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ABSTRACT 

 

Keywords: Seed maturation, Heat stress, Seed quality, Transcriptomics, Epigenetics, GWAS 

 

Legume seeds represent a crucial source of human food and animal feed to ensure global food 

security. However, global warming and climate change endanger agricultural productions by 

impacting seed yield and seed quality. In Medicago truncatula, a model plant for legumes, the 

timing of seed maturation is greatly affected by adverse environmental growing conditions, 

leading to alterations of final seed traits. In this study, we intend to explore and describe seed 

molecular processes underlying the alteration of seed traits in response to heat stress to identify 

candidate genes regulating stress response and phenotypic plasticity of seed quality traits.  

Two complementary approaches were implemented to identify candidate genes: (i) deciphering 

the (epi)genetic regulations occurring in developing seed tissues in response to heat stress in 

the reference genotype A17, and (ii) exploiting the natural diversity of the Medicago truncatula 

HapMap population using genome-wide association study approaches. As a result, we observed 

an intense molecular reprogramming of seed maturation processes via the alteration of the main 

regulators of seed development. A set of candidate genes potentially regulating heat stress 

response and plasticity in seeds was identified. Among them, two genes were selected for 

functional characterizations and based on preliminary results, MtHAP3 showed a potential role 

in the reprogramming of early seed maturation determining seed size and seed longevity in 

response to heat stress; and MtMIEL1 acted as a regulator of seed germination plasticity in 

response to heat stress. 
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V 

 

French summary: Impacts du stress thermique sur l'acquisition des caractères de 

qualité des semences chez Medicago truncatula 

 

Résumé: Les graines de légumineuses sont une source de nourriture importante pour garantir la sécurité 

alimentaire mondiale. Cependant, le réchauffement climatique met en danger les productions agricoles 

en affectant le rendement et la qualité des semences. Chez M. truncatula, une plante modèle des 

légumineuses, la maturation des graines est fortement affectée par les conditions environnementales, 

conduisant à l’altération de la qualité des graines. Dans cette étude, nous proposons d'explorer les 

processus moléculaires des semences aboutissant à la modification de la qualité des graines suite au 

stress chaleur pour identifier des gènes candidats régulant la réponse au stress et la plasticité 

phénotypique des caractères de qualité de semences. 

Deux approches ont été développées pour identifier les gènes candidats: (i) décrire les régulations 

(épi)génétiques intervenant lors du développement des tissus des graines en réponse au stress thermique 

dans le génotype de référence M. truncatula A17, et (ii) exploiter la diversité naturelle présente dans la 

population HapMap de M. truncatula en utilisant des approches d’association pangénomique. Un 

ensemble de gènes candidats potentiellement régulant la réponse au stress thermique et la plasticité des 

graines a été identifié. Parmi eux, deux gènes ont été sélectionnés pour être caractérisés 

fonctionnellement et sur la base de résultats préliminaires, MtHAP3 pourrait avoir un rôle dans la 

reprogrammation de la maturation des graines en réponse au stress thermique ; et MtMIEL1 pourrait 

agir en régulateur de la plasticité de germination des graines en réponse à un stress thermique. 

Mots clefs: Maturation des graines, Stress thermique, Qualité des semences, Transcriptomique, 

Epigénétique, GWAS 

 

I. Introduction 

Les graines de légumineuses et de céréales ont une importance agronomique forte car elles 

présentent des teneurs élevées en protéines et en glucides, ainsi qu'en fibres et en minéraux (Deshpande, 

1992; McKevith, 2004). Ces deux grandes familles de plantes, les Fabacées et les graminées, sont à 

l'origine de la plupart des aliments destinés aux humains et aux animaux, estimant que les graines 

fournissent directement 70% des calories humaines (Bewley and Black, 1994). En tant que légumineuse 

modèle, Medicago truncatula a un petit génome (environ 375 Mb) diploïde (2n = 16), et un cycle de 

vie court, présentant un délai de 6-7 mois de graine à graine. Medicago truncatula est une plante 

d'origine méditerranéenne et une plante modèle des légumineuses depuis 1990, date à laquelle elle a été 



 

VI 

utilisée pour la première fois pour étudier la symbiose rhizobium-légumineuse (Barker et al., 1990). 

