135-8.

Huang XQW, Ganal M, Orford MW, Koebner S, Réder RM®@arion S, 2007. Did
Modern Plant Breeding Lead to Genetic Erosion irropean Winter
Wheat VarietiesZrop Sciencd7, 343-9.

Jing HC, Lovell D, Gutteridge Ret al, 2008. Phenotypic and genetic analysis of the
Triticum monococcunMycosphaerella graminicolainteraction. New
Phytologisi79 1121-32.

Johnson R, 1978. Practical breeding for durablesteexce to rust diseases in self-
pollinating cerealsEuphytica27, 529-40.

Jorgensen LN, 2008. Resistance situation with ftidgs in cerealsZemdirbyste-
Agriculture 95, 373-8.

Jorgensen LN, Hovmoller MS, Hansen, Bbal, 2010. EuroWheat. org A Support to
Integrated Disease Management in Wheaitlooks on Pest Management
21, 173-6.

Jurgens T, Linde CC, Mcdonald BA, 2006. Genetiaicgtire of Mycosphaerella
graminicola populations from Iran, Argentina and Australizuropean
Journal of Plant Patholog$15 223-33.

Kelm C, Tabib Ghaffary SM, Kosellek S, Réder MS,eldich S, Weber WE, Kema
GHJ, Saal B 2011. The genetic architecture of seedling resistaio
Septoria tritici blotch in the winter wheat doubleadploid population
Solitar x Mazurka. Moecular Breeding, submitted

61



Chapter 2

Kema GHJ, Annone JG, Sayoud R, Vansilfhout CH, Vake M, Debree J, 1996a.
Genetic variation for virulence and resistance ihe t wheat-
Mycosphaerella graminicolapathosystem .1. Interactions between
pathogen isolates and host cultivdtBytopathology6, 200-12.

Kema GHJ, Sayoud R, Annone JG, Vansilfhout CH, b996enetic variation for
virulence and resistance in the wh&@teosphaerella graminicola
pathosystem .2. Analysis of interactions betweethqgen isolates and
host cultivarsPhytopathologys6, 213-20.

Kema GHJ, Vansilthout CH, 1997. Genetic variation ¥irulence and resistance in
the wheat Mycosphaerella graminicolgpathosystem .3. Comparative
seedling and adult plant experimermbytopathology7, 266-72.

Kema GHJ, Verstappen ECP, Todorova M, Waalwijk @96c. Successful crosses
and molecular tetrad and progeny analyses demomsteterothallism in
Mycosphaerella graminicolaCurrent Genetic80, 251-8.

Kenward MG, Roger JH, 1997. Small sample inferefme fixed effects from
restricted maximum likelihoodiometrics53, 983-97.

King J, Cook R, Melville S, 1983. A review of Septodiseases of wheat and barley.
Annals of Applied Biolog¥03 345-73.

Komugi(2011http://www.shigen.nig.ac.jp/wheat/komugi/genes/sgitassList.jsp;j
sessionid=1CASDE44F4C227079C2326DA1ACA904B.4 5

Leroux P, Gredt M, Walker Aet al. Resistance of the wheat leaf blotch pathogen
Septoria tritici to fungicides in Franc005 British Crop Protection
Council, 115-24.

Lin F, Chen X, 2007. Genetics and molecular mappihgenes for race-specific all-
stage resistance and non-race-specific high-teryeraadult-plant
resistance to stripe rust in spring wheat cultérowa. TAG Theoretical
and Applied Genetickl14, 1277-87.

Linde CC, Zhan J, Mcdonald BA, 2002. Populatioruciure of Mycosphaerella
graminicola From lesions to continent8hytopathology?2, 946-55.

Liu S, Griffey C, Maroof MaS, 2001. Identificatiaxf molecular markers associated
with adult plant resistance to powdery mildew inmtoon wheat cultivar
MasseyCrop Sciencél, 1268-75.

Loughman R, Thomas G, 1992. Fungicide and culieatrol of Septoria diseases of
wheat.Crop Protectionll, 349-54.

Loyce C, Meynard J, Bouchard €t al, 2008. Interaction between cultivar and crop
management effects on winter wheat diseases, lgdgind yield.Crop
Protection27, 1131-42.

Mavroeidi VI, Shaw MW, 2005. Sensitivity distribatis and cross-resistance patterns
of Mycosphaerella graminicolato fluquinconazole, prochloraz and
azoxystrobin over a period of 9 yeatsop Protectior24, 259-66.

Mccartney CA, Brule-Babel AL, Lamari L, Somers R003. Chromosomal location
of a race-specific resistance geneMgcosphaerella graminicolan the
spring wheat ST6l'heoretical and Applied Genetit87, 1181-6.

62



Challenges of phenotyping and gene postulation........

Mcdonald BA, Linde C, 2002. The population genetafsplant pathogens and
breeding strategies for durable resistafaghytical24, 163-80.

Mcdonald BA, Mundt CC, Chen RS, 1996. The role efestion on the genetic
structure of pathogen populations: Evidence froadfiexperiments with
Mycosphaerella graminicolan wheatEuphytica92, 73-80.

Mergoum M, Singh PK, Ali Set al, 2007. Reaction of elite wheat genotypes from
the northern Great Plains of North America to SeatdiseasesPlant
Disease91, 1310-5.

Nicholson P, Rezanoor H, Worland A, 1993. Chromasd@cation of resistance to
Septoria nodorum in a synthetic hexaploid wheatrdeihed by the study
of chromosomal substitution lines in ‘Chinese Sgmheat. Plant
Breedingl10, 177-84.

Payne R, Murray D, Harding S, Baird D, Soutou DnéaP, 2009. GenStat for
Windows —introduction. VSN Internationdemel Hempsted®.

Rosielle A, 1972. Sources of resistance in wheadpteckled leaf blotch caused by
Septoria tritici.Euphytica21, 152-61.

Sanderson F, 1972. A Mycosphaerella species asdbegenous state of Septoria
tritici Rob. and DesmiNew Zealand Journal of Botady, 707-10.
Sanderson F, 1978lycosphaerella graminicol@uckel) Sanderson comb, nov., the
ascogenous state of Septoria tritici Rob. apud Dé&sw Zealand Journal

of Botanyl4, 359-60.

Searle SR, Casella G, Mcculloch CE, 19%ariance componentsViley Online
Library.

Simon MR, Ayala FM, Cordo CA, Roder MS, Borner A02. Molecular mapping of
quantitative trait loci determining resistance tepteria tritici blotch
caused bylycosphaerella graminicolan wheat.Euphytical38, 41-8.

Somasco OA, Qualset CO, Gilchrist DG, 1996. Siggee resistance to Septoria
tritici blotch in the spring wheat cultivar "Tad#iPlant Breedingl15,
261-7.

Sprague R, 1938. The status of Septoria gramitdyoologia30, 672-8.

Stergiopoulos |, Van Nistelrooy JGM, Kema GHJ, DaaM MA, 2003. Multiple
mechanisms account for variation in base-line $eitgi to azole
fungicides in field isolates ofMycosphaerella graminicola Pest
Management Sciené®, 1333-43.

Tabib Ghaffary SM, Faris JD, Friesen TL, Visser RG&n der Lee TAJ, Robert O,
Kema GHJ, 2011a.New broad-spectrum resistanceptorsz tritici blotch
derived from synthetic hexaploid wheat. TheoretiGid Applied
Genetics, submitted

Tabib Ghaffary SM, Robert O, Laurent V, Lonnet Parlghlé E, Van der Lee TAJ,
Robert O, Kema GHJ, 2011b. Genetic analysis aétasce to septoria
tritici blotch in the French winter wheat cultivaBalance and Apache.
Theoretical and Applied Genetics, in press

63



Chapter 2

Te Beest D, Shaw M, Paveley N, Van Den Bosch F92&®aluation of a predictive
model forMycosphaerella graminicoléor economic and environmental
benefits Plant Pathology68, 1001-9.

Tommasini L, Schnurbusch T, Fossati D, Mascher &lJeK B, 2007. Association
mapping ofStagonospora nodoruibiotch resistance in modern European
winter wheat varietieSTAG Theoretical and Applied Genetit$5 697-
708.

Torriani S, Brunner P, Mcdonald B, Sierotzki H, 200Qol resistance emerged
independently at least 4 times in European popratofMycosphaerella
graminicola.Pest Management Sciengg, 155-62.

USDA-Annual wheat news letter volume 53.
http://wheat.pw.usda.gov/ggpages/awn/53/TextfileQu@ml

Ware S, 2006Aspects of sexual reproduction in Mycosphaerellecsgs on wheat
and barley: genetic studies on specificity, mappimd fungicide
resistance. PhD thesis Wageningne University.

Wiik L, Rosenqgvist H, 2010. The economics of fumgdgc use in winter wheat in
southern SwederCrop Protectior29, 11-9.

Wittenberg A, Van Der Lee T, M'barek &t al, 2009. Meiosis Drives Extraordinary
Genome Plasticity in the Haploid Fungal Plant PgémMycosphaerella
graminicola PLoS Ond, e5863.

Zeven A, 1972. Plant density effect on expressibrheterosis for yield and its
components in wheat and F1 versus F3 yididghytica21, 468-88.

Zhu CG, Buckler M, Yu ES, 2008. Status and prospettassociation mapping in
plants.The Plant Genomg, 5-20.

64



Chapter 3

New broad-spectrum resistance to septoria tritmich derived from synthetic

hexaploid wheat

S. Mahmod Tabib Ghaffary, Justin D. Faris, Timolthyriesen, Richard G.F. Visser,
Theo A.J. van der Lee, Olivier Robert, Gert H.Jm&e

Submitted

65



Chapter 3

Abstract

Septoria tritici blotch (STB), caused by the ascoetg Mycosphaerella
graminicolg is one of the most devastating foliar diseaseslafat. We screened five
synthetic hexaploid wheats (SHs), 13 wheat vasdtat represent the differential set
of cultivars and two susceptible checks with a glaet of 20 isolates and discovered
exceptionally broad STB resistance in SHs. Subsm®odevelopment and analyses of
recombinant inbred lines (RILs) from a cross betw#ge SH M3 and the highly
susceptible bread wheat cv. Kulm revealed two noesbktance loci on chromosomes
3D and 5A. The 3D resistance was expressed isdbdling and adult plant stages,
and it controlled necrosidNj and pycnidia ) development as well as the latency
periods of these parameters. This gene, whichoset} linked to the microsatellite
marker Xgwm494 was designatedtbl6 and explained from 41 to 71% of the
phenotypic variation at seedling stage and 28 & 81 mature plants. The resistance
locus on chromosome 5A was specifically expressedhe adult plant stage,
associated with SSR mark&hbg247 and explained 12 to 32% of the variation in
disease. This quantitative trait locus (QTL) wasigieatedStb17q and is the first
QTL for adult plant resistance M. graminicolato be identified. Our results confirm
that common wheat progenitors might be a rich soué new Stb resistance

genes/QTLs that can be deployed in commercial limggatograms.

Introduction

Since early history, wheaf (iticum aestivunlL., 2n = 6x = 42, AABBDD)
was a main source of food and feed. It is the oldedl has been the most widely
grown crop since 10,000-8,000 B.C (Heun et al. 1926 et al. 2007; Nesbitt and
Samuel 1998). Due to its importance and increagergand, it is a key commodity to
eradicate global hunger not only by ensuring sidgifit production to feed a world
population that will grow by 50 percent and reaclbiion by 2050, but also by
guaranteeing access to food (FAO 2010). Still,dh®annual bread wheat production
is projected to decline and diseases play a sagmifirole in such reductions (USDA
2010). In Western Europe, which is among the ldrgeseat production areas,
Septoria tritici blotch (STB) caused by the ascoetgdlycosphaerella graminicola

(Fuckel) J. Schrot is the most recurrent and ingmdrtvheat disease. STB is also a
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major disease in the Americas, Central and Wesa,Aand particularly on durum
wheat in North Africa. STB can cause yield losdex typically range from 10-15%,
but under conducive weather conditions, losseseeaily exceed 50%, particularly in
low-input agriculture where disease managementeguently suboptimal (Duveiller
et al. 2007; Eyal 1999; King et al. 1983).

In intensive wheat production areas, disease mamage is often
accomplished by fungicide applications and the agpent of resistant wheat
cultivars (Goodwin 2007; Lehoczki-Krsjak et al. P)1STB is the major target of the
agrochemical industry that has Western Europesgwine market (Jorgensen 2008),
but fungicide applications are not always timelypvieonmentally sound or
economically viable (Paveley et al. 1997). Underditbons favorable for disease, two
to 12 fungicide applications are required to cdrnf®®B (Burke and Dunne 2008), and
the costs easily reach approximately 150 Euro petane (Beest et al. 2009). Most
importantly, fungicide efficacy towards STB is hangd by the development of
fungicide resistant strains of the pathogen (Feaeijal. 2005; Mavroeidi and Shaw
2005; Stergiopoulos et al. 2003). Therefore, hesistance is an important component

of effective disease management strategies for cangiat wheat production.

To date, 15 major resistance gen8#)1-Stb1l5 have been identified and
characterized, but compared to yellow rust, leadt,rgtem rust, hessian fly and
powdery mildew — with 88, 96, 64, 33 and 104 mapmsistance genes, respectively
- this number is limited. Moreover, the majoritytbése genes have narrow spectra of
specificity towarddMl. graminicolaisolates that represent current field populations i
major wheat producing areas, and this limits thusie (Arraiano and Brown 2006;
Chartrain et al. 2005b). Furthermoid, graminicolais a heterothallic filamentous
fungus with multiple sexual cycles during the gnogvseason that defines its complex
genetic population structure and influences disezm®agement (Chen and McDonald
1996; Kema et al. 1996c; McDonald et al. 1996). Mieeat- M. graminicola
pathosystem complies with the gene-for-gene hyphehere a pathogen effector
interacts with a host target (Brading et al. 2088jhce, the selection pressure that
new Stbgenes may exert on natuMl graminicolapopulations calls for responsible
deployment strategies and a continuous effort teellirkey genes that control this
disease (Cowger et al. 2000; Linde et al. 2002nghet al. 2001).
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Modern wheat improvement programs and wheat dooad&in processes
resulted in narrow diversity of wheat germplasmr{§tfansen et al. 2002; Raman et
al. 2010). For this reason, wild wheat progenitbesve been considered potential
sources for the recovery of genetic diversity (Bigacker et al. 2008; Ortiz et al.
2008; Warburton et al. 2006; Zhang et al. 2006)e Tgroduction of synthetic
hexaploid (SH) wheats goes back to the 1940s brecently considered a strategic
approach to exploit germplasm of wild wheat progmsiin commercial breeding
programs (Mizuno et al. 2010; van Ginkel and Oglag:an2007; Warburton et al.
2006; Xie and Nevo 2008; Yang et al. 2009). SHspaoeluced by crossing tetraploid
wheat . turgidumL., 2n = 4x = 28, A and B genomes) with diploidatgrass
(Aegilops tauschiiCoss., 2n = 2x = 14, DD genomes) followed by closome
doubling of the IFhybrid. The resulting synthesized hexaploids mtewa rich source
of genetic variation and can be readily hybridizeth elite bread wheat cultivars and
germplasm. Breeders have exploited these souotegdistance to a wide range of
biotic and abiotic stresses (Adhikari et al. 20@3taiano et al. 2001; Assefa and
Fehrmann 1998, 2000, 2004; Berzonsky et al. 20@kn@k et al. 1999; Genc and
McDonald 2004; Gororo et al. 2001; Konik-Rose et28l09; Lage et al. 2003, 2004;
Lage and Trethowan 2008; Mujeeb-Kazi et al. 200Mlajeeb-Kazi et al. 2001b;
Sotelo et al. 2009; Xu et al. 2006; Xu et al. 2004¢re, we further investigate the
potential of SHs and derived breeding lines ascasuof resistance td. graminicola

in commercial resistance breeding programs.

Material and methods
Mycosphaerella graminicola isolates, plant mategiahd experimental design

A global panel of 20M. graminicolaisolates (Table 1) was assembled and
used to characterize the response of magibdienes and compare their resistance
spectrum with uncharacterized resistance to STBHae and derived breeding lines. A
set of 20 wheat accessions comprisingML.3graminicoladifferential cultivars, five
SHs, and the susceptible checks cv. Taichung 2%tandhard red spring wheat cv.
Kulm (Table 2), was tested in a triplicate seedkxgeriment using the set of isolate.
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F1. and k plants, and and7 population of recombinant inbred lines (RILS)
developed by single-seed descent were produceddromss between the SH M3 and
cv. Kulm. M3 (W-7976) was developed at CIMMYT by Mujeeb-Kazi and has the
pedigree Cando/R143//Mexi’'S’/@é. tauschii (C122), whereas cv. Kulm was
developed at North Dakota State University, FafgD, The hexaploid wheat cv.
Chinese Spring (CS) and CS chromosome 5A deleinas I5AS-1, 5AS-3, 5AL-10,
5AL-12, and 5AL-17 (Endo and Gill 1996) were usedldcate chromosome 5A
markers to deletion bins.

The various wheat accessions were grown in VQB 8xdm TEKU’ plastic
pots with 10 linearly sown seeds per pot. RILs wglanted in 5.5 x 5 cm round
Jiffy® pots with three seeds per pot using a stetaritized peat/sand mixture. All
plants were grown in a controlled greenhouse cotmmart with a 16/8 hour
light/dark cycle supplemented with son-T Agro 400&khps (Hortilux, Boca Raton,
Florida, USA). Pre-inoculation temperature andtreéehumidity (RH) were 18/16° C
(day/night rhythm) and 70% RH, while post-inocwatitemperature and RH were
22/21° C and> 85% RH, respectively. Plants were grown in an alpattice
experimental design with pots as experimental uhis were randomly arranged for
each isolate-replication combination on separatelleh tables in the greenhouse

compartment.

Inoculation procedures

Pre-cultures of each isolate (Table 1) were pegpban an autoclaved 100 ml
Erlenmeyer flask containing 50 ml yeast-glucose \Yi@uid medium (30 g glucose,
10 g yeast per liter demineralized water). Thekiéawere inoculated using a small
piece of frozen isolate mycelium maintained at 3@hd were placed in an incubated
rotary shaker (Innova 4430, New Brunswick ScieatifUSA) set at 125 rpm and
18°C for 5-6 days. These pre-cultures were therd useinoculate three 250 ml
Erlenmeyer flasks containing 100 ml YG media pefate that were incubated under
the aforementioned conditions to provide enoughcuhan for the seedling
inoculation assays at growth stage (GS) 11 (Zadziksl. 1974). The inoculum

concentration was adjusted to’Epores/ml in a total volume of 40 ml for a se.8f
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Table 1.The original hosts and origwof the global panel dflycosphaerella

graminicolaisolates used in the present study.

Origin
Isolate nr ~ Country Location Year of collection
IPO94218 Canada Saskatoon 1994
IPO00003 USA Colusa 2000
IPO00005 USA Colusa 2000
IPO90006 Mexico Toluca 1990
IPO90015 Peru Unknown 1990
IPO87016 Uruguay Dolores 1987
IPO86068  Argentina Balcarce 1986
IPO99015 Argentina Unknown 1999
IPO89011 Netherlands Barendrecht 1989
IPO92004 Portugal Casa Valhas 1992
IPO95054 Algeria Berrahal 1995
IPO92034 Algeria Guelma 1992
IPO88018 Ethiopia Holetta 1988
IPO88004 Ethiopia Kulumsa 1988
IPO95036 Syria Minbeg 1995
IPO86013 Turkey Adana 1986
IPO02166 Iran Dezful, Safi Abad 2002
IPO02159 Iran Gorgan, AgQaleh 2002
IPO95052  Algeria Berrahal 1995
IPO86022  Turkey Altinova 1986

Al isolates are bread wheat isolates except IPG253hd IPO86022, which are

durum adapted isolates.
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plastic pots or 24 Jiffy® pots and was supplementdti two drops of Tween 20
(MERCK®, Nottingham, UK). The screening of the 2Beat accessions as seedlings
was conducted using the collection of 20 isolafesble 1). Seedlings of the entire
RIL population were initially tested witiM. graminicola isolates 1P0O92004,
IPO92034, 1P0O94218 and [P0O88018, and the resultstheke pre-screening
experiments were used to select the most apprepigilates (IPO94218 and
IPO88018) for the second and third replicationg tare also used to screen &nd
F, seedlings.

Adult plant screening of the RILs and parents wasied out in a greenhouse
experiment with three replications usikly graminicolaisolate IPO88018 (0.6 x 10
spores/ml) at GS 47- 58.

Data collection and analysis

Wheat germplasnDisease severity was evaluated 21 days afteulatbon by
estimating the percentage necro®i} &nd pycnidialR) on the inoculated first leaves
(GS 11-12) (Zadoks et al. 1974) in the seedlingyssData were transformed to the
logit scale for statistical analysis using Residbddéximum Likelihood (REML)
variance component analysis (Gensta‘f‘ Elition, VSN International Ltd, Hemel
Hempstead, UK.) Significant differences were deteeth using the Least Significant
Difference (LSD) of back-transformed and P values. Logit transformed data
analysis resulted in minor changes between obsewddgrocessed data to cope with

zero scores dfl or P.

RILs.A total of 96 RILs were evaluated in the pre-scregttfirst replication)
and 103 RILs in the second and third replicatiddisease severity on the seedlings
was evaluated 23 days post inoculation (dpi) byrisgoN and P on the primary
leaves. Latency period&NILP andPLP: days between inoculation and fitdtand P
appearance) were also determined in the seconthaddeplications of the seedling
assays. Adult plant responses - total leaf areareovwith STB lesions - were scored
on the flag leaves (F) or the second leaf layet)(Bt 21 and 28 dpi. Bartlett}$ test
was employed to evaluate the homogeneity of refmbicaerror variances and

calculated using the Excel formula option. Data bgeneous across replications
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weresubsequently averaged and used for QTL analysis €Chl. 2010; Friesen et al.
2009).

Molecular mapping in the RIL populatioDNA was extracted from M3, cv.
Kulm and the RILs as described in Faris et al. ®@00A total of 609 microsatellite
(simple sequence repeat; SSR) primer pairs wetredt@sn M3 and cv. Kulm to reveal
polymorphisms. The microsatellite primers wereivdst from the following sets:
GWM (Roder et al. 1998), WMC (Somers et al. 2064BG, HBD, HBE (Torada et
al. 2006), CFA, CFD (Sourdille et al. 2004), BARSoAg et al. 2005), and FCP
(Faris et al. 2010; Reddy et al. 2008; Zhang et28l09). Methods for PCR,
polyacrylamide gel electrophoresis, and fragmentialization were as described in
Lu et al. (2006). Primer pairs revealing polymasph between M3 and cv. Kulm

were subsequently used to genotype the 103 RILs.

A total of 284 of the 609 (47%) primer sets revdapmlymorphisms and
detected 349 marker loci (1.2 loci per primer sdtjnkage analysis of the 349 loci
was conducted using Mapmaker (Lander et al. 19&7facintosh and the Kosambi

mapping function (Kosambi 1944) as described indtial. (2005).

QTL analysis.Linkage maps consisting of 296 markers giving thesim
complete genome coverage were used to detect genmgions associated with
phenotypic means. Composite interval mapping (Cikd}s performed using the
computer program QGene (Joehanes and Nelson 20A8jpermutation test with
1,000 permutations was conducted to determinegtieatical LOD threshold of 4.7 in

this population yields an experiment-wise significa level of 0.05.

Genotype to phenotype discrepansgalysis of theallelic marker segregation
and concurrent phenotypic data of the RILs enahlsdto study genotype to
phenotype discrepancies with respect to STB regista/NVe used all observed disease
parametersN, P, NLPand PLP) and distributed the RILs in statistically signdint

different ¢ 1.1) groups. Subsequently, marker segregation wagisuypesed on these
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data to determine sliding windows of lower to upperits of the aforementioned
disease parameters for each isolate to determeéhteshold values for segregation

analyses.

Results

Wheat germplasm screehll control inoculations resulted in excellent case
development enabling precise phenotyping of wheatglasm and the Kulm/M3
RIL population. None of the differential cultivargas completely resistant to the
global M. graminicolapanel, whereas all SHs, including M3, were widegistant to
the entire set of isolates (Table 3). The numbeidehtified Stb genes in each
differential cultivar (Table 2) positively correéat with broader efficacy (r =0.75,
P<0.01; N=13, df=11) indicating that accumulatidnStb genes is a valid resistance
breeding strategy. In contrast, the SHs showedjmifsiantly different pattern for
they were resistant to aM. graminicolaisolates (Fig. 1, Table 3). We therefore
focused further analyses on the cv. Kulm/M3 RIL ylagon. The parental lines
differed significantly forN (values for cv. Kulm and M3 ranging from 2.2-911/&la
1.1-6.8, respectively) and (values for cv. Kulm and M3 ranging from 0-37.5d&h
respectively) over the 20 isolates (Fig. 1). Thisalded the selection of isolates
IPO94218, IPO92004, IPO88018 and IP0O92034 for &uréimalysis.

RIL screeningWWe produced 103 cv. Kulm/M3 RILs and 96 were inated
with M. graminicolaisolates 1P0O94218, IPO92004, IPO88018 and IPO92034e
first replication (Fig. 2). The results of this expnent indicated that segregation
ratios of P fit 1:1 ratios for M. graminicola isolates IPO92004, IPO88018 and
IPO92034, suggesting segregation of a single genkittor. The result with
IPO94218, however, indicated that more genes cobeldnvolved. We, therefore,
continued analyses for the second and third reqics: with M. graminicolaisolates
IPO88018 and IPO94218. Ranking of the RILsNoandP showed highly significant
correlations forN and P, indicating that the same genetic factor(s) cocddtrol

resistance to these isolates (Table 4).

73



Chapter 3

Table 2. Hexaploid wheat germplasm that was testtéda global panel of 2Mycosphaerella graminicolaolates to determine potentially

new genes for resistance to septoria tritici blotch

Growth
Line Habit* Origin Stbgene Reference
Bulgaria 88 W Bulgaria Stb1(5BL) +Stb6 (Adhikari et al. 2004c; Chartrain et al. 2005b)
Veranopolis S Brazil Sth2(3BS) +Sth6 (Adhikari et al. 2004b; Chartrain et al. 2005b)
Israel493 S Israel Stb3(7AS) +Stb6 (Adhikari et al. 2004b; Chartrain et al. 2005b)
Tadinia S USA Stb4(7DS)+Stb6 (Adhikari et al. 2004a; Chartrain et al. 2005b; Ssoo et al. 1996)
Cs Synthetic (6x)7D S China/USA Stb5(7DS)+Sth6 (Arraiano et al. 2001b)
Shafir S Israel Stb6(3AS) (Brading et al. 2002)
Estanzuela Federal S Uruguay Stb7(4AL) (McCartney et al. 2003)
M6 synthetic (W-7984) W USA Stb8(7BL) (Adhikari et al. 2003)
Courtot W France Stb9(2BL) (Chartrain et al. 2009)
Kavkaz-K4500 F CIMMYT Stb10(1D) + (Chartrain et al. 2005a)
Stb12(4AL) +Sth6 +Sth7
TE9111 S Portugal Stb11(1BS)+Sth6 +Stb7 (Chartrain et al. 2005c)
Salamouni S Canada Stb13(7BL) + Sth14(3BS) http://wheat.pw.usda.gov/ggpages/awn/53/Textfile®uU@EmI
Arina W Switzerland Stb15(6AS) +Sth6 (Arraiano et al. 2007; Chartrain et al. 2005b)
Kulm S USA Susceptible parent
M3 synthetic (W-7976) S USA Sth16(3DL) + Sth17(5AL) This study
Nogal synthetic W France Unknown
FD 2054.3 synthetic W France Unknown
TA4152-19 synthetic S USA Unknown
TA4152-37 synthetic S USA Unknown
Taichung 29 S Japan Susceptible check

! S=Spring type; W= winter type; F=Facultative
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Table 3. Phenotypic responses of wheat cultivadssgnthetic hexaploids or derivatives to a glokaaigd of 20Mycosphaerella graminicola

isolates. Significant differences are based ontL8@mificant Differences of back transformed logalues ofP.

