N

N

Genome-wide association mapping of three agronomic
traits and resistance to Parastagonospora nodorum in
spring and winter wheat

Camille Branchereau

» To cite this version:

Camille Branchereau. Genome-wide association mapping of three agronomic traits and resistance to
Parastagonospora nodorum in spring and winter wheat. Life Sciences [g-bio]. 2018. dumas-01955241

HAL Id: dumas-01955241
https://dumas.ccsd.cnrs.fr/dumas-01955241
Submitted on 14 Dec 2018

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://dumas.ccsd.cnrs.fr/dumas-01955241
https://hal.archives-ouvertes.fr

AGROCAMPUS
OUEST

[~ CFR Angers

AGRO

CAMPUS

X CFR Rennes

o Rapport de stage
Année universitaire : 2017 - 2018
Master Biologie Agrosciences O d’Ingénieur de [Ilnstitut Supérieur des Sciences agronomiques,

i ires, horticol
Parcours Amélioration, Production, agroalimentaires, horticoles et du paysage

Valorisation du Végetal Xl de Master de I'Institut Supérieur des Sciences agronomiques, agroalimentaires,

Option Génétique, Génomique et | horticoles et du paysage
Amélioration des Plantes
[ d'un autre établissement (étudiant arrivé en M2)

Genome-wide association mapping of three
agronomic traits and resistance to Parastagonospora
nodorum in spring and winter wheat

Camille BRANCHEREAU

Soutenu a RENNES le 27/06/2018

Devant le jury composé de :
Président : Mélanie JUBAULT

Maitre de stage : Morten LILLEMO
Enseignant référent : Mélanie JUBAULT

Rapporteur : Régine DELOURME
Examinateur : Maria MANZANARES-DAULEUX

Les analyses et les conclusions de ce travail d'étudiant n'engagent que la responsabilité de son auteur et non celles ’AGROCAMPUS OUEST
et I'Université de Rennes 1




Fiche de confidentialité et de diffusion du mémoire

CONFIDENTIALITE

X NON O Oul Sioui: O1an O 5ans O 10ans

Pendant toute la durée de confidentialité, aucun diffusion du mémoire n’est possible (1).
Date et signature du maitre de stage (2

,// 4 ZNML\«/ 13/06/2018

A la fin de la période de confidentialité¢, sa diffusion est soumise aux régles ci-dessous
(droits d’auteur et autorisation de diffusion par I'enseignant a renseigner)

DROITS D’AUTEUR

L'auteur BRANCHEREAU Camille autorise la diffusion de son travail (immédiatement ou a
la fin de la période de confidentialité)

Ooul O NON
Si oui, il autorise :
O la diffusion papier du mémoire uniquement (4)
O la diffusion papier du mémoire et la diffusion électronique du résumé
la diffusion papier et électronique du mémoire (joindre dans ce cas la fiche de

conformité du mémoire numérique et le contrat de diffusion)
[0 accepte de placer son mémoire sous licence Creative commons CC-By-Nc-Nd

(voir Guide du mémoire Chap.14 page 6)

Date et signature de I'auteur :

13/06/2018

AUTORISATION DE DIFFUSION PAR LE RESPONSABLE DE SPECIALISATION OU SON REPRESENTANT

L'enseignant juge le mémoire de qualité suffisante pour étre diffusé (immédiatement ou a la
fin de la période de confidentialité)

O Ooul O NON

Si non, seul le titre du mémoire apparaitra dans les bases de données.

Si oui, il autorise :
O la diffusion papier du mémoire uniquement (4)

O la diffusion papier du mémoire et la diffusion électronique du résumé
O la diffusion papier et électronique du mémoire

Date et signature de I'enseignant :

(1) L'administration, les enseignants et les différents services de documentation ’AGROCAMPUS OUEST
s’engagent a respecter cette confidentialité.

(2) Signature et cachet de I'organisme

(3) Auteur = étudiant qui réalise son mémoire de fin d’études

(4) La référence bibliographique (= Nom de l'auteur, titre du mémoire, année de soutenance, diplédme,
spécialité et spécialisation/Option)) sera signalée dans les bases de données documentaires sans le résumé






Camille Branchereau (NMBU, Norvége) Synthese en frangais

Etude du contrdle génétique de trois caracteres phénotypiques et
de la résistance a Parastagonospora nodorum chez des blés
d’hiver et de printemps par génétique d’association (GWAS)

% INTRODUCTION

I. Le blé

Le blé (genre Triticum) appartient a la famille des Graminées ou Poacées. Il constitue un aliment de
base dans de nombreux pays du monde et est de ce fait une des céréales les plus cultivées. En 2017, la
production globale a atteint les 759,8 millions de tonnes (USDA, Avril 2018). Parmi toutes les espéces de blé
cultivées, le blé tendre Triticum aestivum est la plus importante sur le plan économique : 95% du blé produit
dans le monde est le blé panifiable Triticum aestivum, L. (Tadesse et al., 2016). Les 5% restants sont
représentés par le blé dur, Triticum durum, L, utilisé en pastification.

En 2015, 389 193 tonnes sont produites en Norvege, majoritairement dans le sud-est du pays
(Lillemo et Dieseth, 2011). Les hivers longs et les étés courts sont de véritables challenges pour I’industrie
céréalicre norvégienne. Le blé d’hiver qui nécessite une période de froid pour fleurir (vernalisation) est semé
en Septembre et reste dormant durant I’hiver, jusqu’a ce que la température du sol augmente au printemps.
Ainsi, il doit étre résistant a la neige et aux températures descendant bien en dessous de zéro. Le blé de
printemps, qui supporte plus difficilement les températures basses, est quant a lui semé au printemps. Dans
les deux cas, la récolte se fait en Aot et le rendement dépend fortement des conditions environnementales.

Le blé commun Triticum aestivum est allohexaploide 2n = 6x = 42 (AABBDD) avec un génome de
17 giga-bases subdivisé en 3 sous-génomes étroitement liés, A, B et D (IWSGC, 2014). La séquence de ce
génome tres complexe a été assemblée en 2016 par le consortium international du séquencage du génome du
blé IWGSC) fondé en 2005. T. aestivum est issu d’une succesion d’événements d’hybridation et de
polyploidisation entre trois especes diploides ancestrales (Figure 1) (Gill et al. 2004, Doussinault et al. 2001).
La premiere hybridation, entre Triticum urartu (AA, 2n = 2x = 14) et une espece sauvage inconnue mais
proche de Aegilops speltoides (BB, 2n = 2x = 14), a abouti a la formation du blé allotétraploide Triticum
turgidum, AABB, 2n = 4x = 28. Cette espece, apparue il y a environ 500 000 ans, est I’ancétre du blé dur
utilisé de nos jours pour la production de pates (7. turgidum ssp. durum). Enfin, T. aestivum est apparu a
I’issue du deuxieme événement d’hybridation qui a eu lieu durant la domestication, il y a environ 9 000 a 12
000 ans, entre T. turgidum et Aegilops tauschii (DD, 2n = 2x = 14).
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Figure 1 : Caryotypes de T. urartu (A), A. speltoides (B), A. tauschii (D) (tous diploides 2n = 2x = 14),
et Triticum aestivum (2n = 6x = 42) (source : IWGSC)

II. Quelques caractéres agronomiques majeurs et leur controle génétique

Lancée au milieu du XX¢me gigcle, la Révolution Verte a transformé 1’agriculture de nombreux pays
en s’appuyant sur des progres scientifiques et techniques et la diffusion de variétés de céréales a hauts
potentiels de rendements (amélioration génétique).
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La hauteur des plantes (PH), les dates d’épiaison et de maturité physiologique (DH et DM respectivement)
sont parmi les caracteres les plus importants chez le blé pour assurer un bon rendement.

i. Hauteur des plantes

De facon générale, le rendement dépend de I’architecture de la plante, et plus particulierement, de la
hauteur de celle-ci. En effet, de par son association avec la verse ou avec la sensibilité a diverses maladies
(fusariose et septoriose par exemple), ce caractere est d’'une importance majeure.

Durant la Révolution Verte, les augmentations significatives du rendement ont été associées a
I’introduction de génes Rht (reduced height) qui permettent d’avoir une hauteur réduite : alleles Rht-B1b et
Rht-DI1b (Hedden 2003, Nadolska-Orczyk et al. 2017, Wiirschum et al. 2017). Ces mutations résultent en
une insensibilité aux gibbérellines, phytohormones qui régulent les processus de croissance, et en définitive
en une hauteur réduite qui favorise la productivité (augmentation de la production de grains plutdt que des
tiges/pailles et verse réduite). La hauteur des plantes, comme ’ensemble des caractéres agronomiques, est
contrdlée par ’environnement et par de nombreux genes a effets mineurs et majeurs, donc les interactions
génotype - environnement (GXE) sont importantes (Huang et al. 2006). A ce jour, 24 génes de nanisme Rht
ont été identifiés chez le blé (de Rhtl a Rht24). Le dernier identifié en date, Rht24, est localisé sur le
chromosome 6A (Tian et al. 2017, Wiirschum et al. 2017).

Plusieurs études ont permis d’identifier des QTL, loci de caractéres quantitatifs (quantitative trait loci),
associés a la hauteur de la plante chez le blé (Tableau 1 dans le mémoire).

Les QTLs identifiés sur les chromosomes 4B et 4D correspondent aux genes Rht-Bl et Rht-DI,
respectivement (McCartney et al. 2005, Huang et al. 2006, Singh et al. 2016, Liu et al. 2015, Wiirschum et
al. 2015). Certaines études comme celles de Spielmeyer et al. 2007 ont identifié sur le chromosome 2D un
QTL correspondant au gene de nanisme Rht8. En 2011, Liu et al. ont étudié le contrdle génétique de la
hauteur des plantes a différents stades de croissance : davantage de QTLs sont identifiés aux stades
immatures, et aucun QTL n’est actif continuellement durant tout le cycle de vie du blé. Li et al. 2015 ont
identifiés des QTLs sur les chromosomes 4D (Rht-D1), 6A et 6B. Ensemble, ces trois loci expliquent entre
67 et 82% de la variabilité phénotypique. Ceux sur 4D et 6A expliquent a eux deux entre 61 et 80% de la
variabilité€ phénotypique, suggérant la présence d’un géne majeur sur le chromosome 6A. D’autres études ont
pu retrouver ce QTL (Spielmeyer et al. 2007, Griffiths et al. 2012, Fowler et al. 2016, Wiirschum et al.
2015). Wiirschum et al. 2017 ont alors identifié Rht24, sur le chromosome 6A, expliquant 15% de la
variation du phénotype dans la population de blés d’hiver utilisée.

ii. Date d’épiaison

La date d’épiaison (DH, days to heading) représente un autre caractére d’importance majeure chez le
blé, notamment pour son rdle dans I’adaptation de la plante a différents environnement climatiques. Cela a
un impact direct sur la culture des blés dans différentes régions du globe et lors de saisons différentes
(adaptations géographiques et saisonnieres). Seuls les cultivars ayant des dates d’épiaison appropriées a un
environnement pourront y croitre et ainsi présenter un rendement potentiellement élevé.

La date d’épiaison est contr6lée par trois familles de génes : les génes de réponse a la vernalisation, Vin;
les geénes de réponse a la photopériode, Ppd, et les génes de précocité per se, Eps (génes qui contrblent la
floraison mais qui ne sont influencés ni par la durée du jour ni par I’exposition a des périodes de froid). Parmi
les génes de réponse a la vernalisation on trouve : la famille de genes principale VRN (geénes Virn-Al, Vin-
Bl et Vrn-D1I, sur les chromosomes 5AL, 5SBL et 5SDL), les familles VRN2 et VRN3. Les principaux genes
contrélant la réponse a la photopériode sont de la famille Ppdl! : Ppd-Al < Ppd-Bl < Ppd-DI, sur les
chromosomes 2AS, 2BS et 2DS (Chen et al. 2013). Une floraison précoce est associée a 1’allele Ppd-Dlia
d’insensibilité a la photopériode : cela est favorable notamment en Europe du Sud pour que les plantes soient
matures avant le stress des températures élevées d’été (Worland et al. 1998). Les genes de précocité per se
(au sens stricte) sont quant a eux mal décrits (Zikhali et al. 2016).

Plusieurs QTL associés a la date d’épiaison on été identifiés. Ils sont présentés dans le Tableau 2 du
mémoire.
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iii. Date de maturité physiologique

La maturité physiologique du grain est un caractére qui influence fortement le rendement. En été,
une maturité précoce est un moyen efficace pour les plantes qui ont fleuri t6t de compléter le remplissage du
grain sous des conditions favorables et d’éviter les températures élevées défavorables (Worland et al. 1998,
Mondal et al. 2015). Dans les régions nordiques présentant des saisons de culture courtes, une maturité
physiologique précoce est une stratégie pour finir le remplissage du grain avant la baisse des températures.

Parmi les genes contrlant la date de maturité physiologique on retrouve ceux qui contrOlent la date
d’épiaison : les genes majeurs Ppd-1 et Vrn-1 influencent les dates de floraison et de maturité chez le blé
(Chen at al. 2013, Perez-Lara et al. 2016). De plus, d’autres génes qui contrdlent la durée de la période de
remplissage du grain interviennent (Ullah et al. 2014).

Les QTL associés a la date de maturité découverts dans plusieurs études scientifiques sont répertoriés en
Tableau 3 du mémoire.

L’ensemble de ces trois caracteres agronomiques influence fortement le rendement. La sévérité de
diverses maladies est également influencée par ces traits. Nous focaliserons notre attention sur la septoriose
Stagonospora nodorum blotch (SNB) causée par Parastagonospora nodorum, maladie fongique majeure en
Norvege et d’autres pays du globe.

I11. La Septoriose ‘Septoria nodorum glume and leaf blotch’

La SNB est une maladie trouvée dans la plupart des régions du globe produisant du blé (Cunfer
2000). En Australie, des baisses de rendement comprises entre 18 et 31% peuvent étre observées lors
d’attaques séveres.

Le pathogene, Parastagonospora nodorum, est un champignon nécrotrophe : il produit des toxines,
appelées necrotrophic effectors (NEs), qui vont causer la mort des cellules végétales infectées et ainsi
permettre au champignon d’acquérir les nutriments pour croitre dans les tissus morts et coloniser d’autres
cellules et tissus (Fatima et Senthil-Kumar 2015). Le champignon produit deux types de spores qui peuvent
infecter de nouvelles plantes : les ascospores, spores sexuelles, peuvent étre dispersées sur de longues
distances par le vent ; les pycnidiospores (ou conidies) sont dispersées par I’effet rain-splash des goutes de
pluie sur de plus courtes distance, en général de feuilles a feuilles. P. nodorum a la capacité de survivre dans
les résidus de cultures (pailles/chaumes) et dans les graines infectées, qui constituent alors les principaux
inocula primaires.

Lors d’une infection par la SNB, les premiers symptomes apparaissent sur les feuilles les plus basses
(nécroses), et remontent au niveau des étages foliaires supérieurs, jusqu’a atteindre les glumes et les grains
en cas d’attaque sévere (Figure 2). Cela causera alors des fortes baisses de rendement et de qualité du grain.

Figure 2 : Symptomes sur feuilles, glumes et grains causés par la SNB

La Iutte chimique par utilisation de pesticides de types triazoles et strobilurines a longtemps
constitué le meilleur moyen pour empécher efficacement la propagation de la maladie. Cependant, depuis
plusieurs années, des mécanismes de résistance sont mis en place par le pathogene et I’efficacité des agents
chimiques est alors compromise. Ainsi, la production de cultivars résistants est a ce jour la solution la plus
prometteuse pour lutter durablement contre la SNB.

3
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Au sein du pathosystéme ‘blé - P. nodorum’, le systéme de résistance mis en place suit le modele inverse
du modele gene pour gene. La sensibilité de I’hote est conférée par un géne dominant de sensibilité, Snn,
lorsqu’il reconnait la toxine NE (SnTox) qui lui est spécifique. Une interaction compatible conduit ici a la
sensibilité de la plante et non pas a sa résistance comme dans le modele géne-pour-géne de Flor. La toxine
NE est reconnue par le produit d’un géne de sensibilité spécifique et la plante est sensible a la toxine : les
cellules infectées meurent et le pathogene nécrotrophe se développe. A ce jour, 9 interactions NE-Snn ont été
recensées, faisant intervenir 8 NEs et 9 geénes Snn différents (Tableau 1) (Liu et al. 2004, 2006, Friesen et al.
2006, 2007, 2008, 2012, Zhang et al. 2011, Abeysekara et al. 2009, 2012, Gao et al. 2015 et Shi et al. 2015).

Tableau 1 : Ensemble des interactions spécifiques NE - Snn répertoriées a ce jour.

NE SnToxA | SnTox1 | SnTox2 SnTox3 SnTox4 | SnTox5 | SnTox6 | SnTox7
Gene Snn Tsnl Snnl Snn2 Snn3-Bl | Snn3-D1I Snn4 SnnS5 Snn6 Snn7
Chromosome blé 5BL 1BS 2DS 5BS 5DS 1AS 4BL 6AL 2DL

Dans tous les cas, les NEs sont des petites protéines capables d’induire des nécroses chez les individus
sensibles (porteurs du géne de sensibilité associé¢). Les toxines les plus produites dans la population
pathogene sont SnTox1, SnTox3 et SnToxA. Les trois génes SnTox correspondants ont été clonés (Friesen et
al. 2006 ; Liu et al. 2009, 2012). Du co6té de 1’hote, les genes Snnl et Tsnl ont été clonés (Faris et al. 2010,
Shi et al. 2016). La protéine codée par Tsnl appartient a la famille NBS-LRR (nucleotide binding site -
leucine-rich repeat). Snnl est un récepteur de la famille WAK (wall-associated kinase).

Le nécrotrophe P. nodorum est capable de contourner les mécanismes de résistance normalement mis en
place face a un pathogeéne biotrophe (accumulation d’especes réactives de 1’oxygene, transcription des génes
codant les protéines PR pathogenesis-related, mort cellulaire programmée,...) pour entrainer la mort des
cellules infectées et alors acquérir des nutriments, se reproduire et se propager (Hammond-Kosack et Rudd,
2008, Liu et al. 2012, Winterberg et al. 2014, Wang et al. 2014, Shi et al. 2015, 2016).

La résistance génétique a la SNB est complexe, polygénique. Elle est gouvernée par de multiples
QTL, la plupart a effet faible, et soumise a de fortes interactions génotype x environnement (Francki 2013).
On observe également plusieurs types de résistance : la résistance dite « seedling », qui démarre aux
premiers stades de développement de la plante et s’étend sur le cycle de vie entier (résistance tout le long du
cycle) ; et la résistance dite « adult-plant », effective seulement apres les stades jeunes de développement, au
stade adulte (Francki et al. 2011). De plus, P. nodorum peut causer des symptomes sur feuilles (Stagonospora
nodorum leaf blotch, SLB) et/ou sur glumes (Stagonospora nodorum glume blotch, SGB), et les résistances a
ces deux types de SNB sont indépendantes (Wicki et al. 1999, Van Ginkel and Rajaram 1999, Shatalina et al.
2014). Plusieurs études ont malgré tout permis de découvrir plusieurs QTL conférant une résistance partielle
a la maladie, certains a forts effets (présentés dans les Tableaux 5 a 7 dans le mémoire). Plusieurs de ces QTL
co-localisent avec des génes Snn. La plupart de ces études sont basées sur ’analyse de liaison. Tres peu ont
étudié la résistance par génétique d’association.

L’objectif de ce stage est d’étudier le déterminisme génétique de trois caracteéres de développement
du blé (dates d’épiaison et de maturité et hauteur) et de la résistance a la SNB dans deux panels de blé
tendre : blé d’hiver et blé de printemps. Pour ce faire, la validation et 1’identification de loci associés a ces
caracteres seront faites par génétique d’association (genome-wide association studies/mapping, GWAS).
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% MATERIELS & METHODES

I. Matériel végétal

103 et 301 génotypes de blé d’hiver et de printemps, respectivement, sont utilisés pour cette étude.
IIs font partie de la collection MASbasis créée pour la sélection assistée par marqueurs et qui contient des
cultivars norvégiens et internationaux. L’ensemble de ces lignées sont génotypées a I’aide de la puce
Affymetrix 35K SNP (Allen et al. 2017).

Les données de phénotypage utilisées correspondent a des notations d’années antérieures sur des
pépinieres cultivées a Vollebekk (As) ou Staur (Hamar). Trois caractéres sont ainsi mesurés : la hauteur des
plantes PH (en cm) et les dates d’épiaison DH et de maturité DM (en jours apres la date de semis).

Pour les blés d’hiver, 9 pépinieres sont utilisées, cultivées entre 2014 et 2017 (Tableau 2). La date
d’épiaison DH est notée sur les 9 pépinicres, la hauteur des plantes PH sur 6 pépinicres et enfin la date de
maturité DM sur 4 pépinieres (voir Tableau 9 du mémoire). Pour chaque individu, pour chaque caractere, la
moyenne des notations obtenues dans les différentes pépinieres est calculée (Moy. dans le tableau).

Tableau 2 : Description des pépinieres de blé d’hiver utilisées pour le phénotypage.

Pépinieres : année et nombre de génotypes

2014 2015 2016 2017
TRAITS Moy.
55 62 62 80 103 85 103 103 103
PH X X X X X X X
DH X X X X X X X X X X
DM X X X X X

Pour les blés de printemps, 12 pépinieres sont étudiées (Tableau 3). La date d’épiaison, la hauteur et la
date de maturité sont mesurées dans 11, 9 et 8 des 12 pépinieres, respectivement. De méme que pour le panel
de blés d’hiver, pour chaque individu, pour chaque caractere, la moyenne des notations obtenues dans les
différentes pépinicres est calculée.

Tableau 3 : Description des pépinieres de blé de printemps utilisées pour le phénotypage.