Cette espèce est une plante modèle précieuse et utile dans le domaine de la recherche sur les 

légumineuses avec de nombreuses études génétiques et génomiques publiées dans tous les domaines de 

la biologie végétale (pour revue Kang et al., 2016). Le génome de M. truncatula a été séquencé pour la 

première fois en 2011 (Young et al., 2011) et est toujours en cours de développement avec une 

cinquième version (Pecrix et al., 2018). Des populations mutantes de M. truncatula ont été développées 

par différentes approches et servent a explorer les domaines de la recherche biologique, notamment la 

biologie des semences, la fixation symbiotique de l'azote et les réponses au stress abiotique (Kang et 

al., 2016). 

Les graines de Medicago, comme les autres graines, se composent de trois tissus différents 

(c'est-à-dire l'embryon, l'albumen et le tegument), qui jouent des rôles différents pendant le 

développement des graines. L'embryon est le zygote diploïde issu de la pollinisation contenant un allèle 

mâle et un allèle femelle. L'embryon stockera les molécules de stockage comme dans la plupart des 

espèces de dicotylédones puis se dessèchera finalement pour atteindre moins de 10% de teneur en eau 

par rapport au poids sec de la graine afin d'être conservée pendant une période de temps prolongée. 

L'embryon occupe la majeure partie de l'espace d'une graine mature et deviendra la future plante. 

L'albumen est un tissu triploïde car il provient de la double fécondation d'un gamete male avec les deux 

noyaux polaires de la grande cellule centrale (Bewley et al., 2013). L'albumen servira de tissu de 

stockage transitoire et d'intégrateur central du développement des graines. Au cours du développement 

de la graine de Medicago, l'albumen est absorbé par l'embryon. Dans les graines matures de Medicago, 

l'albumen residuel est limité à quelques couches cellulaires entourant l'embryon et la plupart des cellules 

sont mortes (pour revue Verdier et al., 2019). Concernant l'enveloppe de la graine, les teguments, c'est 

un tissu diploïde d'origine maternelle qui protège l'embryon et l'albumen et qui importera des nutriments 

à l'embryon. Pour produire des graines saines, la croissance et le développement des trois tissus de la 

graine sont fortement coordonnés (pour revue Bewley et al., 2013). 

Le développement des semences est un processus de développement complexe qui commence 

par la fertilisation. Chez M. truncatula, le développement des graines peut être divisé en trois phases: 

(i) l'embryogenèse, (ii) le remplissage des graines et (iii) la maturation tardive. Au cours du 

développement de la graine, le poids sec de la graine augmente progressivement et s'accompagne d'une 

perte de teneur en eau. L'embryogenèse est définie par le développement de l'embryon à partir de la 

double fécondation (c'est-à-dire 0 jour après la pollinisation) jusqu'à 12 jours après la pollinisation (JAP). 

Le développement embryonnaire subit des divisions cellulaires, et chaque stade de développement sera 

caractérisé par son aspect morphologique: stades globulaire, cœur, torpille, cotylédon courbé et enfin le 

stade de la graine sèche ou mature (Bewley and Black, 1994). Le remplissage des graines et la 

maturation tardive se chevauchent partiellement. Le remplissage des graines concerne principalement 

l'allongement des cellules embryonnaires et l'accumulation de molécules de stockage induisant 
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l'augmentation du poids des graines. Lors de la phase de remplissage de la graine, la graine accumule 

des molécules de stockage accompagnées d'une diminution drastique de la teneur en eau (pour revue 

Verdier et al., 2019). La maturation tardive est une période identifiée de 24 JAP à la maturité des graines, 

au cours de laquelle les graines acquièrent les caractères de qualité germinative, tels que la la vigueur 

des graines et la longévité (Verdier et al., 2013). La période de maturation tardive des graines varie 

selon les espèces. Par exemple, la maturation tardive chez Arabidopsis est parmi l'une des plus courtes 

avec un chevauchement entre les phases de remplissage et de maturation tardive des graines, ce qui 

explique que chez cette espèce, on distingue généralement deux phases: l'embryogenese et la maturation, 

tandis que M. truncatula présente une période relativement longue de la phase de maturation tardive 

par rapport au temps total de développement de la graine (pour revue Leprince et al., 2017). 