Durum wheat

Bread wheat isolates isolates

North and Latin America Europe North Africa West Asia

[ee] ™ o (] n (] [ee] o i < < < < [ee] [(e] ™ (] [©2] N o
S[8(8|l8|lcs|s|&|la|a|8|8|8|s8|lal8la[a]|8 S 3
S|18|18|&8|8|&[8|8|8|&8|8|8[83|3|8[3]|8]|8 3 3

_ olo|lo|lolo|lo|o|lo]|l]o|l]o|o|lo|lo]|lo|lo|lo]|lo]o o o)
Cultivar g (gafagjajaja|jaja]jajajafafafalafafa]|a o o
Bulgaria o 6 0 O O 10 8 O 4 0 1 1 3 6 24 13 13 4 0 0
Veranopolis 2 123 o8 4 1 1 36 18 0 0 5 3 3 3 31 o0 5 1
Israel 493 1 1 1 o 0 8 1 0. 5 38 24 1 0 1 6 17 4 1 0 0
Tadinia 0 1 1 0 1 .8 210 10 10 1 6 11 3 15 17 13 6 0 0
Cs/synthetic (6x)7D 25 38 1 o0 1 2 1 1 o0 1.6 2 4 1 12 12 16 1 2 2
Shafir 24 21 13 F 4 22 9 15 8l 15 24 22 23 24 12 1 0 0
Estanzuela Federal 4 31 3 3 1 10 32 30 16 21 1 SN 33 6 26 8N 16 0 0
W-7984 26 20 7 8 6 12 8 19 6 11 35 28 17 3 [JE8Nl 35 26 7 0 0
Courtot 1 53 1 oS s SN : 1 e 13 4 1 1 1 18 O 0 0
Kavkaz-K4500 1 /212 0 28 2 0 2,22 6 8 2 O0/[19 2 1 0 0 O 0 0
TE9111 0 0 0o O O O 1 0 18 4 4 0 1 1 ol2 o 1 0 0
Salamouni 0 1 1 1[4 8 8 7 7 1.2 222 1[5 3 24 10 0 0
Arina o'6 0 O 5 2 2 0 6 8 1 0 0 1 1 0 1 O 0 0
Kulm 375 23 16 7 21 13 31 19 22 22 26 5 1 16 31 33 0 1 0 0
M3 o 1 0 0O O O 1 0O O O O O O 0O O O 0 O 0 0
Nogal o 1 0 0 O O 1 0 O O O O O 0O 1 0 0 O 0 0
FHD 2054.3 o 1. 0o 0 O O 1 0 O 1 0 0 1 1 0 0 0 O 0 0
TA4152-19 o 1. 0 0 O O 1 0 O O O O O O O O 0 O 0 0
TA4152-37 o 1 0 0 O o0 1 0 O O 0 O O 0 O0 O 0 O 0 0
Taichung 29 [ENNGE (- NESNGONGGN 1 WENGEN oo WESN s 3 oo GG > WESN 1 1 o

not significantly different froniP=0% (P<0.05).

not significantly different from maximd value (P<5%).
2.3<P<37.6 Significantly different from eithét=0% or maximaP value (P<5%).
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F1 and R, screening. Four K plants were inoculated witM. graminicola
isolate IPO88018 and showed only minor tip leafrogis and no pycnidia formation
at 21 dpi (data not shown). Thirty-two and 28pkants were then inoculated wikh.
graminicola isolates IPO88018 and 1P094218, respectively. &zgion ratios
(resistant:susceptible) f&t and P did not significantly differ from the expected 3:1

(Table 5), suggesting the inheritance of a singimidant gene.

Table 4.Correlation coefficients between rankedalues of 86 (96 — 10 missing
values for some isolates) cv. Kuim/M3 RILs aftevdnlations with four

Mycosphaerella graminicolaolates.

IPO88018 IPO92004 IPO94218 IPO92034
N
IPO88018 0.77" 0.627 (0.837)! 0.68"
IPO92004 0.68" 0.59” 0.61"
IPO94218 i 0587 (0.837) 056" 0.53"
IPO92034 0.70" 0.61" 0.62"

*** Significant at P=0.001

! Correlation coefficient of the second and thirdliaggion between IPO88018 and
IPO94218

Mapping and QTL analysis

Mapping The 349 microsatellite markers were assembledlinkage groups
representing the 21 hexaploid wheat chromosomespawined a genetic distance of
2,465 cM. Only chromosomes 3D and 5A were assstiaith STB resistance and
these will be shown here, details of map constacéind analysis will be published
elsewhere. The genetic map of chromosome 3D irceh&ulm/M3 RIL population

consisted of 27 markers spanning a genetic distah6@.9 cM and included a cluster
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Figure 2. Pre-screening resul®) (of the cv. Kulm/M3 RIL population with fouMycosphaerella graminicolésolates. Box A significantly
deviates from a 1:1 ratio, whereas boxes B-D hageegjation ratios that are not significantly diéfier from 1:1 (based oyftest; P=0.05).
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of 18 co-segregating markers near the distal eftdeofong arm (Fig. 3). Comparison
with the 3D deletion-based physical map indicateat this suppressed recombination
occurred across much of the long arm of chromos8mérig. 4). Closer evaluation
of the 3D marker profiles indicated that most wesdominant, and hence, there was
no indication of a large deletion on chromosomeiB@ither M3 or cv. Kulm. The
linkage map of chromosome 5A consisted of 13 markpanning 125.4 cM (Fig. 3).
Of the markers mapped to 5A in the cv. Kulm/M3 pagan, only Xbarc180,
Xcfa2250, Xbarc141, Xgwm617, XgwmbS&ddXgwm291were previously located on
the deletion-based physical map (Sourdille et@D42. Therefore, we tested markers
Xhbd160, Xhbg247, Xhbg219, Xbarc232, Xhbd&e@Xwmc524on the 5A deletion
lines to determine their locations on the physicep. Comparison of the cv.
Kulm/M3 5A genetic map with the 5A physical mapicated that the genetic linkage
map of 5A developed in the cv. Kulm/M3 populatioocaunted for most of the

chromosome (Fig. 4).

Table 5. Segregation analysis of the cv. Kulm/M3®6&pulation after inoculation with

two Mycosphaerella graminicolesolates.

Number of plants

Isolates  Criteria No  Symptom v* (P=0.05%
symptom
IPO 88018 N 22 10 0.67%
P 28 4 2.67"
IPO 94218 N 19 9 0.76"
P 23 5 0.76"

! y*for single gene segregation 3R:1S ration when frisesistance and S is

for susceptible
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Seedling resistanc&TL analysis using CIM indicated that, for bdth
graminicolaisolates IPO88018 and IPO94218, markers locatetietong arm of
chromosome 3D were significantly associated Wit?, NLP, andPLP in seedlings
(Table 6, Fig. 3). The QTLs peaked at position 58/M0between SSR markers
Xwmc494andXbarc125for each trait (Figs. 3 and 4), and resistancectffwere
derived from M3. LOD values were highly signifitaanging from 11.7 to 22.3 for
the phenotypes caused by isolate IPO94218 andd 2.D.0 for those caused by
isolate IPO88018 (Figure 3, Table 6). The QTL exd from 41 to 64% of the
phenotypic variation for the disease caused byiedP094218, and 58 to 71% of the

variation for disease caused by isolate IPO88018.

Adult plant resistanceQTL analysis of adult plant reactionshNb graminicola
isolate IPO88018 indicated that the resistanceslaru3DL identified at the seedling
stage, was also significantly associated with tasce at both the 21 and 28 dpi
readings (Fig. 3, Table 7). The QTL peaked atgdhme cM position as for the
seedling data for both isolates and had LOD vahies&2 and 8.4 for the 21 and 28
dpi readings, respectively. The locus explainet 28 the variation in STB at 21 dpi,
which increased to 31% at 28 dpi. In addition te tlesistance locus on 3DL, an
additional QTL associated with adult plant resistaderived from M3 was identified
on the long arm of chromosome 5A (Fig. 3). The SALL had a LOD value of 3
and explained 12% of the variation at 21 dpi, bad Btronger effects at 28 dpi with
an LOD of 8.9, explaining 32% of the variation (T@alB). The 5AL QTL was flanked
by SSR markersXgwm617 and Xhbg247 and it peaked approximately 3.1 cM
proximal toXhbg247(Fig. 3). Comparisons between the genetic andiphlymaps
indicated that this QTL was located in the deletiim defined by the breakpoints in
deletion lines 5AL-10 and 5AL-17, which is in thistdl half of 5AL (Fig. 4).
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Table 6. LOD andR? values forStb16associated with broad-spectrum seedling
resistance tdlycosphaerella graminicola the recombinant inbred population

derived from the cross between cv. Kulm and M3.

Data set Sth16
LOD =%

Isolate IPO88018

% N average 27.0 0.71
% P average 19.0 0.58
NLP average 20.7 0.61
PLP average 22.8 0.64

Isolate IPO94218

% N average 22.3 0.64
% P average 11.7 0.41
NLP average 16.9 0.55
PLP average 18.9 0.59
Discussion

Here we report two new STB resistance genes teat derived from the SH
wheat M3. Segregation and QTL analyses as welleagtg and physical mapping
suggested that a single locus on chromosome 3Dvaderfrom M3 conferred
resistance to all STB disease parameters in thilisgestage in the cv. Kuim/M3 RIL
population. Since (i) no additional QTLs were sfiaintly associated with any of the
seedling phenotypes caused by either isolate imrgerwide scans, (ii) none of the
known Stbgenes were mapped on chromosome 3D and, (iiBEn&TL was highly
significant and explained a large portion of theqpdtypic variation, we propose to
designate the underlying gene @816 We determined substantial recombination
suppression along the long arm of chromosome 3D¢hwis not due to a large
deletion. However, it is possible that a large miu@n exists in 3D of one of the
parents, which could be the cause of the extrerpereasion of recombination on
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3DL. Due to the highly suppressed recombinatiom@lehromosome arm 3DL,
comparison with the physical map of 3D vyieldedlditadditional information.
Nevertheless, these results indicate 8tatl6lies on the long arm of chromosome 3D
and that it was derived from thee. tauschiiaccession C122, which was the donor of
the D-genome chromosomes in M3. Zwart et al. (2@&8) reported a SH derived
QTL with multiple unrelated functions including STBsistance on chromosome 3D,
but the LOD scores were relatively low and STB stsice was only tested with a
single non-characterizdd. graminicolaisolate. Our study showed tHath16had an
unusually broad efficacy in the seedling stagehasva by the resistance to the global

panel of isolates, and is also expressed in ataits

In addition we determined a QTL on chromosome 5A&t tdoes not confer
resistance to STB in seedlings, but specificallgdilt plants. None of the previously
characterizedStb genes was mapped on chromosome 5A (Arraiano eR(dl7;
Chartrain et al. 2009; Goodwin 2007). Therefore caeclude that this QTL likely
represents a novel gene for STB resistance thaewtatively designate &8tb17q
The addition of ‘q" was suggested in a recent comitguwide discussion orstb
nomenclature for cases where presented data daneqguivocally show that a single
gene underlies a detected QTL e.g. due to a pexgertdf explained variation below
50%. Stb17goriginated from the tetraploid durum wheat linedisn the development
of M3. Previous experiments conducted to compaszllsgy and adult plant STB
resistance suggested the occurrence of specifitisgaesistance loci, but no specific
adult plant resistance genes were identified (Keand van Silthout 1997). All
previously reportedstb genes are effective in the seedling stage and tsoee in
adult plants (Adhikari et al. 2003;Adhikari et &004a; Adhikari et al. 2004c;
Arraiano and Brown 2006; Arraiano et al. 2001b; a&n et al. 2005b). Adult plant
resistance is very common to other cereal disesisels as the rusts and has been
associated with temperature sensitivity and othieiotie environmental factors
(McIntosh et al. 1995). The regulation of adultrplaesistance in wheat to STB is
unknown and the efficacy @tb17qto a wider set of isolates has to be determined.
Nevertheless, we can conclude tB#abv17qis the first authorized adult plant-specific
STB QTL to be identified.
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Seedling resistance QTLs

Chromosome 3D Isolate Chromosome 3D Isolate
88018
94218
2 s
H—xcrdss % N average s % N average
— % P average — % P average
we NLP average we NLP 3verage
= PLP average = PLP average
28.6 — 28.6 —
43—T1 —Xbarc 135 a3 —T11 — Xbarc 135
+1—Xvarc218 +1— Xbarc218
9.1 —] 9.1 —
+1—Xvarch 11— Xdbarch
9.1 —] 9.1 —
0.2 7—l§Xbarc28 02 Xbarc28
0.2 Xgwm34? 02 Xgwm3491
108 / [ | \xbarct2s 108" || \xvar125
56— |\ Xwacdaq 56— | Xwacagq
+—Xbarc 128§ - T . +H— Xvarc128 . - 1
0 10 20 30 0 30
\J LOD - 10 LoD o

Adult plant resistance QTLs using IPO 88018

Chromosome 3D Chromosome 5A
~ ~
H—xerass T xmai60
19.2 —]
28.6 — 21 dpi 0.0 Xbarc180 .
—28 dpi 0.0 Xcta2250 m—_i1 A
85 Xhbg280 —28 dpi
10.6 —] Xdarc141
43 . F—Xbam 135 T Xowmst7
+1—Xvar218
9.1— 26.8 —
+1—Xvarch
9.1 —
0.2 Xbarc28 53 —7J | Xwg2¢7
0.2 Xgwa34? 75— 1| Xbe219
108/ [ | “xoart2s H— xvam232
56— |\ Xwacdaq 10.6 —
+H—Xvarc128 E
T T 1 H— xmoaiso
0 10 20 30
LOD
259 —]
2.0 —F— XgwmS9S
9.0 —I Xwme 524
T Xgwm291 1 T T 1
- 0 10 20 30

LOD

Figure. 3. LOD profiles of detected QTLs associatadth resistance to
Mycosphaerella graminicolaolates IPO94218 and IPO88018 on chromosomes 3DL
in the seedling as well as 3DL and 5AL using IPQIEBM the adult plant stage.
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Figure 4. Comparison of the Chinese Spring chromas8D and 5A deletion-based

physical maps with the 3D and 5A genetic linkagepsnaeveloped in the cv.

Kulm/M3 population. Deletion breakpoints are indethto the left of the physical

maps and bin-located markers are shown along ¢e. rOn the linkage maps, cM

distances are shown along the left and markersgalbe right. The QTL regions

associated with STB resistance are indicated bydtidines.
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Table 7. Genes for adult plant resistancBly@osphaerella graminicolesolate IPO88018 in the recombinant inbred poparmaderived from

the cross between cv. Kulm and M3.

Gene/Chromosome arm Marker interval Position Resistance LOD R Additive effect

(cM) source  (21dpi/28dpi) (21dpi/28dpi)  (21dpi/28dpi)

Stb163DL Xbarc125-Xbarc128 58.0 M3 7.2/8.4 0.28/0.31 7.4/11.9

Stb175AL Xgwm617-Xhbg247  62.0 M3 3.0/8.9 0.12/0.32 4.5/12.3
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Interestingly, the response of M3 to the global gpaof M. graminicola
isolates was very similar to those of the othetettsSHs. The broad resistance
spectrum ofStb16might be due to the apparent dichotomy of hostifipgy in the
wheatM. graminicola pathosystem. Kema et al. (1996a; 1996b) summararet
extended these observations and showedMharaminicolaisolates are in general
either pathogenic on bread wheat or durum wheateRtly, Wittenberg et al. (2009)
and Ware (2006) showed that genetic recombinatimimg sexual reproduction .
graminicola easily results in progeny with altered cultivardahost specificity.
However, tetraploid wheats are in general resigtaht. graminicolaisolates derived
from bread wheat andgice versa This was confirmed in the current experiments
because neither of the durum wheat-derived isol&€86022 and IPO95052 were
virulent on any of the tested bread wheat accessimluding the susceptible parent
cv. Kulm and the susceptible check cv. TaichungT2terefore, a SH is expected to
be resistant to such bread wheat deriVedyraminicolaisolates unless the D genome
component affects the expression of resistancechwhias been shown for rust
diseases (Kerber and Green 1980, Kema et al. 19@Sefa and Fehrmann (1998)
also documented broad-spectrum resistanceMto graminicola (99% of 194
accessions) in sevexegilopsspecies, while only 8, 11, 16 and 24% of thiseslbn
was resistant to stem rust, leaf rust, eyespot @oadery mildew, respectively.
Similar broad spectrum resistance was observedemqtypic screens of the diploid
wheatT. monococcumwhich led to the identification of the resistalceus TmStb1
and the linked microsatellite locobarc174on chromosome 7A(Jing et al. 2008).
Because SHs effectively combine the genomes ofpktid and diploid wheat
progenitors and relatives (Mujeeb-Kazi et al. 199éng et al. 2009), they may carry
a reservoir of novel genes for resistancétograminicola Despite the value of the
genes that we discovered, exposuréMtograminicola populations may potentially
enable the fungus to adapt and circumvent themtévberg et al., 2009; Ware, 2006;
McDonald and Linde 2002a, b; Linde et al. 2002; iZtegh al. 2007). Hence, their
commercial deployment should take these obsenationio consideration to

maximize their efficacy under practical conditions.

To date, there has been no report of mapping Qdsis associated with life
strategy parameters such as latency period andegihen development rate .

graminicola Here, we characterized classicll dndP) and new parameterli(P,

86



New broad-spectrum resistance to septoria......

PLP) to investigate whether a major STB resistanceegaso controls underlying
pathogenicity factors, which is relevant, as resisé to STB is characterized by the
absence of the hypersensitive response (HR) (Keémla £996d). Interestingly, all the
analyzed parameters mapped to $tlel6locus. In the absence of the HR, resistance
is achieved by reducing the development of fungaimlass, which may occur by
reducing infection rates. Such partial, or ‘horitadh resistance has been observed in
some cereal rust interactions (Aghnoum and Nik0204arcel et al. 2008). One of
the best-known ‘slow rusting’ loci is ther34/Yr18/Pm38complex (Singh et al.
2007), which confers partial resistance to stripgt,rleaf rust and powdery mildew.
Molecular cloning of thelLr34/Yr18/Pm38locus indicated that it is a unique
functional ABC transporter (Krattinger et al. 2009ggudah et al. 2009). On the
contrary, genes that confer complete, or ‘verticasistance to pathogens with
biotrophic lifestyles and susceptibility to necogihic pathogens usually harbor NBS
and LRR domains (Bent and Mackey 2007; Jones amyi32006; McDowell and
Simon 2006; Lorang et al. 2007; Nagy and Benne2f€)8; Faris et al. 2010)sn] a
gene controlling sensitivity to a host-selectivainoproduced by the necrotrophic
fungal pathogensStagonospora nodorunand Pyrenophora tritici-repentishas
resistance gene-like features including proteiraggnand NBS-LRR domains (Faris
et al. 2010). Interestinglys. nodorum, P. tritici-repentiandM. graminicolaare close
relatives and belong to the Dothideomycete clasfunfi. However, nothing is
currently known about the molecular characteristafs Stb resistance genes.
Therefore, the wide efficacy @&tbl6and the abovementioned findings call for the
unveiling of the molecular structure and a furtlhkderstanding of the resistance
mechanism exerted by these new genes for resistai&EB.

Because theM. graminicolawheat pathosystem is characterized by the
absence of an HR, resistance and susceptibilitycanently usually expressed on a
guantitative scale. However, symptom expression sisongly affected by
environmental fluctuations and hence repeatabibtyexperiments might be low
(Arraiano et al. 2001a; Bearchell et al. 2005; Clzenet al. 2010; Kema et al. 1996a).
Early reports determined an arbitrary thresholdraesistance and susceptibility by
using a 0-5 scoring scale (Rosielle 1972) that mase qualitative than quantitative.
Later, applications of complex statistics were ugedturn qualitative data into
gualitative determinants (Eyal and Levy 1987; Egtahl. 1985; Yechilevich-Auster et
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al. 1983). Eventually, Kema et al. (1996a, 1996kgduquantitative data in cluster
analyses based on interaction components of arsalyfsgariance to group isolates
and cultivars with similar responses and hypotlegsthatN andP were controlled by
different genetic factors in the fungal genome.sTwas later corroborated by formal
fungal genetics (Kema et al. 2002; Kema et al. 200iitenberg et al., 2009; Ware,
2006). Adhikari et al. (2003, 2004a, 2004b, 200481d a modified 0-5 scale, which
considered pycnidia percentage and density, fontapping of severétbgenes, but
phenotypic classifications were not matched witalial segregations of the associated
markers. A detached leaf assessment method alsdbédws established for the
characterization and mapping of so®id genes (Arraiano et al. 2001a; Chartrain et
al. 2005a; Chartrain et al. 2005c; Chartrain et 20109). Essentially, all these
phenotyping assays address the phenotypmgenotyping problem (Dowell et al.
2010). Here we had the opportunity to study phgmeyenotype variation in more
detail using the allelic information of all RILsoalg with all observed disease
assessment parameters. 3tbl6controls all the observed disease parameters for a
global panel of unrelatetl. graminicola isolates, the phenotypes of RILs with
alternative parental alleles at thewvmc494locus are of interest. Our analyses
indicated that lines with th&wmc494allele from M3 had values that ranged from 0
to 5 andN values from 0 to 30, with averages over both isslabf 1 and 15,
respectively. On the contrary, RILs carrying the Kulm allele for Xwmc494had
values that ranged from 8 -Rdand 37-100N, and averaged over both isolates of 30
and 80, respectively. We do not know the originso€h sliding disease parameter
windows, but we cannot exclude phenotyping errorge do environmental
fluctuations, despite the accordance of all refbbees. We can exclude genotyping
errors and recombination events betweendvenc494marker andStb16as possible
sources of error because our results indicatefgignt recombination suppression in
this region evidenced by the fact that 18 SSR nmrarkkeat co-segregated at a single
locus on the genetic map were distributed acrods @bthe deletion-based physical
map. However, unknown genetic modifiers could giémy an important role in
genotype to phenotype variation in wheat. What tgumowever, is that despite the
presence o6th16 resistant plants may develop up to B%nd 30%dN, which is close

to the lowest values for plants lackifgb16 which had values as low as 8®@and
37% N. The application is that the distinguishing thidhbetween resistance and
susceptibility in a given population should nottaken arbitrarily (Adhikari et al.
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PLP [
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Figure 5. Segregation fad, P, NLPand PLP in the cv. Kulm/M3 RIL population
inoculated withM. graminicolaisolates IPO88018 and IPO94218 overlaid with igllel
segregation of th&Xwmc494SSR marker which is linked t8th16 ‘M’ and ‘K’
indicate parental bin-values. Blue and purple gies indicate average values of
RILS with ‘M’ and ‘K’ alleles, respectively. The wtical dashed line is thg? .,
validated threshold position between resistantsaursdeptible RILs.
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2003; Adhikari et al. 2004b; Chartrain et al. 2005but ought to be based on
appropriate genotype vs. phenotype analyses (Fig.5)

In conclusion, the present results show Bthtl6andStb17gare valuable new
resistance genes that can be easily deployed ionahtand international marker-
assisted resistance breeding programs. Howé#egraminicolais classified as a
high to moderate risk pathogen due to its multgdexual and sexual cycles per year
and its effective spore dissemination mechanismOM@ld and Linde 2002a, b),
which enabled the fungus to circumvestb genes deployed in commercial wheat
(Linde et al. 2002; Wittenberg et al. 2009; Zhan akt 2007). We, therefore,
discourage usingtbl6or Stbl7gas single genes, but rather suggest pyramiding
strategies with other STB resistance genes in doderaximize their commercial life

span.
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Abstract

The ascomycetdlycosphaerella graminicolaés the causal agent of septoria
tritici blotch (STB), one of the most destructiva@idr diseases of bread and durum
wheat globally, particularly in temperate humid emeA screening of the French
bread wheat cultivars Apache and Balance wittM3@raminicolaisolates revealed a
pattern of resistant responses that suggested rdsenre of new genes for STB
resistance. Quantitative trait loci (QTL) analysi$¢ a doubled haploid (DH)
population with fiveM. graminicolaisolates in the seedling stage identified four
QTLs on chromosomes 3AS, 1BS, 6DS and 7DS and iocadly on 7DL. The QTL
on chromosome 6DS flanked by SSR markéegpw5176and Xgpw3087is a novel
QTL that now can be designated@tb18.The QTLs on chromosomes 3AS and 1BS
most likely represenstb6 and Stb11 respectively, and the QTLs on chromosome
7DS are most probably identical witb4andStb5 However, the QTL identified on
chromosome 7DL is expected to be a n8tb gene that still needs further
characterization. Multiple isolates were used dmusthat not all isolates identify all
QTLs, which clearly demonstrates the specificity tre M. graminicolawheat
pathosystem. QTL analyses were performed with uaridisease parameters. The
development of asexual fructifications (pycnidia) the characteristic necrotic
blotches of STB, designated as paramégidentified the maximum number of
QTLs. All other parameters identified fewer but different QTLs. The segregation
of multiple QTLs in the Apache/Balance DH populatienabled the identification of
DH lines with single QTLs and multiple QTL combimmats. Analyses of the marker
data of these DH lines clearly demonstrated théipesffect of pyramiding QTLs to
broaden resistance spectra as well as epistatiadditive interactions between these
QTLs. Phenotyping of the Apache/Balance DH popaiatn the field confirmed the
presence of the QTLs that were identified in thedfiag stage, buStb18 was
inconsistently expressed and might be particul&ffective in young plants. In
contrast, an additional QTL for STB resistance waEntified on chromosome 2DS
that is exclusively and consistently expressed atume plants over locations and
time, but it was also strongly related with eardisietaliness as well as resistance to
Fusarium Head Blight. Although to date rfstb gene has been reported on
chromosome 2D, the data provide evidence thatQhis is only indirectly related to

STB resistance. This study shows that detailed tgermalysis of contemporary
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commercial bread wheat cultivars can unveil ndStd genes that can be readily

applied in marker-assisted breeding programs.