Pépiniéres : année et nombre de génotypes

2013 2014 2015 2016 2017
TRAITS Moy.
163 219 223 226 161 161 285 287 288* 301 286 296*
PH X X X X X X X
DH X X X X X X X X
DM X X X X X

Ensuite, la résistance a la SNB est également étudiée dans les deux mémes panels. Pour le panel de
blé¢ d’hiver, 2 années d’essais sont utilisées pour notre étude (2016 et 2017). Pour le panel de blé de
printemps, les essais ont été menés sur 8 ans, entre 2011 et 2017. L’infection est favorisée par 1’ajout de
pailles infectées (sauf en 2011 et 2012 ou I’infection est naturelle) et par brumisation (de facon a garder une
atmospheére humide favorable au développement des symptdmes). Dans ces essais pour la résistance, la
hauteur des plantes et la date d’épiaison sont aussi mesurées et seront utilisées comme cofacteurs dans un
modele de régression pour obtenir des notations de résistance plus précises.
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II. Structure des populations

La structure des populations de blés d’hiver et de printemps est définie en utilisant un jeu de 938
marqueurs SNP (single nucleotide polymorphism) et le logiciel STRUCTURE v2.3.4 (Pritchard et al. 2000).
Le modele de STRUCTURE suppose 1’existence de K populations (non prédéfinies), et chacune d’entre elles
est caractérisée a chaque locus par un ensemble de fréquences alléliques (Jay, 2011). La méthode de Monte
Carlo par chaine de Markov (Markov chain Monte Carlo, MCMC) est utilisée (approche bayésienne). L’idée
est que chaque population devrait se trouver a I’équilibre de Hardy-Weinberg, donc STRUCTURE cherche a
créer des populations afin de minimiser 1’écart a I’équilibre de Hardy-Weinberg au sein de chacune d’elles.
Ainsi, le logiciel peut identifier des sous-groupes dans la population entiere en détectant des différences dans
les fréquences alléliques (Porras-Hurtado et al. 2013).

Ici, I’analyse est menée pour K compris entre 1 et 10, length of burnin period = 5 000, 50 000
répétitions (nombre de MCMC) et 3 itérations par run.

STRUCTURE HARVESTER est utilisé pour analyser les résultats (http://taylorQ.biology.ucla.edu/
structureHarvester/). Ce programme traite les résultats générés par STRUCTURE pour évaluer les différentes
valeurs de K et déterminer la plus probable (Earl et vonHoldt, 2012). Lorsqu’une analyse pour une valeur de
K est répétée au moins 3 fois dans STRUCTURE (3 itérations), STRUCTURE HARVESTER exécute la
méthode « Evanno », décrite dans Evanno et al., 2005, et permet de détecter la valeur de K qui correspond le
mieux aux données.

II1. Génétique d’association : GWAS

L’analyse d’association est réalisée avec le logiciel TASSEL v5.2 en utilisant le modele mixte
linéaire (MLM) qui prend en compte la structure (Q) de la population et les liens de parenté entre individus
(‘kinship’, K) : MLM + Q + K (Yu et al. 2006, Bradbury et al. 2007).

Dans cette approche, une p-value est générée pour chaque marqueur dans le modele MLLM qui peut
étre défini par I’équation y = Xf + Zu + e, ou y est le vecteur des valeurs phénotypiques; X, le vecteur des
génotypes aux marqueurs SNP; 3, un vecteur contenant les effets fixes dont les marqueurs génétiques et la
structure Q de la population; Z, la matrice de parenté (‘kinship’); u, un vecteur des effets aléatoires; et e, le
vecteur des résidus (Li et al. 2017).

Les associations entre un SNP et un trait sont considérées significatives si la p-value est dans le
percentile 0.05 inférieur de la distribution. Pour chaque trait dans chacune des pépinieres, les seuils de
significativité sont différents (par exemple pour la date d’épiaison, 9 pépinieres sont utilisées avec le panel de
blé d’hiver donc on a 9 seuils de significativité différents). Ils sont calculés avec R-Studio. Cette étude porte
sur des caracteres quantitatifs pour lesquels on attend de multiples loci a effet mineur (et pas quelques QTLs
a effets majeurs). Ainsi, nous n’avons pas utilisé la correction de Bonferonni. En utilisant des seuils de
significativité moins strictes, on optimise la détection de QTL. Cependant, le risque de détecter de fausses
associations est également augmenté, donc les résultats sont a traiter prudemment.

Apres 'identification des marqueurs significatifs, ceux-ci sont filtrés selon différents criteres. Nous
étudierons préférentiellement les marqueurs significatifs dans plusieurs pépinieres et dans les valeurs
moyennes (moyennes des pépinieres), mais aussi les marqueurs trouvés dans peu de pépinieres mais tres
significatifs (p-values les plus faibles) et les marqueurs localisés dans une méme région génétique (distances
en centimorgan cM et méga paire de base Mbp).

De facon a savoir si les loci que nous avons identifié couvrent des genes connus, nous avons utilisé
des amorces trouvées dans différentes études qui ont étudié ces geénes (Roder et al. 1998, Ellis et al. 2002,
Distelfeld et al. 2004, 2006, Lu et al. 2006, Zhang et al. 2009, Diaz et al. 2012, Shaw et al. 2012, Tian et al.
2017, MASWheat, ucdavis.edu et graingenes.org). Les positions physiques (en Mbp) des QTL et des
séquences cibles des amorces sont alors comparées.


http://taylor0.biology.ucla.edu/structureHarvester/
http://ucdavis.edu
http://graingenes.org
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% RESULTATS

I. Structure des populations

Pour les deux populations étudiées (panels de blé d’hiver et de printemps), K = 2 sous-populations
ont été identifiées. Cette structuration semble étre causée par 1’origine géographique des individus (Tableau
2). Pour le blé de printemps, la premiere sous-population regroupe principalement des individus de pays
nordiques (Norvege, Suede, Finlande), alors que dans la seconde les individus viennent majoritairement du
CIMMYT, de Chine, d’ Australie et des USA. Pour le deuxieéme panel (blés d’hiver), la plupart des lignées du
premier sous-groupe viennent d’Allemagne et du Royaume-Uni, alors que dans le second sous-groupe les
pays d’origine majoritaires sont la Norvege et la Suede.

Tableau 2 : Structure des panels de blés étudiés

Blé Sous-pop. 1 Allemagne (22) ; UK (10) ; Norvege (7) ; origine inconnue (7) ; Danemark (5) ; Suede
d’hiver 66 lignées  (5) ; Rép. Tcheque (4) ; Pays-Bas (2) ; Pologne (2) ; France (1) ; Suisse (1)

103 Sous-pop.2  Norvege (20) ; Suede (7) ; USA (3) ; France (2) ; UK (2) ; Allemagne (1) ; Pays-Bas
lignées 37 lignées (1) ; Russie (1)
BIé de Sous-pop. 1 Norvege (183) ; Suede (40) ; Finlande (5) ; Allemagne (3) ; Pologne (2) ; Slovaquie (1)
printemps 235 lignées 5 Suisse (1)

299 Sous-pop.2  CIMMYT (37) ; Chine (7) ; Australie (5) ; Norvege (3) ; USA (3) ; Allemagne (2) ; UK
lignées 64 lignées  (2) ; Brésil (1) ; Canada (1) ; Rép. Tcheque (1) ; Finlande (1) ; Afrique du Sud (1)

II. GWAS pour les caracteres de développement

Date d’épiaison
* Blé d’hiver :

Parmi I’ensemble des QTL significatifs trouvés, nous choisissons d’étudier principalement ceux qui
sont les plus stables, c’est a dire trouvés dans plusieurs environnements. Neuf pépinieres sont utilisées pour
phénotyper 1’épiaison dans le panel de blé d’hiver, donc les QTL les plus consistants sont ceux qui sont
significatifs dans cinq pépinieres et dans la moyenne. Ces QTL sont localisés sur les chromosomes 1B, 3A,
4A,4B, 5B et 7B (Tableau 3). Le QTL sur 5B correspond au géne de vernalisation Vin-B1.

Tableau 3 : Résumé des QTL associés a la date d’épiaison dans le panel de blé d’hiver

Chr Position -log10(p)? dans la moyenne et les R22 dans la moyenne et les Nombre de Nombre de
(cM) pépinieres individuelles pépinieres individuelles (%) marqueurs® pépinieresc
1B 2.6 331 2.13a3.68 12.7 90al145 16 6 + moyenne
3A° 209-216 - 2.152a4.07 - 12.7229.1 3 5
11.7 321 2242386 12.2 92a164 1 9 + moyenne
4A 18.9 - 238a3.1 - 84al119 1 5
18.9 391 2.172a4.18 15.6 792228 2 9 + moyenne
4B 11.3 3.09 2282339 11.7 1002199 1 9 + moyenne
5B 164-19.1 - 321,2.18 - 214,98 2 4
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Position -log10(p)? dans la moyenne et les R22 dans la moyenne et les Nombre de Nombre de

Chr
(cM) pépinieres individuelles pépinieres individuelles (%) marqueursb pépiniéresc
7B 17.8-18 3.89 2362432 155 1192220 8 8 + moyenne

a: -logio(p) et RZ du marqueur le plus significatif du QTL.
b : nombre de marqueurs composant le QTL.
¢ : nombre de pépinieres dans lesquelles le QTL est significatif.

*

BI¢ de printemps :
Ici, les QTL les plus robustes sont ceux trouvés dans cinq des onze pépinieres phénotypées. Les

chromosomes 1A, 1B, 1D, 2B, 4A, 4B, 5A, 5B, 5D, 7A et 7B contiennent ces QTL (Tableau 4). Les génes
Vin-Al, Vrn-B1 et Vrn-D1 colocalisent avec les QTL sur les chromosomes 5A, 5B et 5D, respectivement.

Tableau 4 : Résumé des QTL associés a la date d’épiaison dans le panel de blé de printemps

Chr Position -log10(p)? dans la moyenne et R22 dans la moyenne et les Nombre de Nombre de

(cM) les pépinieres individuelles pépinieres individuelles (%) marqueursP pépiniéres*

1A 72-74 2.75 2472401 34 35a7.1 4 4 + moyenne

1B 1.6 252 2722383 3.0 46a92 6 5 + moyenne

ID 96 2.76 2742422 35 4.1al115 15 4 + moyenne

2B 182 2.82 247 2a3.50 35 37a75 3 6 + moyenne

7.8 2.79 2.72a348 34 492a7.6 4 4 + moyenne

4A 174 3.98 2312487 52 36all6 15 8 + moyenne

21-215 2.62 2.59,3.29 33 44,57 9 4 + moyenne

8.7 273 232a3.14 35 37a52 9 4 + moyenne

® 0.8 3.74 2.612a3.59 49 37a47 1 4 + moyenne

11-12 2.53 3.25,3.13,4.72 3.1 5.8,4.0,6.6 5 3 + moyenne

A 92 3.10 2552389 39 332a8.1 1 6 + moyenne
5B 17 - 3.49,3.67 - 6.0,50 1 2

5D 7.2 2.63 3.67,3.74 34 73,52 1 2 + moyenne

TA 10.1 324 2422378 4.2 36a55 1 5 + moyenne

22.1 2.86 24423340 35 43260 2 4 + moyenne

P 104 293 2182297 37 35249 2 4 + moyenne

a: -logio(p) et R2 du marqueur le plus significatif du QTL.
b : nombre de marqueurs composant le QTL.
¢ : nombre de pépinicres dans lesquelles le QTL est significatif.

Date de maturité physiologique

* Bl€ d’hiver :

Les QTL consistants sont ceux trouvés dans au moins deux des quatre pépinieres et dans la moyenne
: ils sont localisés sur les chromosomes 4A, SA et 5B (Tableau 5).
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Tableau 5 : Résumé des QTL associés a la date de maturité dans le panel de blé d’hiver

Chr Position -logm(’p)a dfms la moyenne et 1’123 d:\ms la moyenne et les Nombre de N?mbl:e de
(cM) les pépinieres individuelles pépiniéres individuelles (%) marqueursP pépinieresc
4A 189 2.63 2.11,4.06 9.6 120,319 1 2 + moyenne
5A 89 2.57 2.73 9.8 104 4 2 + moyenne
5B 119-12.1 - 1.74,3.27 - 93,241 5 2 + moyenne

a: -logio(p) et R% du marqueur le plus significatif du QTL.
b : nombre de marqueurs composant le QTL.
¢ : nombre de pépinicres dans lesquelles le QTL est significatif.

* Bl€ de printemps :

Parmi les QTL significatifs, les plus stables sont trouvés dans les données moyennes et au moins
quatre des huit pépinieres utilisées pour noter la date de maturité dans le panel de blé de printemps. Les
chromosomes correspondants sont 2A, 4B, 5B et 6B (Tableau 6).

Le QTL sur le chromosome 4B coincide avec le géne de nanisme Rht-Bl. 1l explique entre 5.4 et 14,4%
de la variation phénotypique.

Sur le chromosome 5B, nous avons identifié un QTL associé au gene de vernalisation Vin-B1.

Enfin, le QTL sur le chromosome 6B correspond au gene impliqué dans le remplissage et la teneur en
protéines du grain, Gpc-BI (Distelfeld et al. 2004, 2006). Le marqueur KASP (Kompetitive Allele Specific
PCR) Gpc-B1 contenu dans ce QTL est tres significatif.

Tableau 6 : Résumé des QTL associés a la date de maturité dans le panel de blé de printemps

Position -logi0(p)2 dans la moyenne et R22 dans la moyenne et les Nombre de Nombre de
Chr
(cM) les pépinieres individuelles pépinieres individuelles (%) marqueurs? pépiniérese
2A 156 2.82 2.272a3.58 35 29a75 1 4 + moyenne
4B 92-106 3.61 336a5.39 47 54al144 16 5 + moyenne
5B 17 2.68 2.58 24.68 33 33a75 1 5 + moyenne
4 -B1
6B 63 433 2522454 6.0 312123 + Gpe 4 + moyenne

(KASP marker)

a: -logio(p) et R2 du marqueur le plus significatif du QTL.
b : nombre de marqueurs composant le QTL.
¢ : nombre de pépinicres dans lesquelles le QTL est significatif.

Hauteur des plantes
* Blé d’hiver :

Ici, les QTL les plus robustes sont significatifs dans au moins trois des six pépinieres et (ou non) la
moyenne (Tableau 7). Ils sont situés sur les chromosomes 1A, 3B, 4A, 5A, 5B, 6A et 6B.

Le QTL le plus significatif est celui du chromosome 6A : il explique plus de 23% de la variation
phénotypique et est rencontré dans cinq pépinicres et la moyenne des données. Il s’avere que ce QTL
correspond au géne de nanisme récemment identifié : Rht24 (Wiirschum et al. 2017).
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Tableau 7 : Résumé des QTL associés a la hauteur des plantes dans le panel de blé d’hiver

Position -log10(p)? dans la moyenne et les R22 dans la moyenne et les Nombre de | Nombre de
Chr
(cM) pépinieres individuelles pépinieres individuelles (%) marqueurs® | pépinieresc
1A 69 - 24124325 - 11.6223.7 1 5
3B 156 3.85 2.522a3.38 15.5 1132176 1 4 + moyenne
4A 213-215 2.83 2.8,3.0 10.6 10.7,11.6 6 5 + moyenne
5A 74-76 4.14 248 a4.51 17.2 1252199 4 6 + moyenne
22 - 2562281 - 93a13.1 2 4
5B
31 294 2.38,3.11,33 109 85,118,219 2 3 + moyenne
6A 10.1-10.2 2.90 2.522a4.53 10.8 9.0a232 44 5 + moyenne
6B 95 - 2.35a3.75 - 9.6a149 2 4

o

: -logio(p) et R?2 du marqueur le plus significatif du QTL.
b : nombre de marqueurs composant le QTL.
¢ : nombre de pépinicres dans lesquelles le QTL est significatif.

*

BI¢ de printemps :

Les chromosomes qui contiennent les QTL les plus robustes (significatifs dans au moins cinq des
neuf pépinicres et dans la moyenne des données) sont 2A, 3B, 4B, 5A, 6B et 7B (Tableau 8).

Le géne Rht-Bl sur le chromosome 4B a été identifié avec succes, appartenant au QTL localisé entre 9,2
et 9,6 cM. Avec des valeurs -logio(p) comprises entre 3,69 et 8,61, ce QTL significatif dans toutes les
pépinieres explique jusqu’a 18,7% de la variance phénotypique.

Aucun QTL n’a été identifié sur le chromosome 4D, mais le marqueur KASP Rht-D1 était tres significatif
et robuste : il expliquait jusqu’a 12,6% de la variation du phénotype dans sept des neuf pépinicres et la
moyenne.

Tableau 8 : Résumé des QTL associés a la hauteur des plantes dans le panel de blé de printemps

Chr Position | -logio(p)? dans la moyenne et R22 dans la moyenne et les Nombre de Nombre de
(cM) les pépinieres individuelles pépinieéres individuelles (%) marqueurs® pépinieres*
82-83 4.08 2.6324.5 55 34279 15 8 + moyenne
A 83 474 26224512 6.4 452135 4 8 + moyenne
3B 8.5 391 2.60 22.98 53 41a70 6 5 + moyenne
92-96 8.8 3.69 2 8.61 133 512187 8 9 + moyenne
i 11.3 3.86 262335 5.1 35259 4 5 + moyenne
72 3.74 2.522a3.77 49 33292 4 7 + moyenne
5A 8.2 5.49 3.19a4.75 7.8 432109 3 8 + moyenne
89 3.38 2952324 44 40a7.7 1 5 + moyenne

6B 6-62 - 2792399 - 39a72 15 5
7B 93-10 345 252a38 44 32293 7 8 + moyenne
Unmapped 6.75 336a8.34 9.8 642126 Rht-D1 (KASP) 7 + moyenne

a: -logio(p) et R? du marqueur le plus significatif du QTL.
b: nombre de marqueurs composant le QTL.
¢ : nombre de pépinieres dans lesquelles le QTL est significatif.

10
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III. GWAS pour la résistance a la SNB

Dans les essais au champ menés pour noter la resistance a la septoriose Stagonospora nodorum leaf
blotch (SNL), la date d’épiaison DH et la hauteur des plantes PH étaient également mesurées car ces
caracteres peuvent influencer la maladie.

Pour le panel de blé d’hiver, DH et PH sont hautement corrélées avec la sévérité de la maladie dans
I’essai de 2016 : les coefficients de corrélations sont égaux a -0,47 et 0,21 entre la gravité de la SNL et la
date d’épiaison et la hauteur, respectivement. Nous voulons donc corriger ces effets et obtenir une notation
de la résistance plus exacte, qui n’est influencée ni par DH, ni par PH. Pour cela, une régression linéaire est
alors calculée, avec DH et PH en cofacteurs : SNB ~ DH + PH. Ensuite, dans le modele mixte MLM de
TASSEL, les résidus de ce modele de régression (qui correspondent alors aux notations de résistance
corrigées) sont utilisés pour réaliser la GWAS pour la résistance a la maladie. Ainsi, nous nous affranchissons
de I’effet de DH et PH sur la détection de QTL. Les QTL identifiés seront associés a la SNL, et pas a PH ou
DH.

Pour I’essai de 2017 avec le panel de blé d’hiver et pour I’ensemble des essais avec le panel de blé de
printemps, la date d’épiaison seulement a un effet sur la sévérité de la maladie. Le coefficient de corrélation
entre DH et SNL dans le second essai de blés d’hiver (en 2017) est égal a -0,49 (-0,04 pour PH). Le
coefficient de corrélation entre DH et SNL pour la moyenne des essais de blés de printemps est de -0,56
(-0,15 pour PH). Ainsi, les résidus des modeles de régression dans lesquels SNL est corrigée par DH
uniquement (SNL ~ DH) sont utilisés pour effectuer 1’analyse d’association dans I’essai de 2017 du panel
d’hiver et dans 1’ensemble des essais du panel de printemps.

* Blé d’hiver :

Des associations marqueurs-traits (MTAs) significatives sont trouvés sur les chromosomes 1A, 1B,
2A,2B,4A,5A, 5B, 6A et 7B. Cependant, aucun QTL n’a été identifié les deux années. Le tableau 9 résume
I’ensemble des QTL significatifs (non pas ceux qui sont consistants, présents plusieurs années, comme nous
I’avons fait jusqu’ici).

Tableau 9 : Résumé des QTL associés a la résistance a la SNL dans le panel de blé d’hiver

Chr Position (cM) -logl10(p)-values? R2-value? (%) Number of markersP Yearc
1A 8.1 3.12 12.0 4
2016
3.54 17.5 3
25 325 12.7 6 2017
3.14 122 7
1B 2.7 3.17 124 3
35-36 3.14 122 9 2016
39 3.12 12.0 3
6.2 3.12 12.0 3
02 3.53 14.1 39 2017
2A
124 3.27 12.6 2
2016
2B 2.7 3.12 12.0 5
7.8 325 12.7 9 2017
4A
214 3.13 12.1 3
5A 7.2 3.20 12.6 4

11
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Chr Position (cM) -log10(p)-values? R2-value? (%) Number of markersP Yeare
5B 11.9 3.12 12.0 4

10.1 3.15 12.1 6

2016

6A 10.2 3.12 12.0 3

104 3.15 12.1 8

34 3.50 14.0 1
7B

79 3.17 124 2

a: -logio(p) et R? du marqueur le plus significatif du QTL. °: nombre de marqueurs constituant le QTL.
¢ : année durant laquelle le QTL est significatif.

* Blé de printemps :

Ici, les QTL sont trouvés sur presque tous les chromosomes : 1A, 1B, 1D, 2A, 2B, 2D, 3A, 4A, 4B,
4D, 5A, 5B, 5D, 6A, 6B, 7A et 7B. Le tableau 10 répertorie ceux qui sont trouvés dans au moins deux essais
ou dans la moyenne des données.

Sur le chromosome 5B, le QTL situé entre 14,9 et 15,2 cM correspond au géne de sensibilité Tsn/, qui
confere la résistance a la toxine SnToxA (Lu et al. 2006, Zhang et al. 2009). Ce QTL est significatif durant
quatre années d’essais (2011, 2012, 2014 and 2017) et dans la moyenne.