Dans un environnement en constant changement, les plantes doivent réagir et s'adapter à 

différentes conditions environnementales. L'augmentation des températures moyennes renforce la 

nécessité de comprendre comment les plantes réagissent au stress thermique pour améliorer la tolérance 

à la chaleur des cultures. Au cours des dernières années, de nombreuses études ont rapporté comment 

les plantes ressentent, réagissent et s'adaptent au stress thermique (revue de J. Liu et al., 2015; Ohama 

et al., 2017). La voie de régulation transcriptionnelle de la réponse au stress thermique a été 

principalement étudiée dans les tissus végétatifs tels que les racines et les feuilles. Jusqu'à présent, très 

peu d'études se sont concentrées sur les impacts des stress pendant le développement des semences et 

leurs impacts sur les qualités des semences. Dans une étude précédente, il a été démontré que le froid, 

la chaleur et le stress osmotique ont des effets significatifs sur le développement des graines (Righetti 

et al., 2015). Dans ces différentes conditions environnementales, la durée du stade d'embryogenèse était 

relativement stable, alors que la durée du stade de maturation était sévèrement affectée. Les graines qui 

se sont développées dans des conditions de stress thermique ont été les plus touchées avec une réduction 

importante de la durée de la phase de maturation, condensée de 30 jours dans des conditions témoins à 

environ 10 jours pendant un stress thermique (Righetti et al., 2015). Grâce à la caractérisation des 

processus physiologiques, il a été observé que l'acquisition de la tolérance à la dessiccation était un 

processus robuste, sans impact majeur des différentes conditions environnementales. À l'inverse, 

l'acquisition de la longévité etait fortement affectée par différentes conditions environnementales 

(Righetti et al., 2015). De nombreuses études sur différentes espèces ont montré des résultats similaires. 

Chez le riz, une température élevée raccourcissait la période de reproduction (He et al., 2014), la 

longévité potentielle des graines produites dans des conditions plus chaudes était inférieure à celle des 

environnements plus froids (Ellis et al., 1993) et des plantes exposées à des conditions transitoires 

modérées. Un stress thermique (35°C) au début du développement des graines a produit des graines 

matures mais avec un taux de germination different que les conditions témoins en raison de l'altération 

de la biosynthèse de l'ABA et du GA (Begcy et al., 2018). Dans le soja, le stress thermique pendant le 

développement des graines a entraîné une germination plus faible des graines, une diminution du poids 
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des graines et plusieurs changements dans le contenu métabolique (Chebrolu et al., 2016). Une étude 

sur des plantes alpines de lit de neige a montré que les graines de plantes exposées à des températures 

chaudes peuvent vivre plus longtemps que les graines produites à l'état naturel (Bernareggi et al., 2015). 

Toutes ces études démontrent que le stress thermique pendant le développement des graines affecte la 

durée de la maturation des graines et a un impact sur des caractéristiques importantes des graines telles 

que la longévité et la vigueur des graines. Cependant, la caractérisation des mécanismes moléculaires 

impliqués dans la réponse au stress thermique des graines est encore mal comprise, en particulier pour 

les espèces de légumineuses. 

Au cours des dernières décennies, la régulation épigénétique est de plus en plus etudiee dans 

différentes espèces liées à divers processus biologiques. La méthylation de l'ADN et la modification 

des histones sont les principales modifications épigénétiques pour réguler l'expression des gènes. Chez 

les plantes, la régulation épigénétique se produit non seulement dans diverses phases de développement 

des plantes, mais également pendant les réponses aux stress biotiques et abiotiques (Chinnusamy and 

Zhu, 2009 ; Ahmad et al., 2010). Au cours de ma thèse, nous avons rassemble dans une revue les 

connaissances sur les mécanismes épigénétiques impliqués dans les processus de développement et le 

stress (a)biotique chez les légumineuses (Windels et al., 2020). Lorsque les plantes modifient leur 

programme de développement dans les phases dites de transition, telles que la floraison au 

développement des graines ou le développement des graines à la germination, les protéines du groupe 

polycomb (PcG) jouent un rôle crucial dans le contrôle de ces processus (pour revue Yang et al., 2017; 