Introduction

Septoria tritici blotch (STB) is a fungal wheat eise that is caused by the
ascomyceteMycosphaerella graminicolgFuckel) J.Schrét. The disease was first
described in France (Desmazieres 1842; Sprague),®38was neglected for a long
time due to overwhelming stripe rust and powderlgdew epidemics. Thus STB was
long considered as a secondary disease that naygilyared in years with low levels
of other cereal diseases. Nevertheless, it has peesent in Europe for over a
century, along withStagonospora nodorurgBearchell et al. 2005) and is currently
considered to be one of the most important whesgagdies. Infections result in severe
necrosis of the foliage that is filled with the agal and sexual fructifications (Eyal
1999; Hunter et al. 1999; Kema et al. 1996c; McDarmrd al. 1996; Shaw and Royle
1989). In Europe, STB usually establishes throughoene ascospores that are
discharged from wheat debris and deposited in yaumgat crops in the fall (Suffert
et al. 2010). This is followed by rain splash dnapore dispersal during the growing
season (Eriksen and Munk 2003; Halama 1996; Pakti2005; Scott et al. 1988;
Shaw and Royle 1989, 1993). Howevét, graminicola can reproduce sexually
throughout the year, which provides the fungus wathmechanism to overcome
adverse biotic or abiotic conditions (Kema et &89@c; Zhan et al. 2007; Ware et al.
unpublished data)

STB management is largely effectuated by the agiptio of fungicides and
breeding for resistance. Due to its increased itapoe in Europe, STB is a main
target as well as a serious concern of the agrodat@mnd breeding industry due to
recent outbreaks of resistance to strobilurins (€and Fraaije 2008; Fraaije et al.
2005; Fraaije et al. 2007; McCartney et al. 20G@n®nler et al. 2008; Torriani et al.
2009) and steadily increasing levels of resistattcezole fungicides (Cools and
Fraaije 2008; Fraaije et al. 2005; Fraaije et @072 Mavroeidi and Shaw 2005;
Stergiopoulos et al. 2003). These problems raisedttpns about the sustainability as
well as the environmental impact of crop protectamyents (Verweij et al. 2009).
Hence, in several European countries, includingnéea Spain, Germany, Italy, the

Netherlands and UK, pesticide reduction progranve lieeen developed and adopted

101



Chapter 4

by policymakers (Anonymous 2009). Therefore, a rieaus on host resistance to
increase the commercial lifetime of cultivars isqueed as part of a
strategy to control STB.

In the UK, STB was unheard of as a major wheatadisebefore the late
1970s, but emerged as a major foliar blight inghdy 1980s on susceptible cvs. such
as cvs. Norman and Longbow. These cultivars wese thplaced by others of similar
susceptibility and significant progress in breediagresistance was not made until
the mid-1990s (Paveley 2006). Demands for cultivaith better resistance levels
resulted in the release of cv. Claire in 1999 thas replaced by cv. Alchemy (Angus
and Fenwick 2008). Currently, other high yield moi@ cultivars with moderate to
high resistance to STB have been recommended, asictv. Stigg (Anonymous
2010a; Angus et al., 2010). In France, 15 cultivargered almost 77% of the total
wheat acreage in 2003, in which cv. Apache rankest fith 23.7% and cvs.
Isengrain, Tremy, Shango, Orvantis, Soissons, Gapdnad Charger together covered
37.3 % (Anonymous 2005). Recent resistance scrieeinsated that the majority of
these cultivars are highly susceptible to a sulbisfanumber of isolates in the
seedling stage, and hence, their resistances haag@w efficacy (Tabib Ghaffary et
al., unpublished data). Consequently, there isrgani need for new resistance genes
(Tabib Ghaffary et al., 2011 submitted to TAG).

The identification, characterization and processuigesistance to STB in
practical wheat breeding programs, however, is aatoutine issue and several
parameters can be used for disease scoring, suitte ggercentage induced necrosis
(N) or the percentage of pycnidi)( the asexual fructifications &. graminicolg in
the foliage. Both parameters are strongly intervmp\aes necrosis is conditional for
pycnidia development, but are suggested to be utifferent genetic control (Kema
et al. 1996d; Shetty et al. 2009; Shetty et al.32@hetty et al. 2007). Currently, most
screens involve well-characterized fungal isolatesepeated young plantlet assays
and detached leaf assays (Arraiano et al. 200Trajaho and Brown 2006; Kema et
al. 1996a; Kema et al. 1996b; Kema and van SilfAi®@®7), which have contributed
to the data reliability and eventually to the maygpbof resistance genes. Seedling
screens offer opportunities to identify the efficaaf resistance to a wide panel of
isolates, but - due to quarantine limitations sthean only be used to a limited extent
under field conditions. Nevertheless, practicaistasice breeding is a difficult multi-

location, multi-pathogen and multi-pathotype efforesponding to actual
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epidemiological situations - for instance for cémest diseases - and even legislation
such as for Fusarium Head Blight (FHB) (Vanloqueaad Baret 2008). This resulted
in 88, 96, 64, 33 and 104 identified resistancesgdar stripe rust, leaf rust, stem rust,
hessian fly and powdery mildew, respectively, batyol7 Stb genes have been
reported (Tabib Ghaffary et al. 2011, submitted &G ). The majority of thes&tb
genes has a limited efficacy and hence are onlyssepadeployed in breeding
programs (Arraiano et al. 2007; Chartrain et aD20Goodwin 2007), whereas the
resistance genes to other wheat diseases are veigpelied in new commercial wheat
cultivars.

The apparent need for additional resistance gemmmgted us to screen a
wide variety of germplasm that resulted in the tdeation of newStbgenes (Tabib
Ghaffary et al. 2011, submitted to TAG; Tabib Ghajf unpublished data). Here, we
report the characterization of STB resistance enRrench winter wheat cvs. Apache
and Balance with 3M. graminicolaisolates and the identification of nestb genes
and associated molecular markers that can be yeagplied in marker assisted
breeding programs.

Materials and Methods

Plant materials and pathogen isolates

A double-haploid (DH) population of 91 lines dexivwas developed from a
cross between cvs. Apache and Balance. Seedlingysassere performed in a
greenhouse compartment. The parental cvs. ApactieBatance, were planted in
VQB 7x7x8 cm TEKU® plastic pots, 10 linearly soweesls per pot, while the DH
lines were planted in 5.5 x 5 cm round Jiffy® pdige seeds per pot using a steam-
sterilized peat/sand mixture. All plants were grown a controlled greenhouse
compartment with 16 hour/day light supplementedhvaon-T Agro 400 W lamps
(Hortilux, Boca Raton, Florida, USA). Pre-inocutati temperature and relative
humidity (RH) were 18/18C (day/night rhythm) and 70% RH, whereas post-
inoculation temperature and RH were 22Qland> 85% RH, respectively. Adult
plant experiments were carried out in 2007 and 20&appelle-en-Pévele and

Prémesques in Northern France at the breedingissabf Florimond Desprez and
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Serasem, respectively. Each field plot contained fwbm length rows with 0.3m

spacing.

Seedling evaluations involved deep screening optrental cultivars with 30
monopycnidialM. graminicola isolates in 2007 and 2008 followed by a progeny
evaluation in three replications, in which eightlées were tested in the first
replication (pre-screening) and five in subsequesglications (Table 1). In all
seedling experiments, an alpha lattice experimekasign was adopted that
considered each pot as an experimental unit wittdomn arrangement for each
isolate-replication combination on separate pdra#lbles in the above mentioned
greenhouse compartment. Field evaluations weremeeid with isolate IPO323 in a
single replicated randomized block experiment irfD22Gnd a double replicated
randomized block design at both locations in 2008.

Inoculation procedures and scoring

Pre-cultures of each isolate (Table 1) were pegpan an autoclaved 100 ml
Erlenmeyer flask containing 50 ml yeast-glucose (¥@uid medium (30 gr Glucose,
10 gr yeast per liter dematerialized water). Tlasks were inoculated using a small
piece of mycelium maintained at —°8) and were incubated in a shaker (Innova
4430, New Brunswick Scientific, USA) adjusted abIpm and 18C for 5-6 days.
These pre-cultures were then used to inoculateeti2®0 ml Erlenmeyer flasks
containing 100 ml YG media per isolate that werecubated under the
aforementioned conditions to provide enough inatufor the seedling inoculation
assays at growth stage (GS) 11 (Zadoks et al. 197h)inoculum concentration was
adjusted to 10spores/ml in a total volume of 40 ml for a setl8fplastic pots or 24
Jiffy® pots and was supplemented with two drops Tefeen 20 (MERCK®,
Nottingham, UK).

Field inoculations were performed with a backpacipamped sprayer, which
was calibrated at a rate of 10 L/100 an flag leaf appearance stage (GS 47-49), using
a concentration of fOspores/ml supplemented with 36 ml of four timesuteid
Tween 20 (MERCK®, Nottingham, UK) surfactant. Intations started when the
foliage of the earliest DH lines developed and waresequently repeated twice at 3-

5 day intervals to compensate for earliness diffegs.
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Table 1 Mycosphaerella graminicolaolate panels and their origin that were

used for parental cultivars and Apache/Balance kdouaploid progeny screening.

Isolate code Origin

Country Location
IPO94218 Canada Saskatoon
IPO00003 USA Colusa
IPO00005' USA Colusa
IPO90006' Mexico Toluca
IPO90015 Peru Unknown
IPO87016"¢ Uruguay Dolores
IPO86068' Argentina Balcarce
IPO99015" Argentina Unknown
IPO89011%¢ Netherlands Barendrecht
IPO92004° Portugal Casa Valhas
IPO95054 Algeria Berrahal
IPO92034" Algeria Guelma
IPO88018 Ethiopia Holetta
IPO88004° Ethiopia Kulumsa
IPO95036" Syria Minbeg
IPO86013 Turkey Adana
IPO02166' Iran Dezful,Safi Abad
IPO02159° Iran Gorgan, AgQaleh
IPO95052*¢ Algeria Berrahal
IPO86022¢ Turkey Altinova
IPO323¢ Netherlands W.Brabant
IPO94269 Netherlands Kraggenburg
IPO98022¢ France Villaines la Gonais
IPO98046"* France St. Pol de Leon
IPO98047 France Aire D'Havrincourt
IPO98094 ¢ France Aire D'Havrincourt
IPO0524671 France Unknown (Biogemma)
IPO052462 France Unknown (Biogemma)
IPO052463 France Unknown (Biogemma)
IPO052464" France Unknown (Biogemma)

3Used for parental screen in 2008sed for parental screen in 200 provided by

Biogemma, Clermond-Ferrand, Frantesed in pre-screenin&riplicated on DH

lines, durum wheat adapted strains.
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Disease severity was evaluated 21 days after inboualin the seedling and
the adult plant stage (with some variation +/- tdays depending on weather
conditions). In the seedling stage, the percentafjegecrosis l) and pycnidia P;
asexual fructifications) were scored separatelyhenfirst leaves, as well &P and
PLP (days between inoculation and fitldtand P appearance, respectively). In the
adult plant stage the total percentage of STB sgmpton the flag leaf was recorded
in 2007 and 2008 as well as earliness and taline2808. Data loggers were installed
at the flag leaf level to monitor the actual fielohditions (RH and temperature at 10
min. intervals) throughout the experiments.

FHB was established by distributing maize debnwmag the plants during
tillering in the adult plant experiment in 2008.sBase was rated as percentage
infected spikelets per ear during STB assessments.

Mapping and QTL analysis

DNA was extracted from first leaf samples of cipache, Balance and the
DH lines using the Promega Wizard® Magnetic DNAiftation System for Food
(blc) according to manufacturer’s instructions wihght modifications. Genetic
polymorphism analyses were performed at Diversityaps Technology (DArT)
version 2.3 and 3 (Triticarte Pty Ltd, Canberrastalia) that were supplemented
with additional SSR data. Mapping analyses werdopmed using JoinMap® 4
software with settings LOEB (Log of Odds) for grouping as well as the maximum
likelihood mapping option for linkage group generat(Van Ooijen 2006). The
DArT markers with low quality parameters (ANOVA leals P value <80) were
removed form the data set (Akbari et al. 2006) araatker positions were compared
and verified using the publicly available data lsaae INRA (Anonymous 2010b) ,
Triticarte (Anonymous 2010c,d) and Grain Genes (#®moous 2010e,f).

QTL analysis was performed using MapQTL® 5.0 (M@oijen 2004) using
the interval mapping (IM) option for QTL positioretction followed by MQM
(Multiple QTL Model) after cofactor selection eithey Automatic cofactor selection
(ACS) or manual investigation of the marker aligmtnen the linkage groups where
the peaks of IM QTLs were detected. Minimum siguifit LOD values were
calculated by 1000 permutation tests to determitie Fobability thresholds for
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seedling and adult plant stage experiments. ThelEwrmula option was used for
Bartlett'sy®> tests to determine homogeneity of replicatiomrewmariances enabling
QTL analyses with average or individual replicaieedse scores (Chu et al. 2010;
Friesen et al. 2009). The QTL profiles were dramthwapChart 2.2 software
(Voorrips 2002).

The explained variance (%) of a detected QTL styodgpends on the size of
a tested population. For instance, the probabditydetecting a QTL that explains
10% of the total variance in a population of 20@iwduals is 0,8 (Van Ooijen 2004),
but it decreases almost linearly with smaller papahs (Charmet 2000; Cornforth
and Long 2003; Dupuis and Siegmund 1999; Knapp. t990; Van Ooijen 1992).
Here, the size of the Apache/Balance population hmaited (N=91). To increase the
probability of QTL detection; (i) a wide range afolates was used to screen the
parents and a subset of eight highly distinctivelaites was selected for a pre-
screening that was followed by tests with five bkde isolates in subsequent
replications, (ii) the most recent release of DAnarkers was used (DArT marker
V.3) that increased the genome coverage from 149cB431 cM, which strongly
contributed to QTL detection and (iii) three repted data sets were used for final

QTL analysis that was preceded by Bartlett's teshbmogeneity of these replicates.

Results

Mapping.

A total of 962 polymorphic markers between cvs. dBak and Apache,
including 169 SSR and 793 DArT markers (231 and BT markers of
polymorphic chip versions 2.3 and 3, respectivelgre used for mapping. A genetic
map with 36 linkages group was constructed (Appendiontaining 786 DArT and
SSR markers (428 and 205 DArT markers of V3 andB\Vespectively; as well as
153 SSR markers) covering 3431 cM of the total wigeaome. Hundred seventy-six
markers (134 and 26 DArT markers of V3 and V2.3peetively; plus 16 SSR
markers) were excluded from mapping due to markenlaity (109 loci) or
significant segregation distortions or unreliabl&rD scores (67 loci).
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Isolate selection and QTL analyses for seedlingstasce to septoria tritici blotch

Disease development in all seedling assays wasllexcevith maxima of
100% N and 83%P on the susceptible checks. The field evaluatiorsevprone to
strong environmental fluctuations but resulted dequate STB levels in 2007 and
2008 at both locations. The initial screening afepdal cvs. Apache and Balance with
30 M. graminicolaisolates showed a clear contrast (P=0.05) witis@&tes (Tables
1 and 2). Nine isolates differentiated the pardatsN and 12 showed significant
differences forP. Finally, isolates IPO87016, 1IP0O92034, IP0O323098022,
IPO89011and IPO98094 as well as IPO95036 and IP@B8Cere selected for a
single replicated pre-screening of the DH linesLQ@halysis withP phenotypic data
resulted in five significant QTLs on chromosomesS3ABS, 6DS and 7D (7DS/7DL
switch) with higher LOD values than the threshdl®D=3.5) that was determined
by permutation test at P=0.05 (Fig. 1, Table 3)e highest LOD values per QTL
were obtained with isolates IPO323, IPO98022, IR#488and IPO87016 (Table 4),
hence these isolates were selected, along with 9pTi8that also detected a major
QTL on chromosome 6DS, to complete the data séttwid additional replications.

Not all isolates detected all QTLs, which underssdhe specificity in thi#.
graminicolawheat pathosystem. The results clearly show Rhiatthe most efficient
parameter for QTL detection as nine QTLs were deteasing this parameter
compared to three foN (Table 3). Isolates IPO323 and IPO87016 specifical
detected the 3AS and 1BS QTLs, respectively. Whith éxception of IPO87016, all
isolates detected the 6DS QTL. The 7D QTLs weredet by isolates IPO98022,
IPO89011 and IPO98046 but the genomic positionhef dssociated marker is not
consistent. Moreover, despite the fact that soroltiss did not show a significant
difference between both parents, DH analyses da&te@TLs forN and/orP. For
instance, IPO98046 induced a non-significantly eddht P level in both parents
(Table 2), but in the DH analysis it detected thELQ®on 6DS and 7D. The 7D QTL,
however, was not consistent in all replications $7@ 7DL). Isolate IPO323 did not
differentiate the parents fdt but still detected the 3AS QTL in the DH analysi&P
data enabled the detection of more QTLs thgnbut PLP reduced their number
compared td® (not shown)NLP andPLP also detected two additional minor QTLs
with LODs of 4.8 and 3.9 on chromosomes 5A andr2Bpectively (not shown).
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Table 2. Screening with 3@ycosphaerella graminicolaolates from diverse

origin resulted in significant difference)(between the parental cvs. Apache and

Balance (P=0.05, labeled *).

Resistancea®may. Apachd ]

source cv. Balanc@

Necrosis % Pycnidia %
Isolate
Apache Balance A Apache Balance A
IPO00003 90 65 ns 7 5 ns
IPO00005 3 8 ns 0 1 ns
IPO02159 84 89 ns 0 20 *
IPO02166 62 33 ns 2 11 ns
IPO86013 91 77 ns 23 25 ns
IPO86022 6 27 ns 0 0 ns
IPO86068 4 57 * 1 2 ns
IPO87016 10 90 * 0 51 *
IPO88004 98 71 * 18 14 ns
IPO88018 13 97 * 1 14 *
IPO89011 54 15 nsi 23 1 *
IPO90006 16 15 ns 0 2 ns
IPO90015 26 58 ns 4 7 ns
IPO92004 18 85 * 0 16 *
IPO92034 30 84 ns 0 27 *
IPO94218 5 22 ns 0 4 *
IPO95036 52 79 ns 8 31 ns
IPO95052 16 2 ns 0 0 ns
IPO95054 16 80 * 0 4 *
IPO99015 3 98 * 0 23 *
IPO323 100 96 ns; 25 0 *
IPO94269 100 100 ns 13 19 ns
IPO98022 100 86 * 32 8 *
IPO98046 100 100 ns 24 44 ns
IPO98047 100 100 ns 16 10 ns
IPO98094 96 100 ns. 32 10 *
IPO052461 100 98 ns 0 0 ns
IPO052462 100 100 ns 0 0 ns
IPO052463 100 58 * 0 0 ns
IPO052464 100 96 ns 0 0 ns

Resistance
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Table 3. Summary of detected quantitative trait focnecrosis ) and pycnidia®)
in the Apache/Balance mapping population with filsgcosphaerella graminicola

isolates.

Chromosomal position IPO 323 IPO 98022P0O89011  IPO98046 IPO 87016

3AS NP
6DS P NP P P
) P P P
1BS NP

* The QTLs detected on 7D vary over isolates. I&lR098022 detected a QTL on 7DS,
while IPO89011 detected a QTL on 7DL and isolate9B046 detected QTLs on both 7DS
and 7DL

The details of the mapped QTLs in seedling expertmare shown in Table
4. The LOD values and explained variances vary tanhally with the applied
isolates and also with the presence of additionALLQ For instance the 6DS QTL
explains only approximately 10% of the observedatiam in the presence of the 3AS
QTL in tests with IPO323, but close to 68 % in gresence of the 7DL QTL in tests
with IPO89011. In tests with isolate IPO98046, btte 6DS and 7D (7DS/7DL
switch) QTLs explain about 20% of the observedatarn. Remarkably, in the case
of the resistance to isolate IPO98046 the 6DS (¥Tkexpressed in all replications
whereas, the QTL on 7DS is identified in two of thplications (Table 4).

Since multiple QTLs in the Apache/Balance DH popata(Tables 3 and 4)
were detected, additional analyses of the inteyacthetween these QTLs were
performed (Figs. 3 and 4). Isolate IPO323 detetied3AS and 6DS QTLs. Four
groups that significantly differed iA were generated by averaging théevels for all
DH lines with and without the resistant and susbéptlleles of DArT markewPt-
0836and flanking SSR markedgpw5176-Xgpw308 MarkerwPt-0836is present in
cv. Apache and diagnostic for its susceptibilitheTabsence of the resistance alleles
from both parents resulted in 39% f The presence of the resistance alleles of the
flanking markers linked to the 6DS QTL reducedoait14% but without the DArT
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marker wPt-0836 (the QTL on 3AS) the average d¢f dropped to just 1%.
Accumulation of both resistance alleles associatgh the 6DS and 3AS QTLs did
not significantly lowerP. Hence, the 3AS QTL is epistatic over the 6DS Qi the
analysis with isolate IPO323. In tests with isaalff098022 and IPO89011, the 6DS
QTL had a larger effect than the 7D QTL (7DS/7Dliteh), but the presence of both
QTLs loweredP to 7%. This shows that 6DS and 7D had an addéffect but the
additive effect of the former QTL is much strongsrit has a higher LOD value. This
was also shown for tests with isolate 1PO98046 whdre individual QTLs
contributed equally to disease reduction, libe combination of both QTLs
minimized the disease level. Eventually, the acdatran of four QTLs in the
Apache/Balance DH population for average STB lewelsr all used isolates was
tested, which clearly demonstrated that the pyramgidf the associated markers

gradually and significantly reduced disease le{feig. 4).

Detection of QTLs associated with resistance to ®TtBe adult plant stage

Due to field size limitations, the Apache/BalarigBl population was only
tested with isolate IPO323 in both years. The weathonditions for STB
development were conducive in both years, resulingifferentiating STB levels
(quantified by the average severity of DH lineshiitithout 3AS associated DArT
markers and with/without 6DS flanking SSR markdrat twere identified in the
seedling stage with isolate IPO323). QTL analysesealed three QTLs on
chromosomes 3AS, 2DS and 6DS that were associatedSWB resistance (Table 5,
Fig. 2). The 3AS and 6DS QTLs were also detecteabdeaseedling stage. The former
QTL was consistently expressed at both locationkaitin years, but the latter QTL
was only detected in 2008 at the Serasem locatiah aimilar to the seedling
analyses, explained a lower percentage of the whderariation. Interestingly, the
2DS QTL was exclusively and consistently detectedughout all adult plant tests,
but was also significantly correlated with earl®es0.48 and -0.25, P=0.05 at
Florimond Desprez and Serasem, respectively),asdin(-0.36, P=0.05 at Serasem)
and resistance to FHB (Fig. 2E). Subsequent reigressalyses that fitted means of
logit transformed STB values on earliness and eéaBrieft no residual STB resistance
effect for the 2D locus (p=0.359).
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LOD

Cumulative lenght (cM)

Figure 1. Interval mapping LOD profile of the Apa¢Balance DH mapping population using eilylyicosphaerella graminicolaolates in a

pre-screening tesPy.
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Table 4. Quantitative trait loci (QTLs) associateith necrosis ) and pycnidia
development ) in the Apache/Balance DH population after inocolatwith five

Mycosphaerella graminicolaolates in the seedling stage.

Isolate Closest Marker  ChromosomePhenotypic Resistance N P
position data set source
PDY LOD Exp. PD LOD  Exp.
(cM) (%) (cM) (%)
IPO323 wPt-0836 3AS R1 Balance 0 12.2  46.1 1 7.3 27.7
R2 1 255 737 1 11.1 39.7
R3 1 256 731 1 10.8 38.7
Xgpw5176- 6DS R1 Balance 3.2-5 3.6 12.7
Xgpw3087 R2 03-8 3.1 8.9
R3 43-4 35 11
IPO98022 Xgpw5176- 6DS R1 Balance 6.3-2 64 304 53-3 163 47
Xgpw3087 R2 83-0 54 216 533 131 474
R3 03-8 44 188 5.3-3 123 48
Xgwmlll 7DS R1 Apache 1.1 6.2 11.8
R2 0 5.2 11.2
R3 0 2.2 5.9
IPO89011 Xgpw5176- 6DS Ave. Balance 5.3-3 23.16 67.5
Xgpw3087
wPt-1859 7DL Ave. Apache 0 4.5 8
IPO98046 Xgwm111l 7DS R1 Apache 0 9.5 27.5
R2 ° - -
R3 0 6.2 20.8
Xgpw313 7DL R1 Apache - - -
R2 5 6.8 20.5
R3 - - -
Ave.
Xgpw5176- 6DS R1 Balance 8.3-0 7 19
Xgpw3087 R2 8.3-0 7.9 24.2
R3 6.3-2 7.4 27.1
IPO87016 wPt-2019 1BS R1 Apache 2 19.1 63.3
R2 1 21.1 68.3
R3 0 17.8 59.3
Ave. 1 2111 67.3

'R1, R2 and R3 represent first, second and thirticegp data. QTL analysis was performed
on averaged data (Ave) when Bartlejf’dest indicated non significant phenotypic variatio
over replicates, otherwise replicates were processividually. 2PD = QTL peak distance
in cM.; °Flanking markers.#Not significant but consistent QTL positiof; = Non detected
QTL in the repetition.
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Figure 2. LOD profiles of QTL sections involved 8TB resistance in the seedling (A, B, C, D) andltagiant stage (E) after individual
inoculations with fiveMycosphaerella graminicolgolates as well as earliness, tallness and Fumaread Blight (FHB) severity in the adult
plant stage (E) in the Apache/ Balance DH poputaffoandN are disease parameters obtained from replicat2safigd 3 or from the average

(Ave) based on Bartlett’s test (see Materials aethaods).
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Figure 3. Various interactions between QTLs in Apmache/Balance DH mapping
population detected by single isolates controllhgSS, individual DH lines merely
carrying susceptibility alleles of two markers agated with QTLs; RS and SR,
individual DH lines carrying a resistance alleleaofarker linked to one QTL and a
susceptibility allele of a marker of another QTLR Rndividual DH lines with both
resistance alleles. Same letters in the columniatel not significantly differenP
values (P=0.05). A. Epistatic effect of the majorLEBAS over the minor QTL-6DS
detected by IPO323; B and C. QTLs detected by IP@28and IPO89011,
respectively, show a mutual additive effect; D. Aid@ interaction between two

QTLs with almost equal LOD scores.
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Figure 4. Stacking effect of individual QTLs thatem detected in the
Apache/Balance DH mapping population. Overall tasise to the five employdd.
graminicolaisolates P) significantly (P=0.01) increased with the numbéQTLs in
DH lines. SSSS and RRRR; Representative of indaliddH lines merely carrying
markers of susceptibility or resistance allelepeaisded with QTLs on chromosomes
3AS, 6DS, 7DS (only the most common markgywm11]) and 1BS, respectively.
RSSS and RRRS: indicate individual DH lines wittminations of one resistance
allele linked to a QTL and three susceptibilityelds or vice versa. RRSS: indicates
individual DH lines carrying two QTLs associatedttwresistance and two QTLs

associated with susceptibility.

Discussion

The present data show that both cvs. Apache atah8acontributed specific
resistance to the DH population. The resistancédth parents could be easily
differentiated using the 3. graminicolaisolates panel and enabled the selection of
multiple isolates with significant differences thatreased the detection of QTLs and
helped to understand both the specificity of aridractions between these QTLs. So

far, only 17 resistance genes and QTLs have bgmortesl to STB (Arraiano et al.
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2007; Chartrain et al. 2009; Goodwin 2007; Tabikafiry et al. 2011, submitted to
TAG) and there is a clear need for an extendechalsé resistance genes to support
resistance breeding. The QTL on chromosome 6DSrisvaresistance gene as no
other Stb gene has been mapped to this chromosome, excephdoerroneous
location of Stb3 (Adhikari et al. 2004), that was later correctlgs@gned to
chromosome 7AS (Goodwin 2007). Hence, the 6DS Wt wvas detected in the
French winter wheat cv. Balance with fddr graminicolaisolates and is flanked by
the SSR markerXgpw3087and Xgpw5176is associated with a new resistance gene
to STB that is designated 818

This is an isolate specific resistance gene tleat detected with the Frenbh
graminicolaisolates IPO98022 and IPO98046 and with the Digolates IPO89011
and IPO323. Isolate IPO89011 detecBtti18at the seedling stage, whereas IPO323
identified it in both the seedling and adult platdage. IPO89011 is also avirulent on
Stb9(Chartrain et al. 2009) arfstb5(Arraiano et al. 2001b), confirming the presence
of multiple avirulence factors it.graminicola isolates. Isolate IPO87016 from
Uruguay is specifically virulent t&tb18as no QTL other than the 1BS QTL was
detected with this isolate, which was also confaoim®y additional phenotyping
assays. In the adult plant stagthl18was detected only in 2007, but this is most
likely due to the epistatic effect of the QTL orr@mosome 3AS. All other QTLs also
demonstrated gene-for-gene interactions that aeeatipnal in thevl. graminicola
wheat pathosystem (Brading et al. 2002). Earliedifigs thatP rather thanN is a
reliable disease parameter (Kema et al. 1996a¥wgpported by the current data, as
Stb18was only detected once fidlrbut multiple times foP. Previously, Kema et al.
(1996a) concluded thdll and P are under different genetic control, which is in
accordance with the current MapQTL analyses.