Tableau 10 : Résumé des QTL associés a la résistance a la SNL dans le panel de blé de printemps

Chr Position -loglo(,p).a (-l\ans l.a Ir.lo.yenne et les R2a dfm5 lfal m.oyenne et les Nombre de N(’)n.lb.r\e de
(cM) pépinieres individuelles pépiniéres individuelles (%) marqueurs® | pépiniéres*
1A 54 275 2.58,3.11 34 33,76 35 2 + moyenne
1B 14.7 2.46 2.63 3.0 64 3 2 + moyenne
2A 02 - 324 - 79 5 3 + moyenne
0-0.1 39 3.09,4.11 5.1 75,57 6 2 + moyenne
2B 69-77 - 2.44,2.56,3.68 - 3.1,59,96 3 3 + moyenne
10.5 3.1 241,275 39 3.1,63 4 2 + moyenne
2D 43 2.33 2.87 2.8 3.7 3 1 + moyenne
72 - 2.53,2.64,2.80 - 3.0,62,6.6 22 3
A 79-82 - 2.65,4.27 - 62,112 14 4
29-3.1 2.76 251,272,270 34 32,63,6.7 2 3 + moyenne
P 149-152 375 3.06,4.53 50 75,62 6 4 + moyenne
5D 19.1 2.68 2.49,2.60 33 58,33 1 2 + moyenne
6B 02 - 3.05,4.33 - 74,112 4 2
7A 34 2.50 2.28,2.84 3.0 27,68 5 2 + moyenne
3-3.1 2.18 2.66,291,3.15 27 63,7.1,7.6 2 3 + moyenne
® 337 261 246,3.12,3.89 32 3.1,7.7,10 1 3 + moyenne

a: -logio(p) et Rz du marqueur le plus significatif du QTL.
b : nombre de marqueurs constituant le QTL. ¢ : nombre d’années durant lesquelles le QTL est significatif.

12
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% DISCUSSION

La génétique d’association (GWAS) a révélé de nombreuses association marqueur-trait significatives
et donc plusieurs QTL pour la date d’épiaison, la date de maturité, la hauteur des plantes et la résistance a la
SNB. Bien que beaucoup ne soient détectés que dans un ou peu d’environnements (essais au champ),
plusieurs QTL stables, robustes, ont aussi été identifiés et ont permis de valider quelques génes majeurs.

Date d’épiaison

La date d’épiaison est influencée par de nombreux geénes, majoritairement membres des familles
contr6lant la réponse a la vernalisation (Vrn), a la photopériode (Ppd) et la précocité per se (earliness per se,
Eps). Dans cette étude, les QTL robustes sont sur les chromosomes 1B, 1D, 2B, 3A,4A, 4B, 5A, 5B, 5D, 7A
and 7B, panels de blé d’hiver et de printemps mélangés.

Les QTL sur les chromosomes 5A, 5B et 5D correspondent respectivement aux genes Vrn-Al, Vin-BI et
Vrn-D1. Vrn-B1 est identifié dans les deux panels. Ces genes régulent les besoins en vernalisation (période de
froid avant la floraison) et divisent donc les blés d’hiver des blés de printemps : la floraison du blé d’hiver est
dépendante de longues périodes a basses températures (floraison accélérée suite a un traitement prolongé au
froid) (allele Vrn-D1b), alors que le blé de printemps peut initier la floraison sans avoir été confronté a une
période de froid (allele dominant Vrn-Dia) (Muterko et al. 2015). La série VRN3 comprend les genes Vin-
A3, Vrn-B3 et Vrn-D3, respectivement cartographiés sur les chromosomes 7A, 7B et 7D (Yan et al. 2006,
Zhou et al. 2016). Le QTL trouvé sur le chromosome 7B, avec le blé d’hiver, était tres significatif et robuste
mais situé dans une région différente de Vrn-B3.

Le QTL sur 2B explique entre 3,5 et 7,5% de la variation phénotypique dans le panel de blé de printemps.
Un autre QTL est trouvé sur 2B avec le panel de blé d’hiver, dans trois pépinieres et la moyennes des
valeurs. Nous avons utilisé les amorces des marqueurs Xgwm148 et Xgwm388 connus pour entourer le géne
Ppd-B1 (Mohler et al. 2004, Kiselava et al. 2017) : le QTL trouvé dans le panel de blé d’hiver est situé entre
ces deux marqueurs. Toutefois, les distances sont grandes donc nous ne pouvons pas affirmer que le QTL
colocalise avec le géne contrdlant la photopériode. A propos du QTL trouvé avec le blé de printemps, nous
ne pouvons pas dire non plus si le QTL recouvre Ppd-B1. Nous n’avons pas non plus identifié les génes Ppd-
Al et Ppd-DI sur les chromosomes 2A et 2D, bien qu’ils soient d’importance majeure pour le contrdle de la
date d’épiaison. Les alleles dominants Ppd-Ala, Ppd- Bla et Ppd-Dla conférent I’insensibilité a la
photopériode (la floraison a lieu en jours courts comme en jours longs), alors que les alleles récessifs b
conferent la sensibilité (la floraison a lieu uniquement en jours longs)(Yang et al. 2009).

En plus des genes de réponse a la photopériode et a la vernalisation, les génes ‘earliness per se’ (Eps)
constitue un facteur génétique majeur du contréle de la date d’épiaison. Néanmoins, ils sont assez mal
connus et décrits chez le blé tendre et plusieurs loci putatifs ont été trouvés sur les différents chromosomes.
Griffiths et al (2009), validés par Zikhali et al (2014, 2016), ont identifi€¢ un QTL sur le bras long du
chromosome 1D, nommé plus tard Eps-DI. Ce QTL contrdle la précocité au sens stricte, entrainant une
floraison précoce indépendamment de la photopériode. Eps-D1 est sans doute un homologue du géne Eps-B/
sur le chromosome 1B (Zikhali et al. 2016). Kamran et al (2013) ont cartographié trois QTL Eps sur 1B et
5B ayant un impact sur les dates de floraison et de maturité. Ici, nous avons identifié un QTL trés significatif
sur 1B avec le panel de blé d’hiver. D’autres études ont également découvert d’importants QTL sur les
chromosomes 3A et SAL (Miura and Worland 1994, Kato et al. 1999b).

Plusieurs QTL sont trouvés avec les deux panels sur le chromosome 4A. Ceux localisés entre 174 et 18,9
cM (respectivement pour les blés de printemps et d’hiver) présentent des p-values tres faibles, des hautes
valeurs R2 et se chevauchent (la région ainsi couverte est trés large en pb). Cette région semble importante
pour le contrdle génétique de DH.

Date de maturité physiologique

La date de maturité physiologique est contrdlée par des genes impliqués dans la date d’épiaison mais
aussi par des genes controlant la durée du remplissage du grain.
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Dans cette étude, nous avons identifié des QTL robustes sur les chromosomes 2A, 4A, 4B, 5A, 5B et
6B, panels de blé d’hiver et de printemps mélangés.

Celui sur 2A, trouvé avec les blés de printemps et composé uniquement d’un marqueur, n’est pas associé
au geéne Ppd-Al.

Sur le chromosome 4A, avec le panel de blé d’hiver, le QTL est composé aussi d’un seul marqueur,
AX-94906127. Ce méme marqueur était le plus significatif des marqueurs composant un QTL trouvé pour la
date d’épiaison, expliquant jusqu’a 22,8% de la variation phénotypique (R?). Ici, il explique entre 9,6 et
31,9% de la variation de la date de maturité. Sur le méme chromosome, une région localisée a 7,3 cM était
significative dans les deux panels, avec des valeurs de R?2 et de -logio(p) €levées, mais non stable au cours des
années d’essais. McCartney et al (2005) et Perez-Lara et al (2016) avaient aussi identifié des QTL sur le
chromosome 4A, associés a la date de maturité.

Le QTL sur 4B (explique entre 5,4 et 14% de la variation phénotypique) couvre la région du géne de
nanisme Rht-B1. Nous proposons d’expliquer cette association par le fait que la hauteur des plantes influence
la date de maturité : une hauteur réduite peut conduire a une maturité plus précoce grace a une translocation
plus rapide des ressources vers les grains.

En 2017, Gahlaut et al avaient identifié¢ un QTL majeur sur le chromosome 5A, associé au gene Vin-Al
contr6lant la réponse a la vernalisation. Cependant, le QTL que nous avons identifi€ ici ne lui est pas associé.

Avec le panel de blé de printemps seulement, le QTL sur 5B est situé¢ dans la méme région que le géne
Vrn-B1. Ce locus explique environ 7,5% de la variation phénotypique.

Avec le méme panel, un QTL intéressant est trouvé sur le chromosome 6B. Ce QTL couvre le géne Gpc-
BI, impliqué dans le contenu en protéines du grain (GPC). Le marqueur KASP Gpc-B1 était aussi trés
significatif et expliquait jusqu’a 12% de la variation phénotypique. Diverses études ont précédemment
montré que I’introgression de ’allele fonctionnel Gpc-BI dans des blés tétra- et hexaploides entrainait une
sénescence et une maturité du grain accélérées (Uauy et al. 2006a, Brevis et Dubcovsky 2010). Les plantes
sont matures plus tot et produisent des grains avec des teneurs en protéines, fer et zinc augmentées, grace a
des translocations des feuilles aux grains améliorées (Uauy et al. 2006b). Cependant, les sénescence et
maturité accélérées ne sont pas couplées a une anthese plus rapide, donc la période de remplissage des grains
est réduite. Cela peut affecter la taille des grains (Brevis et al. 2010). Ainsi, ce geéne est non-fonctionnel dans
la plupart des variétés de blé commerciales, ou la sélection a notamment été faite de facon a avoir des grains
plus gros (Avni et al. 2014, Nadolska-Orczyk et al. 2017).

Hauteur des plantes

La hauteur des plantes est majoritairement contrdlée par des génes Rht (reduced height), parmi
lesquels les plus utilisés dans les programmes de sélection sont Rht-BI (chromosome 4B), Rht-D1 (4D), Rht8
(2D) et Rht24 (6A). Dans notre étude, des QTL robustes sont identifiés sur les chromosomes 1A, 2A, 3B, 4A,
4B, 5A, 6A, 6B et 7B, panels de blé d’hiver et de printemps mélangés.

Nous avons trouvé le géne Rht-BI avec le panel de blé de printemps, dans le QTL localisé entre 9,2 et 9,6
cM sur le chromosome 4B. Ce locus, qui explique jusqu’a 18,7% de la variation de hauteur des plantes, est
identifié dans toutes les pépinicres de blés de printemps (neuf pépinicres/années d’essais).

Aucun QTL n’a été localisé sur le chromosome 4D, mais le marqueur KASP Rht-D1 était tres significatif,
expliquant jusqu’a 12,6% de la variation phénotypique dans les pépinieres de blé de printemps. L’absence
d’associations marqueur-trait peut étre expliquée par le faible niveau de couverture de marqueurs SNP sur le
chromosome 4D du blé. En général, la résolution des marqueurs sur le génome ‘D’ du blé est faible.

Pour le panel de blé d’hiver, le QTL principal est localisé sur le chromosome 6A. En utilisant les
marqueurs qui avaient permis de localiser un gene Rht récemment identifié, nous avons trouvé que le QTL
coincide avec le géne en question : Rht24 (Wiirschum et al. 2017).

Dans cing des six pépinieres de blé d’hiver utilisées pour noter la hauteur des plantes, Rht24 explique
jusqu’a 23,2% de la variation du caractere. Rht24b est un alleéle majeur chez le blé, induisant une réduction
de la hauteur des plantes, trouvé dans des cultivars provenant de diverses régions du globe (Europe, USA,
Chine). Sa fréquence a augmenté au cours des dernieres années (Wiirschum et al. 2017). Rht-Bld, Rht-D1b
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et Rht8 sont présents dans environ 24.5, 45.5 et 46.8% des cultivars chinois, respectivement, alors que la
fréquence de distribution de Rht24 est estimée a 76% dans les variétés élites chinoises (Zhang et al. 2006,
Tian et al. 2017). De plus, Rht24 est associé a une augmentation du poids de mille grain (Tian et al. 2017).

Plusieurs études ont prouvé que les genes de nanisme Rht-B1b, Rht-D1b et Rht8 étaient associés a la fois
a une réduction de I’extrusion des anthéres et a une augmentation de la sévérité d’'une maladie majeure du
blé, la fusariose Fusarium head blight (FHB) (Miedaner et Voss 2008, Srinivasachary et al. 2009, Lu et al.
2013, He et al. 2016). En effet, les génes Rht réduisent la hauteur des plantes mais €galement I’extrusion
d’antheres, et la rétention prolongée des antheres favorise le développement de la FHB : lorsque les anthéres
sont infectées et sont maintenues dans les glumes, la propagation du champignon dans les épis est facilitée.
En 2018, Herter et al ont démontré que Rht24 n’augmente pas la sensibilité a la fusariose. Rht24 permet de
réduire la hauteur des plantes sans réduire la résistance a la fusariose FHB.

Pour les essais avec les blés d’hiver, un autre QTL majeur était localisé sur le chromosome 5A. Trouvé
dans six pépinicres et dans la moyenne des données, ce QTL explique jusqu’a 19,.9% de la variation
phénotypique. Plusieurs études ont aussi identifié des QTL significatifs sur ce chromosome, mais aussi sur
1A, 2A, 3B, 6B et 7B (McCartney et al. 2005, Huang et al. 2006, Griffiths et al. 2012, Mwadzingeni et al.
2017). A propos du chromosome 4A, on sait que le géne Rhr-Al est localisé sur le bras long de ce
chromosome (Pearce et al. 2011, Wilhelm et al. 2013).

Reésistance a la SNB

La résistance a la SNB est majoritairement conférée par des génes dits de sensibilité, Snn, dont les
produits interagissent avec une toxine spécifique, NE, produite par P. nodorum. A ce jour, neuf de ces
interactions ont été identifiées, faisant intervenir neuf génes Snn différents, localisés sur les chromosomes
5BL (Tsnl), 1BS (Snnl), 2DS (Snn2), 5BS (Snn3-B1), 5DS (Snn3-D1), 1AS (Snn4), 4BL (SnnS), 6AL (Snnb)
et 2DL (Snn7) (Tableau 1). De plus, des QTL pour la résistance a la SNL ont été identifiés dans différentes
études sur les chromosomes 1A, 1B, 2A, 2D, 3AS, 3B, 5A, 5B, 7A et 7B (Tableau 7 du mémoire).

Dans cette étude, nous avons identifié des QTL sur 1A, 1B, 2A, 2B, 2D, 3A, 4A, 4B, 4D, 5A, 5B,
5D, 6A, 6B, 7A et 7B, panels de blé d’hiver et de printemps mélangés. Une étude réalisée par Ruud et al.
(2018) qui utilisait 121 des 301 individus du panel de blé de printemps que nous avions avait permis
d’identifier des QTL stables sur les chromosomes 2B, 2D, 4A, 4B, 5A, 6B, 7A et 7B.

Avec les deux panels, nous avons identifié¢ un QTL significatif sur le chromosome 2A a 0,2 cM. Cette
région génétique explique jusqu’a 7,9% de la variation phénotypique dans trois pépinicres de blé de
printemps. Pour le panel de blé d’hiver, ce QTL est uniquement trouvé dans les essais de 2017, ou il explique
jusqu’a 14% de la variation phénotypique (R2).

Avec les deux panels nous avons identifié plusieurs associations marqueur-trait (MTAs) sur les
chromosomes 1B et 5B. Des QTL uniques mais intéressants sont trouvés sur le bras court de 1B, autour de
2,5 cM. Dans une pépiniere de blé de printemps, un QTL explique jusqu’a 11,8% de la variation. Pour le
panel d’hiver, divers QTLs sont trouvés autour de 2,5 cM durant les deux années d’expérimentation avec des
valeurs de R? entre 12 et 17%. Bien que cette région soit grande (les QTL se recouvrent sur 39 Mpb) et pas
treés stable au fil des essais, elle peut avoir un réle important dans la résistance a la SNB. Une région entre 5,9
et 6,2 cM est aussi commune entre les deux panels et les QTL qui s’y trouvent se chevauchent, couvrant
alors une région de 9,8 Mpb. Le chromosomes 1BS porte le géne de sensibilité Snnl, mais pas dans la méme
région que les QTL identifiés ici (Cockram et al. 2015).

Sur 5B, plusieurs QTL ont été identifié avec le blé de printemps. Le plus robuste est localisé entre 14,9 et
15,2 cM, identifié dans quatre années d’essais au champ et dans la moyenne des données, avec des valeurs de
-logio(p) atteignant 4,53. Ce QTL couvre la région ou le géne de sensibilité Tsn/ a été cartographie par Lu et
al. 2006. Tsnl confere aux plantes la sensibilité a la toxine SnToxA : quand la toxine est reconnue, la
photosynthese est perturbée, des especes réactives de 1’oxygene (ROS) s’accumulent dans les chloroplastes
(stress oxydatif) et les cellules infectées meurent (Manning et al. 2009, Vincent et al. 2012).

Le géne Snn3-Bl1, assurant la sensibilité a la toxine SnTox3, est cartographié a I’extrémité du bras court
du chromosome 5B (région du télomere) (Ruud et al. 2017). Un QTL localisé entre 2,9 et 3,1 cM était
significatif sur 5B dans trois essais de blé de printemps et dans la moyenne des données, mais il n’était pas
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situé dans la méme région que le gene Snn (nous avons utilisé les séquences de marqueurs connus pour
entourer le gene).

Le géne Snn4 a été cartographié sur le chromosome 1AS (Abeysekara et al. 2009). Nous avons identifié
des QTL sur ce chromosome pour les deux panels mais pas dans la méme région que le géne de sensibilité.

% CONCLUSION

Le blé tendre, 7. aestivum, est une des céréales les plus cultivées au monde, dans un large spectre
d’environnements. Cette impressionnante capacité d’adaptation est expliquée par la diversité génétique a de
nombreux loci contrdlant différents traits, notamment la date d’épiaison. Ppd (réponse a la photopériode),
Vrn (réponse a la vernalisation) et Eps (earliness per se) sont les principales familles de genes impliquées
dans le contrdle de ce caractere. Dans cette étude, nous avons trouvé des associations avec les genes de
réponse a la vernalisation Vrn-Al, Vim-Bl et Vrn-DI. D’autres QTL ont été identifiés sur plusieurs
chromosomes et pourraient &tre intéressants pour la découverte de nouveaux geénes. La date de maturité
physiologique est un autre trait important chez le blé. Nous avons ici validé I’association avec le gene Gpc-
BI impliqué dans le remplissage du grain et la teneur en protéines. Enfin, la hauteur des plantes a également
été étudiée dans nos expérimentations. Le résultat le plus marquant est la validation du géne récemment
identifié, Rht24, sur le chromosome 6A. Ce geéne qui explique 23,2% de la variation de la hauteur des plantes
dans notre panel de blé d’hiver est un membre majeur de la famille RA¢, au méme titre que Rht-BI et Rht-D1.
Une étude récente a montré que les génes Rht (Rht-D1, Rht-Bl et Rht24) peuvent étre utilisés avec succes
dans un programme de production d’hybrides pour obtenir la hauteur optimale chez les parents, male et
femelle, et les hybrides formés (Wiirschum et al. 2018). De plus, Rht24 présente un avantage par rapport aux
deux autres genes Rht : il ne réduit pas la résistance a la fusariose Fusarium head blight (Herter et al. 2018).
En effet, Rht24 réduit significativement la hauteur des plantes sans augmenter la sensibilité a FHB. D’autres
maladies fongiques causant d’importants dégats a travers le monde sont influencées par la hauteur des
plantes, comme la septoriose SNB, donc des recherches plus approfondies devraient étre menées sur le gene
Rht24 pour savoir si nous observons le méme phénomene qu’avec la FHB. En 2016, il a été prouvé que les
alleles de nanisme RhAt-1 augmentent le rendement au détriment de la concentration en azote du grain
(Casebow et al. 2016). Ainsi, il serait intéressant de savoir si Rht24 réduit également la qualité du grain.

Parastagonospora nodorum est un pathogeéne nécrotrophe majoritaire chez le blé qui cause la
septoriose des feuilles (leaf blotch) et de 1’épi (glume blotch). La méthode de lutte la plus efficace et durable
est I'utilisation de cultivars résistants. La résistance génétique a la SNB est complexe, contrdlée par de
multiples génes. Au sein du pathosystéme, la résistance suit le modele géne-pour-gene « inverse » : lorsqu’un
effecteur neurotrope NE est reconnu par le produit du géne de sensibilité spécifique Snn du blé, les cellules
infectées mettent en place des mécanismes de défense conduisant a leur mort (mort cellulaire programmée,
réponse hypersensible). Le pathogene peut ainsi de répandre dans les tissus morts. Une interaction
compatible conduit alors a la sensibilité de la plante, contrairement au modele gene-pour-gene. La résistance
pourrait étre augmentée en supprimant I’expression de ces génes (gene silencing). A ce jour, neuf
interactions Snn-NE, plusieurs QTL de résistance ont été découverts et les études montrent que d’importantes
interactions génotype x environnement sont attendues. La plupart des QTL de résistance sont uniquement
trouvés dans un stade de développement (pas stables le long du cycle de développement du bl€). Dans notre
étude, nous nous sommes intéressés a la résistance au stade adulte (leaf blotch). Jusqu’a présent, trés peu
d’études ont utilisé la génétique d’association (GWAS) pour examiner le controle génétique de cette
résistance (Ruud et al. 2018). Parmi les geénes de sensibilité Snn, nous avons uniquement trouvé des
associations significatives avec Tsn/. La sensibilité a la toxine SnToxA produite par P. nodorum est
commune dans le matériel végétal Nordique et le gene codant est dominant dans la population pathogene
Norvégienne. Plusieurs QTL ont été identifié€ ici et pourraient étre intéressants. Des études approfondies sur
les mécanismes génétiques et moléculaires sous-jacents de ces loci non associés a des genes de sensibilité
seraient utiles.