Yan et al., 2020). Les protéines PcG forment généralement différents complexes proteiques qui sont 

organisés en complexe répressif polycomb 1 (PRC1) et complexe répressif polycomb 2 (PRC2) en 

fonction de leur action pour condenser des régions de chromatine spécifiques via différentes 

modifications d'histones. Les complexes PRC1 condensent la chromatine par dépôt d'ubiquitine sur la 

lysine 119 de l'histone 2A (H2AK119Ub). En revanche, les complexes PRC2 sont capables de 

condenser la chromatine en ciblant la lysine 27 sur l'histone 3 par triméthylation (H3K27me3). Cette 

triméthylation de H3 en lysine 27 est une forte marque répressive, largement distribuée dans le génome 

(c'est-à-dire environ 20% des gènes d'Arabidopsis ont été trouvés liés à la marque H3K27me3), qui se 

dépose dynamiquement et est éliminée au cours du développement de la plante, conduisant à la 

condensation de la chromatine (Zheng and Chen, 2011). Les complexes PRC2 régulent l'initiation de la 

phase de développement des graines et sont nécessaires dans la transition entre l'embryogenèse et la 

maturation des graines. En effet, il a été montré qu'en l'absence de fertilisation, FIS-PRC2 est impliqué 

dans la répression du développement de l'albumen, tandis que VRN-PRC2 et EMF-PRC2 dans la 

répression du développement du tégument de la graine (Lau et al., 2012; Figueiredo and Köhler, 2018). 

De plus, des mutations dans le complexe FIS-PRC2 ont altéré le développement des trois tissus de la 

graine, conduisant à l'avortement de la graine (Robert et al., 2018; Robert, 2019). 
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Au cours de la maturation des graines, une augmentation de la condensation de la chromatine 

a été observée, agissant potentiellement via ABI3 (Van Zanten et al., 2011). La taille des noyaux et 

l'état de la chromatine sont récupérés lors de la germination des graines. La tolérance à la dessiccation, 

la longévité et les qualités germinatives sont acquises au cours de la maturation des graines et marque 

répressive H3K27me3 est responsable du maintien de la compaction de la chromatine et de la répression 

de la transcription des gènes impliqués dans le développement des graines, dans la présente étude, nous 

proposons d'explorer si la condensation de la chromatine est impliquée dans l'acquisition de la longévité 

et des qualités germinatives. En outre, cette étude examinera également si les marques répressives 

H3K27me3 sont affectées par les conditions de stress thermique pendant le développement de la graine, 

et si ces changements sont associés à la réponse physiologique de la graine au stress thermique. 

 

Comme développé dans les sections précédentes, dans un contexte d'urgence mondial, le stress 

thermique a un impact dramatique sur le développement des plantes, y compris l'acquisition de 

caractéristiques de qualité des semences, ce qui représente une menace importante pour la sécurité 

alimentaire. Les réponses moléculaires à la chaleur ont été étudiées de manière intensive dans les parties 

végétatives des plantes, mais on en sait peu sur les processus moléculaires se produisant pendant le 

développement des graines. 

L'objectif de ce projet de doctorat est d'explorer et de décrire les processus moléculaires 

des semences affectés lors d'un stress thermique afin d'identifier des gènes candidats susceptibles 

d’alerter ou de réguler la réponse au stress et d'expliquer la plasticité phénotypique des caractères 

de qualité des semences suite à un stress thermique. 

 

Pour atteindre cet objectif, ce projet de thèse a été initialement organisé en trois parties (WP). 

WP1 a l'intention de démêler les mécanismes moléculaires se produisant dans les tissus des 

graines sous-jacents aux changements physiologiques tels que le poids, la longévité et la vigueur des 

graines lorsque les graines ont subi un stress thermique au cours de leur développement. Dans cette 

partie, les changements physiologiques, transcriptomiques et épigénétiques (c.-à-d. Méthylation de 

l'ADN et H3K27me3) en réponse au stress thermique dans les semences seront explorés en utilisant le 

génotype de référence A17 de Medicago truncatula pour (i) identifier les gènes candidats affectant le 

développement des semences pendant le stress thermique, puis (ii) découvrir le niveau de (épi) 

régulation (épi)génétique de ces gènes candidats. 

En parallèle, WP2 propose d'utiliser la diversité génétique naturelle présente dans la collection 

Medicago truncatula HapMap pour identifier les loci/gènes potentiellement impliqués dans la plasticité 
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des traits de semences en réponse au stress thermique en utilisant une approche d'étude d'association à 

l'échelle du génome (GWAS). 