The publicly available map databases show thatléin&ing markers o5tb18
on 6DS,Xgpw3087andXgpw5176 have also been mapped on chromosomes 6A and
2D, respectively. However, in the Apache/Balanceypation these markers were
linked with Xgpw4440, Xgwm325, Xgpw435Rgpw43 and Xgm469 which are
positioned on chromosome 6DS in the aforementidinddge map databases. In the
mapping process the marker alignment of chromoséb® was sorted by a LOD
score of 4, indicating a 10,000 fold higher likeldd of linkage.lt is therefore
concluded thaBtb18and its closest flanking markexXgpw3087and Xgpw5176 are

mapped on chromosomes 6DS.
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Table 5. Quantitative trait loci (QTL) associateithwesistance to STB evoked by inoculations Witycosphaerella graminicoldP0323,

earliness and tallness in the adult plant stagemnireld conditions.

Flag leaf lesion Earliness Plant Tallness
S Seasem Serasem Florimond Serasem Florimond Serasem Florimond
'*§ Desprez Desprez Desprez
° 2007 2008 2008 2008 2008 2008 2008
(0]
g
% S ~ L L N N N
(@] Fb (| OQ_ o) | oQ_ a) QO OQ_ a) | OQ_ a) (| oQ_ a) (| OQ_ a) (| OQ_
se 9§ S g8 FgrFge 2 F eSS 5o 2F
e
Closest Marker ©
Xgpw332b 2DS 2 89309 6 35 78 11967309 5 24 775 3 273793 6 56 248 7 6.56 233
wPt-0797 3AS 0 6.219.1
wP1t-0836 3AS 1 142356 1 8.628.6

Xgpw5176-Xgpw3087 6DS

8.3-059 125

'PD = QTL peak distance in cM.

’Flanking markers.
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Another major QTL was detected and mapped on chsome 1BS using
isolate IPO87016. Previously, (Chartrain et al. 2)UmappedStbllon chromosome
1BS in the wheat line TE9111 and determined theetinSSR markeXbarc008using
the Mexican isolate IPO90012. In the Apache/Balameg, the identified 1BS QTL
is associated with DArT markerPt-2019 (v2.3jhat ismapped next to DArT marker
wPt-5562 (v2.3)(3.4 cM), which is tightly linked taXbarc008 (1.2 cM) in the
Conan/Reeder reference map at the Grain Genesbdata (Anonymous 2010e,f).
Phenotypic interaction between IPO87016 and Stedifferential set of cultivars,
also confirmed that IPO87016 is avirulent on TE91(Ihbib Ghaffary et al.
unpublished data) that is reported to c&tlyll, Stb@&ndStb7 which are mapped on
chromosomes 1BS, 3AS and 4AL, respectively (Chartea al. 2005c). The isolate
IPO87016 is virulent o&tb6but avirulent orStb7(Tabib Ghaffary et al. unpublished
data). Therefore, the observed resistance in cachA@ can be due ®tb7or Stb1l
As the only detected QTL was positioned on chromwsolBS and not on
chromosome 4AL, we conclude that the QTL in cv. &parepresentStb11 which
was also confirmed by map comparison and additipha&notypic data. The QTL
associated t&tb11in the Apache/Balance population is linked to DAnarkerwPt-
2019that can be used in addition XdarcOO8as an alternative for marker assisted
selection.

The QTL on chromosome 3AS is associated with DArdrker wPt-0836
(v2.3) This marker is clustered withwPt-2478 that is also mapped in the
Avalon/Cadenza reference map (Anonymous 2010d)ecl@1cM) to marker
Xgwm369that was determined as a closely linked marke&thi6 (Brading et al.
2002). This gene confers resistance to isolate 30&nd is prevalent among a
worldwide set of cultivars and breeding lines (Aareo and Brown 2006; Chartrain et
al. 2005b; Eriksen et al. 2003). As no other gea® een mapped on chromosome
3AS in the Apache/Balance population, the 3AS QTustnrepresenttb6in cv.
Balance. Additional evidence is provided by theesaing with the other isolates that
did not detect the 3AS QTL and are all virulentown Shafir that carrieStb6(Tabib
Ghaffary et al. unpublished data). Unfortunatetye DArT markemwPt-0836cannot
be used for detectin§tbg as it is associated with susceptibility to iselé?0323 in
cv. Apache.

Adhikari et al. (2004a) and Arraiano et al. (20phblave reportedstb4 and
Stb5 on chromosome 7DS, respectively, and linkage B8R markerXgwm11]l
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which is recognized as a specific marker &tb4 (0.7 cM). This marker is also
present on the Apache/Balance 7D linkage groupiswrassociated with QTLs that
was detected with isolates IPO98046 and IPO98(02@98046 is avirulent on cv.
Tadinia (Tabib Ghaffary et al. unpublished datajt tbarriesStb4and Stb6 (Arraiano
and Brown 2006; Chartrain et al. 2005b), but vintlen cv. Shafir that carrieStb6
(Brading et al 2002, Tabib Ghaffary et al. unputdid data). The present data confirm
this observation, as IPO98046 did not, but IPO3@BdétectStb6 on chromosome
3AS. Hence, the 7DS QTL that was detected with B348 in cv. Apache seems
identical withStb4 Stb5 present in CS/synthetic 6x, is also reported lmomosome
7DS (Arraiano et al. 2001b). Despite isolate IPCEB( avirulent on CS/synthetic 6x
and detected a QTL on chromosome 7DS that is link&@5R markeKgwm111it is
dissimilar withStb5as this isolate is virulent on cv. Tadinia thatries bothStb4and
Stb6 (Tabib Ghaffary et al. unpublished data). The Qidtected with IPO89011 is
associated with DArT markerPt-1859that is positioned amidst SSR markers on
chromosome 7DL (Fig. 2D). N8tb genes have been mapped to this chromosome
arm and hence, cv. Apache carries one or more unki®ib genes on chromosome
7DL that require further characterization.

Finally, the data show that accumulation of QTL cassed markers
incrementally contributes to higher and broadeelewf STB resistance. Chartrain et
al. (2005a; 2004; 2005c) thoroughly analyzed ST#&stance in cvs. KK4500 and
TE9111. They describe sevefdtb genes in these cultivars and suggested that gene
pyramiding might be an effective method of resistarbreeding, but neither
interactions between these genes nor phenotypdigenoassociations were
addressed. Still, KK4500 and TE9111 have relativeyad efficacy (Kema et al.,
1996a, 1996b). This accords with our findings tRedresistance gene accumulation
is a valid strategy to breed for wide efficacy sémnce in wheat to STB as was also
shown in many other breeding programs dealing wilter crops and various single
or multiple biotic stresses (Barloy et al. 2007n&e@t al. 2009). Therefore, a detailed
characterization of known and ne&tbgenes is indispensable and contributes greatly
to their deployment in marker assisted stackingtsgiies in commercial breeding

programs.
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QTL analysis in adult plants

The field experiments confirmed the presence ef3AS and 6DS QTLs that
were identified asStb6 and Stb18 The latteris inconsistently expressed in the
presence ofStb§ which also provides mature plant resistance tecisip M.
graminicolaisolates, as reported earlier (Arraiano and BrowA&2 Brading et al.
2002; Chartrain et al. 2005b). The new QTL on closome 2D was consistently and
exclusively expressed in adult plants in both yedrboth locations. However, this
QTL is strongly associated with earliness and éslthand regression analyses did not
show a significant residual effect on STB resistan®/e are therefore reluctant to
assign STB resistance to the 2D QTL and ratheresighat it indirectly influences
STB resistance by regulating earliness and talltleas are known to affect STB
severity (Arama et al. 1999; Arraiano et al. 2088non et al. 2005). The associated
SSR markeiXgpw332is also associated witRht8 andPpl that are involved in the
regulation of wheat tallness and earliness (Korzual. 1998; Worland et al. 1988;
Anonymous 2010g). These physiological parametess alfluence FHB resistance
(Somers et al. 2003; Steiner et al. 2004). Intergist, a QTL for FHB resistance was
mapped on the same position in the Apache/Balaopalation. Previously, Handa et
al. (2008) identified a possible multidrug resistmssociated protein (MRP) at this
2D chromosomal location that is involved in the afBusarium interaction. We
tentatively conclude that the 2D QTL confers eadsitallness in wheat and therefore
indirectly contributes to multiple pathogen regisia

This project showed that neS8tbloci can still be identified in contemporary
commercial wheat cultivars by using panels of edhetharacterizedl. graminicola
isolates. Such screens also demonstrate the sffadeé®tbgenes in various production

environments and therefore contribute to STB rasist management.
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Abstract

Breeding for resistance to Septoria tritici blotq®TB), caused by
Mycosphaerella graminicol@anamorph:Septoria tritic), is an essential component
in controlling this important foliar disease of vatelnheritance of seedling resistance
to seven worldwide pathogen isolates has beenestudi a doubled haploid (DH)
population derived from a cross between the figddistant cv. Solitar and the
susceptible cv. Mazurka. Multiple quantitative tirenicus (QTL) mapping revealed
major and minor genetic effects on resistance dsaseseveral epistatic relationships
in the seedling stage. Solitar conferred resistamésolate IPO323, governed Byb6
on chromosome 3A, as well as to IPO99015, IPO92884,and Hu2 controlled by a
QTL on chromosome arm 1BS, possibly correspondingtblland minor QTL on
chromosomes 1B, 3D, 6B and 7D. Resistance of MaztokPO90015 and BBA22
was caused by a QTL located in a region on 4AL tvimarboursStb7or Stb12 QTL
specific to pycnidial coverage on 3B and specific necrosis on 1A could be
discovered for isolate IPO92034. Pairwise episiatieractions were reliably detected
with five isolates. Although their contributions ttee total variance are generally low,
the genotypic effect of the QTL on 4AL conditiormad Stb6 made up almost 15% of
disease expression. Altogether, the results suggesiplex inheritance of resistance
to STB in the seedling stage in terms of isolatee#wity and resistance mechanisms,
which bear implications for marker-assisted bregdman attempt to pyramid STB

resistance genes.

Introduction

Septoria tritici blotch (STB), caused by the ascoetg fungus
Mycosphaerella graminicol@uckel) J. Schrét. (anamorpBeptoria tritic), is one of
the most serious foliar diseases in wheat worldvadd may result in severe yield
losses through reduction of the photosynthetic @esal et al. 1987). High humidity
and moderate temperature conditions are conduciveghé spread of asexual
pycnidiospores in the field and disease developr(feaiimer and Skinner 2002). Field
populations ofM. graminicolaare genetically diverse due to a high level ofuséx
recombination (Zhan et al. 2003). Fungal resistacetrobilurins (Fraaije et al.

2005) and azoles (Zhan et al. 2006) has hampeeedhttmical control of the disease
132



The genetic architecture of seedling resistancgdptoria....

by fungicides. Therefore deployment of effectiveistance genes in wheat varieties
plays a key role in the control of STB. The inhamite of resistance to STB has been
described as quantitative, incomplete and non-8peo fungal isolates, as well as
gualitative, monogenic or oligogenic, and compléRillo and Caldwell 1966;
Chartrain et al. 2004). In diallel analyses, gehecembining ability (GCA) effects
were found to be more important for resistance @sgon than specific combining
ability (SCA) (van Ginkel and Scharen 1987; Jlibeteal. 1994; Simon and Cordo
1998). Kema et al. (2000) found an avirulence genthe M. graminicolaisolate
IPO323, and identification of the correspondingstasmce gen&tb6 Brading et al.
2002) in the wheat variety Flame provided the festdence for a gene-for-gene

relationship.

To date, fifteen isolate-specific resistance gewdh major effects against
STB have been mapped in hexaploid wheat. A thoreagiew on identification and
mapping of theseStb genes was given by Goodwin (2007). With QTL anialys
Eriksen et al. (2003) identified in addition $b6a QTL for seedling resistance with
minor effects on 3BL and QTL for adult plant rearste on 2B and 7B. QTL with
minor and major effects in the adult plant and Begdstage were mapped to 3AS,
different from Stb6 (Eriksen et al. 2003) and to 6B (Chartrain et28l04). Further
minor QTL for seedling resistance were found tddmated on chromosomes 1D, 2D
and 7DS, and for adult plant resistance on 3D @&{dSimon et al. 2004; Arraiano et
al. 2007). In a genetic and physical mapping stuiRBman et al. (2009) suggested
allelism to Stb11for a major QTL on 1BS accounting for 60% to 98%tloe

phenotypic variance. Interaction between genesTdr Was not investigated so far.

In disease assessment both, the loss of photosynéotivity by necrosis and
the production of pycnida, the asexual fructifioas which play an important
epidemiological role, are relevant to characte8Z@® resistance. Kema et al. (1996a;
1996b) suggested a different genetic control fah@its. There are only few reports
on the underlying mechanisms of STB resistanceoldigical observations by Kema
et al. (1996a) showed a different degree of coktion in terms of both, necrosis and

pycnidia formation, between a resistant and a guise variety.

Arraiano and Brown (2006) investigated the distiidou and frequency of
STB resistance genes in 238 European cultivars laedding lines using seven
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isolates in a detached-leaf assay, and identigsistance to IPO88004&tp15 and
IPO323 Eth§ as the most frequent. Resistance that follows eaegdor-gene
relationship is prone to breakdown by isolates withvel virulence specificities.
Collapse of field resistance was observed in cali\Gene and Tadinia carryifgo4
(Cowger et al. 2000; Jackson et al. 2000). Krenalet(2008) demonstrated the
adaptation ofM. graminicolaon a moderate resistant cultivar. However, itti# s
unclear why resistance conferred by some isolatesp genes is more durable than
that of others. For managing STB resistance itdess proposed to pyramid effective
genes in single varieties or to assemble genesidwse of cultivar mixtures in the
field. Indeed, a decrease of disease severity itivau mixtures could be observed
(Mille et al. 2006) but appeared to be inconsist@@bwger and Mundt 2002).
Stacking of isolate-specific STB genes requiresatveslability of molecular markers.
Validation of such markers in different genetic kgrounds and their applicability to

high-throughput analysis is crucial for marker-atei selection (MAS) strategies.

In this study we carried out a QTL analysis of SEBistance to seven isolates
of M. graminicolaat the seedling stage using a DH population ddrivem a cross
between the German bread wheat cultivar Solitar ted susceptible Hungarian
cultivar Mazurka. Since its release in 2004 Soktgpresses the highest level of STB
resistance in the field among the registered vasgeh Germany (Anonymous 2004).
The aims of the study were (1) to identify isolapecific resistance in the parental
cultivars with a diverse set &l. graminicolaisolates, (2) to locate QTL with major
and minor effects conferring STB resistance atléwel of necrosis and pycnidial
coverage using a subset of isolates, and (3) tdysépistatic interactions among

resistance QTL.

Materials and Methods
Plant and Fungal Materials

The German winter wheaTifjticum aestivuni.) cultivar Solitar, resistant to
STB in the field, was crossed with the suscepthilagarian winter wheat cultivar
Mazurka. A DH population consisting of 134 linesswgenerated from;FSeed by the
KWS-Lochow breeding company (Bergen, Germany). liklés of this population,
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referred to as SxM DH population, were used fokdge map construction. Due to
limited seed availability 128 DH lines were scregrier seedling resistance id.
graminicolaat Plant Research International (PRI, Wageningbe,Netherlands), and
128 to 132 DH lines, varying between replicatioas,the Department of Plant
Breeding, Martin-Luther-University (MLU, Halle, Geany).

The two parents were screened for STB resistano®y us set of 30M.
graminicolaisolates ofT. aestivuncollected from 15 countries worldwide (Table 1).
All isolates were received as mycelia or sporeutalexcept German isolates Ma3,
Ma4, Tal and Hungarian isolates Hul, Hu2 and Hingés& were collected as single
pycnidia from leaf samples either from the field'sary in Halle (varieties Mazurka
and Taras) or from the breeding nursery at the oMdjiral Research Institute

(Martonvasar, Hungary).

Pathogenicity assays

Seedling assays witkl. graminicolaisolates were conducted in a greenhouse
cabinet (PRI) or a growth chamber (MLU). Parentaésning with IPO isolates were
performed in three replications at PRI and in tveplications with German and
Hungarian isolates at MLU. Ten plants per DH limel(ding the parents) and isolate
were sown in pots containing a peat/sand mixtund, grown for seven to ten days
under 16 h light per day at a temperature of 181@fay/night) and 70% relative
humidity. Plants were inoculated before emergenic¢he second leaf. Inoculum
preparation and inoculation with IPO isolates wareording to procedures described
by Kema et al. (1996a). To produce inoculum of @@man and Hungarian isolates,
monopycnidial spore ranks of infested leaf samplese spread on malt yeast agar
(MYA) plates (1% malt, 0.4% yeast , 0.4% glucos¥ agar w/v) and incubated at
20°C for several days. tritici spores were scraped off the agar plate and stored a
80°C. For inoculation, thawed isolates were spradiYA plates and floated with
distilled water after 7 days of growth. The inoculuwas adjusted to a final
concentration of 1 x Ospores per ml. Two to three drops of Tween 20astaft
were supplemented and plants sprayed with appra&lyn2 ml of inoculum per plant
and isolate until run-off occurred. Inoculated ptamvere kept at 98% relative

humidity and in dark conditions for 48 h by coverinith black plastic foil bags in
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Table 1. List oM. graminicolaisolates originating from 15 countries that wesedifor the
seedling test of the parents of the SxM DH popaiatSolitar and Mazurka. Isolates in bold

letters were selected to analyze resistance toi6Tiee SxM DH population.

Isolate Origin Sourcé
IPO00003 USA PRI
IPO00005 USA PRI
IPO02159 Iran PRI
IPO02166 Iran PRI
IPO86013 Turkey PRI
IPO86086 Argentina PRI
IPO87016 Uruguay PRI
IPO88004 Ethiopia PRI
IPO88018 Ethiopia PRI
IPO89011 Netherlands PRI
IPO90006 Mexico PRI
IPO90015 Peru PRI
IPO92004 Portugal PRI
IPO92034 Algeria PRI
IPO94218 Canada PRI
PO94269 Netherlands PRI
IPO95036 Syria PRI
IPO99015 Argentina PRI
IPO323 Netherlands PRI
IPO95054 Algeria PRI
Ma3 Germany (Mazurka) MLU
Ma4 Germany (Mazurka) MLU
Tal Germany (Taras) MLU
Hul Hungary ARI
Hu2 Hungary ARI
Hu3 Hungary ARI
BBA22 Germany JKI
BBA27 Germany JKI
BBA39 Germany JKI
BASF27 Germany BASF

& PRI = Plant Research International, Wageninger, Nétherlands; MLU =
Martin-Luther-University, Halle, Germany; JKI = dug-Kuhn-Institute,
Braunschweig, Germany; ARI = Agricultural Resedrtstitute, Martonvasar,
Hungary; BASF = BASF SE, Ludwigshafen, Germany
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the greenhouse or by switching off the lights ia ¢inowth chamber. After inoculation
the temperature and humidity was increased to 20> 85%, respectively. Disease
development on the primary leaves was promotedlipping the second and third
leaf 10 days post inoculation (dpi) and by the egapilon of a compound fertilizer.
Seven isolates were selected to analyse the SxMpDpulation (Table 1). All

experiments were conducted in a randomized comgiktek design. As isolates
IPO90015, IPO99015 and IPO92034 were tested togethe series of experiments,
we applied a split-plot design with isolates as l@hglot treatment and DH lines as

split-plot treatment.

Disease assessment

Symptoms of STB were visually rated on the prinlaaf as (1) percentage of
necrotic leaf area (NEC) and (2) percentage of ioja@hcoverage (PYC) on each
experimental units (10 plants). Symptoms were asskst intervals of two to six

days during a period of 12 to 21 dpi dependingiseatse development and isolate.

Molecular marker analysis

DNA was extracted from leaves of 10-day old segdliny the CTAB method
(Doyle and Doyle 1990). For molecular mapping, sanpequence repeat (SSR)
markers developed by IPK Gatersleb&igym Xgdm Rdder et al. 1998; Ganal and
Roéder 2007; Pestsova et al. 2000), Wheat Micrdgat€lonsortium Xwmc,Gupta et
al. 2002), USDS-ARS Beltsville, Agricultural ResgarCenter Xbarc, Song et al.
2005), Genoplant{gpw, Sourdille et al. 2004axcfa’Xcfd Guyomarc’h et al.2002)
were used in the SxM DH population.

PCR reactions were carried out in a PT200 thermecyMJ Research; BIO-
RAD, Munich, Germany) in a final volume of 25 plntaining 1x PCR buffer
(including 1.5 mM MgCJ), 0.2 mM of each dNTP, 0.4 uM of each primer, Taf
polymerase (QIAGEN, Hilden, Germany), and 50 to hgOemplate DNA. Cycling
conditions were: 3 min initial denaturation at 94&0d 45 cycles of 1 min at 94°C, 1
min annealing at 60°C, 55°C or 50°C depending @npihmer pair, 2 min extension
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at 72°C. A final extension step was performed f@miin at 72°C. One primer of each
microsatellite primer pair was 5'-labelled with Cy5 and amplicons
electrophoretically separated on an ALF Expressiesecer (GE Healthcare, Freiburg,
Germany).

Amplified Fragment Length Polymorphism (AFLP) arsady followed the
protocol of Vos et al. (1995) except thatdRlor Pst selective primers were 5'-
labelled with FAM or HEX. PCR amplicon pools gertethfrom each of a FAM- and
HEX-labelled primer combination were purified usiagentrifugation clean-up step
with MultiScreen 96 HV well filter plates (Millip@ GmbH, Schwalbach, Germany)
loaded with Sephadex® G-50 (Sigma-Aldrich Chemie bBinm Taufkirchen,
Germany) according to a procedure described in
http://www.genome.ou.edu/protocol_book/protocoltivahtml (validated on 2%
November 2010). Amplification products were sepstabn a MegaBACE 1000

capillary DNA sequencer (GE Healthcare, Freiburgriany) and analyzed with
MegaBACE Fragment Profiler v1.2 software (GE Hezdtle, Freiburg, Germany).
Mapped AFLP loci were named based on the nomemelath Keygene N.V.
(Wageningen, Netherlands).

Data analysis and QTL mapping

The mean disease severity in terms of NEC (in %9 BNC (in %) was
calculated by averaging the AUDPC (area under theade progress curve) values
(Shaner and Finney 1977) by the period of diseasesament. Analysis of variance
(ANOVA) was conducted for IPO90015, IPO99015 an®@92034 which were tested
together in the same series of experiments. Far dhtaset, isolate, genotype and
genotype x isolate interaction effects were eswthatExperiments (blocks) were
considered as random effects, genotype and isotsdtxed effects. With isolates
IPO323, Hu2, Hul and BBA22 only the genotype effeotld be determined.
Correlations between PYC and NEC were calculateth videndalls tau rank
correlation coefficient. All statistics were calatdd using the statistical programming
environment R v2.8 (R Development Core Team 2009).
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A genetic map of the SxM DH population was generateith
MAPMAKER/EXP Version 3.0 (Lincoln et al. 1993). Ftre assignment of linkage
groups to chromosomeXgwm microsatellite loci were used as anchor markers
according to their chromosomal location in the ITMipulation (Ganal and Roder
2007). Linkage was established at a minimum LO@ghold of 3.0. Marker orders
were obtained by three-point and subsequent maititpanalysis supposing am
priori genotyping error of 1%. Only markers which couédddaced in the most likely
map order at a minimum LOD of 2.0 were includedtfer subsequent QTL analysis.
Multipoint maximume-likelihood recombination fractie were converted into map
distances by the Kosambi mapping function. Chaftin@age groups were drawn
with Mapchart v2.1 (Voorrips 2002).

All QTL analyses were carried out with the R/qttkage 1.11-12 (Broman et
al. 2003) in the R environment using whole-genomnterval mapping (Lander and
Botstein 1989). Initially, all QTL analyses wererfpemed for each experiment and
isolate separately. First, in a single-QTL modetearch for individual QTL was
performed using maximum-likelihood estimation. Het phenotypic distribution
exhibited a marked spike, a two-part model, composea binary and a normal
model, was applied as described by Broman (200®),2H lines with mean disease
severities< 2.5% of PYC and NEC, respectively, were consideeststant. Evidence
for pairwise epistatic QTL interactions was tedtgda two-dimensional genome scan
with a two-QTL model using Haley-Knott regressidtaley and Knott 1992). LOD
significance thresholds of P=0.05 for the singlexd atwo-QTL models were
determined by running 10,000 permutations on thenptypic data. Finally, all
significant single QTL and QTL involved in interamis were considered and their
map positions refined in the context of a multiQi@L model (MQM). From these
refined QTL positions the QTL confidence rangedingel by a 1.5 LOD drop from
the maximum LOD position, were estimated. The dVétaof the full model against
the null model was tested by ANOVA. In a secong sach QTL term was dropped
from the model one at a time and a comparison wadenbetween the full model
relative to the model with the term omitted (redihogodel). If the omitted QTL also
occurred in the interaction with another QTL, théeraction was dropped as well.
From the drop-one ANOVA table the heritability of QIL term, defined as the
proportion of the phenotypic variance explainedilig term, was calculated, and the

139



Chapter 5

effect of a QTL was estimated as the differencethe mean between the two
homozygous QTL genotypes. Interaction effects vemtEmated as the deviation of
the combined effect of alleles at two QTL from them of its individual effects
(Fisher 1918).

A joint MQM analysis using DH line means of phemuoty data from all
experiments included only those QTL and QTL inteoac terms which were

significant in at least two single experiments (k).

Results
Parental screening for STB resistance with M. graodla isolates

A total of 30M. graminicolaisolates originating from 15 countries throughout
the world (Table 1) were used for the seedlingyagsth the two parents of the SxM
DH population, Solitéar, a German variety with oatsting field resistance to several
fungal diseases, and Mazurka, a Hungarian varietly Wwlerance to drought and
frost. Both wheat genotypes clearly differentiatedheir response to STB for the
majority of isolates (Fig. 1). On average, Solgowed a lower percentage of PYC
in comparison to Mazurka. With isolates IPO323, 38068, IPO99015 and Huz2,
complete resistance was observed in Solitar. Antooifper isolates Solitar exhibited
the highest disease symptoms after infection with German isolates BASF27,
BBA22, BBA27, BBA39, Ma3 and Ma4. In contrast, Maza appeared to be
moderately resistant to these isolates, and higgdigtant to isolate IPO90015. Due to
the distinct response observed in the parental tgpas, 1PO323, IPO90015,
IPO92034, IP0O99015, BBA22, Hul and Hu2 were chofmnanalysing STB

resistance in the SxM DH population.