En conclusion, nous avons pu identifier et valider par génétique d’association plusieurs loci majeurs
controlant différents caractéres importants chez le blé. La GWAS, qui révele des associations entre des
phénotypes spécifiques et des variants génétiques, permet de mieux comprendre le contrdle génétique de
caracteres complexes, cibles principales des programmes de sélection et d’amélioration.
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Figure 2 : Caryotypes of T. urartu (A), A. speltoides (B), A. tauschii (D) (all 2n = 2x = 14), and
Triticum aestivum (2n = 6x = 42) (source : IWGSC)

Bread wheat is allohexaploid (AABBDD, 2n = 6x = 42) with three diploid genomes originating from
different species (Nadolska-Orczyk et al. 2017).



INTRODUCTION

I. Wheat : economical context, origin and biotic stresses

The wheat (genus Triticum) belongs to the Poaceae or Gramineae family. Consumed worldwide, it is one
of the most cultivated cereals in the world, with a global production of 759,8 million tons in 2017 (USDA,
April 2018). Among all the wheat cultivated species, common wheat Triticum aestivum is the most
economically important : 95% of the wheat produced worldwide is bread wheat (Triticum aestivum, L.)
(Tadesse et al. 2016). Durum wheat (Triticum turgidum ssp. durum) accounts for the remaining 5%.

In 2015, 389 193 tons of wheat were grown in Norway, mainly in the south-eastern part of the country
(Lillemo et Dieseth, 2011). Long winter and short summer are real challenges for the Norwegian cereal
industry. Winter wheat, which requires a cold period to promote flowering in response to long-day conditions
(vernalization), is sown in September and stays dormant during all the winter (young plants in vegetative
phase), until the soil temperature increases. Thus, it has to be resistant to the snow and very low
temperatures, until the harvest in next August (Yoshida et al. 1998). Spring wheat supports with difficulty
low temperatures so it is sown during the spring and also harvested in August. In these two cases, the yield is
strongly influenced by environmental conditions.

Cereal domestication took place in the Middle East, in the Fertile Crescent. Still today, we can find there
progenitors or ancestors of modern cereals (Salamini et al. 2002). This region is one of the diversity centers
of wheats. Cultivated and wild wheat archeological and botanic studies showed that the first cultivations
appeared around 8 000 and 10 000 years ago (Gill and Friebe 2001, Tadesse et al. 2016). In 1913, Schultz
described for the first time a wheat classification dividing the Triticum genus in three taxonomic groups :
einkorn, emmer and dinkel (Schultz, 1913). Emmer and einkorn are the most ancient domesticated cereals,
around 7 500 years ago, in Middle East. Schultz’s discovery was supported in 1918 by Sakamura when this
last found that the three groups also differed by their genome and the number of chromosomes : einkorns are
diploid, emmers are tetraploid and dinkels are hexaploid (Sakamura et al. 1918)

Bread wheat, Triticum aestivum, is allohexaploid 2n = 6x = 42 (AABBDD) with a 17Gb genome
composed of three sub-genomes closely linked, A, B and D (The IWSGC, 2014). The 21 chromosomes have
varied sizes, between 605 and 995 Mbp. The International Wheat Genome Sequencing Consortium
(IWGSC), established in 2005, provided in 2016 a high-quality genome sequence. This species is derived
from successive hybridization and polyploidization events between three ancestral diploid species (figures 1
and 2) (Gill et al. 2004, Doussinault et al. 2001). The first hybridization, between wild einkorn Triticum
urartu (AA, 2n = 2x = 14) and an unknown wild species, close relative to Aegilops speltoides (BB, 2n = 2x
= 14), formed the allotetraploid wheat Triticum turgidum, AABB, 2n = 4x = 28. This first event occurred
roughly 500 000 years ago and led to the appearance of the durum wheat, used nowadays to make pasta and
other semolina-based products (7. turgidum ssp. durum). Then, the second polyploidization event occurred
during the domestication, around 9 000 and 12 000 years ago, between T. turgidum and the Tausch’s
goatgrass Aegilops tauschii (DD, 2n = 2x = 14). This resulted in the hexaploid bread wheat Triticum
aestivum.

The ploidy levels of domesticated wheat species are between diploid (2n = 2x = 14) and hexaploid (2n =
6x = 42) even though today, mainly used cultivars are tetraploid (7. turgidum, durum wheat) and hexaploid
(T. aestivum, bread wheat) (Gill et Friebe 2001, Salamini et al. 2002, Breiman 2003, Gustafson et al. 2009).
This ploidy variation between different species had a crucial role for wheat evolution (Salamini et al. 2002).
Indeed, polyploidy is considered as a major speciation, diversification and ecological adaptation factor which
would allow an important functional plasticity and so a good capacity for adaptation (adaptability) to
different environments (Gavalda, 2017). Allopolyploid plants especially can adapt to a wide range of
environments and ecological niches and survive better in unstable environments than their diploid
progenitors (Feldman et Levy 2005). For instance, polyploidy can have effects on genomic sequence
(recombinations, mutations), on gene expression (epigenetics, reduced expression of deleterious alleles) and
duplicated genes can evolve differently (neofunctionalization, subfunctionalization, pseudogenization),
leading to interesting phenotyping characteristics (Feldman et Levy 2005, Tremblay-Savard 2013). Finally,
also observed in canola, oat, cotton and coffee, polyploidy is agronomically interesting.






I1. Genetic mapping

Breeding to improve polygenic or quantitative traits is quite difficult. Each individual locus contribute
differently and can be masked by other dominant loci or some epistatic effects. In the mid-1980s, the
development of abundant molecular markers, statistical methods and computer softwares permitted the
detection of molecular markers associated with genomic regions controlling complex traits (called
quantitative trait loci, QTL) and thus facilitated the implementation of molecular breeding (Bernardo 2008).
Due to their genome-wide abundance, Single nucleotide polymorphisms (SNPs) have rapidly become the
most used markers in plant molecular genetics in the recent years (Acquaah 2012, Mammadov et al. 2012).

To identify QTL that govern complex traits and markers linked to them, the most widely used method is
linkage mapping. This approach involving genetic linkage analysis is based on the concept of genetic
recombination during meiosis (Tanksley 1993). Thus, segregating populations are used, like doubled haploid
(DHs) and recombinant inbred lines (RILs) : these are pedigrees of related individuals. Individuals are
derived from two (biparental) or only few parents with contrasting phenotypes, so the allelic variation is
limited to these parental lines.

This drawback can be overcome by association mapping (AM) which emerged in the 2000s. The main
goal of association mapping is to identify polymorphisms responsible of the variation of an agronomic trait
within a diversity population, in other words, associate a sequence polymorphism with phenotypic variations.
Also known as genome-wide association studies (GWAS), AM uses diversity or association panels which can
be constructed with unrelated individuals, in order to capture most of the available genetic variation. Linkage
disequilibrium (LD) between alleles, i.e non-random association of alleles at separate loci located on the
same chromosome, within diverse populations is used to identify marker-trait associations (MTAs). Thus,
polymorphic markers in LD with loci involved in phenotypic traits of interest can be identified and then used
in breeding program (for introgression or pyramiding).

The resolution is expected to be higher with AM than linkage analysis, since the number of historic
recombination events is higher in a diversity panel than in a biparental population. However, a key drawback
is the reduced power to detect QTL when marker alleles are not common (i.e. rare alleles), whereas it is
shown that rare variants (minor allele frequency < 5%) are often more favorable and have larger genetic
effects than common ones (De La Vega et al. 2011, Gibson 2012, Lopes et al. 2015, Ogbonnaya et al. 2017).
So, AM requires high-resolution genotyping to increase the precision of QTL location. Identification of rare
variants is important but the methodology to handle this in GWAS is still developing.

Moreover, we can have more statistical errors with AM, categorized as Type I and Type II, meaning
respectively « false positive » and « false negative » results. Population stratification and relatedness between
individuals/genotypes in the AM panel often cause false associations (associations not caused by genetic
linkage). Population structure influences both the power and precision of detecting associations, so it must be
accounted to avoid these spurious effects. The approach to correct this is the mixed linear model (MLM) in
which two matrixes are used : the population structure (Q) and another describing the relative kinship
between individuals (K) (unequal relatedness among individuals) (Pritchard et al. 2000, Yu et al. 2006,
Zhang et al. 2010). This Q + K model was implemented in TASSEL (Trait Analysis by aSSociation,
Evolution and Linkage) software, used in association mapping, as the MLM function (Bradbury et al. 2007).
This allows more accurate detection of marker-trait associations (MTAs) in complex pedigree populations by
accounting for population structure and relatedness (Pritchard et al. 2000, Yu et al. 2006, Tommasini et al.
2007).

ITI. Major plant developmental traits and their genetic control

Initiated in the 1940s, the Green Revolution led to important changes in agriculture and the diffusion of
crop genetic improvement which increased agricultural productivity (higher yield). Plant height (PH), Days
to heading (DH) and Days to maturity (DM) are among the most important agronomic traits in wheat,
essential to ensure a good adaptation to the environment and thus strongly related to yield.



Table 1 : Summary of QTL or MTAs for Plant Height (location and R?)

Chromosomes
1A 1B 1D 2A 2B 2D 3A 3B 3D 4A 4B 4D 5A 5B 5D 6A 6B 6D 7A 7B 7| SV “::('lblg of QTL
1 1 1 1 1 1 McCartney et al. (2005)
34 64 475 5 26 2,6 R2 (%)
1 1 1 1 Huang et al. (2006)
4,1 292 85 7,7 R2 (%)
1 1 Spielmeyer et al. (2007)
1 11to 16 R2 (%)
1 1 2 1 1 Liu et al. (2011)
1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 Griffiths et al. (2012)
154 MTAs (with SSR markers) and 280 MTAs (with SNP markers) Zanke et al. (2014)
1 1 1 1 1 Wiirschum et al. (2015)
15,5 40,9 5,7 1 22 R2 (%)
1 1 1 Li et al. (2015)
all together : 67 to 82 R2 (%)
1 1 Fowler et al. (2016)
324 114 R2 (%)
1 1 Singh et al. (2016)
13to 43 3to4,7 R2 (%)
2 1 1 1 1 Mwadzingeni et al. (2017)
26,6 23,7 25,8 26,8 R2 (%)

28,4 and 26,4




i. Plant height :

Grain yield in wheat depends on plant architecture and more particularly on plant height (PH). This
agronomic characteristic is of main importance because of its association with lodging. Moreover, PH is
often correlated to resistance to splash-dispersed fungal pathogen like Fusarium head blight (FHB) or
Septoria nodorum blotch (SNB) (Klahr et al. 2007, Saville et al. 2012, Shatalina et al. 2014, Prat et al. 2017).
During the Green Revolution, increases in the yield of wheat were dominantly achieved by introducing genes
called Reduced Height (Rht) dwarfing genes, in order to have reduced plant height : Rht-B1b and Rht-D1b
alleles (Hedden 2003, Nadolska-Orczyk et al. 2017, Wiirschum et al. 2017). These gene mutations affecting
gibberellin sensitivity (hormones that regulate growth and stem elongation) result in a reduced plant height
which is beneficial for wheat productivity (increase the production of grain rather than straw). Agronomic
traits are generally controlled by multiple genes and exhibit high genotype x environment interactions
(Huang et al. 2006). Plant height is controlled by growing environment and by many genes having both
major and minor effects. To date, 24 dwarfing Rht genes (Rhtl-Rht24) are cataloged in wheat (but not all
successfully used in wheat breeding), among which RAf24 has been recently identified and mapped on
chromosome 6A (Tian et al. 2017, Wiirschum et al. 2017).

Thus far, several studies allowed to identify QTL associated with this trait (Table 1).

Among these QTL or MTAs, those found on chromosome 4B and 4D corresponded to the well known
Rht-BI and Rht-D1, respectively (McCartney et al. 2005, Huang et al. 2006, Singh et al. 2016, Li et al. 2015,
Wiirschum et al. 2015). In the study of Spielmeyer et al. 2007, the QTL on 2D, corresponded to RhzS8.

In 2011, Liu et al. studied the genetic control of plant height at different growth stages and discovered that
more QTL were detected in immature stages than in the mature stage and no QTL was continually active
during the whole life cycle.

Li et al. (2015) identified QTL on 4D (Rht-D1b), 6A and 6B. These three QTL, all together, explained
67-82% of the phenotypic variation. QTL on 4D and 6A together explained 61,3-80,2%.

Several studies identified QTL on the chromosome 6A (Spielmeyer et al. 2007, Griffiths et al. 2012, Li et
al. 2015, Fowler et al. 2016, Wiirschum et al. 2015). It corresponds to the very recently identified Rht24, in
Wiirschum et al. 2017, explaining 15% of the genotypic variance in the studied population (1110 winter
wheat cultivars), so just slightly less than than the strongest QTL Rht-D1,21,3%.

ii. Days to heading :

Another of the most important traits in cereal crops is heading date (days to heading, DH). DH is crucial
for the adaptation to different climatic environments and thus the cultivation in different regions and seasons
(regional and seasonal adaptation). Only cultivars with appropriate heading dates to the environment will
present high yields. Three major genetic factors determine DH : vernalization response genes, Vin (response
after an exposure to periods of cold); photoperiod response genes, Ppd (perception of day-length changes);
and earliness per se genes, Eps (control flowering time when both vernalization and photoperiod
requirements are satisfied). Thus, the first two groups of genes are environment-dependent, whereas the third
is environment-independent (Yang et al. 2009). The vernalization is controlled by the Vernalization (Vrn)
genes family : Vin-1 (Vrn-Al, Vrn-Bl and Vrn-D1) (on homoeologous group 5 chromosomes, long arms),
Vrn-2 and Vrn-3. The main genes controlling photoperiod response are in the Photoperiod 1 genes family
Ppd-1 : Ppd-Al, Ppd-Bl and Ppd-DI, on homoeologous chromosomes 2AS, 2BS and 2DS respectively
(Chen et al. 2013). In term of their potency, these genes are ranked : Ppd-DI1 > Ppd-Bl > Ppd-Al. Early
flowering associated with the photoperiod insensitive allele Ppd-D1a (reduces time to flowering) is beneficial
in areas such as Southern Europe, allowing plants to mature prior the summer heat stress (Worland et al.
1998). In comparison, Eps genes are not well described (Zikhali et al. 2016).

The adaptability to a wide range of environments observed in wheat is mainly due to an allelic diversity
in these genes regulating growth habit (winter or spring wheat) and photoperiod response (Mohler et al.
2004, Hanocq et al. 2007, Kiseleva et al. 2015, Zanke et al. 2014, Zikhali et Griffiths 2015).

Thus far, as for plant height, several studies identified QTL associated with heading date (Table 2).



Table 2 : Summary of QTL or MTAs for Days to Heading (location and R?)

Chromosomes
1A 1B 1D 2A 2B 2D 3A 3B 3D 4A 4B 4D 5A 5B 5D 6A 6B 6D 7A 7B 7| SV “:::lbl:; of QTL
1 1 1 1 Hanocq et al. (2007)
1 1% 1 * 1 1 Zhang et al. (2009)
349 245 53,19 245 344 344 R? (%)
2 1 2 1 2 1 1 2 1 1 1 2 1 1 Griffiths et al. (2009)
79 MTAs (with SSR markers) and 758 MTAs (with SNP markers) Zanke et al. (2014)
78 Kiseleva et al. 2015
1 1 1 1 1 Fowler et al. (2016)
30 14 104 85 364 R? (%)
2 1 1 Mwadzingeni et al. (2017)
29,5and 37,7 24,9 308 R? (%)
Table 3 : Summary of QTL or MTAs for Days to Maturity (location and R?)
Chromosomes
1A 1B 1D 2A 2B 2D 3A 3B 3D 4A 4B 4D 5A 5B 5D 6A 6B 6D 7A 7B 7| SV “::('lblg of QTL
1 1 1 1 McCartney et al (2005)
34 8,5 84 25,7 R? (%)
1 1 1 Huang et al. 2006
5 68 316 R? (%)
1 1 1 1 Perez-Lara et al (2016)
1 Mwadzingeni et al (2017)
24 R2 (%)
2 1 1 2 1 1 1 Gabhlaut et al. (2017)
86;78 7,12 6,5 74 8t016 63 R? (%)




In 1999, Kato et al. identified QTL controlling heading date on chromosome 5A, at the Vin-Al (VRNI)
and q loci, known for affecting ear emergence time (Snape et al. 1985).

In 2007, Hanocq et al. proposed four reliable meta-QTL for marker-assisted selection, on 2B, 4A, 4B and
5B. These QTL controlled vernalization requirement, heading date and intrinsic earliness. Authors also
confirmed the importance of the groups of chromosomes 2 and 5, which carry Ppd and Vin genes.

Zhang et al. (2009) identified 6 QTL : those on 1B and 5D (Vrn-D1) are main-effect QTL; the others form
two pairs of digenic epistatic interactions : 2B-6D (« * » in the table) and 7A-7D (« ~ » in the table).

Griffiths et al. (2009) identified 19 meta-QTL, located on chromosomes 1B (2 meta-QTL), 1D (R2 = 10 -
27%), 2A (2 meta-QTL), 3A (up to R2 = 254%), 3B (2 meta-QTL)(R2 =34 -12,4%), 4B, 4D, 5A (2 meta-
QTL), 5B, 6A,6B (R2=72-13,4%), 7A (2 meta-QTL), 7B and 7D.

In 2014, Zanke et al. found 79 different marker loci involved in MTAs for SSR markers and 758 for SNP
markers, distributed on all chromosomes. The chromosome 5B contained the highest number of MTAs.
Among these MTAs on 5B, the SNP marker Kukri_c10016_369 was strongly associated with the trait. This
locus is related to the Hd6 photoperiodism gene family of rice (Oryza) which has an important impact on
heading time. Thus, a Hd6 related gene in wheat plays a significant role in the determination of the DH. Co-
locating MTAs with Vrn-A2, Ppd-Al and Ppd-Bl were detected on chromosomes 5A, 2A and 2B
respectively.

Kiseleva et al. identified in 2015 78 markers in the pericentromeric 11,2-18,4 cM QTL interval on 5B
chromosome significantly associated with heading date variation. They analysed them and the most probable
candidate genes for DH control were WRKY, ERF/AP2 (ethylene response factor/apetala 2) and FHY3/FARI
(far-red elongated hypocotyl 3/far-red impaired response 1), coding for transcriptional factors. These
transcriptional factors had been previously shown to be involved in flowering time modulation and
regulation of plant developmental processes (Hudson et al. 2003, Phukan et al. 2016, Gu et al. 2017).

iii. Days to maturity :

As said previously, grain yield of wheat is determined not only by the genes controlling yield and yield
components, but also by the genes controlling plant development and maturity. In summer, early maturity is
an adaptation strategy for early heading lines to complete the grain filling under favorable conditions and
avoid the heat stress (Worland et al. 1998, Mondal et al. 2015). One the other hand, in Northern areas with
short growing seasons (Nordic countries, Canada, etc), it is an adaptation strategy to finish grain-filling
before the temperature becomes too cold.

Genes controlling heading date are of main importance for maturity date. Major vernalization and
photoperiod response loci (Vin-1 and Ppd-1) influence flowering and maturity times in wheat (Chen at al.
2013, Perez-Lara et al. 2016). Nevertheless, there are also genes controlling grain filling duration that are
independent of these genes (Ullah et al. 2014).

McCartney et al (2005) detected 4 QTL affecting time to maturity, located on 3A (R2 =3,4%), 4A (8,5%),
4D (8,4%) and 7D (25,7%).

Three QTL were detected for days to maturity (Huang et al. 2006). Located on 2D (QDtm.crc-2D), SD
and 7D, each explained 5, 6,8 and 31,6% of the phenotypic variance, respectively. QDtm.crc-2D was located
in a similar position to Ppd-D1.

Mwadzingeni et al (2017) found 1 MAT on 6B (R? = 24%).

Perez-Lara et al. (2016) identified QTL associated with days to maturity on 2D, 4A, 4D and 7A, each
explaining between 9,1 and 16,2% of the phenotypic variance.

In the study of Gahlaut et al. (2017), chromosome 5A carries an important QTL associated with Vrn-Al
gene. This QTL explains between 6,1 and 12% of the phenotypic variation. Another main-effect QTL was
found on 7A.

Taken all together, these traits strongly influence yield. Major diseases are also associated to these
developmental traits, like Septoria (Septoria nodorum blotch) and Fusarium head blight (FHB). In the
following parts of the introduction, we will present the Septoria nodorum blotch, through a case study.
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(source : https://alchetron.com/Phaeosphaeria-nodorum#-)



https://alchetron.com/Phaeosphaeria-nodorum#-

IV. Case study : the Septoria nodorum blotch

Wheat breeders aim to develop short, early maturing cultivars, with high grain yield and protein content,
combined with resistance to major diseases. The most damaging wheat diseases are caused by fungal
pathogen. With rusts, fusarium head blight (FHB) and powdery mildew, Septoria on bread wheat is one of
the most prevalent (Lillemo et Dieseth 2011, Couleaud et al. 2016, BayerAgri 2015).