Enfin, WP3 correspond à un ensemble intégratif de WP1 et WP2 pour sélectionner une courte 

liste de gènes candidats pertinents, qui pourraient être impliqués dans la plasticité des traits de semences 

en réponse au stress thermique et agissant à différents niveaux de régulation (épi)génétique. Cette partie 

comprend également une caractérisation fonctionnelle préliminaire de gènes candidats à l'aide des 

populations mutantes d'insertion Medicago Tnt1 et Arabidopsis T-DNA afin de sélectionner les gènes 

les plus pertinents pour les études futures. 

 

En raison de laboutissement partiel du WP3 en raison de la pandémie Covid-19 et des différents 

problemes qui ont ralenti notre progression, nous avons décidé de reformater ce manuscrit de thèse en 

deux parties: un chapitre 2 correspondant aux analyses à l'échelle du génome de la dynamique du 

transcriptome, du méthylome et de la chromatine de tissus isoles de la graine dans des conditions de 

stress thermique et un chapitre 3 correspondant à l'étude de la régulation des caractères de la graine dans 

des conditions optimales et de stress thermique à l'aide des accessions naturelles de Medicago 

truncatula et des études d'association à l'échelle du génome. L'intégration des deux WP n'a pas été 

effectuée ; cependant, quelques analyses fonctionnelles préliminaires de gènes candidats identifiés dans 

les chapitres respectifs sont présentées à la fin des deux chapitres. 

 

II. Analyses à l'échelle du génome de la dynamique du transcriptome, du méthylome et de la 

chromatine de tissus de semences isolés dans des conditions de stress thermique 

 

Dans ce chapitre, nous avons voulu décrire les réponses physiologiques et moléculaires au 

stress thermique pendant le stade de reproduction des plantes, encore inexploré, correspondant au 

développement/maturation des graines afin d’identifier les impacts du stress sur l'acquisition des 

caractères de qualité des graines. Cette étude exploratoire utilisera des analyses à l'échelle du génome 

pour définir la dynamique du transcriptome, du méthylome de l'ADN et de la chromatine à partir de 

tissus isolés de graines en réponse à des conditions de stress thermique à quatre stades clés de la 

maturation des graines en utilisant le génotype de référence A17 de Medicago truncatula. Cette analyse 

vise à identifier les processus moléculaires pertinents et les gènes candidats régulant les traits 

physiologiques des semences à partir de différents tissus de semences et à différents niveaux de 

régulation (épi)génétique. 
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Après la récolte de graines matures développées dans des conditions contrôle (20°C) et de stress 

thermique (26°C), les graines ont été immédiatement séchées à 44% d'humidité relative (HR) (en 

utilisant une solution saturée de K2CO3 à 20°C) pendant trois jours. La dormance physiologique a été 

libérée en utilisant un traitement post-récolte par stockage de graines matures pendant 6 mois à 

température ambiante, puis les graines ont été ensuite stockées à 4°C dans l'obscurité pour des analyses 

ultérieures. La première caractérisation morphologique à consister à mesurer le poids / la taille des 

graines. En effet, nous avons observé une différence visible de poids / taille des graines entre les graines 

matures produites à 20°C et 26°C. Les plantes cultivées dans des conditions de stress thermique ont 

produit des graines plus petites que les graines de la condition témoin dans le génotype A17 de référence 

de Medicago truncatula. La longévité et la germination des graines sont des caractéristiques importantes 

de la qualité des graines. Les deux sont acquis pendant le développement de la graine, plus précisément 

pendant la phase de maturation chez M. truncatula. Tout d'abord, afin de vérifier si le stress thermique 

influence la longévité des graines, nous avons utilisé les conditions de vieillissement artificiel de 75% 

d'humidité relative à 35°C pour accélérer le vieillissement des graines. Nous avons observé que les 

graines produites à 26°C présentaient une plus grande capacité de longévité et étaient capables d'être 

viables plus longtemps dans des conditions de vieillissement artificiel par rapport aux graines produites 

à 20°C. Concernant la germination des graines dans des conditions de germination à basse température 

(10°C), il n'y avait pas de différence concernant le taux de germination final, qui atteignait 100% dans 

les deux lots de semences. Cependant, nous avons observé une diminution de la vitesse de germination 

des graines soumises à un stress thermique par rapport aux graines témoins. 