Phenotypic distribution of STB resistance in thB1®H population

Between 128 and 132 DH lines were tested with tiset of isolates for STB
resistance. Scatter plots and associated histogphmean disease severity shown in
Fig. 2 for IPO92034 and IPO90015 indicate a broaenptypic variation in the SxM
DH population for both NEC and PYC. Generally, twidferent patterns of
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distributions could be observed which were morenpumced for NEC (Fig. 2). One
pattern, as illustrated by isolate 1P0O92034, dbssria symmetric continuous
distribution when STB was measured by NEC and becaght-skewed on the basis
of PYC. The relationship between the two diseagsamaters appeared to be linear
and only moderately correlated (Kendall rank catieh coefficientt = 0.50).
Segregation patterns of response to BBA22, Hul lan# also suggested a right-
skewed (PYC) or normal distribution (NEC) of the Pidpulation (data not shown).
A different distribution pattern is exemplified golate IPO90015 (Fig. 2). DH lines
bearing no pycnidia and no or low necrotic areahmnfirst true leaf stood out as a
distinct spike. This distribution points to theiantof a major gene superimposed on
quantitative inheritance of STB resistance. If DhRe$ corresponding to the spike
were excluded from correlation analysis the obvimlationship between PYC and

NEC became visibler(= 0.57). Such mixture distributions were also edgd with

70

1 B Solitar
] [ Mazurka

60

50 l
L

30

PYC (%)

20

10
¢ o9, <o B > 20 2D B DN BN o
%%Q\o/ & SN AN Q7KL
SRS O S SN o
¢ R PRSP >
N PRLILTLR K

Figure 1. Means and standard errors of pycnidiaéamge (PYC, in %) in the parental

screening of Solitar and Mazurka with 30 worldwiMegraminicolaisolates.
Underlined isolates were chosen for analysing thebtbd-haploid lines of the SxM
population. IPO isolates: mean of three replicdetermined at 21dpi; BASF27, BBA
isolates, Hul, Hu2, Hu3, Ma3, Ma4, Tal: means af t@plicates determined at
29dpi
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isolates IPO99015 and IPO323 (data not shown).iDé$with low PYC € 2.5 %)
but high NEC were also found, particularly withlege IPO92034.

A significant genotype-by-isolate interaction inspense to IPO90015,
IPO99015 and IPO92034 pointed to isolate-speodfactions to STB in the SxM DH
population (Table 2). These results imply QTL magpneeds to be carried out on
single isolates. Although IPO323, Hul, Hu2 and BBARere tested in separate
experiments, indirect evidence from correlationlygs®s also suggested genotype-by-

isolate interactions (Appendices; ESM 1).

QTL mapping of seedling resistance to STB

A genetic framework map constructed with 145 SSBs lheen augmented
with 120 AFLP loci. The entire map comprised 31kége groups which could be
assigned to all 21 wheat chromosomes. Finally, $3®R loci, 58 AFLP and one
phenotypic markerB1) arranged in statistically reliable orders weresdn for QTL
interval mapping. The linkage map covers 2272.8valh an average marker density
of 12.7 cM.

The single-QTL analysis of resistance to isolatB©90015, 1IP0O99015,
IPO323 employed a two-part QTL model (Broman 2008)ereas for isolates
IPO92034, Hul, Hu2, BBA22 a normal model was applignificant pairwise QTL
interactions, i.e. deviations from purely additeféects, could be established for five
isolates in a two-QTL analysis. In Table 3, theegiQTL parameters from the MQM
analyses are based on the means of the three mvgmdsi Two QTL interaction pairs,
one detected with isolate IPO92034, the other wdtiate Hu2 closely missed the
significance level of P=0.05 (P=0.06 and P=0.08peetively) in one experiment
each. The confidence ranges of QTL for differentates and disease parameters are
shown in Fig. 3. If a map region affected resistatcmore than one isolate a single

QTL name was assigned to overlapping ranges.

Seedling resistance to IPO323, conferred by Splitéms predominantly

controlled by a QTL located distally on chromoscem@ 3AS. This locus explained
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Table 2. Analysis of Variance (ANOVA) of isolateP(090015, IPO99015 and
IPO92034) and line effects conducted in a split-plperiment. Computations were
done separately for pycnidial coverage (PYC, ind) necrotic leaf area (NEC,
in %)

Degrees of PYC NEC
Source of variation 9

freedom
Mean Square F-valué Mean SquareF-valué

Isolate 2 32.0 0.2 7576.7 26.3**
Error (block*isolate) 4 213.9 288.5

DH line 127 276.6 18.4*** 851.4 24.5%**
Error (block*DH line) 254 15.1

DH line*isolate 254 121.1 10.1%** 280.3 13.1***
IErr(;r (block*isolate*DH 508 12.0 21.4

ine

& p =0.01; *** P =0.001

68.8% (PYC) or 84.1% (NEC) of the phenotypic vac@nrespectively. On average,
QSth.3ASaused a difference in PYC of 19.1%. In the twd-paodel, a QTL with
small effects on PYC (6.2%) and NEC (6.8%) was tified on 4AL, proximately
linked to Xwmc313 Conditional on observations above 2.5% diseaserite
QStb.4ALaccounted for 5.0% (NEC) to 14.7% (PYC) of the rgitgpic variance.
QTL QStb.4ALwas also detected with IPO90015 but with a QT Ltability ranging
from 47.9% (PYC) to 75.8% (NEC) and a decreaseiseate severity by 24.8%
(NEC) and 12.8% (PYC). This QTL is responsibletfoe spike of resistant DH lines
in the distribution of PYC and NEC (Fig. @Stb.4ALwas also identified in response
to the German isolate BBA22, although the maximu@DLpositions differed slightly
among the two disease traits (Table 3). There dbacted for 11% (NEC) or 18%

(PYC), respectively, of the phenotypic variance.
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Solitéar imparted the main component of resistaimc&099015. This locus,
QStb.1Ba, linked toXgwm11 could be assigned to 1BS based on a deletion bin
(Sourdille et al. 2004b) and explained between INHBC) and 42.8% (PYC) of the
phenotypic variance. Two further QTL with minorexfts on PYC and NEC could be
detected on chromosomes 3D and 7D (Table 3). QHtlapping with theQStb.1B.a
interval were also found upon infection with HulyZHand 1IP0O92034, and resistance
was mediated by Solitar likewise. QTL heritabiktiand effects oQStb.1B.awere
found to be higher for Hu2 than Hul suggesting fassurable infection conditions

for the latter isolate.

Each of the above QTL was evident in either disemai. In contrast,
resistance specific to PYC and NEC was observedPi092034 as the formation of
pycnidia was remarkably affected by a QTL locatadchromosome 3B and the size
of necrotic lesions by a QTL on 1A (Table 8)Stb.3Bamounts to 38.4% of the
phenotypic variance. Whereas Solitar conferredstasce atQStb.3B Mazurka
carried the resistant allele @Stb.1Awhich contributed only 11.5% of the variance
associated with NEC. A further QTL, denotedstb.1B.bcontrolling PYC-specific
resistance to BBA22 was detected on 1B, but infferént position tharQStb.1Ba
(Fig. 3). Only a small proportion of the phenotyprariance (7.0%) could be
attributed toQStb.1B.bResistance of this PYC-specific locus is medidg&olitar.

Epistatic QTL effects on STB resistance

Epistatic interactions were detected for both taarse traits with IPO323 and
Hu2. However, three interactions showed specifitty?YC (IPO90015, IPO92034)
and one interaction specificity to NEC (IPO9901%al§le 3, Fig. 3). Two types of
epistasis that could be distinguished by presemasence of a single locus effect
were observed in the SxM DH population, and theseilaustrated for IPO323 and
IPO90015 (Fig. 4). The two QTL involved in the dpt& interaction in response to
IPO323,QSth.3ASmarker Xgwma369 and QStb.4AL(markerXwmc313 were also
identified in the single-QTL model via a two-panmadysis. Yet, inclusion of the
interaction effect yielded a significantly bettepdel fit. The presence of the Solitar
allele atXgwma369(= epistatic) ensures seedling resistance indepdraf the allelic

state alQSth.4AL(= hypostatic). Lines carrying the Mazurka alledéé¢doci Xgwm369
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and Xwmc313were less susceptible. On average, this interaaxplained 5.4%
(PYC) and 1.9% (NEC) of the phenotypic varianceb{&a). The PYC-specific QTL
QStb.3Bdetected with 1IPO92034 interacted with each of sivagle QTL QStb.6B
and QStb.1B.awith smaller effects on pycnidia formation (Appkéses; ESM 2 Fig
1). The Solitar allele aStb.3B(= epistatic) conferred a high level of resistatwe
PYC, but when absent the Solitar alleleQg8tb.6Bor QStb.1B.a(= hypostatic) still

reduced pycnidia formation. Thus, apart from anitagddmode of action, epistatic

effects of QStb.3B and QStb.1B.a(explained phenotypic variance

4.2%) and

betweenQStb.3BandQStb.6B(explained phenotypic variance = 4.7%) were ingdlv

In resistance to pycnidia formation.
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Figure 2.Scatterplots with marginal histograms for necrtaaf area (NEC, in %) and
pycnidial coverage (PYC, in %) in the seedling stémean of three replicates) of
Solitdr, Mazurka and their doubled-haploid offsgr{m = 128). Data are given fM.

graminicolaisolates IPO92034 (left) and IPO90015 (right).
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QTL-by-QTL interactions without

uncovered with isolates IPO90015, IPO99015 and Hui?s crossover interaction,

marginal single-QTleffects were
sometimes termed as duplicate epistasis, only gee¢o resistance (or susceptibility)
in genotypes with opposite allelic configurationsai pair of QTL. As an example, the
interaction betweer@QStb.1B.c(tightly linked to Xgwm806 and QSth.2AL (closely
linked to Xgpw2046 conditional on the allelic state QfStb.4AL(locusXwmc313 in
response to IPO90015 is presented in Fig. 4. Geeetgarrying the Mazurka allele at
Xwmc313respond with disease severities of P¥Q2.5% regardless of the alleles at
QStb.1B.@andQStb.2AL with only few exceptions. The interaction betwélas latter

1A 1B 4A 3A 3D
» Xgwm 1223 A Xgwm1130 A P12M54.153 A Xgwm369 A P36M54.276
H- Xgwm1078 [T Xgwm859.3A H Xgwm1243
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o
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Figure 3. Location of main resistance QTL effectisSTB on the genetic map of the
SxM DH population detected with 7 isolates in thedling stage for pycnidial
coverage (PYC) and necrotic leaf area (NEC. Theslzarindicates the max LOD -
1.5 LOD. An epistatic/hypostatic QTL-by-QTL intet@mn is indicated by a single
arrow, duplicate (crossover) interaction by a deubtow. For the latter, confidence
ranges could not be determined and boxes nexetoltisest linked marker were used
instead.
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Table 3. QTL and QTL-by-QTL interactions for STBisgtance (means of three experiments) to sbliegraminicolaisolates in the seedling
stage identified in the SxM doubled haploid pogalaby multiple QTL mapping

Isolate Dise_ase Nq. of QTL /_ . Resistazlce Positiore1(s) Nearest marker/ heri(tgalal}lityf Gee?f‘;tg’té’ e Fvalue® Putative
trait experiment® QTL pair donor (cM) marker pair (%) (%) gene
IPO90015 PYC 3 QSth.4AL M 12 Xwmc313 47.9 12.8 165.8** Sth7/Stb12
3 QSth.1B.c:QSth.2AL  S:M; M:S 108:8 Xgwm806:Xgpw2046 3.2 6.6 11.2*
NEC 3 QSth.4AL M 18 Xwmc313 75.8 24.8 393.9** Stb7/Stb12
IPO323 PYC 3 QSth.3AS S 0 Xgwm369 68.8 19.1 152.0%*  Stb6
3 QSth.4AL M 18 Xwmc313 14.7 6.2 32.5%** Sth7/Stb12
3 QSth.3AS:QSth.4AL  S:M 0:18 Xgwm369:Xwmc313 5.4 13.3 24.0%**
NEC 3 QSth.3AS S 0 Xgwm369 84.1 42.7 329.2%* Stb6
3 QSth.4AL M 18 Xwmc313 5.0 6.8 19.7** Stb7/Sth12
3 QSth.3AS:QSth.4AL  S:M 0:18 Xgwm369:Xwmc313 1.9 14.7 14.6%*
IPO99015 PYC 3 QStb.1B.a S 66 Xgwm752.1B 42.8 11.7 120.6** Stb11
3 QSth.3DS S 12 Xgwm1243 4.6 3.7 12.g*=
3 QStb.7DS S 2 E34M58_134 1.4 1.9 4.0 Stb4/Stb5
NEC 3 QStb.1B.a S 64 Xgwm752.1B 30.0 17.8 103.4** Stb11
3 QSth.3DS S 10 Xgwm1243 8.0 8.5 27. 7+
3 QSth.7DS S 33 Xgwm885 1.8 3.9 6.2 Sth4/Stb5
3 QSth.2AL:QSth.7DL  S:M; M:S 0:28 Xgwm1151:Xgwm1242 3.3 104 11.2*
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Table 3continued

QTL Genotypic

Isolate Dise_ase Nq. of QTL /_ Resistance Position(s) Nearest mar!<er/ heritabilityf effect Fvalud' Putative
trait experiments’ QTL pair © donor® (cMm)® marker pair (%) %) gene
IPO92034 PYC 3 QSth.3B S 15 E35M52_129 38.4 9.0 32.0%** Sth2/Sth14
3 QStb.1B.a S 76 Xgwm752.1B 11.5 4.7 14 .4%** Stb11
3 QStb.6B S 72 Xgwm1076 10.2 4.0 12.8%*+
3 QSth.3B:QStbh.1B.a S:S 15:76 E35M52_129:Xgwm752.1B 4.2 7.3 10.4**
2 QSth.3B:QSth.6B S:S 15:72 E35M52_129:Xgwm1076 4.7 7.2 11.8***
NEC 3 QStb.1B.a S 66 Xgwm752.1B 19.7 111 37.4* Stb11
3 QStb.6B S 88 Xgwm219 7.4 6.5 14.0**
3 QSth.1A M 14 E32M56_95 10.1 7.1 19.2+*
Hul PYC 3 QSth.1B.a S 46 Xgwm752.1B 12.2 3.7 18.F** Stb11
NEC 3 QStb.1B.a S 48 Xgwm752.1B 16.1 4.8 24.9** Stb11
Hu2 PYC 3 QStb.1B.a S 68 Xgwm752.1B 32.6 7.0 75.1** Stb11
2 QSth.2B:QSth.7DL  S:M; M:S  20:34 Xgwm374:E39M56_184 6.7 5.9 15.3**

148



The genetic architecture of seedling resistancgdptoria....

Table 3continued

QTL Genotypic

Isolate Disease No. of QTL/ Resistance Position(s) Nearest marker / heritability effect Fvalud' Putative
trait experiments$ QTL pair © donor® (cMm)® marker pair y gene
(%) (%)
NEC 3 QStb.1B.a S 68 Xgwm752.1B 26.0 7.4 54.5** Sth11l
3 QSth.2B:QSth.7DL S:M; M:S 20:34 Xgwm374:E39M56_184 9.6 8.4 20.F**
BBA22 PYC 3 QSth.4AL M 6 Xgwm160 18.3 4.1 32.1** Stb7/Sth12
3 QSth.1B.b S 4 Xgwm1078 7.0 2.4 12.3*= Stb11
NEC 3 QSth.4AL M 18 Xwmc313 11.2 2.9 16.2** Stb7/Sth12

®PYC = pycnidial coverage, NEC = necrotic leaf area

 Number of experiments in which a single QTL and.py-QTL effect identified, respectivé\QTL name described by chromosome or
chromosome arm; a lower-case character indicatieseaht QTL on the same chromosome

4single QTL allele, QTL-by-QTL interaction allelembination(s) conferring resistance; S = cv. Splith= cv. Mazurka

® QTL position(s) determined by refined MQM analysis

" QTL heritability defined as phenotypic variancekained by the QTL or QTL-by-QTL interaction

9QTL effect was estimated as the difference in tkambetween the two homozygous QTL genotypes

"* P =0.05; * P =0.01; ** P = 0.001

' Estimated single QTL effect and QTL-by-QTL inteianteffect not unambiguously distinguishable
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resulted in a higher resistance to PYC whenever@nk carried the Solitar allele
and the other QTL the Mazurka allele, and explai®@86 of the phenotypic variance
independent of the major effect of 4AL. A crossoweteraction could also be
observed betweenQStb.2B (linked to Xgwm374 and QStb.7DL (linked to
E39M56_184in response to Hu2, and amounts to 6.7% (PY®.&% (NEC) of the
phenotypic variance, respectively. A NEC-specifiossover-interaction has been
detected with IPO99015 betwe&dStb.2AL (linked to Xgwm115) and QStb.7DL
(linked to Xgwm1242, and explained 3.3% of the phenotypic variancpp@ndices;
ESM 2 Fig 1). Chromosome arm 2AL, covered by omlp tmarkers, was already
involved in the interaction witlQStb.1B.c Xgpw2046and Xgwm115lare separated
by only 8 cM. Therefore it cannot be ruled out ttias part on 2AL is involved in
multiple interactions. This might also be true the QTL region on 7DL since
Xgwm1242is only 6 cM apart frorE39M56_184 linked to QStb.7DL. which has

already been shown to interact wiistb.2Bin response to Hu2.
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Figure 4.Epistatic effects revealed in the SxM DH populatiMeans and standard
errors of pycnidial coverage (PYC, in %) for thdi%o (S) and Mazurka (M) allele
pairs at lociXgwm369(3A) and Xwmc313(4L) determined by testing with 1IPO323
(left) and allele pairs axgwm806(1B) and Xgpw2046(2AL) after infection with
IPO90015 (right). In the right panel filled circlespresent the Mazurka allele, open
circles the Solitar allele at locuévmc313 For isolate 90015, standard errors were
calculated conditional on the Solitar allele astiocus.
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Discussion
Differential parental responses to M. graminicataliates

In several studies, specificity in tiie aestivum M. graminicolapathosystem
has been identified as significant isolate-by-ggpetinteraction in experiments using
differential sets (Kema et al. 1996a; 1996b). Soland Mazurka, the parents of the
SxM DH population, were included in a larger diffetial set of thirteef. aestivum
genotypes representing all fifteen map@dresistance genes (Tabib Ghaffary et al.
2008). Among the twenty IPO isolates tested at #8Rt isolates were postulated to
be avirulent to cultivars carryingtb6 (IPO323),Stb5 (IP0O94269),Sth9 (IPO89011)
or Stbl5 (IPO88004), respectively (Brading et al. 2002; afano et al. 2001,
Chartrain et al. 2009; Arraiano et al. 2007). Fittvn screening results we hypothesize
that Mazurka probably possesses none of the $thigenes whereas Solitar carries
Stb6 and other resistance genes not covered by thefseolates. Quite often
differentiation for STB between the two cultivass not as clear-cut to distinguish
between qualitative and quantitative resistancsingle isolates. In addition to the
IPO isolates we also tested locally adapted GeramghHungarian fungal isolates. It
is remarkable that the German fungal isolates BBAZRSF27, BBA39 Ma3 and
Mad4,the latter two collected from Mazurka, causasldr PYC on Mazurka but were
aggressive on Solitar. Conversely, while Solitaswesistant to the three Hungarian
isolates Hul, Hu2 and Hu3, Mazurka was highly spisicke. These findings
apparently indicate adaptation . graminicolaisolates to German and Hungarian,
respectively. Adaptations ®&fl. graminicolato resistant and moderate resistant wheat
cultivars are known and well documented (Jacksaal.e2000; Krenz et al. 2008) as
high sexual recombination iN. graminicola populations increases the chance of
generating novel virulence combinations. The loweage of Solitéar in Germany in
combination with isolate non-specific resistancegtmi explain the high field

resistance of this variety.

Isolate-specific major and minor QTL identifiedtie SxM DH population

In many studies major resistance genes, desigaatetibgenes, to specifidl.

graminicola isolates have been identified because in a sisglate assay almost
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complete resistance was conditioned by a correspgorgene pair (Goodwin 2007).
Yet, owing to the concerted action of several geard environmental effects,
resistance to single isolates appeared also asutitative character (Eriksen et al.
2003, Simon et al. 2004). QTL mapping exploits tb&al observed variation to
dissect the genetics of STB resistance includingomgenetic effects and, as with
classical genetics, to disclose epistatic relatigpgss In the SxM DH population we
detected QTL explaining the bulk of the phenotypariance, depending on the
isolate, on chromosomes 3A, 4A, 1B for both resstatraits and on 3B with
specificity to PYC. Besides these major genes, @hich contributed moderately or
little to the phenotypic variance were localizedatmomosomes 1A, 1B, 3D, 6B and
7D. . Stb6was characterized by conferring resistance to E3Afut susceptibility to
IPO94269 and its co-segregation with SSR [0¢g&m369 Our pathogenicity assays
and QTL analyses demonstrate that Solitar poss&bésand QStb.3A8orresponds
to Stb6 Varieties carryingStb6 still show genetic variation in disease severity
(Arraiano et al. 2006), and Chartrain et al. (200&&sumed allelic variation in the
Stb6gene itself or gene modifiers. Kema et al. (20@@)yvided evidence that besides
the Stb6 matching avirulence gene IPO323 carries mive genes. Chartrain et al.
(2005a) showed that the spring wheat line KavkasdML.6.A.4 (KK),besideStb6,
has an additional gene for resistance to IPO323oun study QStb.4AL also
contributed to resistance against IPO323 but wdsamceffective assthg§ and the
underlying gene acts downstream of the epis&ttaiégene. The fact that the Mazurka
allele atQStb.4ALnot only enhanced resistance to IPO323 but al$B8@90015 and
BBA22 points to a single gene or a complex of Ishkgenes. It is likely that among
the publishedStb genes,Stb7 and Stb12 both located distally on chromosome arm
4AL, are candidates fapStb.4AL Stb7has been mapped in proximityXevmc313n
crosses with the spring wheat variety Estanzueef@dMcCartney et al. 2003) and
independently in a population derived from a crbostween KK and cv. Shafir
(Chartrain et al. 2005a)Stb12 first mentioned in the latter study, has been
distinguished fromStb7 by the differential response of the parents to tameli
isolates and was found to be closer linkedvemc219%than toXwmc313 According

to pedigree data (L. Lang, personal communicatiiis) unlikely that Mazurka could
have receivedbtbl2 Based on this evidence and the strong linkagéwmc313we
assume that §tb.4ALidentified in the SxM DH population is likely tmaespond to
Stb7.
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A large LOD confidence interval on chromosome 1Birdel asQStb.1B.a
conferred resistance to four isolates in the SxM papulation, with the positive
allele being contributed by Solitar. The phenotygitects that vary with the isolate
could reflect action of a major gene modulatedrigracting genes, or, as suspected
for Hul, less favourable conditions for diseaseettggment. Until now, the only gene
mapped to 1B iStb1lidentified in the Portuguese breeding line TE9(Chartrain et
al. 2005b). By physical mapping Raman et al. (2068)Id refine the location of
Stb11to the flanking markerXwmc230and Xbarc119b In our study,QStb.1Ba is
closely linked toXgwm7521LB and by comparison with the consensus map (Soardill
et al. 2004b) its confidence range inclu@gsll

Two minor QTL were localized with IPO99015 on thbod arms of
chromosomes 3D and 7@Stb.3DSshould be different from a QTL for adult plant
resistance that has been mapped to the long achromosome 3D by Simon et al.
(2004). HenceQStb.3DSconstitutes a newly identified QTL. Two publishgenes,
Stb4 and Stb5 are clustered on the short arm of 78b5 can be excluded as a
candidate because of the susceptibility of SotadP094269 being indicative for the
absence oftb5(Arraiano et al. 2001)5tb4 first described by Somasco et al. (1996),
exhibited good resistance in field and greenhoxger@ments and mapped near the
centromere closely linked d6gwm11{Adhikari et al. 2004b). As yet, rétbgene has
been mapped to the distal end of 7DS (Goodwin 2083@vever, a QTL on 7DS with
minor effects was identified by Arraiano et al. @20 in the Swiss wheat cv. Arina
and its location is distal t8tb4. QStb.7D®uld be unambiguously mapped to a 31
cM interval between the AFLP mark&34M58_134and Xgwm885demonstrating
that QStb.7DSis not identical withStb4 but possibly located in the same region on
7DS as the QTL identified by Arraiano et al. (2007)

A QTL with minor effect on the long arm of chromase 6B was identified in
all replicates in response to IPO92034, and thetrikely position is between
Xgwm219and Xgwm1078 While none of the knowrStb genes mapped to this
chromosome, some studies reported several QTL or6Bsen et al. (2003) located
two different minor QTL on 6BS in the seedling &agjter inoculation with IPO323
and a Danish isolate, respectively. With IPO323Ta @Qn 6B could not be detected in
the SxM DH population indicating th@Stb.6Bis another QTL. In the ITMI mapping
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population Simon et al. (2004) found a minor QTL&BS in the seedling stage for
two independent isolates. In adult plant tests wittee isolates Chartrain et al.
(2004a) revealed a QTL with minor effects linked Xgwm133and Xgwm219
Possibly this QTL coincides witlQStb.6Bbecause they cover roughly the same
region. Unfortunately, a conclusive comparative Qfalysis is often complicated by

the lack of common polymorphic markers betweeredgiit mapping populations.

QTL with specificity to necrosis and pycnidia fotioa

Separate analyses were carried out for the paresndieC and PYC in order
to disclose resistance QTL involved in differerdges of disease development. The
positive relationship between NEC and PYC detesteatle SxM DH population was
expected since pycnidia formation usually reliestlo® presence of necrotic lesions
(Simon et al. 2005). In thd@. aestivum— M. graminicola pathosystem, pycnidia
formation is conditioned by collapsed but not neae$y necrotic plant tissue (Kema
and van Silfhout 1997). Ten to 14 dpi the fungugdves from a symptomless to a
necrotrophic stage by the induction of cell colp®lease of nutrients and formation
of pycnidia. Assessment of the disease using niedesf area is not always reliable
as other biotic and abiotic stress-related factoesy mimic chlorotic or necrotic

symptoms thereby overestimating the actual infestat

In this study we worked with whole seedlings unagatimal growing
conditions in the greenhouse and senescence wavisille on mock plants 21 dpi
after scoring was already finished on inoculated [i¢s. The loose relationship
between PYC and NEC found in isolates IP0O92034.(E)gand BBA22 already
indicated the occurrence of development-specifsistance mechanisms. Likewise,
Chartrain et al. (2005b) determined a moderateetairon between necrosis and
pycnidia formation in a mapping population screemétt IPO323 and suspected that
partial resistance of one parent, TE 9111, to kecHuse. In contrast strong necrosis
was always accompanied with high pycnidial coveiagbe SxM DH population, i.e.
PYC-specific resistance factors are absent in Mazurwo PYC-specific QTL, both
contributed by Solitar, were mapped to chromosome 2BS with isolate IPO92034
and to chromosome arm 1BS with isolate BBA22 (TaB)e It is evident that
QStb.1B.his different fromQStb.1B.aasit resides at a more distal region(Fig. 3).
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QStb.3Bhad a major effect on pycnidia formation. As @&gble candidate gene for
QStbh.3B we consideredStb2, first identified by Wilson (1985) under natural
conditions and mapped by Adhikari et al. (2004ahtshort arm of chromosome 3B,
tightly linked toXgwm38%nd proximal taXgwm493 SinceQStb.3Bis located distal

to Xgwm493in the SxM DH population it is evident that a diént gene is involved.
Eriksen et al. (2003) mentioned a QTL with minofeefs on 3BL in the seedling
stage. Unfortunately the authors did not consideasures of pycnidia formation.
Another Stb gene,Stb14,also mapped to 3BS. However, no further infornmatom

this gene is available in the catalogue of genebsysn(Mclintosh et al. 2007). It
appears thatQStb.3Rffects initial pycnidia formation whereaQStb.1B.a and

QStb.6Bare more generally involved in the suppressiorthef infection process.
Besides PYC-specific QTL, one NEC-specific QTL witlnor effects, also obtained
with isolate IPO92034, could be identified. Its pios on 1A does not coincide with
any knownStb gene or QTL and hence this is the first report d@BL on this

chromosome.