Septoria is a general term which refers to different diseases, caused by different pathogens. Thereby, we
talk about the « Septoria leaf blotch disease complex ». Here, we will study the Septoria nodorum blotch,
SNB, caused by Parastagonospora nodorum, the main pathogen in Norway and other world regions like
United States of America and Australia. In Australia, SNB causes reduced grain quality, losses in grain yield
ranging from 18% to 31% and annual losses of 100 million dollars (Bhathal et al. 2003, Murray et Brennan
2009). Because principal hosts are bread and durum wheat and triticale, SNB is found in most wheat-
growing areas of the world (Cunfer 2000, Solomon et al. 2006). In France, the main pathogen is
Zymoseptoria tritici, now found all around the country, whereas P. nodorum is more frequent in the south-
eastern country areas (Arvalis 2017).

i. The pathogen : Parastagonospora nodorum

P. nodorum is a filamentous Ascomycete, member of the Dothideomycetes class, a class of fungi that
includes many plant pathogen such as Pyrenophora, Leptosphaeria, Ascochyta, Venturia. Studies have
shown that the origin of this fungus coincides with its host, in the Fertile Crescent (McDonald et al. 2012,
2013). P. nodorum is necrotrophic : the nutrient source is composed of necrotic plant tissues. Thus, the
fungus causes host cell death by producing toxins and acquires nutrients released from dead cells, before
colonizing the plant (Fatima et Senthil-Kumar 2015).

ii. Life cycle :

As a necrotrophic pathogen, the life cycle of this pathogen can be divided into a parasitic and saprophytic
stage (Chooi et al. 2014) (Figure 3). The cycle also comprises both sexual and asexual phases : sexual, called
ascospores, and asexual spores, called pycnidiospores (conidia), are involved (Figure 3). The pycnidiospores
are released from pycnidia and rain-splashed on short distances to initiate new infection foci on leaves. These
spores germinate on the surface of the leaf and penetrate through stomata or directly through the epidermal
cell walls (Solomon et al. 2004). Once inside the leaf, hyphae grow and invades the foliar tissue through the
mycelium and by producing toxins to use host’s nutrient resources (saccharides, lipids) (Solomon et al.
2004). After a few days, pycnidia are formed on necroses to complete life cycle. Sexual development takes
place on stubbles and can take several months : ascospores are released from asci in pseudothecia and spread
by the wind over long distances (on leaves and ears of other plants)(Bathgate et Loughman, 2001). The
infection follows a polycyclic pattern with repeated cycles of both sexual and asexual infections throughout
the growing season (Hane et al. 2007). Successive rounds of asexual reproduction and dispersal can lead to
the infection of the whole plant architecture (Solomon et al. 2006). During the saprophytic stage, the
pathogen survives in crop debris (stubbles), until optimal conditions gather to start a new parasitic stage
(Chooi et al. 2014 ; Shaner, 1981).

P. nodorum survives on crop residues (stubbles) and in infected seeds. Therefore, infected seeds (that can
induce seed-borne transmission) and wind-spread ascospores in debris of the previous crop are considered to
be the major primary inocula for SNB (Solomon et al. 2006, Bathgate et Loughman 2011).

Average temperature (optimum around 20-25°C) coupled with frequent rain, high humidity (98%) or
persistant dews favour the development of the fungal disease (water favours the spore germination and the
penetration in plant tissues) (Freije et Wise 2015).



Figure 4 : SNB causes symptoms on leaves, glumes and grains

(sources : Salgado et Pierce 2016 (ohioline.osu.edu) ; www.ag.ndsu.edu and A. K. Ruud, NMBU)
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Figure 5 : the « inverse gene-for-gene » model, found with necrotrophic pathogen

In the classical gene-for-gene model, in biotrophic pathogens,
resistance is conferred by the compatible interaction between the product of the host resistance R gene and
the product of the pathogen avirulence gene Avr.

A compatible interaction (R-Avr) leads to the plant resistance.

In the « inverse gene-for-gene » model, in necrotrophic pathogens,
hypersensitive response (HR) is induced when a necrotrophic effector NE is recognized by the product of a
host sensitivity gene Snn. This leads to toxin sensitivity and the host susceptibility is so increased.

Here, a compatible interaction (NE-Snn) leads to the plant sensitivity.
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1ii. Symptoms :

A few days after infection, first symptoms are visible. SNB can infect wheat’s leaves, stems and ears
(Figure 4). Lens-shaped yellow to brown necrotic lesions appear on the lower leaves (Septoria nodorum leaf
blotch), often surrounded by a chlorotic border, a yellow halo (inhibition of photosynthetic capabilities). In
appropriate conditions, the center of the necroses becomes darker : sporulation occurs. Pycnidia can develop
throughout the necrotic lesion to produce pycnidiospores, that will be rain-splashed. The symptoms progress
to the upper leaves. Then, conidia can be spread within the wheat canopy during flowering (at this stage, the
plant is very susceptible : higher temperatures, switch vegetative - reproductive stage) to cause Septoria
nodorum glume blotch, infecting heads and grains (Thapa et al. 2016). Severe disease will cause grain
quality and yield reductions by resulting in lightweight and shriveled kernels (Friskop et Liu, 2016).

iv. Management of the disease :

Different ways exist to reduce infections and spreading of the pathogen. Rotation with crops that are non-
hosts to P. nodorum like canola or potatoes is advised (Lillemo et Dieseth, 2011). Tillage also helps to
efficiently fight against the disease dispersal, because crop residues are major primary inocula for the next
crop. Nevertheless, nowadays, recommandations are to limit tillage in order to prevent soil erosion, and this
could lead to an increased disease pressure (Mehra et al. 2016). Planting pathogen-free seeds or fungicide-
treated seeds is one of the best method to reduce the disease severity because it ensures the farmer that he
doesn’t introduce SNB to a field where it can infect subsequent wheat crops (Freije et Wise, 2015; Mehra et
al. 2016). Field trials conducted in Australia in 2012 and 2013 have shown that potassium (K) deficient
wheat crops are more vulnerable to SNB (Beard et Smith, 2013). An optimal K nutrition doesn’t control the
disease but promotes better plant defenses because K functions in plant have an important role in improving
the ability of plant to combat diseases. K nutrition can significantly reduce levels of SNB and thus increase
yield. Fungicide control was for a long time the most efficient method to avoid septoria spreading. The main
fungicide groups are triazoles (inhibit cell membrane ergosterol biosynthesis in fungi) and strobilurines
(inhibit fungal respiration) (Bartlett et al. 2002, Pereira et al. 2017). Nevertheless, since several years, the
efficacy of fungicides is compromised by the appearance of fungal resistance (Gisi et al. 2002, Moreau et al.
2005, Pereira et al. 2017). In Norway, several P. nodorum isolates are resistant to strobilurines and less
susceptible to triazoles. This loss of efficacy with the chemical control reveals that more sustainable methods
are needed to control the disease. The use of resistant cultivars to SNB seems to be the best solution. Today,
breeding for resistance is given a high priority to reduce the dependency on chemical disease control.

v. Infection model and host-pathogen interactions in the P. nodorum-wheat pathosystem :

The classical resistance model is the one described in 1942 by Flor : the gene-for-gene model of
resistance (Flor, 1956; 1971). In a biotrophic system, the plant (host) is resistant when a pathogen’s
avirulence gene Avr product is recognized by the product of a plant’s dominant resistance gene R.
Hypersensitive response and programmed cell death are initiated to prevent the spread of infection.

In the SNB pathosystem, the recognition of an effector leads to the plant susceptibility rather than the
resistance. It is an « inverse gene-for-gene » model, host susceptibility is caused by a dominant susceptibility
gene (Fenton et al. 2009; Oliver et Solomon, 2010; Friesen et Faris, 2010). P. nodorum is a necrotrophic
pathogen and produces host-specific toxins (HSTs), also called necrotrophic effectors (NEs). Each NE
interacts with the product of a specific sensitivity Skn gene in wheat. Toxin is recognized by the product of
this dominant specific Snn gene and this leads to the host susceptibility (Figure 5) : necrotrophic effector -
triggered susceptibility (NETS), programmed cell death is initiated in infected cells and the necrotrophic
pathogen spreads in the plant’s tissues. Pathogen-produced NEs are the major determinants of SNB
development. The compatible host-pathogen interaction relies on the recognition between a NE and the Snn
matching gene (a NE causes large necrosis on wheats carrying the matching sensitivity gene). The absence of
either the pathogenic toxin or the Snn gene in wheat avoids the interaction and leads to an incompatible
interaction or plant resistance : it is an inverse gene-for-gene model (Friesen et al. 2007; 2008). Thus far,
many studies successfully identified NEs produced by P. nodorum and the corresponding Snn gene in the
host.



Table 4 : Summary of the nine known NE-Snn interactions between P. nodorum and wheat

Snn location

NE - Sr.m References (wheat NE size Percentage .of exl?lalned
Interaction phenotypic variance
chromosome)
PtrToxA - Tsnl Tomas et al. 1990 -
(P. tritici-repentis) Faris et al. 1996 5BL
Liu et al. 2004, 2006, 103kDa 58, at early stages and 27%
SnTox1 - Snnl 2012 £ 10 dpi
1BS rom p1
13,2kDa
SnToxA - Tsnl Friesen et al. 2006 62 %
SBL
7-10 kDa
SnTox2 - Snn2 Friesen et al. 2007 20 %
2DS
25,8 kDa
Friesen et al. 2008
SnTox3 - Snn3 SBS (Snn3-B1) 17 %
Zhang et al. 2011 5DS (Snn3-DI)
10-30 kDa
A k 1.
SnTox4 - Snnd beysekara et a 41 %
2009, 2012 1AS
10-30 kDa
SnTox5 - Snn5 Friesen et al. 2012 37 to 63%
4BL
<30 kDa
SnTox6 - Snn6 Gao et al. 2015 27 %
6AL
<30 kDa
SnTox7 - Snn7 Shi et al. 2015 33 %

2DL



vi. Snn-NEs interactions :

Table 4 summarizes the nine known NE - Snn interactions of the Parastagonospora nodorum - wheat
pathosystem to date, involving 8 NEs and 9 Snn genes : SnTox1 - Snnl (Liu et al. 2004, 2006, 2012,
Cockram et al. 2015), SnToxA - Tsnl (Friesen et al. 2006), SnTox2 - Snn2 (Friesen et al. 2007), SnTox3 -
Snn3 (Snn3-BI and Snn3-D1I) (Friesen et al. 2008, Liu et al. 2009, 2012, Zhang et al. 2011), SnTox4 - Snn4
(Abeysekara et al. 2009, 2012), SnTox5-Snn5 (Friesen et al. 2012), SnTox6 - Snn6 (Gao et al. 2015) and
SnTox7 - Snn7 (Shi et al. 2015).

The very first interaction to be described, which is from the tan spot’s pathosystem (Pyrenophora tritici-
repentis - wheat), is also presented in Table 4 (Tomas et al. 1990, Faris et al. 1996). It involves the toxin
PtrToxA. The genes coding for PtrToxA and P. nodorum’s SnToxA present high sequence and structure
similarities (genes are 99.7% similar and both comprise 3 exons ans 2 introns) (Friesen et al. 2006). ToxA
gene in P. tritici-repentis comes from P. nodorum : an interspecific transfer of a gene from P. nodorum into P.
tritici-repentis occurred a short time before 1941, when the tan spot symptoms emerged. This transfer led to
the emergence of tan spot, a new virulent pathogen causing a new economically significant wheat disease
(Friesen et al. 2006). The sensitivity gene Tsnl confers sensitivity to these two toxins.

For the SnTox3-Snn3 interaction, two genes implicated in the recognition of SnTox3 has been discovered,
the first one in 2008 on 5BS (Snn3-BI) and the second in 2010 on 5DS (Snn3-D1), D-genome coming from
Aegilops tauschii (Friesen et al. 2008, Zhang et al. 2011). Locations on homoeologous chromosomes are
similar.

Thus, to date, eight necrotrophic effectors SnTox and nine sensitivity genes Snn are identified in the
P. nodorum - wheat pathosystem (Table 4) (Liu et al. 2017). In all cases, NEs are small secreted proteins
inducing necrosis in specific genotypes of wheat. The role of NEs is essential : P. nodorum mutants carrying
effector gene deletions are poorly pathogenic in wheat with matching receptors (Rybak et al. 2017). All these
interactions play significant roles in the development of SNB, at least at the seedling stage (Liu et al. 2004,
Oliver at Solomon 2010, Virdi et al. 2016).

Most of them show large additive effects when multiple interactions are expressed, but some show
epistatic effects (Zhang et al. 2011; Friesen et al. 2012). Compatible SnToxA-Tsnl, Snn2-SnTox2, SnTox1-
Snnl, SnTox5-Snn5 and SnTox6-Snn6 interactions are epistatic to Snn3-SnTox3 (Friesen et al. 2008a, 2008b,
2012, Tan et al. 2015, Gao et al. 2016, Phan et al. 2016). For instance, when SnTox! is removed from P.
nodorum via gene deletion, SnTox3 expression is significantly higher, and the Snn3-SnTox3 interaction plays
an active role in SNB (Phan et al. 2016). So this epistasis effect is occurring at the pathogen level through
transcriptional suppression (interference in gene expression levels) (Phan et al. 2016).

SnToxA, SnToxIl and SnTox3 genes have been cloned (Friesen et al. 2006 ; Liu et al. 2009, 2012).
i) The SnTox1 protein contains 16 cystein residues involved in disulfide bonds and this characteristic is often
associated with fungal avirulence gene products (Liu et al. 2012). SnTox1 also harbors a C-terminal chitin-
binding domain : the toxin binds chitin in fungal cell wall, which protects the pathogen from wheat-produced
chitinases (Liu et al. 2016). The interaction explains 58% of the phenotypic variation at early stages of
infection and later 27% (10 dpi), indicating that SnTox1 is crucial for the infection (Liu et al. 2004).
ii) SnTox3 contains 6 cystein residues which were shown to be important for toxic activity (Liu et al. 2009).
iii) ToxA contains a RGD-domain (Arginine-Glycine-Aspartate) required for the toxin internalization in plant
cells and then the induction of necrosis (Manning et al. 2008; Ciuffetti et al. 2010; Liu et al. 2012). A
compatible 7sn/-SnToxA pathway is associated to photosynthesis : the interaction is light-dependent; ToxA
is targeted to the chloroplast and binds to plastocyanin from the photosystem II, leading to photosynthesis
disruption, oxydative burst (accumulation of ROS in the chloroplasts) and cell death (Tai et al. 2007;
Manning et al. 2009; Oliver et al. 2012; Vincent et al. 2012) (Figure 6). Gene expression analysis indicate
that SnToxA, SnToxl and SnTox3 are highly expressed during early infection and then decrease as the
infection progresses to tissue necrosis and sporulation (Rybak et al. 2017, Phan et al. 2018).

To date, two sensitivity genes have been cloned : Tsn/ and Snn/ (Faris et al. 2010, Shi et al. 2016). Tsnl/
has disease resistance gene-like features : NBS-LRR (nucleotide binding site - leucine-rich repeat) and S/
TKP (serine/threonine protein kinase), all required for ToxA sensitivity and disease susceptibility, for both
SNB and tan spot (Faris et al. 2010). Snnl is a member of the wall-associated kinase (WAK) family of
receptors driving pathways for biotrophic pathogen resistance (Figure 6) (Shi et al. 2016).
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Figure 6 : Overview of the Snnl-SnTox1 and Tsnl-SnToxA interactions and known downstream events
that result in NETS in the wheat—P. nodorum pathosystem (from Shi et al. 2016)

Table 5 : Summary of QTL for seedling resistance

Population Isolate QTL location % total variation Reference
2B 16 %
Liwilla x Begra, DH mixed 5B 30 % Czembor et al. 2003
5D 37 %
1BS (Snnl) 27-58%
W7984 x Opata85 Sn2000 Liu et al. 2004
4BL 6-9%
Alba x Begra, DH mixed 6A 36 % Arseniuk et al. 2004
1BS 10 %
BR34 x Grandin, RIL Sn2000 SBL .1 (Tsnl) 62 % Liu et al. 2006
5BL 2 6 %
1A (Snn4) 41 %
Arina x Forno, RIL 1A7a 2A 54 % Abeysekara et al. 2009
3A 6 %
LDN x LDN (Dic-5B), Sn2000 Gonzalez-Hernandez et al.
5B 37,6 %
RIL 2009
2DS 24 %
BR34 x Grandin, RIL Seedling : BBCSn5 SAL 11 % Friesen et al. 2009
S5BL 37 %
1A 11,7 %
201618 B 104 %
(SnToxA -, SnTox1 -,
Shanghai3/Catbird SnTox3 -)
(SHA3/CBRD) x Naxos 2D 11,1 %
. Ruud et al. 2017
(biparental RIL 275% (isolate Snd)
population) J% (1solate Sn
j:g’;;%};‘; EH:)) SBS (Snn3) 354% (NOR4)
51.8% (201593)
Sn4 (+++) 7B 15,5 %



Todays, it is well known that compatible NE-host interactions lead to a plant response really similar to the
one against a biotrophic pathogen : accumulation of reactive oxygen species (oxydative burst), mitogen-
activated protein kinase (MAPK) cascades, induction of the transcription of pathogenesis-related genes
(coding for PR proteins), programmed cell death, etc. In biotrophic systems, these mechanisms associated
with incompatible disease resistance responses lead to plant resistance (effector-triggered immunity, ETT). In
necrotrophic systems, plant response leads to susceptibility (NETS). So, necrotrophic pathogens like P.
nodorum are able to hijack the host’s ETI pathway (resistance responses commonly deployed against
biotrophs) to develop NETS : activated programmed cell death provides a mean for the necrotrophic
pathogen to gain nutrients, reproduce and spread (Hammond-Kosack et Rudd, 2008, Liu et al. 2012,
Winterberg et al. 2014, Wang et al. 2014, Shi et al. 2015, 2016).

vii. Linkage and association analyses for quantitative resistance :

The use of cultivars with genetic resistance is economically and environmentally sustainable, but
breeding for SNB resistance is difficult because of its complex and quantitative nature. This disease
resistance is polygenic, governed by multiple, mostly weak quantitative trait loci (QTL), and it is necessary
to take large genotype x environment interactions in account (Francki 2013). So to be relevant, QTL should
be found in several environments. Genes controlling SNB resistance are subject to environmental and
pleiotropic effects, for instance from plant height and heading time (Scott et al. 1982). Moreover, a lot of
studies have indicated that resistances to Stagonospora nodorum glume blotch (SNG) and Stagonospora
nodorum leaf blotch (SNL) are genetically distinct, i.e. inheritances are independent (Wicki et al. 1999, Van
Ginkel and Rajaram 1999, Shatalina et al. 2014). In addition, two independent types of resistance are
observed : seedling and adult-plant (flag leaf and glume resistance) resistance (Francki et al. 2011). Whereas
adult plant resistance provides protection in a crop’s post-seedling stages only, seedling resistance is effective
at all growth stages.

Nevertheless, in addition to the specific Snn-NEs interactions, several QTL conferring partial
resistance have been identified. Most studies on the identification of quantitative resistance to SNB were
performed by linkage analysis using biparental mapping population like recombinant inbred lines (RIL) and
double haploid (DH) (Tables 5, 6 and 7 present only linkage mapping results, adapted from Francki 2013).

Schnurbusch et al (2003) identified two chromosomal regions on chromosome 3BS and 4BL which were
specifically associated with glume blotch resistance. QSng.sfr-3BS is the major QTL on chromosome 3BS in
the cultivar ‘Arina’, explaining up to 31.2% of the observed phenotypic variance for the resistance within the
studied population (Table 3) (Schnurbusch et al. 2003). ‘Arina’, a swiss winter wheat cultivar with excellent
resistance to SNB, is the unique donor line for this gene (Thapa et al. 2016). In the study realised by
Tommasini et al (2007), associations between markers in the region of QSng.sfr-3BS and SNG resistance
were investigated by linkage and association analyses. QSng.sfr-3BS explained 43% of the genetic variance.
In 2014, Shatalina et al led further studies to localize with high resolution this QTL with near-isogenic lines
(NIL population), and identified two distinct resistance loci in the target interval (called locus A and locus B).
Thus, the genetic control of the resistance to SNG conferred by QSng.sfr-3BS is complex. Later, Thapa et al
(2016) localized QSng.sfr-3BS between two other resistance genes on chromosome 3BS, Fhbl (resistance to
Fusarium head blight) and Sr2 (resistance to stem rust).

In 2009, Friesen et al. showed that three QTL on chromosomes 5B, 2D and 5A, QSnb fcu-5BL (Tsnl),
OSnb fecu-2DS (Snn2) and QSnb fcu-5AL, were significantly associated with both seedling and adult plant
SNB resistance. Also in 2009, Gonzalez-Hernandez localized a large-effect QTL on 5B (accounting for
37,6% of the phenotypic variation), QSnb.ndsu-5B, proximal to Tsnl.

Association studies were also used to identify QTL associated to SNB resistance. In 2014, Gurung at al.
successfully identified QTL on chromosomes 2D (Snn2), 3A and 5B (Tsnl) conferring seedling resistance
against a P. nodorum isolate which lacked SnTox3 (Gurung et al. 2014). Adhikari et al. had also identified the
QTL on 2D and 5B in 2011, plus others on 3B, 6A and 7A. The ones on 2D, 3B and 5B are already known,
corresponding to Snn2, QSng.sfr-3BS, and Tsnl.



Table 6 : Summary of QTL for glume blotch resistance (Stagonospora glume blotch)

Population Isolate QTL location % total variation Reference
Arina x Forna, 3BS 31.2%
Natural infection, field Schnurbusch et al. 2003
SSD 4BL 19.1 %
Natural infection and mixed 2DL .1 12-38 %
P92201D5 x P91193D1, . .
RIL isolate (10), Field and Uphaus et al. 2007
Greenhouse 2DL 2 5-6 %
WAWHT2074 x Shankar et al. 2008
mixed (6-10), field 4BL 8-19 %

6HRWSN125, DH

Table 7 : Summary of QTL for adult plant resistance (Stagonospora leaf blotch)

Population Isolate QTL location % total variation Reference
2D 20 %
mixed
Forno x Oberkulmer, RIL 4B 17 % Aguilar et al. 2005
(40 isolates)
7B 12,8 %
WAWHT2074 x
mixed (6-10) 2DL 8-17% Shankar et al. 2008
6HRWSN125
1BS 10 %
2DS 12-15 %
BR34 x Grandin, RIL BBSSn5 Friesen et al. 2009
SAL 9-18 %
5BL 11-18 %
P92201D5 x P91193D1, RIL mixed (6-10) 2A 11-21 %
Francki et al. 2011
EGA Blanco x Millewa, DH mixed (10) 5B 8-16 %
1B 2-8 %
3AS 10 %
3B 11 %
Shanghai3/Catbird (SHA3/ 3BL 12 %
CBRD) x Naxos Natural infection, field Lu et Lillemo, 2014
(biparental RIL population) 5BS 10 %
5BL 2-8 %
TA 2-8 %
7B 10 %
1A up to 10.3 %
1B 7,7 %
3AS .1 upto 11.5 %
3AS 2 up to 94 %
Shanghai3/Catbird (SHA3/ 3BS .1 5,7 %
CBRD) x Naxos Natural infection, field Ruud et al. 2017
(biparental RIL population) 3BS 2 6.9 %
3BL upto11.2 %
5BS (Snn3) up to 24 %
5B 2 up to 5.6 %
TA 6,2 %

7B up to 8.4 %



AM studies realized by Ruud et al in 2018 allowed to detect different consistent QTL for both seedling
and adult plant resistance in a Nordic spring wheat collection. After seedling inoculations with single isolates
(QTL detected on 1A, 1B, 3A, 4B, 5B, 6B, 7A and 7B), the most significant QTL were located on
chromosome 5B (found with two different isolates). In field experiments (adult plant stages and natural
infection), the most consistent QTL were on 2B, 2D, 4A, 4B, 5A, 6B, 7A and 7B. This study allowed to
show again that genotype x environment interactions contributed to the variation between individual years of
field trials (for instance, the infection was natural, so the phenotypic variation may have been due to
fluctuations in pathogen population).