Démêler les mécanismes moléculaires qui sous-tendent les changements physiologiques tels 

que le poids, la longévité et la vigueur des graines lorsque les graines ont subi un stress thermique au 

cours de leur développement chez M. truncatula A17. Nous avons combiné l'acquisition de ces 

processus physiologiques majeurs avec des données moléculaires obtenues à partir des données 

d’expression des stades de développement des graines produites dans des conditions de stress thermique 

et disponibles dans Righetti et al. (2015) en générant une matrice de corrélation pour identifier les stades 

correspondants en fonction des changements transcriptomiques globaux. En croisant ces informations, 

nous avons décidé de sélectionner quatre stades, nommées S1, S2, S3 et S4, correspondant à i) le début 

de la maturation des graines (S1: 17 JAP à partir de graines à 20°C et 14 JAP à partir de graines à 26°C), 

ii) après l’acquisition de la tolérance à la dessiccation et lors du remplissage des semences (S2: 26 JAP 

à partir de semences à 20°C et 17 JAP à partir de semences à 26°C), iii) début de l'acquisition de la 

longévité et à la fin du remplissage des semences (S3: 36 JAP à partir de graines à 20°C et 22 JAP à 

partir de graines à 26°C) et vi) à la maturité des graines (c.-à-d. graines sèches) (S4: 44 JAP à partir de 

graines à 20°C et 28 JAP à partir de graines à 26°C). Pour révéler les mécanismes moléculaires sous-

jacents de ces quatre stades affectés par le stress thermique, nous avons d'abord analysé les changements 
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du transcriptome des trois tissus isolés de graines à ces quatre stades de développement au cours de la 

maturation des graines dans des conditions de contrôle et de stress thermique. 

Par des analyses de transcriptome utilisant la comparaison des cinétiques de developpement 

pour l'embryon et l'albumen et des comparaisons « deux a deux » pour le tegument de la graine  entre 

les conditions de contrôle et de stress dans les tissus de graines isolés, 12766, 11430 et 5761 gènes ont 

été identifiés comme différentiellement exprimés (DEG, False Discovery Rate (FDR) <5%) dans 

l'embryon, l'albumen et l'enveloppe de la graine respectivement et un ensemble commun de 1274 DEG 

dans les trois tissus de la graine ont été mis en évidence. Pour mieux comprendre le role de ces gènes 

nous avons regardé les classes fonctionnelles correspondant aux gènes différentiellement exprimés 

grace a des analyses de sur-représentation sur ces listes de DEG. L'une des classes fonctionnelles les 

plus surreprésentées était ‘stress.abiotique.Heat’ dans les trois tissus de la graine, qui a validé nos 

conditions de croissance et confirmé que l'intensité de stress thermique que nous avons appliquée 

pendant le développement des graines était suffisante pour induire une réponse au stress. Les classes 

fonctionnelles liées à ‘DNA synthesis.Chromatin structure’, ‘Photosynthesis.Light reaction’ et 

‘development.storage protein’ se sont également révélés enrichis en DEG communs dans les trois tissus 

de graines. Outre l'intérêt pour les DEG communs lors de stress thermique dans tous les tissus de la 

graine, nous avons cherché à déterminer si et comment chaque tissu de graine réagirait au stress 

thermique. Pour cela, nous avons également effectué des analyses de sur-représentation sur les DEG 

spécifiques aux tissus, dont les expressions étaient statistiquement régulées à la hausse ou à la baisse 

dans l'un des trois tissus de la graine. 

Étant donné que le stress thermique influence la duree du développement des graines et les 

caractéristiques de maturation des graines chez Medicago truncatula, nous avons examiné si les gènes 

régulateurs clés du développement des graines, LEC1, ABI3, FUS3 et LEC2 (c'est-à-dire les gènes 

LAFL), étaient affectés par le stress thermique pendant le développement des graines. En utilisant 

l'annotation du génome de Medicago (version 5) et l'outil de recherche d'alignement local de base 

(BLAST), nous avons identifié des orthologues putatifs de ces gènes et extrait leurs profils d'expression 

au cours du développement des graines de M. truncatula. En outre, nous avons également examiné les 

profils d'expression de deux facteurs transcriptionnels important, MtABI4 (MtrunA17_Chr5g0437371) 

et MtABI5 (MtrunA17_Chr7g0266211), qui jouent un rôle important dans le développement des 

semences et sont impliqués dans la voie de signalisation ABA (Finkelstein et al., 1998 ; Finkelstein and 