Epistatic relationships in STB seedling resistance

Complete epistasis could be shown @&tb.3ASand QStb.4ALwith isolate
IPO323. Epistatic effects up to 13.3% for PYC weleserved which do not differ
greatly from the single main effect at 3AS of 19.1Phis means that epistasis can
make an important contribution to the genetic vargof STB resistance. Setting up
an appropriate statistical model in such a situatsochallenging because effects are
confounded. Firstly, the epistatic locus shoulcheatbe considered as binomial
variate, and the residual genetic variation accedirior by the hypostatic locus be
approximated as normally distributed. This can bedked roughly by composite
interval mapping (Zeng 1994) or exactly as a twd-padel as suggested by Broman
et al. (2003). We have found 2.5% disease sevieribe a reasonable cut-off point to
separate the phenotypic spike from the residudriloligion (Fig. 2) and slightly
different values did not affect the outcome. Setgn@TL main effects are not easily
interpretable in the presence of interaction ared @one to bias. The effect of the
epistatic locus QStb.3Ajp is less affected than the effects of the hypastaicus
(QSth.4AD and the interaction. Meaningful estimates @&tb.4ALare obtained

conditional on theQStb.3ASgenotype. The situation is even more intricate for
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crossover interactions when resistance alleleslatws pair originate from different

parents and therefore single locus effects candetach other. We detected only few
of such effects and due to their marginal contrdyutthey can be neglected in
breeding programs.

Efficacy of a resistance gene, i.e. whether itasastdered a major or minor
gene, strongly depends upon the presence of spafléles at other resistance loci. In
the same way efficacy is affected by the frequemdy corresponding allele
combinations at avirulence determining loci in gaghogen population. For instance,
QStb.4ALhad a major effect on resistance to IPO90015 aoldaply matcheStb7or
Stb12 vhereas its effect is masked in individuals carrythg resistant allele at
QSth.3AS(Sth6) when exposed to IPO323. When challenged with IP@900
QStb.4ALis a major QTL which is epistatic to the PYC-sfiearossover interaction
betweenQStb.1B.cand QStb.2AL These interrelationships constitute a three-way
interaction. Combining the results of the IPO323d aPO90015 assays, we
hypothesize a resistance control pathway in width6is hierarchical oveBtb7 (or
Stb13 which again acts on top of tig5th.1B.c- QStb.2ALinteraction.

Evidence of epistatic and disease development fspggne action possibly
reflects differences at the histological, biocheahiand molecular levels found
between susceptible and resistant genotypes iy aad late events of the infection
process (Shetty et al. 2003; Adhikari et al. 20Q&pn et al. 2007). Isolate IPO323
has been shown to hijack plant resistance sigigalbh a susceptible host by
accelerating programmed cell death (PCD) (Keor.&2007). Possiblystb6is active
during the penetration stage and shortly afterretine preventing PCD and as a
consequence necrosis and pycnidia formation isregppdStb7 when challenged to
IPO90015, may act lik&tbg or attenuated after infection with IPO323 and BRA
by a reduction of fungal growth, accompanied wehsl necrotization and pycnidia
formation. The PYC-specifiQStb.1B.c— QStb.2ALinteraction might interfere in a
later stage on pycnidia formation and influencenigi@ maturation by inhibiting
fungal synthesis of reactive oxygen species. Likewsuch responses can be assumed
for interactions detected with Hu2 and IPO99015.
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Concluding remarks and outlook

By adoption of multiple QTL models to a set of asels we unravelled
seedling resistance to STB as an intricate pathmaylving genes at different stages
of the infection process. Ho®tb genes, which usually have large effects, relate to
QTL with small effects is still a matter of discims It is evident that with major
effects found in this study coincide with previgusiiescribedStb genes. One
hypothesis introduced the notion of QTL with mireffects being weak alleles of
'major' resistance genes as a result of gene erakie to pathogen co-evolution
(Poland et al. 2008).

QTL analysis revealed that Solitar carries at leastStb genes and few minor
QTL. Whether any of these resistance factors, singlin combination, is involved in
the remarkable field resistance remains to be dstreted. Field testing the SxM DH
population is currently under way. Breeding of stmmnce to STB relies on efficacy
and durability of employed resistance genes in ftelel, and a strong effect by
pyramiding Stb genes has not been reported to this day. Knowleflgelditive and
epistatic action of Stb genes (or QTL) might allMAS to be more efficient and
targeted. Taking into account the dynamic virulesteicture ofM. graminicolg

breeding for field resistance to STB yet remaichalenging task.
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Gene for gene (GFG) concepts in host-pathogemnaictions are basal for co-
evolutionary resistance gene and pathogenicityctffeevolvementMycosphaerella
graminicolais considered to be a high-risk pathogen due tbidglogy. It frequently
undergoes sexual and asexual reproduction (Humntat. 4999; Kema et al. 1996c;
Ponomarenko et al. 2011), has spore disseminatiategies that favor gene flow and
is therfore considered to easily circumvent reaistagenes(Linde et al. 2002). Each
scientific investigation provides fundamental résuds a basis for next steps and
future research. In this section we discuss thalte®f the current project, draw
conclusions and put these into a broader conteatdar to optimize phenotyping and
genotyping scenarios for septoria tritici blotchTEJ resistance improvement in

practical breeding programs.

Thus far, in contrast to the hundreds of resistageees to other cereal
diseases and pests, only 15 resistance ged# lfave been identified to STB
(Komugi, 2011). All of these have been mapped mabrwheat and none in durum
wheat, despite the dramatic severity of STB in thisp, particularly in the
Mediterranean area (Goodwin et al. 2003). In timesis we have followed a
comprehensive strategy to identify new sourcessistance to STB. Previousi§tb
identification largely concentrated on already knosources of resistance. These
however, have been sparsely used in commerciadimgegrograms, due to their
narrow efficacy and hence, provided the importaot&TB in virtually all wheat
growing areas and certainly in Europe where coweatly pesticide reduction
programs are widely implemented by national govemi® Thus there is an urgent

need to identify mor&tbgenes.

For screening purposes it is essential tiatgraminicolaisolates be well
characterized. The best procedure is to phenotyie graminicolastrain on a suite
of isogenic lines. These are, however, not avalalold thus the next best option is to
screen isolates on wheat cultivars with map®d genes. After initial analyses
(Wilson 1979, 1985) 15Stb genes were identified and mapped with well-
characterized. graminicolaisolates (Adhikari et al. 2003; Adhikari et al. 2@0
Adhikari et al. 2004b; Adhikari et al. 2004c; Amap et al. 2007; Arraiano et al.
2001; Brading et al. 2002; Chartrain et al. 2005hartrain et al. 2004; Chartrain et
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al. 2005c; Chartrain et al. 2009; McCartney et2803). Here, we have expanded
these analyses by careful characterization of #tkggenicity patterns of 50 isolates
on 98 wheat accessionShapter 2). This provided us with a unique suite of isolates
that were used to test six recombinant inbred (RB.) and double haploid (DH)
mapping populations that resulted in the identifmaof three newsStbgenes in two
populations. This, however is an effort that shdagdcontinued in order to monitor
new pathogenic variants that occur in growers fekld to the biology of the pathogen
that continuously undergoes sexual recombinatiadifgy to novel gene combinations
(Kema et al. 1996¢; Wittenberg et al. 2009; Zhaale2003). Due to the fact that all
studies have addressed bread wheat cultivars, theme@ urgent need to launch a
similar program for durum wheat. It can be broasligted that the majority of the
well-characterizedM. graminicola strains with specific virulence for mapp&tb
genes are useless in durum wheat screens as timeajarity is avirulent on these
tetraploids (Kema et al. 1996b). Hence, durum wbeagding for STB resistance has
to start from scratch, unless we are able to tea@she advanced know-how from the
bread wheat pathosystem to durum wheat by desigmmg phenotyping protocols.
For any analyses, though, it is essential to shiggrental mapping populations with
such a suite of isolates rather than single isslateorder to verify the efficacy of
individual resistance factors to STB. This theroatsntributes to effective isolation
of individual Stb genes in segregating DH or RIL populations that lbanused as
additional so-called differential lines and evetljuaan replace the currerbtb
‘differentials’. This would strongly contribute tamproved phenotyping ofM.
graminicolastrains, certainly with an eye on the massive stment in such tools in
cereal rusts research (Bockus et al. 2007; GoodxG67; Kolmer et al. 2009;
Ordofiez and Kolmer 2009; Visser et al. 2009; Celesdase laboratory 2011; Zeven
et al. 1983).

Throughout the history of wheat research aiming careal disease
improvement, wild relatives have been consideredeag valuable resources for new
resistance genes. A gene for stripe rust resistafr& was introduced frormriticum
comosuminto cv. Chinese Spring and has been used fordésce differential sets
for this disease (Riley et al. 1968). Research fie@ars and co-workers delivered
aneuploid wheat stocks that have been globally deedenetic studies, but were

primarily aimed at the introgression of genes froild resources (Feldman and Sears
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1981). Reduced genetic diversity in wheat germplass been asserted as a
consequence of breeding elite modern wheat cudtiffan et al. 2006; Hao et al. 2006;
Roussel et al. 2004). Several analyses indicatedctbse genetic relationship of
European germplasm (Bohn et al. 1999; Plaschkel.efl9®5) and the genetic
diversity of modern wheat germplasm was signifialdwer than in landraces (Hao
et al. 2006; Roussel et al. 2004). As such, wheatastication resulted in an erosion
of genetic diversity from wild wheat D genome dmdo wheat landraces and
subsequently from landraces to contemporary whehivars (Raman et al. 2010;
Reif et al. 2005). However, this process is notetyedriven by breeding programs,
but is also due to the limited number of wheat progr accessions that were
involved in wheat evolution (Dvorak et al. 2006;dak et al. 1998; Reif et al. 2005;
Talbert et al. 1998). White et al. (2008) showedignificantly lower diversity for
DArT markers in the D genome than in the A and Bagees of wheat germplasm
originating from the UK and the US, suggesting ttiee@ number of D genome
accessions that was involved in the evolution lafpalyploid wheat is perhaps lower

than the number of A and B genome donors.

Our data confirm these findings as the mapping gssc of the
Apache/Balance populatiorClhapter 4) showed that 44, 36.3 and 19.7 % of the
identified SSR and DArT markers resided on the Agri8l D genomes, respectively.
Mapping genes is only possible when sufficient dig& groups are determined that
cover the genome of an organism as much as pogshieléo optimal recombination
events, which will contribute to genetic diversfijuang et al. 2002). Genetic studies
using closely related wheat lines, therefore, tesupoor recombinant populations
that may also suffer from uneven recombination deewpies along chromosomes,
such that even hotspots for recombination have eparted closer to telomeres
rather than centromerg¢Sourdille et al. 2004). Gene-rich regions are tydiocated
in distal rather than proximal regions and are ligecondensed facilitating
recombination and thus the occurrence of polymearpki(Faris et al. 2000; Schnable
et al. 1998)Ever since the elucidation of wheat evolution anthdstication, breeders
started to introgress material from wild relati®alkoun 2001; Zhang et al. 2009;
Zohary et al. 1969). Programs started that dirextbssed wild relatives and related
grasses to bread wheat cultivars for gene trar{giiederson et al. 2010; Hajjar and
Hodgkin 2007; Mujeeb-Kazi and Hettel 1995), whickemtually resulted in
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commercial cultivars including the Dutch bread whew Bristol. Alternatively,
synthetic hexaploids were developed that avoid csiral chromosomal
rearrangements and fertility problems in such gemechment programs (Gill and
Raupp 1987; Inagaki and Mujeeb-Kazi 1998; Mujeelzikd al. 2006; Mujeeb-Kazi
et al. 2000; Mujeeb-Kazi et al. 2007; van Ginket a@dgbonnaya 2007; Xu et al.
2004; Yang et al. 2009). This latter strategy heanbincreasingly and widely adopted
since it enables the rapid transfer of genes fraonoad gene pool by direct crosses
with common wheat and, hence, such lines direatly significantly contribute to
commercial breeding programs (Mujeeb-Kazi et al6;90gbonnaya et al. 2008;
Warburton et al. 2006). I@hapter 2 we describe the remarkably broad resistance of
germplasm that is derived from synthetic hexaploideat accessions that were
developed at CIMMYT. IrChapter 3 we studied the genetic basis of this resistance
following the above mentioned approach and preeswé the synthetic hexaploid
line ‘M3’ and cv. Kulm with 20 M. graminicola isolates. Subsequently, the
‘M3'/'Kulm’ mapping population was initially testedith four distinctive isolates and
final analyses involved two strains. This, everiyatesulted in the discovery of
Stbl6and Stb17 which is a convincing token of efficiently comlyig pathogen
characteristics along with evolutionary aspectsvbéat development to open a new
pool of Stb genes. These multiple pathotype analyses alscethelfs to discern
whether all these different isolates detected ond the same QTL or that a
combination of QTLs was providing this broadly effee resistance in line ‘M3'.
QTL analyses of previously reportestb genes only used a single isolate per
population leading to single gene identificatioAsltfikari et al. 2003; Adhikari et al.
2004a; Adhikari et al. 2004b; Adhikari et al. 20PAcraiano et al. 2007; Chartrain et
al. 2009; McCartney et al. 2003), and sometimethaoidentification of multipleStb
genes (Chartrain et al. 2005a; Chartrain et al52pDMHowever, none of the previous
reports addressed interactions between QTLs, deeaTL stacking as a strategy to
develop broad resistance to STB as we discusShiapter 4. Surprisingly, these
studies also did not contribute to the developneémifferential lines by singling out
lines with individual Stb genes. Indeed, marker assisted selection cannot be
considered for albtbgenes as some of them map on the same posikergthl2and
Stb7(Chartrain et al. 2005a; McCartney et al. 2003)toor close to each other, such
asStb4andStbFAdhikari et al. 2004a; Arraiano et al. 2001), luture studies should

also address this issue that will serve the comipwuBased on the data presented in
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Chapter 3, we continued our studies and tried to single Stitl6and Stb17which
were uniquely expressed in the adult plant stagerder to deliver lines that can be
used for futureM. graminicolaphenotyping. We also tested whether individual RILs
from the ‘M3'/'Kulm’ population expressed the sarbeoad efficacy as the ‘M3’
parent by selecting - based on genetic markerspaedotypic reactions - lines for
analyses with the full panel d¥. graminicolaisolates that was used in the pre-
screening (Table 1). This confirmed the broad taste for the majority of these
RILs as the absence of the associated marker edsultbroad susceptibility of the
selected lines. However, contrary to the expeatasome of the lines that carried the
marker were not universally resistant, but expr@ssdifferent efficacy pattern to the
set of M. graminicolaisolates. This raises the question whet8#y16on its own
explains the broad resistance of ‘M3’. Alternatiyet could come from a cluster of
several genes at the 3DL QTL position that carB8dsl6 At this stage, we cannot
conclusively analyze these data due to the recaatibim suppression in this QTL
region, but we have started work using other symthieexaploid derivatives to
resolve this question. This example, however, blaanderscores that future genetic
studies ) should work with multiple isolatesji) should also test the resistance
spectrum of individual RILs or DH lines to a broag(set of isolates andi{ should
validate marker positions with publicly availablé@at maps. This in order to avoid
erroneousStb positions (Adhikari et al. 2004b; Table 2) for yalbid wheat species
originated from interspecific hybridization of wildliploid wheat progenitors
(Dubcovsky and Dvorak 2007) that resulted in a tyesimilar gene order and
content of the A, B and D homeologous chromosor@és¢ et al. 1989; Dvorak et al.
2006; Gu et al. 2006). This may practically evesulein multiple marker positions
on the wheat genomes (Deynze et al. 1995; Nelsah &095a; Nelson et al. 1995b;
Song et al. 2005). To ascertain map positions instudy, we used the reported
positions of SSR and DArT markers - either by Dsitgr Arrays Technology Pty Ltd
or publicly accessible wheat map databases sucHN&®/Genoplant (2011),
Triticarte (2011) and GrainGenes (2011) - and exVithe marker names using the
concatenate option of EXCEL before analyses witppiray software. This approach
facilitates the choice of appropriate LOD valued dncreases the accuracy of
constructed linkage groups by monitoring the maignaient and chromosomal
location of the markers. Hence we confidently chaint that the reported QTLs in

our study have been mapped on the right positiombracing these guidelines enables

168



General discussion

Table 1. Phenotyping of individual RILs and paseoitthe ‘Kulm’/‘M3’ mapping population with 2Mycosphaerela graminicolsolates.

Specifically resistand_] < 5% Pycnididllll intermediate -susceptible

Flanking | Bread wheat isolates Durum

Markerg isolates
RIL/cv. 3D

S |18 |5(g|glglg|g|gld|2|g|8(ad|g(g|g2|2|¢|8|8|y

S 1538 18/2/18|5/2/8/2/818/5/2/3(2 /8|2 (8/8/8

= 8 o | O olo0o|]0|lO0O]O|]O|O|lO|]OJ]O|lO|]O|O |O|O |0 | O

X |x (@ ja jajajajajajajajajajajajaja jaja jajaja
‘M3’ M M 0 0 o 0o o 0o 0o 0 0o 0 5 O 5 0 o 0O O 0O O
KM 20 M M 0 O O 0 0o 0 0 0O o 0 0 O 0 O 0O O 0O O
KM 7 M M 0 O O 0o o 0o 0o o o 0O 0 0O 0O 0 O 0O O 0O O
KM 8 M M 5 0 O 0 0o 0 0 0 O 0 0 0 0O O
KM 32 M M 0 0 O 0 0O 5 0 5 O O O O
KM 88 M M o B8o B8 s B8 o 0O 0 5
KM 14 M M 5 0 0 5 0 0 O O 0 O
KM 15 K K 0 0
KM 41 K K 0O O
KM 21 K K 0O O
KM 63 K K 0O O
KM 73 K K 5 0
‘Kulm’ K K 0O O
‘Taichung 29'  Sus. Ch 0 5

'K and M representing alleles of ‘Kulm’ and ‘M3’ geectively

2 Susceptible check
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Table 2. Additional differential lines derived frotne Apache/Balance (A/B) double
haploid population and the Kulm/M3 (K/M3) recomhimanbred population.
Specifically resistand_] < 5% Pycnidifllll intermediate -susceptible

Mycosphaerella graminicolesolates
Tested
on

Tested K/M3

Tested on A/B on K/M3 adult
Stbgenes seedlings seedlings plants
I S 4 8 3 g g8
o v O O O O « b
R S S > & » 8 3 3 3 o
. o0 0 o0 a9 o o 0 0O 0O O O o o @)
RILS/DH lines 5 » b b b b & & & & & a & &
A/B-01015.3HD-166 + + o+ 2 2 5 3
A/B-01015.3HD-131 + + + 5 0O O O
A/B-01015.3HD-124 + + 5 2 0
A/B-01015.3HD-120 + +
A/B-01015.3HD-137 +
A/B-01015.3HD-138 +
A/B-01015.3HD-149 +
A/B-01015.3HD-126 +
A/B-01015.3HD-108 - - - -
K/M3-KM20 + o+
KIM3-KM7 +
K/M3-KM41 +
KIM3-KM73 - -

! Isolates IPO89011 and IPO98022 are both considasedvirulent orStb18(see
responses of RILs 01015.3HD-166, 01015.3HD-131Cdid 5.3HD-124), but not for
RILs 01015.3HD-137 and 01015.3HD-138. Thereforerthpes two QTLs are
positioned on th&tb18locus and are detected by IPO89011 and IPO98682% for
present and ‘-’ is for absent &tb gene. Empty cells indicating lack of the tiSith
genes in the tested RIL or DH population.
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the selection of lines with individu&tb genes and will greatly contribute to a sound
characterization oM. graminicolaisolates and in turn to improved QTL analyses in

wheat which will greatly support practical breedfng STB resistance.

Another important aspect of phenotyping segregatipgpulations or
germplasm is the threshold between resistancewso@gtibility. Too many times it is
just an arbitrary threshold, which is not objecti@mpared to the rust diseases,
where agreed scales are being used, based onifsciemidence (Mcintosh et al.
1995; McNeal et al. 1971; Peterson et al. 194&),tlineshold between compatibility
and incompatibility in the wheatM. graminicolapathosystem is hardly addressed
(Kema et al. 1996d; Shetty et al. 2009; ShettyleR@03; Shetty et al. 2007). In
general, the separation of resistance and susteptdnts in segregating populations
was not transparent and only a few reports propasieitrary thresholds in different
scales (Adhikari et al. 2003; Chartrain et al. 280BIcCartney et al. 2003). It is
urgently required to install an agreed methodolwgghenotype populations, but it is
even more difficult to propose decisive methodatsgfor screening germplasm,
which are not stable over geographical and tempmaks (Kema et al. 1996a; Kema
et al. 1996b; Kema and vanSilfhout 1997; Kema e1896d; Shetty et al. 2009). In
segregating populations, validation of QTLs candasily addressed by defining
(in)compatibility by the extreme STB severity levalf plants with and without the
co-segregating markers. This clearly depends ofr@maental situations and may
differ over laboratories, but is founded in genédicts Chapter 3). From that starting
point we can also address the individual actionQdiLs. In Chapter 4 we have
shown that the LOD values of QTLs not only dependhe applied. graminicola
isolates, but also on the action of other QTLs. Thgache/Balance mapping
population resulted in the discovery of the n8w18 gene, with a rather narrow
efficacy, but has importantly shown interactionstween QTLs. Hence, it is
ultimately incorrect to designate QTLs as minor major QTLs as this clearly
depends on the genetic background, the ddedraminicolastrains and (variable)
environmental effects. Most importantly, this stighowed that the accumulation of
QTLs, does contribute to broad(er) efficacy of semice to STB, which aligns with
GFG concepts. Thus, the identification of n&#b genes and their accumulation in
germplasm will significantly contribute to STB maeenent. This is also illustrated

by the fact that the majority of differential culirs with a broad resistance spectrum

171



Chapter 6

(Brown et al. 2001; Chartrain et al. 2005a; Charted al. 2005c; Kema et al. 1996a;
Kema et al. 1996b) turned out to carry up to fStiygenes. Nevertheless, despite the
current number of identifie@tb genes, alternative phenotyping methods are ungentl
required to support practical breeding for STBg&sice. These might also be derived
from capitalizing on related Dothideomycete-wheaathpsystems such as
Stagonospora nodorumnd Pyrenophora tritici-repentisin these systems two major
findings are very relevant for thigl. graminicola- wheat pathosystem. First, the
effect of light on symptom expression should beanstbod. The historical instability
of phenotyping assays over laboratories is moseljikdue to these effects.
Unpublished data from our laboratory have confirrtiesl positive effects of light on
symptom development and showed that some cultisact) as VeranopoliS{h2+6,

are very sensitive to such fluctuations, whereasrst such as Courtddtp9, do not
seem to be affected. Secondly, despite the fadt tte M. graminicolawheat
pathosystem is characterized by hemibiotrophy,rastchecrotrophy such as the afore
mentioned systems, the results from (functionalhjogeic programs point clearly in
the direction of small-secreted proteins that @layucial role in pathogenesis. In line
with these preliminary data, it is important to sier that chloroplast disruption is
among the very first responses of mesophyll celthé presence &fl. graminicolain
the apoplast (Cohen and Eyal 1993; Grieger 200Im&et al. 1996d; Shetty et al.
2009; Shetty et al. 2003). Brading et al. (2002yenahown that the whed-
graminicolapathosystem complies with the GFG theory, the guestow is whether

it also follows inverse GFG characteristics (Fries# al. 2007). Resolving these
imminent and basic pathological issues will greatytribute to sound phenotyping
protocols that eventually will significantly cortitite to breeding for resistance to
STB and also open windows towards association gemgproaches in order to

speed-ustbgene discovery.
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Summary in English

Cultivated wheat is the most important food anddfeemmodity, with an
annual production of over 600 million tons and @iy contributing 19% of human
dietary energy. The human population is projecteiti¢rease to nine billion people in
2050, however, the annual growth rate of globatakproduction -including wheat-
is below one percent, which eventually cannot nleetdemands of the four decades
ahead. Therefore, increasing global wheat yielts dal generation of cultivars with

adequate and durable resistance to biotic andialstoésses.

Septoria tritici blotch (STB), caused by the ascoety fungal agent
Mycosphaerella graminicol@uckel) J. Schrot., is a foliar wheat disease tbduces
the green leaf area index significantly affectingofmsynthesis and thus reducing
yields up to 50% under conducive environmental @mms. STB management has
strongly focused on chemical control add graminicolais currently the main target
of the agrochemical industry. However, the incnegsincidence of fungicide
resistance underscores the need for and importoeeding approaches aiming at

STB resistance.