Most wheat varieties used in experiments are sensitive to one or more known effectors and most
pathogen isolates produce more than one effector, so the identification of new interaction or resistance
sources is limited. SnToxA, SnTox1 and SnTox3 are the three main necrotrophic effectors : their prevalence
in a worldwide collection of P. nodorum isolates is equal to 36%, 85% and 59%, respectively (Oliver et al.
2012), but of course it varies between different regions of the world. In 2015, Tan et al. created a triple
knockout P. nodorum strain, called toxal3, where these three NEs were deleted. The goal was to see disease
potential and to discover novel effectors and QTL previously masked (Tan et al. 2015). Interestingly, this
removal did not reduce the virulence on several widely-grown wheat cultivars. Same results were obtained
by Phan et al. (2016). Thus, these lines either lacked resistance mechanisms to SNB or some undiscovered
sensitivity gene(s) ensure(s) the interaction with a lot of effectors to compensate the loss to the three major
NE genes (Tan et al. 2015, Phan et al. 2018). In other words, these three NEs may have an epistatic effect on
the activity or expression of undiscovered effectors, and so, in their absence, increased disease contributions
are observed (functional redundancy) (Phan et al. 2016).

Recently, new sources of resistance to SNB have been identified by GWAS using genetic ressources
in Vavilov wheats from the Russian Vavilov Institute of Plant Genetic Ressources. Vavilov’s seed bank
currently corresponds to germplasm of landraces cultivated in almost 100 countries around the world prior to
modern breeding in 1940 (Riaz et al. 2017). So, a high degree of allelic diversity is observed within these
lines compared to modern and elite cultivars. For instance, this diversity panel allowed to find new sources of
resistance to the tan spot (P. tritici-repentis) and the leaf rust (P. triticina) (Dinglasan et al. 2018, Riaz et al.
2018). In 2018, Phan et al used this genetically diverse panel to find new sources of resistance to SNB.
Experiments proved that the Vavilov panel contained a higher degree of resistance to SNB. Then, with a P.
nodorum wild type strain, GWAS permitted to identify 8 QTL on chromosomes 1BS (Snnl), 2DS, 3AL,
4AL, 4BS, 5AS, 5BS (Snn3), and 7AS. With the strain lacking SnTox1, SnToxA and SnTox3, QTL were
found on 5AS (the same as wild type), 2DL (Snn7) and 7DL.

V. Internship objectives

As said previously, wheat breeders’ main aim is to develop short, early maturing cultivars, with high grain
yield and protein content, combined with resistance to major diseases. The purpose of this internship is to
investigate the genetic determinism of three developmental traits - plant height, heading date and maturity
date - and SNL (Parastagonospora nodorum leaf blotch) resistance in order to improve wheat breeding
programs (e.g. pyramiding of favorable alleles to create new cultivars with desirable traits). In other words,
we want to identify and validate major genetic loci for these developmental traits and the adult-plant
resistance to SNB.

To do this, we will use association mapping : genome-wide association analyses based on two wheat
populations, spring and winter.



Table 8 : Origin of the lines in the MASBASIS collection

Origin Spring wheat Winter wheat Total
Norway 187 27 214
Sweden 41 12 53
Germany 5 23 28
Poland 2 2 4
Australia 5 - 5
CIMMYT - Brazil 38 - 38
China 7 - 7
Czech Rep. - Slovakia 2 4 6
Denmark - 5 5
Finland 6 - 6
UK 2 12 14
USA - Canada 4 3 7
Others 2 8 10
Unknown - 7 7
Total 301 103 404

Table 9 : Overview of the winter wheat nurseries used for phenotyping of agronomic traits

NURSERIES : year and number of individuals

2014 2015 2016 2017
TRAITS means
55 62 62 80 103 85 103 103 103
PH X X X X X X X
DH X X X X X X X X X X
DM X X X X X

Table 10 : Overview of the spring wheat nurseries used for phenotyping of agronomic traits
Nurseries marked with * are cultivated in Staur, next to Hamar. Others are cultivated in Vollebekk.

NURSERIES : year and number of individuals

2013 2014 2015 2016 2017
TRAITS means
163 219 223 226 161 161 285 287 288* 301 286 296%*

PH X X X X X X X
DH X X X X X X X X X X X

DM X X X X X X X X X



MATERIALS & METHODS

I. Plant material

For this study, we used 103 winter wheat lines and 301 spring wheat lines from the MASbasis
collection, a collection created for marker-assisted selection including Norwegian and international cultivars
and breeding lines (Table 8). All the wheat lines were genotyped with the Affymetrix 35K SNP chip, created
by Allen et al. (2017) and frequently used for GWAS and genomic selection. Unmapped markers were placed
on an artificial chromosome 22.

i. Field trials for three agronomic traits

In the first part of this study, three agronomic traits are measured : days to heading, days to
physiological maturity (both calculated from sowing date) and plant height (in cm). Phenotyping data are
from trials of previous years. Different nurseries were used, all located in Vollebekk (part of As), except two
in the spring wheat panel located in Staur, next to Hamar (* in Table 10).

With winter wheat, nine nurseries are studied : two were cultivated in 2014 (containing 55 and 62
individuals), two in 2015 (62 and 80 individuals), three in 2016 (103, 85 and 103 individuals) and finally two
in 2017 (both with the whole population, 103 individuals). Twelve spring wheat nurseries are also used for
the phenotyping. Two were cultivated in 2013 (163 and 219 individuals), one in 2014 (223 lines), three in
2015 (226, 161 and 161 individuals), three in 2016 (285, 287 and 288 individuals) and finally in 2017, three
nurseries (301, 286 and 296 lines).

Among the winter wheat nurseries, all were utilized to measure the days to heading. Six and four
nurseries were phenotyped for plant height and days to maturity, respectively. The mean of each wheat lines
in the different nurseries used to phenotype each agronomic trait is also calculated. This can increase the
power of the QTL detection.With spring wheat, heading date is phenotyped in all but one nursery. Plant
height and days to maturity were measured on 9 and 8 out of 12 nurseries, respectively. As for winter wheat,
the mean of each lines in the different nurseries used to phenotype each agronomic trait is calculated. Tables
9 and 10 summarize the winter and spring wheat nurseries, respectively, used for phenotyping.

ii. Field trials for SNL resistance

The second part of this study is about the SNL resistance. For the scoring, two and seven field trials
were established for winter and spring wheat respectively. For winter wheat, the two field trials were planted
in 2016 and 2017, both with the 103 individuals. These trials were mist irrigated 5 minutes every half hour at
daytime and inoculated with naturally infected straw. Spring wheat trials were conducted every year between
2011 and 2017 (seven years), respectively with 113, 161, 164, 165, 161, 288 and 301 individuals. Whereas in
2011 and 2012 the infection was natural, infected straw were used to inoculate the field trials between 2013
and 2017. Infection and disease development were enhanced in all trials by mist irrigation. The disease is
being scored as percentage of affected leaf area. Plant height and heading date are also measured in these
field trials and used as covariates in regression to obtain more correct resistance score.

II. Population structure

The population structure was calculated with a subset of 938 single nucleotide polymorphism (SNP)
markers for both winter and spring wheat populations and estimated with STRUCTURE v2.3.4 with a
Bayesian clustering method (Pritchard et al. 2000). The analysis was performed for K from 1 to 10, 5 000
burnin length, 50 000 repetitions (numbers of Markov chain Monte Carlo, MCMC) and 3 iterations per run.

STRUCTURE detects the underlying genetic population among a set of individuals genotyped at
multiple markers and computes the proportion of the genome of an individual originating from each inferred
population. The STRUCTURE’s model assumes that there are K populations (non pre-defined) and each is
characterized at every locus by allelic frequencies (Jay, 2011). Each population should be at Hardy-Weinberg
(HW) equilibrium, so STRUCTURE creates populations (K subgroups) in which the gap to HW equilibrium
in minimized.
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DeltaK = mean(|L"(K)|) / sd(L(K)) Deltak = mean(|L"(K)]) / sd(L(K))

Figure 7 : Plot of delta K values from Structure analysis of 103 winter wheat lines (left) and 299 spring
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Figure 8 : Principal component analysis : left, growth habit (spring wheat in green and winter wheat in
grey) and right, population stratification (populations 1 and 2 for both wheat habits)
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Table 11 : Winter and spring wheat population structurations and origins

Subpopulation 1
66 lines

Subpopulation 2
37 lines
Subpopulation 1

235 lines

Subpopulation 2
64 lines

Germany (22) ; UK (10) ; Norway (7) ; Unknown origin (7) ; Denmark
(5) ; Sweden (5) ; Czech (4) ; Netherlands (2) ; Poland (2) ; France (1) ;
Switzerland (1)

Norway (20) ; Sweden (7) ; USA (3) ; France (2) ; UK (2) ; Germany (1)
; Netherlands (1) ; Russia (1)

Norway (183) ; Sweden (40) ; Finland (5) ; Germany (3) ; Poland (2) ;
Slovakia (1) ; Switzerland (1)

CIMMYT (37) ; China (7) ; Australia (5) ; Norway (3) ; USA (3) ;
Germany (2) ; UK (2) ; Brazil (1) ; Canada (1) ; Czech (1) ; Finland (1) ;
South Africa (1)



Thus, the software can identify subsets of the whole sample by detecting allelic frequency differences
(Porras-Hurtado et al. 2013).

Output results are then analysed using Structure Harvester (http://taylorQ.biology.ucla.edu/
structureHarvester/). This program processes STRUCTURE results and, by using the Evanno method
(provided there is at least 3 replicates, Evanno et al. 2005), detects the number of K groups that best fit the
dataset (Earl et vonHoldt, 2012). With these results, R-Studio was then used to perform principal component
analyses (PCA), often used in population genetics (Patterson et al. 2006 ; Engelhardt et Stephens, 2010).

III. GWAS : genome-wide association study

Association mapping is performed using a mixed linear model which takes into account the
population structure and the relatedness (kinship) between individuals : MLM + K (kinship) + Q (population
structure) in TASSEL v5.2 (Yu et al. 2006, Bradbury et al. 2007).

In this « Q+K » approach, a p-value was generated by fitting each SNP marker in the statistical
MLM model y = Xp + Zu + e, where y is the vector of the phenotypic values; X is the vector of SNP marker
genotypes; 3 is a vector containing fixed effects including the genetic markers and the population structure
Q; Z is the kinship matrix; u is the vector of random effects; and e is the vector of residuals (Li et al. 2017).

For each trait in each nursery, associations between SNPs and traits were considered significant if the
p-value was in the lower 0.05 percentile of the distribution. Thus, we have different thresholds, one for each
trait in each nursery (for instance for DH in winter wheat, 9 nurseries are used so we have 9 different
thresholds for this trait). Those thresholds were calculated in R-Studio. Because we are studying quantitative
traits where many small-effect loci (and not few large-effect QTL) are expected, we didn’t use the
Bonferonni correction. By using less strict thresholds, we maximize the detection of QTL. Nevertheless,
there is a risk to detect false QTL too. Results must therefore be treated cautiously. Manhattan plots were
visualized in R-Studio with the package qgman (Turner 2014).

All the significant markers are then filtered following several criteria in order to select the most
interesting ones and detect QTL (cluster of significant markers). For the different traits and wheat panels, we
have preferentially chosen markers found with the mean data, but also markers having high -logio(p)-values
found in only few nurseries, and finally genomic regions (distance in cM) containing a lot of significant
markers. After this filtering, physical positions are obtained. To assign to markers physical positions,
BLASTn is used (nucleotide BLAST, basic local alignment search tool). Marker sequences are aligned
against the assembled wheat pseudo-chromosomes (and the corresponding chromosome it is assigned to on
the 35K SNP chip) and best hits are selected : over 99% identity and 100% marker coverage. BLAST finally
gives the mapping coordinates of the location where the marker is aligned on the chromosome, that we use as
physical positions. To consider a QTL, we chose a threshold for the maximal distance between the first and
the last marker equal to 30 Mbp and 10 cM.

For every QTL we identified, an R2-value was attributed, corresponding to the percentage of
explained phenotypic variation. Because several markers compose a QTL and their R2-value are different, we
have chosen to present the R2-value for the most significant marker of each QTL in the mean data and the
range of R2-values for the individual field trials where the QTL was significant (sometimes, based on the
previous filtering, we only have R2-values of the mean or individuals nurseries). Associated -logio(p)-values
are also presented.

To be able to know if known genes are in the QTL we identified, we also used BLASTn with primers
found in several studies allowing to detect the studied gene. Physical positions of the target sequence of these
primers are then compared to the physical positions of the QTL to know whether the gene is within the QTL.
Primers are from Ellis et al. 2002 (target gene : Rht-Bl), Diaz et al. 2012 (gene : Vrn-Al), MASWheat.
ucdavis.edu (genes : Vrn-BI and Vrn-DI), Shaw et al. 2012 (genes : Ppd-Al, Ppd-Bl and Ppd-DI),
Distelfeld et al. 2004, 2006 (markers Xuhw89, Xucw75 and Xucw79. gene : Gpc-Bl), Tian et al. 2017
(gene : Rht24), Roder et al. 1998 (markers Xgmw388 and Xgmw148. gene : Ppd-Bl), Zhang et al. 2009
(markers Xfcp394. gene : Tsnl), Lu et al. 2006 (markers Xfcpl and Xfcp2. gene : Tsnl), graingenes.org
(markers Xcfd20 and Xgmw234 : gene : Snn3-B1 ; and markers Xpsp3000 and Xfcp618 : gene Snnl).
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Table 12 : Summary of the QTL for Days to Heading in the winter wheat panel

Chr Position -log10(p)-values? in mean data | R2-value? in mean data and | Number of | Number of
(cM) and individual nurseries individual nurseries (%) markers? nurseriesc
IB 26 331 2.13t0 3.68 12.7 90to 14.5 16 6 + mean
3A° 209-216 - 2.15t04.07 - 12.7t0 29.1 3 5
11.7 321 2.24 t0 3.86 122 92t0 164 1 9 + mean
4A 189 - 2.38t03.1 - 8410119 | 5
18.9 391 2.17t0 4.18 15.6 7910228 2 9 + mean
4B 113 3.09 2.28t03.39 11.7 100to 199 1 9 + mean
5B 164-19.1 - 2.18,3.21 - 98,214 2 4
7B 178-18 3.89 236t04.32 155 11.9t022.0 8 8 + mean

a: -logio(p)-values and R? of the most significant marker of the QTL.
b : number of markers composing the QTL.
¢ : number of nurseries in which the QTL is found.

Table 13 : Summary of the QTL for Days to Heading in the spring wheat panel

Chr Position -logio(p)-values 2 in mean data R2-value? in mean data and | Number of | Number of
(cM) and individual nurseries individual nurseries (%) markers® | nurseriesc
1B 16 2.52 2.72 to0 3.83 30 4.6t09.2 6 5 + mean
ID 96 2.76 2.74t04.22 35 41t011.5 15 4 + mean
2B 182 2.82 247 t0 3.50 35 37t07.5 3 6 + mean
7.8 2.79 27210348 34 491t07.6 4 4 + mean
4A 174 398 231t04.87 52 36to11.6 15 8 + mean
21-215 2.62 2.59,3.29 33 44,57 9 4 + mean
8.7 273 2.32t03.14 35 37t052 9 4 + mean
® 0.8 3.74 2.61t03.59 49 37t04.7 1 4 + mean
1.1-12 253 3.13,3.25,4.72 3.1 40,58,6.6 5 3 + mean
i 92 3.10 2.551t0 3.89 39 33t08.1 1 6 + mean
5B 17 - 3.49,3.67 - 6.0,50 1 2
5b 72 2.63 3.67,3.74 34 73,52 1 2 + mean
7A  10.1 324 242t03.78 42 36t05.5 1 5 + mean
22.1 2.86 24410340 35 431060 2 4 + mean
7 104 293 2.18t02.97 37 35t049 2 4 + mean

a: -logio(p)-values and R? of the most significant marker of the QTL.
b : number of markers composing the QTL.
¢ : number of nurseries in which the QTL is found.



RESULTS

I. Population structure

The population structure is calculated before running the association analysis because it is well
known that it can introduce false association in GWAS (type I errors). For both spring and winter wheat, K =
2 subpopulations were identified (Figures 7 and 8). This population stratification seems to be due to the
origin of the lines (Table 11).

In the first subpopulation of the spring wheat panel, most of the lines are from Norway, Sweden, Finland,
Germany (northern countries), whereas in the second, lines are mainly from the international maize and
wheat improvement center (CIMMYT), Australia, USA and China.

For winter wheat, the first subpopulation contains mostly German and English wheat lines. The second

subgroup is composed of lines from Norway and Sweden.

II. Association mapping for three developmental traits

i. Days to heading :

Winter wheat

Considering only associations with a p-value in the lower 0,05 percentile of the distribution, a total
of 399 marker-trait associations (MTAs) were detected for all nurseries. Manhattan plots for mean and all the
nurseries are presented in Appendix 1.

As explained in Materials and Methods, all these markers were then filtered to select the most
interesting ones. Using genetic and physical positions, we have finally identified several QTL associated with
heading date in the winter wheat population, presented in the Appendix II. The most consistent QTL (i.e.
those found in at least 5 of the 9 nurseries phenotyped for heading date and in mean or not, and those found
in less nurseries but associated to a known gene) are presented in Table 12. These QTL are located on
chromosomes 1B, 3A,4A,4B, 5B and 7B.

The QTL on chromosome 5B (164 - 19.1 cM) corresponds to the gene Vrn-Bl controlling
vernalization response.

Spring wheat

457 MTAs are detected throughout all nurseries, considering only associations with a p-value in the
lower 0,05 percentile of the distribution. Manhattan plots are presented in Appendix III. All the QTL which
have remained significant after filtering are in Appendix IV. The most consistent QTL (i.e. those found in
mean and in at least 5 of the 11 nurseries phenotyped for heading date, and those found in less nurseries but
associated to a known gene) are summarized in Table 13. Thus, interesting QTL are on chromosomes 1B,
1D, 2B, 4A,4B, 5A, 5B, 5D, 7A and 7B.

After comparison of physical positions of QTL and target genes of specific primers, we successfully
identified genes of the VRN family : Vin-Al on 5A (QTL between 1.1 and 1.2 ¢cM), Vrn-BI on 5B and Vin-
DI on 5D.
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Table 14 : Summary of the QTL for Days to Maturity in the winter wheat panel

Ch Position -logl10(p)-values? in mean R2-value? in mean data and Number of = Number of
r (cM) data and individual nurseries individual nurseries (%) markersP nurseriesc
4A 189 2.63 2.11,4.06 9.6 120,319 1 2 + mean
5A 89 2.57 2.73 9.8 104 4 2 + mean
5B 119-12.1 - 1.74,3.27 - 93,24.1 5 2 + mean
a: -logio(p)-values and R? of the most significant marker of the QTL.
b : number of markers composing the QTL.
¢ : number of nurseries in which the QTL is found.
Table 15 : Summary of the QTL for Days to Maturity in the spring wheat panel
Ch Position | -logl0(p)-values? in mean data = R2-value? in mean data and Number of | Number of
r (cM) and individual nurseries individual nurseries (%) markersP nurseriesc
2A 156 2.82 2.27103.58 35 29t07.5 1 4 + mean
4B 92-106 3.61 3.36t05.39 4.7 54t0144 16 5 4+ mean
5B 17 2.68 2.58 to 4.68 33 33t07.5 1 5 + mean
6B 63 433 2.52104.54 6.0 3110123 d+GpeBl -
. . S2to04. . dto 12. (KASP marker) + mean
a: -logio(p)-values and R? of the most significant marker of the QTL.
b : number of markers composing the QTL.
¢ : number of nurseries in which the QTL is found.
Table 16 : Summary of the QTL for Plant Height in the winter wheat panel
Ch Position -log10(p)-values? in mean R2-value? in mean data and | Number of | Number of
r (cM) data and individual nurseries individual nurseries (%) markersP nurseriesc
1A 69 - 2411t03.25 - 11.6to0 23.7 1 5
3B 156 385 2.52t03.38 15.5 113t0 17.6 1 4 + mean
4A 213-215 283 28,30 106 10.7,11.6 6 5 4+ mean
5A 74-76 414 248to4.51 17.2 125t 199 4 6 + mean
22 - 25610281 - 93t013.1 2 4
5B
31 294 238,3.11,33 109 85,118,219 2 3 + mean
6A 10.1-102 290 252t04.53 108 90t0232 44 5 4+ mean
6B 95 - 235t03.75 - 9.6to 14.9 2 4

a: -logio(p)-values and R2 of the most significant marker of the QTL.
b : number of markers composing the QTL.
¢ : number of nurseries in which the QTL is found.




ii. Days to maturity :

Winter wheat

Considering only associations with a p-value in the lower 0,05 percentile of the distribution, we have
detected 301 MTAs for all nurseries (manhattan plots in Appendix V). The QTL identified after filtering are
in Appendix VI. The most consistent QTL (i.e. those found in mean and in at least 2 of the 4 nurseries
phenotyped for maturity date) are summarized in Table 14. These interesting QTL are on chromosomes 4A,
5A and 5B.