Lynch, 2000). ABI4 est un régulateur positif de la dormance primaire des graines chez Arabidopsis (Shu 

et al., 2013). ABI5 régule non seulement la dormance et la germination des graines, mais joue également 

un rôle dans la longévité des graines chez Medicago truncatula (Zinsmeister et al., 2016). Les résultats 

ont montré que les niveaux de transcription de ces régulateurs clés du développement des graines sont 

affectés par le stress thermique et qu'en raison de leur rôle pléiotrope dans les mécanismes de maturation 

des graines, ils pourraient représenter de bons gènes candidats pour expliquer les phénotypes de graines 
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soumis à un stress thermique. Cela suggère également que le stress thermique induit une 

reprogrammation transcriptionnelle intense du développement/maturation des graines en modifiant les 

expressions géniques des gènes régulateurs centraux. Fait intéressant, lors de la recherche de 

l'orthologue du gène LEC1, nous avons identifié un gène très étroitement apparenté qui correspond à 

un gène HAP3/NF-YB6 annoté comme MtLEC1-LIKE (MtLIL, MtrunA17_Chr4g0076381). Chez 

Arabidopsis, L1L est capable de compléter la mutation lec1 et est nécessaire pour le développement de 

l'embryon et l'initiation du programme de maturation chez Arabidopsis (Kwong et al., 2003). Chez M. 

truncatula, ce gène HAP3/MtL1L était fortement exprimé en S1 dans l'embryon et en S1-S2 dans 

l'albumen, plus tardivement que MtLEC1. C'était egalement l'un des gènes les plus statistiquement 

differentiellement exprimés après un stress thermique, ce qui nous a amenés à considérer ce gène 

comme un gène candidat pour une validation fonctionnelle ultérieure. 

Afin de se concentrer sur l'effet du stress thermique dans les mécanismes moléculaires de 

l'embryon pour identifier les gènes candidats qui expliquent le changement des caractéristiques 

physiologiques, nous avons effectué une analyse d’inference du réseau de corrélation des gènes 

(WGCNA, Langfelder and Horvath, 2008) en intégrant des données transcriptomiques et 

physiologiques pour mettre en évidence des gènes candidats potentiellement regulant ces caracteres 

physiologiques. Nous avons combiné les transcriptomes normalisés montrant des expressions 

différentielles dans l'embryon et les traits physiologiques liés à la cinétique du poids des graines et à 

l'acquisition de la longévité des graines obtenues aux mêmes stades que ceux utilisées dans l'analyse du 

transcriptome dans les deux conditions à 20°C et 26°C. Deux modules présentant des corrélations très 

significatives avec nos traits de semence observés ont été identifiés: un module, appelé coral3, montrant 

une corrélation de 0,84 (p-value de 3,10-7) avec l'acquisition de la longévité (P50) et dans une moindre 

mesure un module, appelé palevioletred3, montrant une corrélation de 0,67 (valeur p-value de 3,10-4) 

avec l'augmentation du poids des graines (DW). Les gènes ayant une appartenance élevée au module 

(ou une connectivité basée sur l'eigengène, MM>0,9) et la signification du gène (GS>0,9) dans ces deux 

modules ont été sélectionnés pour des gènes candidats potentiellement importants pour réguler la 

longévité des graines et le poids sec dans des conditions de stress thermique, ce qui contiennent 

respectivement 154 et 15 gènes. 

La dynamique de la méthylation de l'ADN pendant le développement de l'embryon dans des 

conditions de culture contrôle et de stress thermique a egalement été étudiée. Le pourcentage global de 

méthylcytosines identifiées dans chaque contexte entre les conditions temoins et stressés n'ont pas 

radicalement changé entre les stades de développement S2, S3 et S4, mais nous avons observé une 

augmentation lors de S1, comme observé chez Arabidopsis (Bouyer et al., 2017). Les taux globaux 

moyens de méthylation étaient également similaires à ceux observés dans les graines d'Arabidopsis. Les 

pourcentages de méthylation dans les contextes CHG et CHH à S1 ont montré un niveau plus élevé 

dans les embryons produits dans des conditions de stress thermique. Pour avoir un aperçu des régions 
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differentielllement méthylées après un stress thermique, nous avons identifié de 1 à 2175 régions 