The first genetic study of resistance to STB in athegas performed in 1957 and
subsequently the first resistance gene (now deEdnasStb genes) was reported in
1966. Since that time 18tb genes (including three described in this thesis)ehbeen
characterized. This number is very low compareith¢o 88, 96, 64, 104 and 33 resistance
genes that have been identified to yellow rust, test, stem rust, powdery mildew and
hessian fly, respectively. Therefore, exploring ematheat germplasm is crucial in order
to identify newStbgenes. The aim of the research presented in tbssstivas to identify
and characterize known and n8tbgenes and to identify molecular markers facilitgtin
their deployment in breedin@hapter 1is a general introduction the thesis and covers
the biology ofM. graminicolg its interaction with wheat as well as its managetunder
field conditions to prevent yield losses. KBhapter 2 the genetic diversity of
Mycosphaerella graminicolés described. Isolates originating from geogrealy very
diverse regions were characterized in phenotypntggenotyping assays. The interaction
between the isolates and a differential set ofivan$, carrying reportedbtb genes,
enabled the identification of specific interactidhat can be used Btbgene postulations
in wheat germplasm. These analyses also demorkBtigene efficacy, which supports
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decisions on their deployment in breeding progradrnsally, these experiments enabled
the selection of isolates for detailed genetic ysed and mapping studigShapter 3
describes the unusual broad resistanc&ltggraminicolaand the underlying newtb
genes in synthetic hexaploid wheats (SHs). Analgée@scombinant inbred lines (RILS)
derived from the cross between the SH M3 and tgalyisusceptible bread wheat cv.
Kulm revealed two novel resistance loci on chromeos® 3DL and 5AL. The 3DL
resistance was designatedStbl6and is expressed in the seedling and adult ptages,
whereas the specific adubtb resistance gene on chromosome 5AL, was designated a
Stb17q Chapter 4 describes the genetic analysis of STB resistancéhén French
commercial wheat cvs. Apache and Balance. Mvegraminicolaisolates were used to
detect four QTLs on chromosomes 3AS, 1BS, 6DS abd(7DS/7DL switch) in
seedlings and two QTLs on chromosomes 3AS and 2D&lult plants. The QTL on
chromosome 6DS is a novel QTL that was design&dull8. Since multiple M.
graminicolaisolates were used, individual gene action coel@&timated and was shown
to depend on the used strains. In addition, the {S0@es of effective QTLs, thus tested
with different avirulentM. graminicola strains, indicated strong epistatic aadlitive
effects between QTLs and the potential of pyrangdstrategies in practical breeding.
The 2DS QTL indirectly contributes to STB resistas it largely controls earliness and
tallness of wheta plant€hapter 5 describes the genetic analysis of STB resistamce i
the German cvs. Solitdr and cv. Mazurka. SeMermgraminicolaisolates were used and
enabled the identification of major effect QTLsamwomosomes 3AS, 1BS and 4AL and
minor effect QTLs on chromosomes 1B, 3D, 6B andtfat were contributed by both
parental cultivars. The major QTLs were tightlykieal to previously reporte8tb gene
positions. Interaction between QTLs were reliabgtedted, but contributed less to the
total variance. Seedling analyses showed a complb&ritance of STB resistance.
Identified QTLs had various isolate-specificitiesidaseemed to control different
resistance mechanisms, thus complicating markeeldpment and gene deployment.
Chapter 6 puts the results of Chapters 2-5 in a broaderextrand provides a critical
review of past methodologies and the current adtiras providing a better
characterization and higher resolution of STB tasise. Finally, the chapter anticipates
on improved phenotyping protocols to stabilize dggaeration, which will contribute to
enhanced genotyping and mapping analyses and Henttee successful commercial
deployment of Stb genes.
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Samenvatting

Tarwe is het belangrijkste voedsel- en voedergegragnet een jaarlijkse
productie van meer dan 600 miljoen ton draagt loer 19% bij aan de menselijke
energiebehoefte. De wereldpopulatie zal naar vertvag tot negen miljard mensen
toenemen in 2050, maar de jaarlijkse toename vamgldeale graanproductie —
inclusief tarwe — is minder dan één procent ennzeatl toereikend zijn om de vraag
gedurende de komende vier decennia te beantwooktitns daarom van belang te
zorgen dat de globale tarweproductie toe zal nedoem het maken en op de markt
brengen van tarwerassen met voldoende en duurzesisentie tegen biotische en
abiotische stress factoren. Septoria tritici blelikenziekte (STB), die wordt
veroorzaakt door de ascomycédycosphaerella graminicoldFuckel) J. Schrét., is
een schimmelziekte van tarwe die de hoeveelheicthiddsar blad voor de
fotosynthese verminderd en daardoor de opbrengirasiechte omstandigheden tot
wel 50% kan reduceren. De beheersing van STB isk séghankelijk van
gewasbeschermingsmiddelen waardbbrgraminicolamomenteel het belangrijkste
doel is van de agrochemische industrie. Het optre@d® fungicidenresistentie heeft
echter het belang van resistentieveredeling onéeystt De eerste genetische studie
naar de overerving van resistentie tegen STB wertOb7 uitgevoerd en het eerste
resistentiegen (nu aangeduid n$b genen) werd gerapporteerd in 1966. Sinds die
tijd zijn er 18Stbgenen (inclusief de drie dit in dit proefschriforden beschreven)
geidentificeerd. Dit aantal is erg laag ten opachan het aantal genen tegen gele
roest (88), bruine roest (96), zwarte roest (64)eeltauw (104) en
tarwestengelgalmug (33). Het is daarom cruciaalno@awe Stb genen te vinden in
tarwemateriaal. Het doel van het in dit proefs¢hogschreven onderzoek was het
identificeren en karakteriseren van bestaande enw@Stbgenen en het ontwikkelen
van moleculaire merkers die behulpzaam zijn bijihebduceren van deze genen in
veredelingsprogramma’sloofdstuk 1 is een algemene inleiding op het proefschrift
waarin de biologie vaM. graminicolg de interactie met tarwe en het management
van STB in het veld om opbrengstverliezen te vooré&o worden beschreven. In
Hoofdstuk 2 wordt de genetische diversiteit vieh graminicolabeschreven. Isolaten
van geheel verschillende geografische herkomst evegetkarakteriseerd met behulp
van fenotypische en genotypische methoden. Deaiciier tussen isolaten en een

differentiéle set tarwerassen die alle tot nog ¢eeapporteerdestb genen bezit
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maakte het mogelijk een set isolaten te identiéicedie erg behulpzaam is bij
genpostulaties in onbekende tarwerassen. Dezesamalyaven ook een indruk van
het resistentiespectrum van deze genen dat hetigelbr veredelingsprogramma’s
ondersteunt. Tenslotte maakten deze experimentemdgelijk om de juiste isolaten
te identificeren voor toekomstige genetische swidem karteringsexperimenten.
Hoofdstuk 3 beschrijfft de ongebruikelijk breed werkzame resige, en de
onderliggendeStb genen, tegem. graminicolain synthetische hexaploiden (SHSs).
Uit analysen van recombinante inteeltlijnen (RIlB® werden verkregen uit een
kruising tussen de SH ‘M3’ en het vatbare tarweékagm’ kwamen twee nieuwe
resistentieloci op de chromosomen 3DL en 5AL naaren. De eerstgenoemde
resistentie werdtbl6genoemd en komt zowel in kiemplanten als volwagdanten
tot expressie terwijl het gen dat alleen in dittdéa stadium tot expressie kwam
Stb17qwordt genoemdHoofdstuk 4 beschrijft de genetische analyse van STB
resistentie in de Franse commerciéle tarwerasseach®p en Balance. VijiM.
graminicola isolaten werden gebruikt om vier gebieden die pealevoor
kwantitatieve resistentie (QTLs) op chromosomen 3RS, 6DA en 7D (7DS/7DL
omwisseling) in kiemplanten en twee QTLs op de mlosomen 3AS en 2DS in
volwassen planten te karteren. Het QTL op chromws6DS betreft een nieuw QTL
datStb18werd genoemd. Omdat er gebruik werd gemaakt vasrdeee isolaten kon
ook de individuele bijdrage per QTL worden gesdahatdie bleek samen te hangen
met het gebruikte M. graminicola isolaat. Daarnaast kwamen uit de
waarschijnlijkheidsanalysen voor koppeling (LOD wiemn) van individuele QTLSs,
die werden gemeten in onafhankelijke tests met ciidlsnde M. graminicola
isolaten, epistatische en additionele effecteretus§3TLs naar voren die mogelijk een
effect hebben op stapeling van QTLs in praktisatredelingsprogramma’s. Het 2DS
QTL draagt indirect bij aan STB resistentie omdat koor een groot gedeelte
betrokken is bij het bloeitijdstip en de lengte warwerassertHoofdstuk 5 beschrijft
de genetische analyse van STB resistentie in das®uarwerassen Solitdr en
Mazurka. ZeverM. graminicolaisolaten werden gebruikt en maakten het mogelijk
om QTLs met grote en Kkleine effecten te identigrerop respectievelijk
chromosomen 3AS, 1BS, 4AL en chromosomen 1B, 3DefB/D, die van beide
tarwerassen afkomstig waren. De QTLs met groteceffewaren nauw gekoppeld
met reeds bekendé&tb genen. Interacties tussen QTLs werden betrouwbaar

gedetecteerd maar droegen niet veel bij aan demalge genetische variatie.
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Kiemplantanalysen lieten een complex overervingspat van STB resistentie zien.
De geidentificeerde QTLs vertoonden verschillenigalaatspecificiteit en leken
verschillende resistentiemechanismen aan te stiiéns een complicerende factor
bij het ontwikkelen van moleculaire merkers en lgetoruik van deze genen.
Hoofdstuk 6 plaats de resultaten van de hoofdstukken 2-5 inbeedere context en
voorziet in een kritische analyse van tot nu todrgd&te methoden en recente
alternatieven die leiden tot een betere karakt@ngeen een hogere resolutie van
resistentie tegen STB. Tenslotte anticipeert ditftistuk op verbeterde fenotyperings-
protocollen die resulteren in stabielere data s#tszo bijdragen aan preciezere
genotyperingsmethoden en karteringsstudies waard@®ibrgenen beter kunnen

worden ingezet in commerciéle veredelingsprograrama’
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Résumeé

Le blé cultivé est la principale matiére premiecaipl'alimentation, avec une
production annuelle de plus de 600 millions de &mrCette céréale contribue, en
moyenne, pour 19% de I'apport énergétique de I'nehams le monde. La population
humaine devrait atteindre 9 milliards de personees2050, toutefois le taux de
croissance annuel de la production mondiale dexipales céréales — y compris le
blé - est inférieur & 1%, ce qui ne suffira paggondre a la demande pour les quatre
prochaines décennies. Par conséquent, accroitentiement global du blé nécessite
de nouvelles variétés avec un excellent niveauédestance aux stress biotique et

abiotique.

La septoriose (STB) causée par le champignon aswoemylycosphaerella
graminicola(Fuckel) J. Schrot, est une maladie biotique i@jaqui réduit la surface
verte des feuilles et supprime la photosyntheseucémplique une réduction sévere
du rendement du blé, qui peut aller jusqu'a 50%gdstion de la septoriose a été axée
sur la lutte chimique aussi bien que sur la réstgtades hotes pour diminuer les
dommages au champ. Bien que la septoriose soitibie principale des industries
agrochimiques, l'apparition fréquente de nouvellasches résistantes aux fongicides
dans la population d&. graminicola augmente la nécessité et l'importance des
approches de sélection pour améliorer la résistdaseariétés de blé.

La premiére étude génétique de la résistance apofose dans le blé a été
effectuée en 1957 et le premier géne résist&tbe été identifié en 1966. Depuis
cette date, 18 génes de résistance, au total,{prm® les trois présentés dans cette
thése) ont été caractérisés. Ce nombre est tkide faar rapport aux 88, 96, 64, 104 et
33 genes de résistance identifiés, respectivenpent; les rouilles jaune, brune et
noire, l'oidium et la mouche de Hesse. C'est paiyqietude de germplasme
supplémentaire est cruciale afin d'identifier dawveaux genes de résistance a la
Septoriose. L'objectif de la recherche présentés datte thése était d'identifier, de
caractériser de nouveaux genes de résistance @ptoridse et d'identifier des
marqueurs moléculaires liés a ces génes pourtéacigur utilisation sélection. Le
chapitre 1 présenteM.graminicola et son interaction avec le blé ainsi que les
différents aspects des recherches qui ont ététedfes pour contrbler la Septoriose et
pour réduire les pertes de rendement du blé. Beatsabpitre 2, la diversité génétique
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des isolats délycosphaerella graminicolgprovenant de régions géographiqguement
tres diverses, a été décrite sur la base de tegtbéhotypage et de génotypage SSR.
L'interaction entre les isolats et une série d&tés différentielles portant des genes
de Septoriose connus a permis de mettre en évidlrr@teractions spécifiques de
résistance particulierement utiles pour l'idendifion de gene Septoriose dans le
germplasme de blé. Ces analyses ont également énlanprertinence de l'utilisation
des génesStb par les sélectionneurs. Enfin, l'interaction dedats sur les lignées
parentales des RIL et des populations HD a perhdsrdifier des isolats révélant des
interactions parentales contrastées indispensgies effectuer des analyses de
cartographie de QTL. Lehapitre 3 est ciblé sur les blés synthétiques hexaploides
(SHs), qui sont une source importante de nouveatrxeg de résistance a la
Septoriose. Ces genes révelent généralement ucaciff peu commune envers un
large panel d'isolats dd. graminicola L'analyse d'une population de RIL issue d'un
croisement entre le blé synthétique M3 et la vara blé tendre sensible Kulm a
permis d'identifier deux nouveaux loci de résistéasar les chromosomes 3DL et
5AL. La résistance 3DL, qui a été désigné conttlelg est exprimée aux stades
juvénile et adulte. Le gensgtb de résistance adulte présent sur 5AL chromosome, a
été nommeStbl7 Le chapitre 4 décrit I'analyse génétique de la résistance a la
septoriose dans les variétés francaises de bléhgpaicBalance. Cing isolats dé
graminicolaont été utilisés pour détecter quatre QTL sucleemosomes 3AS, 1BS,
6DS et 7D (7DS/7DL inversé) au stade juvénile eI sur 2DS au stade adulte.
Le QTL sur le chromosome 6DS est un nouveau QTL ajéité nommétbl8
L'utilisation de plusieurs isolats dd. graminicolaa permis de montrer que l'action
individuelle de ces genes dépend des soucheséaslisEn outre, de forts effets
épistatiques et additifs entre QTL efficaces (testéc des souches avirulentesMie
graminicolg ont entrainé des valeurs de LOD trés variablas pes analyses d'un
méme géné&tbavec des isolats dd. graminicoladifférents. Le QTL 2DS, qui a été
identifié dans des tests de résistance adulte ammgh est probablement une
composante geénétique majeure dans la régulatiola geecocité et la hauteur des
plantes. Il contribue ainsi indirectement a las&sice a la Septoriose. thapitre 5
décrit I'analyse génétique de la résistance a fdo8ese dans la variété allemande
Solitar et la variété Mazurka. Sept isolatsMegraminicolaont été utilisés et ont
permis d'identifier des QTL a effet majeur surdesomosomes 3AS, 1BS et 4AL et

des QTL a effet mineur sur les chromosomes 1B,&®et 7D provenant des deux
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variétés parentales. Les QTL majeurs sont étroieitiee aux positions des genes de
Septoriose précedemment décrits et des effetsaéipgisggs encore ont été détectés de
maniere fiable, mais ils contribuent moins a laiaraze totale. Les tests de résistance
juvénile ont montré une héritabilité complexe derdaistance a la Septoriose en
matiere de mécanismes et de spécificité d'isotasqui complique l'utilisation a
grande échelle de ces genes par sélection asgiatémarqueurs. Lehapitre 6
integre les résultats des Chapitres 2-5 dans utextenplus large et présente un
examen critigue des méthodes passées et des meludlternatives actuelles qui
offrent une meilleure résolution et une meilleuagactérisation de la résistance a la
Septoriose. En outre, le chapitre démontre queéliamation des protocoles de
phénotypage permettra I'obtention de données stapliecontribueront a améliorer le
génotypage et les analyses de cartographie etagilitdront, ainsi, une utilisation

commerciale réussie des gen&sb.
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Chapter 2 extra tables and figures

Table S1. Results of inoculation experiments wBiVBcosphaerella graminicolesolates - arranged according to hierarchical semgait five geographically different
locations in France (see Fig. S1) - on 11 whe&mtitial cultivars that carry 12tbgenes (EXP1). Figures represent pycnidia data.r€aidicate resistant (not
significantly different from OP, greenboxes), imediate significantly different from OP as wellraaxP, yellow boxes) and susceptible (not signifilyagifferent from
maxP, red boxes).
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Veranopolis 17 16 12 17 25 7 8 10 9 26 16

ISR493 11 41 14 15 13 10 14 718 9 9

Tadinia 20 3 14 39 9 (21 15 15 12 7 25 17 8 12 16 13
Cs/synthetic 7D 8 9 8 17

Shafir 44 | 15 43 34 12 3828 14 24 26 15 20 23|16 18 26 36 16 17 22

E. Federal 21 8 40| 8 33 43 44 24|38 26 9 13|26 |68 30 47 14 21|13 31 36 30

W7984 21 10 48 36|32 34 40 37 17 | 17 24 24 42 158 41 11 15 24 14

Courtot 17 23 45 49 44 12 48| 35 47 39 33
KK4500 36 10 23 [ 11 17 154 19 14 27

TE9111 10 34 27 21|10 41 13 38 28 21 20 42 28 13 41 14 10 24
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Table S2. Results of inoculation experiments wiiiMg/cosphaerella graminicolesolates — arranged according to hierarchical samait five geographically different
locations in France (see Fig. S1) - on 40 Frenchawhreeding lines, nine cultivars and a wild f@tis relative accession (EXP2). Figures reprepganidia data.
Colors indicate resistant (not significantly ditat from OP, green boxes), intermediate signifigasitferent from OP as well as maxP, yellow boxasyl susceptible

(not significantly different from maxP, red boxes).
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Table S2. Results of inoculation experiments wiitMg/cosphaerella graminicolesolates — arranged according to hierarchical samait five geographically different
locations in France (see Fig. S1) - on 40 Frenchawhreeding lines, nine cultivars and a wild f@tas relative accession (EXP2). Figures reprepganidia data.
Colors indicate resistant (not significantly diat from OP, green boxes), intermediate signifigasitferent from OP as well as maxP, yellow boxasyl susceptible

(not significantly different from maxP, red boxes).
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Table S2. Results of inoculation experiments wiiiMg/cosphaerella graminicolesolates — arranged according to hierarchical samait five geographically different
locations in France (see Fig. S1) - on 40 Frenchawhreeding lines, nine cultivars and a wild f@tis relative accession (EXP2). Figures reprepganidia data.
Colors indicate resistant (not significantly ditat from OP, green boxes), intermediate signifigasitferent from OP as well as maxP, yellow boxasyl susceptible

(not significantly different from maxP, red boxes).
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Table S3. Phenotypic comparisonMycosphaerella graminicola
isolates IPO98034 and IPO98035 on 40 French whreatling lines,
nine cultivars and a wild tetraploid accession Begaxperiment
(EXP1). Both isolates originated from the same wiield and had

identical genotypes according to SSR genotyping.

P% Back
P% logit transformed
transformed data data

—
[eo)

L O 2 e

Q Q S TR Q Q

> 0 o X > @

o o = w0 o o

2 8 B o8 2 3
Germplasm |
Bulgaria -3.396 -2.571 0.825 ns
FD1 -1.792 -3.77 1.978 ns
FD10 -1.604 -3.396 1.792 ns
FD11 -1.301 -0.847 0.454 ns
FD12 -2.571 -2.944 0.374 ns
FD13 -1.896 -2.571 0.675 ns
FD14 -2.197 -2.197 0.000 ns
FD15 -3.77 -4.595 0.825 ns
FD16 -2.944 -4595 1.651 ns
FD17 -1.522 -1.386 0.136 ns
FD18 -4.119 -2.721 1.398 ns
FD19 -1.792 -1.792 0.000 ns
FD2 -2.197 -2.197 0.000 ns
FD20 -3.77 -4.944 1.174 ns
FD3 -1.386 -2.571 1.185 ns
FD4 -1.522 -2.197 0.675 ns
FD5 -1.792 -2.197 0.405 ns
FD6 -2.571 -1.792 0.779 ns
FD7 -2.991 -2.571 0.420 ns
FD8 -1.301 -1.792 0.490 ns
FD9 -1.099 -1.301 0.203 ns
Frontana -5.293 -4.944 0.349 ns
lassul20 -2.571 -4.944 2.373 *
Kavkaz -1.301 -1.117 0.185 ns
Olaf -1.896 -2.197 0.301 ns
SE1 -1.792 -2.991 1.199 ns
SE10 -1.792 -3.77 1.978 ns
SE11 -2.571 -4.595 2.024 ns
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Table S3. Phenotypic comparisonMycosphaerella graminicola
isolates IPO98034 and IPO98035 on 40 French whreatling lines,
nine cultivars and a wild tetraploid accession Begaxperiment
(EXP1). Both isolates originated from the same whie& and had

identical genotypes according to SSR genotyping.

P% Back
P% logit transformed
transformed data data

—
e8]

L O 9 a0

Q Q S TR Q Q

& @ G = & @

o o = w0 o o

2 8 B o 2 3
Germplasm |
SE12 -2.165 -2.165 0.000 ns
SE13 -4.595 -3.396 1.199 ns
SE14 -2.165 -4.595 2.430 *
SE15 -2.571 -3.396 0.825 ns
SE16 -2.571 -3.77 1.199 ns
SE17 -2.991 -2.944 0.046 ns
SE18 -1.792 -3.77 1.978 ns
SE19 -3.396 -3.396 0.000 ns
SE2 -2.944 -3.396 0.452 ns
SE20 -3.396 -4.595 1.199 ns
SE3 -3.77 -3.77 0.000 ns
SE4 -2.571 -3.396 0.825 ns
SE5 -4.595 -4.944 0.349 ns
SEG6 -3.77 -4.944 1174 ns
SE7 -4.595 -2.571 2.024 ns
SE8 -1.386 -3.396 2.010 ns
SE9 -1.386 -3.396 2.010 ns
Shafir -2.197 -4.595 2.398 *
T29 -1.896 -0.405 1.490 ns
T._polonicum -5.293 -5.293 0.000 ns
Tadinia -4.944 -4.944 0.000 ns
Veranopolis -3.77 -4.944 1.174 ns
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Table S4. Phenotypic comparisonMycosphaerella graminicola
isolates IPO98034 and IPO98035 on 11 wheat cuftivarrying mapped
Stbgenes in seedling experiment (EXP2). Both isolatggnated from

the same wheat field and had identical genotypesrding to SSR

genotyping.
P% logit P% Back
transformed data transformed data
O) <=

o o v o3 o o
e
& A T B> & A
S 8 5 on 8 2
> o) a 8 8 o) o)

Germplasm B R

Bulgaria -2.128 -2.734 0.606 ns

Veranopolis -2.494 -3.716 1.222 ns

ISR493 -2539 -4.25 1.711 ns

Tadinia -3.205 -2.941 0.264 ns

Cs/synthetic 7D -2.423 -5.049 2.626  *

Shafir -1.224 -1.413 0.189 ns

E. Federal -1.897 -2.35 0.453 ns

W7984 -1.576 -2.734 1.158 ns

Courtot -0.064 -2.002 1.938 ns

KK4500 -1.807 -1.453 0.354 ns

TE9111 -0.335 -1.387 1.052 ns
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Table S5. Genotypic diversity of Blycosphaerella graminicolesolates used in EXP1-4 tested with 7

polymorphic microsatellite markers identified frd8® T sequences.

Microsatellite markers(allele sizes are indicated in base pairs)

Isolate Origin ag-0003 ac-0001 caa-0005 caa-0003 ag-0009 ac-0002 tcc-0009
IPO86022 Turkey 210 185 272 157 198 188 164
IPO94269 Netherlands 226 171 272 154 198 192 176
IPO98072 France 226 185 263 154 194 190 164
IPO98097 France 228 185 263 154 194 190 164
IPO99018 France 228 185 263 154 198 190 164
IPO92004 Portugal 230 185 263 154 194 188 164
IPO95036 Syria 230 185 272 151 198 190 164
IPO88018 Ethiopia 230 185 272 154 198 190 164
IPO95052 Algeria 230 185 272 157 198 188 164
IPO02159 Iran 230 187 263 154 198 190 164
IPO98033 France 230 187 275 154 194 188 164
IPO88004 Ethiopia 230 187 275 154 194 190 164
IPO98001 France 230 199 278 151 194 188 164
IPO98038 France 238 185 272 154 194 188 164
IPO98047 France 238 227 275 154 198 188 164
IPO98032 France 242 199 278 157 194 190 164
IPO99038 France 242 201 263 139 194 188 164
IPO98113 France 244 185 272 157 198 188 164
IPO98022 France 244 185 272 157 198 190 164
IPO98046 France 244 187 263 151 194 188 164
IPO86013 Turkey 244 203 272 151 194 188 164
IPO87016 Uruguay 246 185 263 139 198 190 164
IPO98034 France 246 185 263 154 194 188 164
IPO98035 France 246 185 263 154 194 188 164
IPO0O0003 USA 246 185 263 154 194 188 167
IPO99048 France 246 185 263 154 194 190 164
IPO90006 Mexico 246 185 263 154 194 190 170
IPO90015 Peru 246 185 263 154 198 190 167
IPO99032 France 246 185 272 151 200 188 164
IPO98094 France 246 185 272 154 194 190 164
IPO98057 France 246 185 290 151 198 190 164
IPO98051 France 246 185 290 151 200 190 164
IPO02166 Iran 246 187 263 154 194 190 164
IPO89011 Netherlands 246 201 275 157 194 188 164
IPO86068 Argentina 248 185 263 154 198 190 164
IPO98050 France 248 185 263 157 194 188 164
IPO99031 France 248 185 272 157 196 188 164
IPO92034 Algeria 248 185 275 139 198 188 164

206



Chapter 2 extra tables and figures

Table S5. Genotypic diversity of Blycosphaerella graminicolesolates used in EXP1-4 tested with 7

polymorphic microsatellite markers identified fr&&®T sequences.