Spring wheat

447 MTAs are significant. Manhattan plot and the whole significant QTL after filtering are presented
in Appendices VII and VIII, respectively. Table 15 summarizes the most consistent QTL, which mean those
found in mean and in at least 4 of the 8 nurseries phenotyped for maturity date, and those found in less
nurseries but associated to a known gene. Chromosomes 2A, 4B, 5B and 6B carry these QTL.

On 4B, the QTL between 9.2 and 10.6 cM contains the reduced height gene Rh#-BI (located at 9.4
cM). RhtB1 explains between 5.4 and 14 .4 of the variation of maturity dates.

On chromosome 5B, we found a very significant marker at 17cM. After comparing the physical
positions of this marker and the gene, we found that it corresponded to the vernalization gene Vrn-BI.

On chromosome 6B, a QTL located at 6.3 cM is significant and found in several nurseries. We have
used primers found in Distelfeld et al. 2004 and 2006 (markers Xuhw89, Xucw75 and Xucw79) and
discovered that this QTL coincide with the GPC-BI gene. The KASP (Kompetitive Allele Specific PCR)
marker Gpc-B1 was also very significant and even found in more nurseries.

iii. Plant height :
Winter wheat

Considering only associations with a p-value in the lower 0,05 percentile of the distribution, we have
detected 264 MTAs for all nurseries. Manhattan plots are presented in Appendix IX. All the significant QTL,
after filtering, are in Appendix X. The most consistent QTL (i.e. those found in at least 3 of the 6 nurseries
phenotyped for plant height and or not in mean data, and those found in less nurseries but associated to a
known gene) are summarized in Table 16 : they are located on chromosomes 1A, 3B, 4A, 5A, 5B, 6A and
6B.

A large QTL is identified on chromosome 6A in 5 nurseries and the mean data. This QTL explains up
to 23.2% of the phenotypic variation in individual nurseries. Further studies showed that this QTL
corresponds to the recently discovered Rht24 gene. Indeed, we have used sequences of several markers in
strong linkage disequilibrium with this gene, sequences available in Wiirschum et al. 2017, and found that
these markers were all located in the region covered by our QTL.

Spring wheat

313 markers present p-value in the bottom 0,05 percentile of the distribution. Appendices XI and XII
present, respectively, the associated manhattan plots and all the significant QTL obtained after filtering. The
most consistent QTL are those found in at least half of the nurseries (so, in 5 out of the 9 nurseries
phenotyped for PH) and the mean data. They are summarized in Table 17. These QTL are located on
chromosomes 2A, 3B, 4B, 5A, 6B and 7B.
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Table 17 : Summary of the QTL for Plant Height in the spring wheat panel

Chr Position -log10(p)-values? in mean R2-value? in mean data and | Number of | Number of
(cM) data and individual nurseries individual nurseries (%) markersP nurseriesc
82-83 4.08 2.63t04.75 55 34079 15 8 + mean
A 8.3 4.74 2.62t05.12 64 45t013.5 4 8 + mean
3B 8.5 391 2.60t0 2.98 53 41t07.0 6 5 + mean
92-96 8.8 3.69 to 8.61 13.3 5.1to0 18.7 8 9 + mean
® 11.3 3.86 2.6 t0 3.35 5.1 35059 4 5 + mean
7.2 3.74 2.52t03.77 49 33t09.2 4 7 + mean
5A 8.2 549 3.19t04.75 7.8 43t0109 3 8 + mean
8.9 3.38 295t03.24 44 40t0 7.7 1 5 + mean
6B 6-62 - 2.79t03.99 - 39t07.2 15 5
7B 93-10 345 25t03.8 44 321093 7 8 + mean
Unmapped 6.75 33610 8.34 9.8 641t012.6 Rht-D1 (KASP) 7 + mean

Table 18 : Summary of the QTL for Leaf Blotch (SNB) resistance in the winter wheat field trials

Chr | Position (cM) -log10(p)-values? R2-value? (%) Number of markersP Yearc
1A 8.1 3.12 120 4
2016
3.54 17.5 3
2.5 3.25 12.7 6 2017
3.14 12.2 7
1B 2.7 3.17 124 3
35-36 3.14 122 9 2016
39 3.12 12.0 3
6.2 3.12 120 3
0.2 3.53 14.1 39 2017
2A
124 3.27 12.6 2
2016
2B 2.7 3.12 12.0 5
7.8 3.25 12.7 9 2017
4A
214 3.13 12.1 3
5A 72 3.20 12.6 4
5B 11.9 3.12 120 4
10.1 3.15 12.1 6
2016
6A 10.2 3.12 120 3
104 3.15 12.1 8
34 3.50 140 1
7B
79 3.17 124 2

a: -logio(p)-values and R? of the most significant marker of the QTL. ° : number of markers composing the QTL.
¢ : year(s) in which the QTL is significant.



We successfully identified the Rhz-B1 gene, in the QTL located on 4B, between 9.2 and 9.6 cM. This
loci explain up to 18.7% of the variation of plant height and is found in all the nurseries (nine nurseries).

We didn’t identify any QTL on chromosome 4D, but the KASP marker Rht-D1 was very significant
and consistent. This marker explained up to 12.6% of the phenotypic variation and was significant in the
mean data and 7 out of 9 nurseries.

III. Association mapping for SNB resistance

Phenotypic data in the field trials for SNL scoring include also DH and PH. In winter wheat, days to
heading and plant height are both highly correlated with SNB severity in the 2016 field trials : correlation
coefficients between disease severity and DH and PH respectively are equal to -0.47 and 0.21. Thus, we want
to minimize the confounding effects of PH and DH and obtain a more correct resistance score : a regression
for SNB is performed with DH and PH as covariates for correction (model : SNB ~ DH + PH). Then, in the
MLM running in TASSEL to perform the GWAS, we used the residuals from this regression with PH and
DH, corresponding to the corrected SNB severities. This allows to prevent the effect of both earliness and
plant height on marker significance and thus QTL detection of SNB. For 2017 winter wheat and spring wheat
field trials, only DH has an important impact on disease severity. Indeed, the correlation coefficients between
SNB severity and DH in the spring wheat mean data and 2017 winter wheat trials respectively are equal to
-0.56 and -0.49 (-0.15 and -0.04 for PH). Thus, we used the regression values corrected for DH only (model :
SNB ~ DH).

With winter wheat, association mapping revealed 151 significant MTAs, with a p-value in the bottom
0.05 percentile of the distribution. QTL were found on chromosomes 1A, 1B, 2A, 2B, 4A, 5A, 5B, 6A and
7B (Table 18). Usually, the most consistent QTL are those identified in several environnement, more
precisely here in several years of field trials. Nevertheless, with winter wheat, no QTL were significant in
both years (2016 and 2017).

For spring wheat, 428 MTAs are significant. QTL were located on almost every chromosomes : 1A,
1B, 1D, 2A, 2B, 2D, 3A, 4A,4B, 4D, 5A, 5B, 5D, 6A, 6B, 7A and 7B. Manhattan plots and significant QTL
are presented in Appendices XIII to XIV. Table 19 summarizes the QTL found in at least two field trials or
the mean data.

The QTL found on chromosome 5B in spring wheat between 14.9 and 15.2 cM corresponds to the
sensitivity gene Tsn/, conferring resistance to the necrotrophic effector SnToxA (Lu et al. 2006, Zhang et al.
2009). This QTL is significant across 4 years (2011, 2012, 2014 and 2017) and the mean data.
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Table 19 : Summary of the QTL for Leaf Blotch (SNB) resistance in the spring wheat field trials

Chr Position | -logl0(p)-values? in mean data | R2-value? in mean data and = Number of = Number of
(cM) and individual field trials individual field trials (%) markersP years¢
1A 54 275 2.58,3.11 34 33,76 35 2 + mean
IB 147 2.46 2.63 3.0 6.4 3 2 + mean
2A 02 - 3.24 - 79 5 3 + mean
0-0.1 39 3.09,4.11 5.1 75,57 6 2 + mean
2B 69-7.7 - 2.44,2.56,3.68 - 3.1,59,9.6 3 3 + mean
10.5 3.1 241,275 39 3.1,63 4 2 + mean
2D 43 233 2.87 2.8 3.7 3 1 + mean
72 - 2.53,2.64,2.80 - 3.0,62,6.6 22 3
A 79-82 - 2.65,4.27 - 62,112 14 4
29-3.1 276 251,272,270 34 32,63,67 2 3 + mean
P 149-152 375 3.06,4.53 50 75,62 6 4 + mean
5D 19.1 2.68 2.49,2.60 33 58,33 1 2 + mean
6B 02 - 3.05,4.33 - 74,112 4 2
7TA 34 2.50 2.28,2.84 3.0 27,68 5 2 + mean
3-3.1 2.18 2.66,291,3.15 27 6.3,7.1,7.6 2 3 + mean
7 337 261 2.46,3.12,3.89 32 3.1,7.7,10 1 3 + mean

a: -logio(p)-values and R2 of the most significant marker of the QTL.
b : number of markers composing the QTL.
¢ : number of years in which the QTL is significant.




DISCUSSION

Genome-wide association mapping revealed a lot of significant marker-trait associations and thus
several QTL for heading date, days to maturity, plant height and SNL resistance. Although many of them
were detected in only one environment (field trial), several stable QTL were also identified and allowed to
validate some major genetic loci.

Heading date

Heading date is influenced by many genes, mostly members of vernalization, photoperiod and
earliness per se gene families. In this study, we found robust QTL on chromosomes 1B, 1D, 2B, 3A, 4A, 4B,
5A, 5B, 5D, 7A and 7B, spring and winter wheat taken together.

QTL on 5A, 5B and 5D were at similar positions as the vernalization genes, Vrn-Al, Vrn-B1l and Vin-D1,
respectively. Vrn-Bl is identified in both winter and spring wheat panels. These genes regulate the
vernalization requirement and thus divide wheat in winter and spring growth habits : spring wheat initiates
flowering irrespective of low temperatures (dominant vernalization nonresponsive Vrn-Dla allele), whereas
winter wheat’s flowering is dependent on long cold periods, earlier in response to prolonged cold treatments
(Vrn-D1b allele) (Muterko et al. 2015). The Vrn-3 gene series includes Vin-A3, Vin-B3 and Vin-D3,
respectively mapped on chromosomes 7A, 7B and 7D (Yan et al. 2006, Zhou et al. 2016). The QTL on 7B, in
winter wheat, is very significant and consistent but doesn’t seem to be located nearby Vin-B3.

The QTL on 2B in spring wheat explains between 3.5 and 7.5% of the phenotypic variation. Another QTL
was found on 2B in winter wheat in 3 nurseries and the mean data. We have used primers of markers
Xgwml48 and Xgwm388 known to surround the Ppd-Bl gene and found that the winter wheat QTL was
located between these two markers (Mohler et al. 2004, Kiselava et al. 2017). Nevertheless, distances were
large so we can’t be sure that it is the photoperiod gene. On the other hand, we haven’t obtained physical
positions of the markers composing the 2B QTL in spring wheat after BLASTn. Thus, we can’t say if this
QTL cover a known gene. We neither successfully identified the Ppd-Al and Ppd-D1 genes on 2A and 2D.
However, these genes are of main importance to control heading date. The dominant alleles Ppd-Ala, Ppd-
Bla and Ppd-Dla confer photoperiod insensitivity (flowering occurs in either long or short days), whereas
the recessive alleles b confer sensitivity (flowering only occurs in long days)(Yang et al. 2009).

In addition to vernalization and photoperiod genes, earliness per se genes constitute a major genetic factor
of heading date. Nevertheless, they are not well described in bread wheat and several putative loci have been
found on different chromosomes. Griffiths et al (2009), validated by Zikhali et al (2014, 2016), identified a
QTL on the long arm of chromosome 1D, later named the Eps-D1 gene. This QTL is an Eps effect (in other
words, narrow sense earliness) because it causes early flowering, independently to photoperiod. This gene is
probably a homologue of Eps-BI on 1BL (Zikhali et al. 2016). Kamran et al (2013) mapped three earliness
per se QTL on 1B and 5B affecting days to flowering and maturity. We identified a very significant QTL on
1B in winter wheat field trials. Other studies mapped Eps QTL on 3A and SAL (Miura and Worland 1994,
Kato et al. 1999b).

On 4A, several QTL are found in both winter and spring wheat. Those located at 17.4 and 18.9 cM
(respectively in spring and winter wheat) have very low p-value, high R2? and overlap. Nevertheless, the
covered distance in bp is to large to consider only one QTL. This region seems to be important for the
genetic control of DH.

Days to maturity

The date of physiological maturity is controlled by genes involved in heading date but also by genes
controlling grain-filling duration. In this study, we identified consistent QTL on 2A, 4A, 4B, 5A, 5B and 6B,
spring and winter wheat taken together.

The one on 2A in spring wheat, composed of only one marker, is not associated to the gene Ppd-Al.
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On chromosome 4A, in winter wheat, the QTL is composed of only one marker. This marker,
AX-94906127, was also part of the QTL found for heading date at the same location (18.9 cM) : it was the
most significant marker of this QTL and explained up to 22.8% of the variation in the heading date in winter
wheat. Here, this same marker explains between 9.6 and 31.9% of the variation in maturity date. On the same
chromosome (4A), we identified a region at 7.3 cM in both panels. This region was not sufficiently consistent
because found in only one winter wheat field trial and three spring wheat field trials, but the -logio(p)-values
were high, R2-values as well. McCartney et al. (2005) and Perez-Lara et al (2016) have identified time to
maturity QTL on 4A.

The QTL on 4B, which explained between 5.4 and 14% of the variation of maturity date, covered the
region of the Rht-B1 gene. This can be explained by the fact that plant height influences the maturity date : a
reduced height can lead to a earlier maturity because of a earlier translocation of the ressources to the grain.

Gahlaut et al. (2017) had identified a major QTL for days to maturity on 5A associated with Vrn-Al gene.
Nevertheless, the QTL we identified here wasn’t associated or nearby the vernalization gene.

In spring wheat only, the QTL on 5B was located in the same region than Virn-BI. This loci explained
around 7.5% of the phenotypic variation.

In spring wheat, we found a QTL on chromosome 6B. This QTL appeared to cover the region of the gene
Gpc-B1, implicated in the grain protein content (GPC). The KASP marker called Gpc-BI was also very
significant and could explain up to 12% of the variation of the dates to maturity. Studies had previously
shown that the introgression of a functional Gpc-BI allele in hexaploid and tetraploid wheat led to
accelerated senescence and grain maturity (Uauy et al. 2006a, Brevis et Dubcovsky 2010). Plant are mature
earlier and have increased grain protein, iron and zinc content, thanks to enhanced translocations from leaves
(Uauy et al. 2006b). However, accelerated senescence and maturity are not coupled with a shorter time to
anthesis, so the grain-filling duration is reduced and this can affect grain size (Brevis et al. 2010). Therefore,
this gene is non-functional in most of the commercial wheat varieties : this could be the result of selection of
larger seeds, which result of a non-accelerated physiological maturity (Avni et al. 2014, Nadolska-Orczyk et
al. 2017).

Plant height

Plant height is mainly governed by Reduced Height (Rht) genes, among which the most used in
breeding programs worldwide are Rht-Bl (chromosome 4B), Rht-D1 (4D), Rht8 (2D) and Rht24 (6A). In this
study, consistent QTL are located on chromosomes 1A, 2A, 3B, 4A, 4B, 5A, 6A, 6B and 7B, winter and
spring wheat taken together.

We successfully identified the RhtB1 gene with spring wheat, in the QTL located on 4B, between 9.2 and
9.6 cM. This locus explain up to 18.7% of the variation of plant height and is found in all the nurseries (nine
nurseries).

No QTL was found on 4D, but the KASP marker Rht-D1 was very significant, explaining up to 12.6% of
the variation of plant height in spring wheat nurseries. The absence of significant MTAs can be explained by
the low coverage of SNP markers on the 4D chromosome. In general, the marker resolution on the D-
genome is low.

In winter wheat, the main QTL we identified is the one on 6A. Using markers which had allowed to
localize a recently discovered dwarfing Rht gene in a previous study, we found that this QTL coincide with
this gene : Rht24 (Wiirschum et al. 2017). In five out of the six winter wheat nurseries used to phenotype
plant height, Rht24 explains up to 23.2% of the phenotypic variation. Rht24b is a major height-reducing
allele in wheat, found in cultivars from worldwide origins (Europe, US, China) and his frequency has
increased during last years (Wiirschum et al. 2017). Rht-Bld, Rht-D1b and Rht8 are present in about 24.5,
45.5 and 46.8% of Chinese germplasm, respectively, whereas Rht24’s frequency distribution is estimated at
76% of elite Chinese varieties (Zhang et al. 2006, Tian et al. 2017). Furthermore, Rht24 is associated with
increased thousand-kernel weight (Tian et al. 2017).

Several studies has proved that dwarfing genes Rht-Blb, Rht-D1b and Rht8 were associated with both
reduced anther extrusion and increased fusarium head blight severity, one of the most damaging disease in
wheat (Miedaner et Voss 2008, Srinivasachary et al. 2009, Lu et al. 2013, He et al. 2016).
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Indeed, Rht genes reduce plant height but also anther extrusion, and the prolonged anther-retention in
wheat heads favored FHB infection : when anthers are infected and remain in the glumes, the fungus
spreading in the heads is facilitated. In 2018, Herter et al demonstrated that Rht24 doesn’t increase fusarium
head blight susceptibility. Rht24 allows to reduce plant height without reducing FHB resistance.

In winter wheat, another major QTL was the one on 5A, found in 6 nurseries and the mean data, and
explaining up to 19.9% of the phenotypic variation. Several studies also identified significant QTL on this
chromosome, but also on 1A, 2A, 3B, 6B and 7B (McCartney et al. 2005, Huang et al. 2006, Griffiths et al.
2012, Mwadzingeni et al. 2017). About 4A, it is known that the gene Rht-Al (homeolog with RAt-BI and
Rht-D1) is mapped on the long arm of this chromosome (Pearce et al. 2011, Wilhelm et al. 2013).

Stagonospora nodorum leaf blotch resistance

To date, we know that SNB resistance is mainly controlled by sensitivity Snn genes, located on
chromosomes 5BL (Tsnl), 1BS (Snnl), 2DS (Snn2), 5SBS (Snn3-Bl), 5DS (Snn3-DI1), 1AS (Snn4), 4BL
(Snnb), 6AL (Snn6) and 2DL (Snn7). Moreover, QTL for flag leaf resistance have been identified consistently
on chromosomes 1A, 1B, 2A, 2D, 3AS, 3B, 5A, 5B, 7A and 7B (Table 7).

In the present study, we identified interesting QTL on almost every chromosomes : 1A, 1B, 2A, 2B, 2D,
3A,4A,4B,4D, 5A, 5B, 5D, 6A, 6B, 7A and 7B, winter and spring wheat taken together. Ruud et al (2018),
who used 121 out of the 301 spring wheat lines for association mapping of SNB resistance (field trials
between 2010 and 2016), identified consistent QTL on 2B, 2D, 4A, 4B, 5A, 6B, 7A and 7B also.

We identified a significant QTL in both spring and winter wheat, located on chromosome 2A, at 0.2 cM.
In winter wheat, this QTL which is only found in the field trials of 2017, explains up to 14% of the
phenotypic variation and is composed of a lot of markers. In spring wheat trials, it is found in the mean data
and in 3 different years, and explains up to 7.9% of the phenotypic variation.

With both spring and winter wheat, we have identified several MTAs on 1B and 5B.

Unique but interesting QTL were located on the short arm of 1B. Explaining up to 11.8% of the
phenotypic variation in a spring wheat nursery, a QTL is located around 2.5 cM. Several QTL are also
located around 2.5 cM in the both years of winter wheat experiments, with R2 between 12 and 17%. All
together, these QTL overlapped and covered a region of 39 Mbp. Therefore, even if this region is very large
and not stable across the years, it may be involved in SNB resistance. The region between 5.9 and 6.2 cM is
also common between both wheat panels and the corresponding QTL overlapped, covering a region of 9.8
Mbp. Chromosome 1BS is known to carry the sensitivity gene Snnl, but not in the same region that the QTL
we identified (Cockram et al. 2015).

On 5B, several QTL were identified with spring wheat. The most consistent is the one located between
14.9 and 15.2 cM, found across four years of field trials and the mean data, with -log(p)-values up to 4.53.
This QTL cover the region where the sensitivity gene Tsn/ has been mapped (Lu et al. 2006). This gene
confers sensitivity to SnToxA : when the NE is recognized, photosynthesis is disrupted, ROS accumulate in
the chloroplasts and the infected cells die (Manning et al. 2009, Vincent et al. 2012).

The Snn3-Bl gene is mapped at the distal end of the short arm of chromosome 5B (telomeric region)
(Ruud et al. 2017). A QTL between 2.9 and 3.1 cM was significant on 5B in three spring wheat trials and the
mean, but not located in the same region that the Snn gene (we used sequences of markers known to
surround the gene).

The Snn4 gene has been mapped on 1AS (Abeysekara et al. 2009). We also have identified QTL on 1AS
in winter and spring wheat, but not in the same region than the sensitivity gene.
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Field trials : impact of the environment on QTL detection

Experiments were realized across several years for agronomic traits and we preferred to chose
consistent QTL, i.e. those that were significant in at least half of the nurseries phenotyped for each trait and
the mean data. Nevertheless, these traits are influenced by climate, weather, which varies across the years.
For example, a long winter with large amounts of snow will have an impact on earliness and maturity date :
heads will emerge later, thus plants will be mature later. About QTL detection, this can lead to the
identification of specific/unique major loci, found in only few environments, but presenting high R2-values,
in other words explaining a large part of the phenotypic variation. These QTL are not common, but specific
to particular environments. The importance of individual QTL is different between years. Thus, G x E
interactions contribute to the variation between individuals years of trials.

For SNB, the field trials and the apparition of symptoms relied on natural infection, most often
promoted by the addition of infected straw in the field and mist irrigation. The natural population of P.
nodorum fluctuates across years, producing different NEs, so variability in Snn-NE interactions is expected
to differ between years. QTL detection is also expected to differ, as we have noticed in our study. For
instance, within the winter panel, no QTL had been found in both years, and this could be explained by the
variation of the pathogenic population between 2016 and 2017. We also noticed that heading date and plant
height could have confounding effects on SNB severity. The negative correlation between earliness and
disease severity was highly significant : the more earliness time is short, the less SNB severity is strong. The
correlation between plant height and SNB was less stable and only significant in winter wheat in 2016
(correlation coefficient = 0.21). Usually, the correlation between SNB and plant height is negative : the
shorter plants show larger severity (the pathogen start colonizing the plant on lower leaves). In winter wheat
MASDbasis panel, there are more tall plants and in 2016, the weather was more rainy than in 2017. This has
led to more lodging for the tall plants in field trials. Thus, we suppose that the positive correlation between
SNB and plant height in 2016 is due to increased lodging. So, it is important to take in account confounding
traits in order to not identify false MTAs with the trait of interest and G x E interactions contribute to
important variation between trials.

The number of trials is also important for QTL mapping. For the SNB trials, we had seven years of
experiments for spring wheat, whereas for winter wheat only two years were available. Thus, it was easier to
find common QTL in the spring wheat panel. We have found no common QTL in winter wheat experiments.
Having more data, we can more easily compare results between years and perhaps find major loci. Unique
QTL are interesting, but QTL shared between several trials remain the most used and promising for breeding.

Implications for wheat breeding in Nordic countries

The purpose of wheat breeding programs is to create new varieties with improved agronomic traits,
superior yields and enhanced disease resistance and grain quality. Breeding for plant height for instance aims
to produce plants not too high to avoid lodging, and neither too short, to reduce the sensitivity to several
diseases. Among these diseases, SNB, STB, tan spot, FHB and rust are common in the Baltic sea region, and
breeding programs aim to reduce their severity (Chawade et al. 2018). Moreover, in Nordic countries where
the growth season can be very short, heading date must be early and grain has to be mature and filled before
the cold temperatures come back.

The detection of novel QTL and the validation of loci from other studies are important for breeding
purposes. Markers for MTAs explaining high phenotypic variations could be used for improvement of the
different traits in marker-assisted breeding. Indeed, stable QTL can be used for marker assisted selection, but
also in genomic selection.
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CONCLUSION

Bread wheat is one of the most cultivated cereal in the world, in a large spectrum of environments.
This impressive capacity of adaptation is explained by the genetic diversity of several loci controlling
different traits, especially heading date. Photoperiod and vernalization sensitivities and earliness per se are
the main gene families controlling the date to heading. In this study, we have found MTAs corresponding to
the Vrn genes Vim-Al, Vrn-B1 and Vin-D1 respectively located on chromosomes 5SA, 5B and 5D. Other QTL
have been identified on several chromosomes and could be interesting for the discovery of new genes. The
date of physiological maturity is another important trait in wheat, and this study allowed to validate the
association between this trait and the Gpc-B1 gene, which is involved in the grain filling and protein content.
Finally, plant height was also studied in our experiments. The main result of this part is the validation of the
recently identified gene Rht24 on chromosome 6A : this Rht gene explains up to 23.2% of the variation of
plant height in our winter wheat panel. Thus, this gene is a major one, as the well known Rht-B1 and Rht-D1.
Recently, a study has showed that Rht genes (Rht-D1, Rht-Bl and Rht24) could be successfully used in
hybrid wheat breeding to obtain desired height in the female and male parents and in the hybrids (Wiirschum
et al. 2018). Moreover, Rht24 presents an advantage compared to the two others : resistance to fusarium head
blight is not reduced by this gene (Herter et al. 2018). Indeed, Rht24 significantly reduces plant height
without increasing FHB susceptibility. Other damaging fungal disease can be influenced by plant height like
SNB, so further research should be made on Rht24 to know if we observe the same phenomenon with leaf
blotch severity. Furthermore, a study in 2016 had proved that when dwarfing Rhz-1 alleles increased yield,
they also reduced grain nitrogen concentration (Casebow et al. 2016). Studies should be done to know if
Rht24 also reduces grain quality.

Parastagonospora nodorum is a major necrotrophic pathogen of wheat that causes leaf and glume
blotch, SNL and SNG. The most effective and sustainable way to control the disease is to develop resistant
cultivars. Within the pathosystem, the resistance model follows the inverse gene-for-gene model : when a
necrotrophic effector is recognized by the product of a host sensitivity gene Snn, NETS and PCD are initiated
in infected cells so that the fungal pathogen can spread. Thus, a compatible interaction leads to the plant
sensitivity, contrary to the gene-for-gene model. Resistance could be improved by preventing the expression
of these genes (gene silencing). The genetic resistance to SNB is complex, governed by multiple genes. To
date, nine Snn-NE interactions and several QTL have been discovered, and studies have shown that large
genotype X environment interactions are expected. Often, seedling and adult plant resistances are
independently inherited and most resistance QTL are unique for one development stage. In our study, we
were interested in adult plant resistance (leaf blotch) in field trials. To date, only very few studies have used
GWAS to investigate the genetic control of adult plant resistance to SNB (Ruud et al. 2018). Among the Snn
genes, we only found significant MTAs for Tsn/. Sensitivity to SnToxA is common in the Nordic breeding
material and the effector gene (SnToxA) is prevalent in the Norwegian P. nodorum population. Several QTL
were identified and may be interesting. The investigation of the genetic mechanisms underlying these loci
would be relevant.

In conclusion, association mapping allowed us to identify and validate several major loci controlling
important traits in wheat. GWAS reveals associations between specific phenotypes and genetic variants,
which can lead to a better understanding of the genetic control of complex traits, major targets of breeding
programs.
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APPENDIX II : QTL for heading date in the winter wheat panel

Ch Position -log10(p)-values? in mean data | R2-value? in mean data and | Number of | Number of
r (cM) and individual nurseries individual nurseries (%) markersP nurseriesc
1B 26 331 2.13t0 3.68 12.7 90to 14.5 16 6 + mean
8.3 - 2.60, 3.06 - 95,11.7 4 2
2A
149-175 325 2.95 124 11.2 3 2 + mean
2B 89 243 3.38,2.60,2.55 8.7 13.2,11.7,9.3 3 3 + mean
2D  16.1-214 2.61 - 12.5 - 4 mean
84 - 2.07t02.81 - 13.7to 18.0 8 4
3A
209-21.6 - 2.15t04.07 - 12.7 t0 29.1 3 5
3B 203 - 2.0 to 2.60 - 89t013.3 8 4
11.7 321 2.24 t0 3.86 12.2 92to0 164 1 9 + mean
18.9 - 2.381t03.1 - 84t011.9 1 5
4A
18.9 391 2.17t04.18 15.6 791t022.8 2 9 + mean
19.6 - 21 2.87 - 11.0 - 3 mean
4B 113 3.09 2.28 t0 3.39 11.7 10.0to 19.9 1 9 + mean
5A 58 2.72 - 99 - 5 mean
119-122 - 327,274 - 12.7,12.7 5 2
5B
164 -19.1 - 321,2.18 - 214,98 2 4
92-94 2.95 1.93,2.69 11.1 11.1,9.9 9 3 + mean
7B 144 329 2.67,2.33 12.6 19.1,8.3 2 2 + mean
17.8 - 18 3.89 2.36t04.32 15.5 11.9t022.0 8 8 + mean

a: -logio(p)-values and R2 of the most significant marker of the QTL.
b : number of markers composing the QTL.
¢ : number of nurseries in which the QTL is found.
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APPENDIX III : Manhattan Plots of marker-trait associations for the mean (framed) and individual
spring wheat nurseries data of heading date
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APPENDIX IV : QTL for heading date in the spring wheat panel

Chr Position | -logio(p)-values 2 in mean data | R2-value? in mean data and | Number of = Number of
(cM) and individual nurseries individual nurseries (%) markers® | nurseries¢
1A 72-74 2.75 247t04.01 34 35t07.1 4 4 + mean
1.6 2.52 2.72t03.83 30 46t09.2 6 5 + mean
1B 2.5 - 2.31to4.61 - 37t06.7 23 4
39 2.53 2.88t04.16 3.1 36t05.8 3 3 + mean
1D 9.6 2.76 27410422 35 41t0 115 15 4 + mean
3.6 2.61 3.56,3.30,3.95 33 6.5,43,55 1 3 + mean
P 18.2 2.82 2471t03.50 35 37t07.5 3 6 + mean
2D 220 2.95 291,340 3.7 3.6,4.6 1 2 + mean
54-55 246 2.14,3.31,3.89 3.1 48,60,53 2 3 4+ mean
4 84 298 3.06,3.34 3.7 52,42 7 3 4+ mean
19 - 2.381t03.09 - 45t074 4 4
3B 8.5 3.15 2.57,3.71,3.25 4.0 4.1,48,44 1 3 + mean
20.3 - 3.08,2.54 - 75,59 6 3
7.8 2.79 2.721t03.48 34 49t07.6 4 4 + mean
4A 174 398 2.31t04.87 52 36t011.6 15 8 + mean
21-21.5 2.62 2.59,3.29 33 44,57 9 4 + mean
9.2 - 2.28,2.93 - 50,38 6 2
9.0 - 2.32,2.95 - 5.1,39 6 2
4B
8.7 2.73 2.32t03.14 35 37t052 9 4 + mean
0.8 3.74 2.611t03.59 49 37t04.7 1 4 + mean
11-12 2.53 3.25,3.13,4.72 3.1 5.8,4.0,6.6 5 3 + mean
A 9.2 3.10 2.55t03.89 39 33to8.1 1 6 + mean
5B 17 - 349,3.67 - 6.0,5.0 1 2
5D 72 2.63 3.67,3.74 34 73,52 1 2 + mean
6A 8.1 248 2.94,3.26 30 36,44 2 2 + mean
6B 6.3 2.95 3.20,2.79,2.89 3.7 5.5,3.6,38 7 3 + mean
10-10.1 2.79 2.27,2.51,3.50 35 5.1,32,49 10 2 + mean
TA 10.1 324 242103.78 42 36t05.5 1 5 + mean
19.6 - 2.58t03.16 - 33t05.1 1 4
22.1 2.86 244 103.40 35 43t06.0 2 4 + mean
" 104 293 2.18t02.97 3.7 35t049 2 4 + mean

a: -logio(p)-values and R2 of the most significant marker of the QTL.
b : number of markers composing the QTL.
¢ : number of nurseries in which the QTL is found.
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APPENDIX V : Manhattan Plots of marker-trait associations for the mean (framed) and individual
winter wheat nurseries data of maturity date
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Chr Position -log10(p)-values? in mean R2-value? in mean data and Number of | Number of
(cM) data and individual nurseries individual nurseries (%) markersP nurseriesc
2.5 - 3.535 - 248 3 1
1B
26-2.1 2.8 2.17 10.3 7.5 4 1 + mean
ID 24-25 2.79 2.82 10.3 10.5 4 1 + mean
2A 83 3.25 - 19.1 - 1 mean
3B 85 2.99 - 11.2 - 12 mean
73 - 3.08 - 22.3 2 1
4A 18.9 2.33 2.66 8.2 9.8 2 1 + mean
18.9 2.63 4.06,2.11 9.6 319,120 1 2 + mean
5A 89 2.57 2.73 9.8 104 4 2 + mean
119-12.1 - 327,1.74 - 241,93 5 2 + mean
P 268-272 279 - 10.3 - 2 mean

a: -log10(p)-values and R? of the most significant marker of the QTL.

¢ : number of nurseries in which the QTL is found.

b : number of markers composing the QTL.
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APPENDIX VII : Manhattan Plots of marker-trait associations for the mean (framed) and individual
spring wheat nurseries data of maturity date
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APPENDIX VIII : QTL for maturity date in the spring wheat panel

Chr Position | -logl0(p)-values? in mean data R2-value® in mean data and Number of = Number of
(cM) and individual nurseries individual nurseries (%) markersP nurseriesc
59 2.89 4.05,5.24 3.6 10.3,7.5 1 2 + mean
1A
72 - 241,3.15 - 30,42 2 2
39 3.02 2.47,3.15 38 31,40 10 2 + mean
1B
59 341 3.22,3.06,3.30 44 7.7,39,43 2 3 + mean
82-84 - 34 - 84 6 1
2A
15.6 2.82 2.27t03.58 35 29t07.5 1 4 + mean
2B 105 - 4.1 - 10.3 1 1
2D 220 2.56 342 3.1 44 1 1 + mean
54-55 - 3.8 - 9.7 5 3
3A
65-6.7 - 3.33 - 8.0 7 1
8.5 2.98 2.95 4.1 4.1 1 1 + mean
3B
20.3 - 322 - 7.8 15 3
73 - 3.67,4.14 - 9.3,10.6 39 3
4A
7.6 2.68 2.40 to 3.60 35 321t09.7 9 3 + mean
8.7 2.84 2.63,2.69 3.6 32,34 3 3 + mean
9.0 4.09 2.55t03.92 55 33t07.0 1 4 + mean
4B
9.0 3.88 247,292,3.13 52 56,3.7,4.1 2 3 + mean
92-10.6 3.61 3.361t05.39 4.7 54t0144 16 5 + mean
4D 54 - 3.23 - 7.8 2 1
6.9 2.75 2.63,2.74 34 33,34 3 2 + mean
5A
6 - 4.23 - 6.0 8 1
17 2.68 2.58 to 4.68 33 33t07.5 1 5 + mean
5B
22 -22.1 2.79 297 35 40 4 2 + mean
5D 0.5 - 39 - 100 7 1
6A 12-123 3.09 2.54,2.73,3.64 39 3.1,35,48 2 3 + mean
4.6 2.40 2.45 29 3.0 3 1 + mean
6B 6.3 4.33 2.52t04.54 6.0 31t012.3 4 + Gpc-Bl 4 + mean
(KASP marker)
6D 84 3.85 2.68,4.14,3.14 53 36,60,42 1 3 + mean
18-184 - 3.59 - 49 2 1
7B
10.6 3.29 2.43,3.19 43 3.1,43 1 2 + mean

a: -loglO(p)-values and R2 of the most significant marker of the QTL.
b : number of markers composing the QTL.
¢ : number of nurseries in which the QTL is found.
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APPENDIX X : QTL for plant height in the winter wheat panel

Chr Position -log10(p)-values? in mean R2-value? in mean data and | Number of | Number of
(cM) data and individual nurseries individual nurseries (%) markersP nurseriesc
6.3 303 2.6,3.04 15.1 159,15.1 1 2 + mean
1A 69 - 241t03.25 - 11.6 to 23.7 1 5
8.5 - 3.23,2.67 - 152,98 2 2
1B 25 2.73 3.22,2.82 10.0 213,128 3 3 4+ mean
1D 96 3.11 - 11.8 - 7 mean
2A 154-162 - 290 - 10.8 4 2
2B 105 2.84 243,245,293 10.5 8.7,8.7,11.1 6 3 + mean
3B 156 3.85 2.52t0 3.38 155 11.3t0 17.6 1 4 + mean
4A  213-215 2.83 30,28 10.6 11.6,10.7 6 5 + mean
1.8-4.1 3.53 3.89 13.8 15.6 4 2 + mean
» 87-9 3,85 322,348 199 162,17.7 18 3 + mean
5A 74-76 4.14 248t04.51 172 12.5t0 199 4 6 + mean
22 - 2.56t02.81 - 93t013.1 2 4
5B
31 2.94 3.3,2.38,3.11 109 219,85,11.8 2 3 + mean
0.2 2.89 - 10.8 - 5 mean
5D
154 - 341,245 - 205,119 1 2
6A 10.1-10.2 2.90 2.52t04.53 10.8 9.0to0 232 44 5 + mean
6B 95 - 2.35t03.75 - 9.6t0 149 2 4
6D 173 2.58 2.62 9.6 12.4 1 1 + mean
0.2 297 2.78,2.84 11.1 17.7,13.1 1 2 + mean
B 02 - 347 - 234 3 1
11.9-12 - 3.46 - 17.1 6 1

a: -log10(p)-values and R? of the most significant marker of the QTL.
b : number of markers composing the QTL.
¢ : number of nurseries in which the QTL is found.
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APPENDIX XI : Manhattan Plots of marker-trait associations for the mean (framed) and individual

spring wheat nurseries data of plant height

Remark : Unmapped markers were placed on chromosome 22.
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APPENDIX XII : QTL for plant height in the spring wheat panel

Chr Position -log10(p)-values? in mean R2-value? in mean data and = Number of | Number of
(cM) data and individual nurseries individual nurseries (%) markersP nurseries¢
1A 74 395 2.60t02.97 52 37t06.5 5 4 + mean
1B 1.6 4.55 2.83t03.85 6.1 39t05.7 2 4 + mean
62-64 - 3.38 - 6.0 2 1
7.3 - 2.59t02.86 - 33t059 1 4
2A 8.2 - 2.95 - 39 4 2
82-83 4.08 2.63t04.75 55 34t079 15 8 + mean
8.3 4.74 2.62t05.12 64 45t013.5 4 8 + mean
76-7.17 - 2.63 t03.21 - 41t072 6 4
2B 10.5 3.08 - 39 - 2 mean
125 2.73 2.451t03.48 4.1 5310 10.0 1 4 + mean
2D 43 - 2.63t03.1 - 341039 1 4
199 337 2.87,2.76 4.5 5.1,35 1 2 + mean
A 239-24.1 - 2.67,2.81,3.53 - 6.3,3.8,5.1 2 4
14 - 2.51t03.21 - 56t07.7 1 4
8.5 391 2.60t02.98 53 41t070 6 5 + mean
» 17.3 - 367,342 - 6.6,4.7 2 2
24.6 3.13 243,3.70,4.02 39 55,4.8,56 2 3 + mean
7.8 - 2.84,2.78,4.49 - 5.1,3.8,6.6 2 3
4A
174 -18.9 - 423,297 - 78,39 4 2
92-96 8.8 3.69 to 8.61 133 5.1t 18.7 8 9 + mean
= 11.3 3.86 2.6 to 3.35 51 35t059 4 5 + mean
72 3.74 2.52t03.77 49 33t09.2 4 7 + mean
8.2 549 3.19t0 4.75 7.8 4310109 3 8 + mean
i 8.9 3.38 295t03.24 44 40t07.7 1 5 + mean
1.2 - 3.32,2.81,2.68 - 8.1,6.6,34 4 3
6B 6-62 - 2.79t03.99 - 39072 15 5
TA 18.7 3.14 2.70 to 3.22 4.1 37t07.8 1 4 + mean
3-31 - 3.02,3.78,3.29 - 72,94,44 3 3
e 93-10 345 25t03.8 44 32t093 7 8 + mean
7D 1.8 332 303 42 40 1 1 + mean
675 33610834 98 6410126 ﬁgi'sglmarker) 7 + mean
Unmapped
357 304,275 53 83,38 gfg‘st . ke | 2 mean

a: -log10(p)-values and R? of the most significant marker of the QTL.
b : number of markers composing the QTL.
¢ : number of nurseries in which the QTL is found.
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APPENDIX XIV : QTL for SNB resistance in the spring wheat panel

Chr Position -log10(p)-values? in mean data and | R2-value? in mean data and individual Number of Number of
(cM) individual field trials field trials (%) markersP years¢
1A 54 2.73 4.49 3.7 6.7 34 1 + mean
25 - 333 - 11.8 7 1
2.6 - 3.05 - 72 10 1
1B
59 - 3.62,2.23 - 9.1,2.6 2 2
14.7 2.46 2.63 3.0 6.4 3 2 + mean
0 2.59 241 3.1 29 2 1 + mean
1D
9.6 2.94 2.16,2.57 3.7 69,32 1 2 + mean
02 - 3.24 - 79 4 1
2A
72-75 223 2.69 2.6 34 3 1 + mean
0-0.1 39 3.09,4.11 5.1 75,57 6 2 + mean
2B 69-77 - 2.56,3.68,2.44 - 59,9.6,3.1 3 3 + mean
10.5 3.1 275,241 39 6.3,.3.1 4 2 + mean
43 233 2.87 2.8 3.7 3 1 + mean
2D 20.3 - 2.81 - 6.6 7 1
29.5 - 2.51,2.77 - 8.3,64 8 2
6.2 - 2.55,2.55 - 85,57 9 2
3A
239-243 - 333 - 8.2 4 1
7.6 2.66 - 33 - 4 mean
4A
17.4 - 3.03,2.49 - 72,58 1 2
4B 8.7 - 3.62 - 9.5 8 1
4D 54 - 337 - 83 3 1
43-44 339 2.82 44 3.7 7 2 + mean
5A 72 - 2.80,2.64,2.53 - 6.6,62,3.0 22 3
79-82 - 265,427 - 62,112 14 4
29-3.1 2.76 2.72,2.70,2.51 34 63,6.7,32 2 3 + mean
122 - 293 - 7.1 13 1
5B
149-152 3.75 3.06,4.53 5.0 75,62 6 4 + mean
168 -17 - 2.72,2.66 - 98,65 3 2
05 - 2.86 - 74 2 1
5D
19.1 2.68 2.49,2.60 33 58,33 1 2 + mean
6A 10.1-10.2 2.21 - 2.6 - 3 mean
6B 02 - 3.05,4.33 - 74,112 4 2
TA 34 2.50 2.84,2.28 30 6.8,2.7 5 2 + mean
3-3.1 2.18 3.15,2.66,2.91 2.7 7.6,63,7.1 2 3 + mean
7B 15.8 - 2.99 - 72 3 1
33.7 2.61 3.12,3.89,2.46 32 7.7,10,3.1 1 3 + mean
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These traits are governed by multiple and mostly weak quantitative trait loci. Through genome-
wide association mapping (GWAS), several genes have been validated (vernalization genes
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