Microsatellite markers(allele sizes are indicated in base pairs)
Isolate Origin ag-0003 ac-0001 caa-0005 caa-0003 ag-0009 ac-0002 tcc-0009

IPO99015 Argentina 248 185 275 154 200 190 164
IPO94218 Canada 248 185 281 154 194 188 164
IPO00005 USA 248 195 272 154 194 190 167
IPO98021 France 248 213 263 151 194 188 164
IPO98078 France 248 215 263 154 194 188 164
IPO98028 France 250 185 263 154 194 188 164
IPO98075 France 252 185 263 154 194 188 164
IPO323 Netherlands 252 185 272 154 194 188 164
IPO98031 France 252 185 278 157 194 188 176
IPO95054 Algeria 254 185 275 151 198 188 164
3

IPO98099 France — — — — — — _
IPO99042 France — — — — - — _

Detailed information on the microsatellite markisravailable in Goodwin et al. (2007)
The two isolates iitalics have the same alleles for all microsatellite merkested

3Not tested because no DNA was available
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Figure S1. Five locations (underlined) where wheates were collected from
individual wheat field for hierarchical samplingtbie FrenctMycosphaerella
graminicolaisolates used in this study.
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Decomposition of 2-way table of logit means of yar
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Figure S2. CINTERACTION output of EXP1 where 50 wheultivars and breeding
lines were inoculated with 28 French and 2 DWbltosphaerella graminicola
isolates. Data analysis was based on N, the gineesstiows the threshold at P=0.05
for cluster assembly based on the cumulative susqaéres.
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Decomposition of 2-way table of logit means of yar
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Figure S3. CINTERACTION output of EXP1 where 50 w&heultivars and breeding
lines were inoculated with 28 French and two DWityltosphaerella graminicola
isolates. Data analysis was based on P, the greesHows the threshold at P=0.05
for cluster assembly based on the cumulative susgaéres.
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Decomposition of 2-way table of logit means of yar
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Figure S4. CINTERACTION output of EXP2 where 11 ahdifferential cultivars
carrying 12Stbgenes were inoculated with 27 French and two DiMtgbosphaerella
graminicolaisolates. Data analysis was based on N, the greesthows the
threshold at P=0.05 for cluster assembly basett@cumulative sum of squares.
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Deconposition of 2-waytable of logit means of wer
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Figure S5. CINTERACTION output of EXP2 where 11 ahdifferential cultivars
carrying 12Stbgenes were inoculated with 27 French and two Ditgbosphaerella
graminicolaisolates. Data analysis was based on P, the greesHows the threshold
at P=0.05 for cluster assembly based on the cuivellaim of squares. The
differential set of cultivars was mainly distribdtby the postulated presence/absence
of Stb6in the genetic background as well as by the nurab8tbgenes.
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Decomposition of 2-way table of logit means of yar
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Figure S6. CINTERACTION output of EXP3 where 54 aheultivars and breeding
lines carrying 155tbgenes were inoculated with 20 glob&fcosphaerella
graminicolaisolates. Data analysis was based on N, the greesthows the
threshold at P=0.05 for cluster assembly baseti@cumulative sum of squares.
Two durum adapteM. graminicolaisolates clustered separately from all other
isolates.
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Figure S7. CINTERACTION output of EXP3 where 54 aheultivars and breeding
lines carrying 155tbgenes were inoculated with 20 glob&cosphaerella
graminicolaisolates. Data analysis was based on P, the greesHows the threshold
at P=0.05 for cluster assembly based on the cuivellaim of squares. Two durum
adaptedVl. graminicolaisolates clustered separately from all other igslat
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Figure S8. Significant ranking/clustering differesaf wheat cultivars and lines carrying3ibgenes by using a French or global panel of
Mycosphaerella graminicoleolates in EXP2 and EXP3
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Figure S9. Output of the comparative seedling{galaht experiment (EXP4).
Seedling P values are plotted along the x-axisaaudt plant P levels along the Y-
axis. Experiments involved 23 French breeding lthes were inoculated with seven
Mycosphaerella graminicoleolates.
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Apache/Balance Genetic map

Black, red and green fonts represent DAVR.3) DArT
(V3) and SSR markers, respectively
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I wPt-668027
I wPt-666564
i wPt-5485

wPt-3566
wPt-3566

0.0

18.4

56.0
65.9
75.8
84.4

1B-2

A— wPt-5061 wPt-5034
wPt-4688
Xgwm259b
Xgwm259a
Xgpw4305

—— WPt-2861
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1D

Xcfd15a

wPt-3738

wPt-3738

WPt-7946

wPt-8960 wPt-6461
wPt-4942

wPt-4196 wPt-3707
wPt-3790 wPt-741323

Ir wPt-5503

Xgwm337

—llir wPt-5320

Ir wpt-4471

wPt-4671

yr WPt-9380

wPt-734229
wPt-665814
wPt-668040 wPt-664609

\ | WPt-671545

wPt-0413
wPt-0413 wPt-9380

Y wPt-0077 Xgpw3103

Xcfd48
wPt-3743
wPt-8854
WPt-3743 wPt-666719
wPt-667287
wPt-733835
WPt-732556
wPt-6059
Xgpw5162
Xgpw5115
Xgpw300a

2A-1
0.0 wPt-7901
6.9 wPt-6687
9.3 wPt-669355
10.8 wPt-741201
13.1 wPt-9586
17.7 wPt-1499 wPt-6662
233 wPt-6687
24.4 wPt-5887
25.4 wPt-9797
28.0 WPt-6662
314 wPt-3281 wPt-1499
348 Xcfd50
38.2 Xgpw4474
54.4 wPt-9277
89.2 Xgpw2281
112.8 Xgpw?2206
116.8 Xcfel75
125.2 wPt-3114
wPt-9951 Xcfa2164b
127.4 Xgpw2204 Xgwm372
Xgpw5177a
131.6 wPt-5251

wPt-8937 wPt-665330

wPt-3114

0.0

7.1
141
176
21.0
21.3
21.4

21.9
22.0

22.1
23.2
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2A-2

wPt-6711 wPt-8068
wPt-0568

wPt-8490 wPt-740658
wPt-3976 wPt-5027
wPt-3611 wPt-669245
wPt-744782 wPt-7175
wPt-8407

wPt-4533 Un3
wPt-5444 wPt-9104
wPt-2222 wPt-5839
wPt-743061
wPt-5738

wPt-1224

wPt-5027

wPt-3653 Xgpw7617
wPt-2087
wPt-744900
wPt-5647 Xgwm636
wPt-6207 Xcfd36a
wWPt-669721 Un2
wPt-8464 wPt-7626
WPt-799664 wPt-0477
wPt-8242 wPt-4533
wPt-3565

Xwmc632

2B

Xgpw3122
wPt-9190

wPt-0473
Xgpw4103 wPt-9350
Xgpw4043
Xgpw4175a
wPt-5680

wPt-0694

wPt-2430
Xgwm120

Xcfe52 wPt-0950
wPt-8693 wPt-3132
wPt-0189

wPt-8340

wPt-2293

wPt-0694

wPt-7305

wPt-0473 wPt-9350

/| wPt-4133 wPt-665645

Xgpw3032
wPt-0335

WPt-7757 wPt-6199
wPt-5556

WPt-4125 wPt-5556
WPt-7757

WPt-5672
WPt-744693
wPt-6932

wPt-6932
Xgwm257
Xgpw7392
wPt-8404

wPt-2106

[l WPt-5195 wPt-0643
[r wPt-6223

wPt-8760

| wPt-5587 wPt-6970

wPt-6805 wPt-5934
wPt-0100 wPt-3459
wPt-6575 wPt-7312
wPt-5195
wPt-9274

' wPt-3592

wPt-6120

wPt-6627

wPt-8058

wPt-0100 wPt-7497
wPt-1024
wPt-4916
WPt-744022
WPt-7672 wPt-8424
wPt-5934 wPt-6970
wPt-6271

wPt-4613 wPt-4246
wPt-2106
wPt-744643
wPt-3949
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2D

0.0~~~ Xcfd56
— Xgpw5261 Xcfd51

11.8 T Xcfd36b

1D

48.7 Xgpw332b

68.7 ~J_|~ wPt-6419
76.4 ~_- wPt-8330
82.3 —— WPt-2761
88.2-T | wPt-8330

104.7 —~—— Xcfd233
111.1 ——— wPt-668239

111

3A-1
0.0 WPt-8658
1.2~\/r WPt-8658
3.5— 1 Xgpw4119
105 /TNl Xgpw4455 Xgpw3036
' Xcfa2164a
48.0 WPt-0836
52.8 \ / wPt-1688
55.5 k:& WPt-1923
60.9 __:% WPt-1688 WPt-2478
"N we0836
64.37 ||\ wPt-0797
77.7 7:\ WPt-2866
82.7 / \ WPt-2866
87.6 WPt-5486
113.8 WPt-0096
123.9 WPt-6012

3A-2

0.0 wPt-1596

3.4 wPt-2813
15.0 WPt-6376
28.0 WPt-3612
33.0 wPt-0398 Xgpw7219
35.2 wPt-1596 wPt-2813
47.4 wPt-0476
61.4 wPt-4128
68.0 wPt-730156
75.9 WPt-4725 wPt-9049
79.3 WPt-9422
83.2 WwPt-2698
89.8 Xcfa2170
90.3 wPt-4725
90.9 wPt-2698
92.0 wPt-3697

3B-1

Xgpw4431

[r WPt-6047

wPt-4048 wPt-6020
wPt-6047

fr wPt-9510

wPt-1158

wPt-5939 wPt-669328
wPt-9432

Xgwm566 Xgwm285
wPt-6239

wPt-6802

wPt-6802

wPt-8910
wPt-666318
WPt-741465

Xcfd79 Xgpw3248
wPt-8075

wPt-1682

wPt-2757

wPt-1867

wPt-3921

wPt-7984

Xgwm389
wPt-11419

\* WPt-7961

\" WPt-7984

wPt-798970

\' wPt-3921

wPt-666139



Chapter 4 Apache/ Balance genetic map

3B-2 3B-3 3D 4A
0.0 WPL-4412 WPt-8513
43 WPL-7340
57 WPL-9826
- 0.0 Xcfd14la
12'2 ﬁiﬁégg o0 WPL-672088 143 Xgwm161 0.0 Xgpw3079
' PLO131 WPLT614  {ve WPL-664981 21.0 WPL-742705 WPt-741192
0 X . 128 WPL-5769 215\ wpt-742732 208~ | wPt-7924
17.0 Xgwm340 20.1 Xbarc77 Xgpw3085 D - ] ) 282~ 1 WPt-5857
WPt-730755 WPt-667324 ~
185 WPL7599 22.1 WPL741172 29.5 -1~ wPt-730387
25 Xgpws007 35.2 T [N wPt-0400
WPt-324 WPt-2559 48.7 —4— wPt-740613
24.9 WPL-7526 WPt-5072 55.2 —— Xcfel72a
WPL-7614
71.4 Xwmc161
90.2 WPt-666885
91.9 AR WPt-732185 1013 \ Xgpw2260
112.4 WPt-664804 WPt-9258 102.5~\pr WPL-8479
114.6 k_ YAWP-671773 wPt-666814  103.6 7 wPt-2788
118.1 ——=— wPt-9258 109.4 wPt-731639
121.5 7]\ Xgpw5177b 112.2 wPt-2788
127.37 § Xgpw5257
285N ;g\',’v"rvn“alsﬁs 146.6 Xcfd71 Xgpw4545
159'2 N WPt-733251 wPt-732918
2" Jwpr7313rs
173.1 Xgpw4136
193.0 Xgpw5094
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4B-1 4B-2
0.0 WPt-6869 WPt-3439
9.3 WPt-4537
WPt-4607 wPt-731583
0.0 WPL8292 wPt-5265 10-7 WPt-4280 wPt-730068
46 WPL-8292 WPt-5265 WPt-667593 wPt-7233
’ wPt-6869 wPt-3439
19.5 wPt-4214 14.1 WPt-1272
25.8 WPt-3608 16.0 WPL-8650
19.4 WPt-5559
43.3 Xgpw4175b 255 WPt-734310
27.3 WPt-733363
30.8 WPt-732448
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0.0
4.7
14.4

4D-1

Xgpw5191
wPt-0431 wPt-5809
Xgpw4132
wPt-5809 wPt-0431

4D-2

0.0 Xcfd54

8.4

Xcfd84
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BA-1

0.0 Xgpw2311
18.3 Xgwm617b
19.7 wPt-3563
26.6 wPt-3563
37.0 wPt-9748
45.9 Xgwm186
53.4 wPt-3509
66.8 wPt-9702 wPt-3620
72.6 Xgwm129 wPt-3620
80.4 wPt-4131
88.1 WPt-797381 wPt-797380

. WPt-797382

89.2 wPt-798198
89.7 wPt-798459
90.3 wPt-797301

5A-2

0.0 ——~— wPt-6495 wPt-4184
7.1—T— Xwmc524

25.5~] |- wPt-5096
28.9 —~ wPt-5096

345 [ Xgpw2136
51.7 Xcfaz141
68.5 WPt-0373 wPt-1370

76.5 —o— wPt-1370

5B

Xgpw3183 wPt-9103

00 WPt-9598 WPt-1482
- WPt-7059 WPt-3204
: WPt-1482
20.3 WPt-7006
25.3 WPt-1348 WPt-8449
324 WPt-4418
37.6 WPt-1348
30.3 WPt-8449
54.0 WPt-9116
55.3 WPL-7665
65.3 WPt-730313 wPt-2804
68.7 WPt-7665 WPt-9116

5D-1

0.0 Xgpw5084

6.0 Xgpw2328 Xgdm116
10.7 Xgdm63
62.3 wPt-666937
787 wPt-0400 wPt-9788

. WPt-667773

82.1 WwPt-730282 wPt-671936
83.2 WPt-672042
84.4 WPt-740860
91.4 Xcfe301 Xgwm?272
96.0 wPt-0400 wPt-9788
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5D-2

6A-1

wPt-8266

Xgpw2295a

wPt-8266

wPt-731250

wPt-7840

wPt-733548
WPt-669315 wPt-733976
wPt-671638 wPt-730729
WPt-730460
wPt-667170
wPt-730168 wPt-671799
wPt-9131

Ir wPt-666074

wPt-8539

WPt-664733
WPt-671766

wWPt-7623

wPt-5264 wPt-732760

\ WPt-664552

wPt-7623

' wPt-0259

t wPt-3965

wPt-7906 wPt-3605
wPt-8006 wPt-0864
wPt-2636

unl

WPt-1377 Xgpw4329
WPt-7475

wPt-0228

wPt-1742

wPt-731861

WPt-666927 wPt-665636
wPt-0228

wPt-734331

wPt-667740

WPt-2636 wPt-730591
WPt-733856 wPt-732062

0.0 wPt-2256

27.4 Xgpw5174
31.0 Xgpw4492
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B6A-2

0.0 WPt-3247

10.2 WPt-6661
WPt-9000 WPt-4145
125 WP-669617 WPt-668031
133 WPt-1375
15.1 WPt-1642
19.2 WPt-6716
46.8 Xgwm6l7a
177 WPt-730769 WPt-5310
. WPt-733195

83.0 WP-5310
86.9 Xgwm570
91.6 Xgpw3101

6B

wPt-4716
wPt-1307
Xgwm219

H Xgpw7651 Xgwm193

wPt-4542 wPt-4388
wPt-1241

I wPt-1241

wPt-5256 wPt-8814
wPt-741515
wPt-8814 wPt-5256
wPt-745052
WPt-5971 wPt-6585

[l wPt-0882

wPt-2055
wPt-0151 wPt-664276

| wPt-744581 wPt-744407

wPt-7207
wPt-4283 wPt-3130

/' wPt-8563 wPt-1089

jr wPt-1089

wPt-9990 wPt-7150
wPt-4386 wPt-4283
wPt-4720 wPt-1922
wPt-4867
Xgpw7292
Xgpw8089
wPt-0245 wPt-8894
wPt-1852 wPt-9532
WPt-7777 wPt-3304
wPt-1547
wPt-7662
wPt-3774 wPt-8239
Xgpw4357
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6D-1

0.0 Xgpw4309

1.1 Xgpw4350

3.4 Xgwm325

9.2 Xgpw4159 Xgpw4440

WPt-664682 wPt-733130

16.3 WPt-731887
20.9 WPt-665166
37.7 Xgpw3087
46.1 Xgpw5176
62.4 Xgwm469
975 wPt-5114 wPt-1695

wPt-672044

6D-2

0.0 WPt-4602

2.4 Xcfd4s

58 WPt-666557

6.9 WP-665675

8.1 WPt-3127
12.0 WPt-3350

o8 WPt-731605 wPt-667726
19, WPt-667006
232 Xgpw5205

7A-1

wPt-6013
Xgpw3127 Xgpw2252
Xcfa2123
wPt-0514
wPt-2230
WPt-4023 wPt-3992
Ir wPt-8897

Ir wPt-7299
Xcfa2l74c
Xgpw7386

lir wPt-3992
Xgpw2103
wPt-8399 wPt-4744
Xgpw3084a
Xgpw3084b
Xgwm60

Xcfa2049
Xwmc593
WPt-6447 wPt-4835
[f wPt-1179 wPt-8473
wPt-4880

Ir Xgpw4130
Xgwm635
WPt-4748 wPt-9901
wPt-740561
wPt-1179 wPt-8473
wPt-6447
wPt-4835
WPt-5742
WPt-4199
WPt-742244
wPt-6959
wPt-0303
wPt-665927

TA-2

0.0 WPt-4315

36 WPL-5533

37 WPt-7105

48 WPt-6495
o WPt-9072 WPt-1557

5. Xcfa2040
70 WPt-0790 WPt-6460

: WPt-5533

10.8 WPt-1023

197 WP-0639
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7B-1
0.0 wPt-7720
4.4 wPt-7720
21.7 wPt-3939
25.4 wPt-8040
51.7 Xgpw1082
58.1 Xwmc517
61.5 Xgpw3215
71.2 wPt-9665
723 wPt-8981
94.0 Xgwm213
99.8 wPt-742141
100.5 wPt-5514
100.9 WPt-7755
107.4 wPt-3012

7B-2

0.0 —

14.3 —
20.2

50.5 —
57.0

94.7 ~
98.4

wPt-8920

wPt-0276
wPt-5283

Xwmc76
Xcfa2174b

wPt-1302
wPt-1302

7D Unknown
0.0 Xgpw4164a Xgpw4164b
217 Xcfd21
275 Xcfa2174a 0.0 Xgpw4153 Xgpw300b
28.7 Xgwm111 8.4 Xgpw5102
34,5\ | WPt-664469 wPt-744602
N/ wPt-732584
43.4~["]~ wPt-730006
56.8 Xgpw313 Xgpw334
“© N1 Xgpw5140
65.2 ——— wWPt-1859
73.4 wPt-664400
747 wPt-665687
76.0 wPt-1859
106.7 ~|_|AWPt-664290 wPt-664391
116.4~] | AWPt-7642 wPt-2258
126.1 Xgpw5290
129.5 ——— Xgpw7683
136.2 —7=— WPt-667894
137.5% § wPt-663971
138.9 wPt-664264
158.9 - | Xgpw5137
192.3 wPt-7368
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ESM 1 Table 1. Correlation coefficients of pycnldiaverage (PYC) (upper triangle) and necrotic kafa (NEC) (lower triangle) between
isolates PO90015, IPO99015, IPO92034 and IPO328edling assays (three experiments)

IPO90015 IPO99015 IPO92034 IPO323
expigfnent 1 2 3 mear 1 2 3 mean 1 2 3 mean 1 2 3 mean
IPO90015 1 (n=128) 0.84***0.85** 0.94**  0.11  0.19* 0.12 0.15 0.23** 0.19* 0.24* 0.24* Zox 0.28** 0.23* 0.27*
2 (n=128) 0.89*** 0.88**0.96**  0.14  0.25* 0.15 0.20* 0.29** 0.26* 0.25* 0.29%* 0.18* 0.20* 0.15 0.18*
3 (n=128) 0.89*** (0.91*** 0.95%+* 0.10 0.26* 0.13 0.18* 0.30** 0.34** 0.35*** 0.5*** 0.22* 0.23* 0.16 0.21*
mean 0.90** 0.97** 0.96*** 0.13 0.25** 0.14 0.19* 0.29** 0.27* 0.29*** 0.31* 0.24* 0.25* 0.19* 0.23*
IPO99015 1(n=128) 0.19* 0.26** 0.24*0.24** 0.77** 0.80*** 0.92***  0.36** 0.33** (0.36** 0 .38** 0.21* 0.21* 0.22* 0.22*
2 (n=128) 0.20* 0.30*** 0.28** 0.27** 0.85*+* 0.80** 0.93**  0.28** 0.35** 0.33"** 035" 0.17* 0.18* 0.16 0.17*
3 (n=128) 0.11 0.19*  0.18* 0.17 0.85*** 0.87*** 0.93**  0.36** 0.41** 0.39*** 0.42** 0. 16 0.15 0.17 0.16
mean 0.18* 0.20**  0.25** 0.24** 0.94** 0.96*** (0.95** 0.36*** 0.39*** 0.39*** 0.41*** 0. 20* 0.20* 0.20* 0.20*
IPO92034 1 (n=128) 0.27**  0.20**0.30*** 0.30***  0.63** 0.62*** 0.55*** (0.63*** 0.73** 0.81** 0.90*** -0 .09 -0.05 -0.05  -0.06
2 (n=128) 0.27**  0.34** 0.36™* 0.33**  0.57** 0.65™* 0.61** 0.64**  0.73** 0.82** 0.92** -0 .01 0.00 -0.02 -0.01
3 (n=128) 0.21* 0.27** 0.32**0.28** 0.65*** 0.71** 0.68** 0.72%*  0.78%* (.84*** 0.95*** 0. 11 0.13 0.10 0.12
mean 0.27**  0.32%* 0.35*** 0.33**  0.67** 0.71** 0.67** 0.72**  0.90** 0.93** (.95** 0. 01 0.03 0.02 0.02
IPO323 1(n=128) 0.12 0.01 0.10 0.0¢ 0.27* 0.19* 0.15 0.21* 0.16 0.15 0.21*  0.19* G9* 0.93%* (0.97**
2 (n=128) 0.12 0.02 0.11 0.0¢ 0.27* 0.21* 0.16 0.22* 0.18* 0.18* 0.24*  0.22* Q7 0.93** (0.98***
3 (n=128) 0.10 0.02 0.09 0.07 0.28** 0.21* 0.16 0.23* 0.18* 0.18* 0.23* 0.21* @o**  0.97% 0.97***
mean 0.11 0.02 0.10 0.0¢ 0.28** 0.20* 0.16 0.22* 0.17*  0.17 0.23* 0.21* @g**  0.99%** (.99***

* P=0.05, ** P=0.01, **P=0.001
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ESM 1 Table 2Correlation coefficients of pycnidial coverage (PY(Gpper triangle) and necrotic leaf area (NEC)v@otriangle) between
isolates Hul, Hu2 and BBA22 in seedling assay®¢tlexperiments)

Hul Hu2 BBA22
experiment 1 2 3 mean 1 2 3 mean 1 2 3 mean
Hul 1 Fno=ll31) 0.35%*  0.30**  (Q.51*** 0.29%+* Q. 42%*  0.43**  (.44%** 0.11 0.04 0.07 0.08
2 (n=130) 0.41** 0.33***  (0.55*** 0.32*%*  0.37%*  0.45%*  (.44%* 0.11 0.14 0.08 0.12
3 (n=131) 0.31**  (.38*** 0.84*** 0.60***  0.42%*  0.37%* (Q.57** 0.22* 0.13 0.05 0.15
mean 0.55**  0.61**  (0.83*** 0.56**  0.47**  (0.41** (.58** 0.18* 0.13 0.08 0.15
Hu2 1 (n=132) 0.28** 0.37*%*  0.65**  (0.58*** 0.42**  0.43***  0.78** 0.17* 0.12 0.18* 0.18*
2 (n=131) 0.46**  0.40**  0.47** Q.57** 0.46%*+* 0.75**  (0.84*+* 0.07 0.01 0.08 0.06
3 (n=131) 0.38***  (0.39**  (0.54**  (.49** 0.48*** 0.62*** 0.86*** 0.12 0.06 0.02 0.07
mean 0.45*%*  0.47**  0.68*** 0.66*** 0.81*** 0.82**  (0.84*** 0.15 0.08 0.12 0.14
BBA22 1 (n=131) 0.14 0.1 0.37%*  0.26** 0.42** (0.23* 0.33***  0.40*** 0.68***  0.57** 0.86***
2 (n=131) 0.12 0.08 0.37*%*  0.27* 0.40%* 0.17 0.34**  (0.38*** 0.62*** 0.62*** 0.89***
3 (n=131) 0.11 -0.07 0.22* 0.16 0.36*** 0.26** 0.33**  (.39*** 0.46***  0.46*** 0.85%+*
mean 0.15 0.04 0.38**  (0.28** 0.48* 0.27* 0.41%+*  (0,48%+* 0.82**  (0.84**  (0.80***

*

*P=0.05, ** P=0.01, **P=0.001
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ESM 1 Table 3. Correlation coefficients of pycnldiaverage (PYC) between isolates Hul, Hu2, BBA2@ BbO90015, IPO99015, IP0O92034,
IPO323 in seedling assays (three experiments)

Hul Hu2 BBA22
experiment 1(n=131) 2 3 mean 1 2 3 mean 1 2 3 mean
o (n=130)  (n=131) (n=132) (n=131) (n=131) (n=131)  (n=131) (n=131)
IPO90015 1 (n=128) 0.08 0.06 0.15 0.13 0.21* 0.03 .080 0.15 0.42%+* 0.46*** 0.40%+* 0.50%+*
2 (n=128) 0.12 0.12 0.10 0.09 0.18*  0.04 0.15 0.16 0.33**  0.43%*  0.34** 0.43*+*
3 (n=128) 0.13 0.11 0.21* 0.19* 0.19* 0.11 0.15 203. 0.37%*  0.43**  0.35%* 0.45%+*
mean 0.12 0.10 0.16 0.14 0.20* 0.06 0.13 0.18* 0.39%*  4@** 0.38*+* 0.48*+*
IPO99015 1 (n=128) 0.45%*  0.42%* 0.32%+* 0.36*** 0.45%*  0.63*** 0.67*+* 0.68*** 0.02 -0.03 0.02 0.00
2 (n=128) 0.42%*  0.50%** 0.38*** 0.40*+* 0.51** 0.61*** 0.67** 0.71%* 0.11 0.05 0.09 0.10
3 (n=128) 0.32%*  0.45%*  0.37%*  0.35*** 0.51*** 0.66**  0.65%* 0.71%* 0.05 -0.02 0.09 0.05
mean 0.44%* 0.49**  0.38%*  0.40%* 0.53** (0.68***  0.72%* 0.76%+* 0.07 0.00 0.07 0.05
IPO92034 1 (n=128) 0.30***  0.26™* 0.27* 0.27* 0B** 0.28* 0.31%+* 0.37** 0.28** 0.19* 0.09 0.21*
2 (n=128) 0.35%*  (0.23** 0.38** .38 0.39*** 0.26* 0.26** 0.37% 0.28** 0.21* 0.19* 0.26**
3 (n=128) 0.31%*  0.26** 0.26** 0.26** 0.25**  0.33* 0.27* 0.36*** 0.22* 0.19* 0.17 0.22*
mean 0.35%**  0.27* 0.33***  (0.33*** 0.34*%* 0.31**  0.30%* 0.39%+* 0.28** 0.21* 0.16 0.25*
IPO323 1 (n=128) -0.02 0.04 0.07 0.01 0.15 0.24* . 236* 0.26** 0.07 0.14 0.15 0.14
2 (n=128) -0.09 0.04 0.05 -0.02 0.17 0.19* 0.20*  .240* 0.06 0.11 0.12 0.11
3 (n=128) -0.04 0.01 0.08 0.00 0.17 0.24* 0.21* 2@+ 0.04 0.10 0.11 0.10
mean -0.05 0.03 0.07 0.00 0.17 0.23* 0.22* 0.26** 0.06 0.12 0.13 0.12

*P=0.05, ** P=0.01, **P=0.001
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ESM 1 Table 4. Correlation coefficients of necrdéiaf area (NEC) between isolates Hul, Hu2, BBA22 ii#0O90015, IPO99015, IPO92034,
IPO323 in seedling assays (three experiments)

IPO90015

IPO99015

IPO92034

IPO323

experiment
no.

1 (n=128)
2 (n=128)
3 (n=128)

mean

1 (n=128)
2 (n=128)
3 (n=128)

mean

1 (n=128)
2 (n=128)
3 (n=128)

mean

1 (n=128)
2 (n=128)
3 (n=128)

mean

Hul Hu2 BBA22
1(n=131) 2 3 mean 1 2 3 mean 1 2 3 mean
(n=130)  (n=131) (n=132)  (n=131) (n=131) (n=131)  (n=131) (n=131)

0.06 0.09 0.22* 0.19* 0.25* D.0 0.11 0.18* 0.35%*  0.43=*  0.20* 0.40%**
0.14 0.09 0.17 0.15 0.25*  0.09 0.09 83.1 0.34*=*  0.40%**  0.26** 0.41%*=
0.09 0.09 0.20* 0.15 0.24*  0.10 0.14 2. 0.35%+* 0.37%* 0.24* 0.39%+*
0.10 0.09 0.20* 0.17 0.26**  0.09 0.11 0.20* 0.36%* 0.42**  0.24* 0.41%*=

0.49**  0.48*** 0.28* 0.35%+* 43***  0.59%**  0.47** 0.59*+* 0.10 0.08 0.09 0.11
0.47*=*  0.54%*  0.37%*  (0.42%* 0.51%*  0.57**  (0.51** 0.64**= 0.15 0.12 0.12 0.16
0.44%=*  0.56**  0.38%*  (0.42%* 0.52%*  0.61**  (0.51** 0.66*** 0.11 0.05 0.12 0.12
0.49***  0.56*** 0.36*** 0.42%+* 0.51** 0.62***  0.52*** 0.67** 0.13 0.09 0.12 0.14

0.32%=* 0.31**  0.22* 0.25* 03** 0.34**  0.21* 0.40%** 0.16 0.19* 0.09 0.17
0.41%*  Q.37** 0.34%+* 0.36*** 0.51%* 0.35%*  0.34** 0.49*+* 0.25* 0.26** 0.21* 0.29%+*
0.39%*  0.39%*  0.30**  0.32** 0.46**  0.43**  (0.35** 0.50%** 0.19* 0.15 0.16 0.21*
0.40%*  0.39%*  0.31%*  (.33** 0.50%*  0.40***  (0.33*** 0.51%** 0.21* 0.21* 0.17 0.24**
0.08 0.07 0.02 0.01 0.06 0.12 0.16 0.13 0.02 0.01 0.05 0.03
0.06 0.09 0.05 0.02 0.08 0.10 0.16 0.13 0.03 0.01 0.05 0.04
0.08 0.09 0.07 0.04 0.11 0.14 0.19* 0.17 0.06 0.01 0.08 0.06
0.07 0.08 0.05 0.02 0.09 0.12 0.17 0.15 0.03 0.01 0.06 0.05

* P=0.05, ** P=0.01, **P=0.001
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ESM Figure IMean epistatic effects and standard errors revealdee SxM DH population with isolate IPO92034) pycnidial coverage
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ESM Figure 2.Mean epistatic QTL effects and standard errorsaledein the SxM DH population. (a) necrotic leada(NEC, in %) of the
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