méthylées différentiellement (DMR) en fonction des stades de développement de l'embryon et des 

contextes de méthylation comprenant des régions hypo-méthylées (c'est-à-dire une diminution de la 

méthylation de l'ADN due au stress thermique) ou régions hyper-méthylées (c'est-à-dire une 

augmentation de la méthylation de l'ADN due au stress thermique). En cartographiant les DMR dans 

les régions génomiques pour distinguer les DMR situés dans les promoteurs de 1 kb, les séquences 

codant pour les gènes et les éléments transposables (TE), nous avons observé une transition des 

distributions de DMR dans les régions génomiques entre S1 et les stades ultérieurs. L'augmentation de 

DMR localisées dans les TE (60%) et dans les promoteurs de 1 kb (23%) à S1 a d'abord suggéré que 

l'augmentation globale de methylcytosine survenant pendant le stress thermique à S1 pourrait être due 

à une augmentation des régions méthylées dans les TE et les promoteurs de 1 kb. Pour mieux 

comprendre le rôle de la méthylation différentielle de l'ADN en S1 et son rôle potentiel sur la régulation 

transcriptionnelle, nous avons combiné les données de nos méthylomes et transcriptomes en 

sélectionnant les régions hypo-méthylées situées dans des promoteurs de 1 kb avec les gènes régulés à 

la hausse correspondants et inversement les régions hyper-méthylées situées dans des promoteurs de 1 

kb avec des gènes régulés à la baisse correspondants dans des conditions de stress thermique. En 

conséquence, nous avons identifié 97 gènes qui pourraient potentiellement être transcriptionellement 

régulés via la méthylation de l'ADN dans l'embryon au stade S1 après un stress thermique. 

En ce qui concerne la dynamique H3K27me3 se produisant pendant le développement de 

l'embryon à partir de graines produites pendant les conditions temoin et de stress thermique, nous avons 

observé une diminution constante des régions genomiques de fixation avec H3K27me3 en condition de 

contrôle pendant le développement des graines. Fait intéressant, dans les graines soumises à un stress 

thermique, le nombre de sites génomiques fixés à H3K27me3 était encore très élevé au cours du 

développement des graines, ce qui suggère qu'à ces stades les marques H3K27me3 étaient dépendantes 

du stress et qu'elles pourraient jouer un rôle important dans la régulation du développement des graines 

soumises à un stress thermique. L'analyse de la dynamique de la marque H3K27me3 au cours du 

développement de l'embryon sous contrôle en conditions de stress thermique doit être analysée plus en 

détail. 

Ce chapitre se termine par l'analyse fonctionnelle préliminaire des mutants l1l chez Medicago, 

nous n'avons obtenu que des résultats prometteurs mais préliminaires concernant le potentiel et le rôle 

spécifique de MtL1L dans la régulation du développement des graines sous stress thermique. MtL1L 

pourrait être un gène candidat prometteur avec un rôle spécifique dans la régulation du développement 

des graines dans des conditions de stress thermique chez Medicago truncatula, ce qui pourrait expliquer 

sa forte régulation à la baisse (c'est-à-dire environ 10 fois) chez l'embryon à S1 sous stress thermique. 

Suite à cette expérience, nous avons re-criblé la population mutante Medicago Tnt1 et identifié deux 
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nouvelles lignées mutantes d'insertion. Les quatre lignées mutantes sont actuellement en croissance et 

seront utilisées pour confirmer les résultats préliminaires. 

 

III. Étude de la régulation des caractères des semences dans des conditions optimales et de stress 

thermique à l'aide des accessions naturelles de Medicago truncatula et des études d'association à 

l'échelle du génome 

 

Des accessions naturelles de Medicago truncatula provenant de différentes zones 

géographiques principalement distribuées dans le bassin méditerranéen et de divers environnements 

climatiques ont été collectées pour constituer une collection d’accessions de Medicago truncatula 

(Ronfort et al., 2006). Récemment, avec le développement des technologies de séquençage haut-debit 

et des plates-formes de phénotypage, l'étude d'association à l'échelle du génome (GWAS) est devenue 

une méthode populaire pour étudier le role des polymorphismes de sequence en lien avec divers traits. 

À cette fin, un sous-ensemble pertinent de ces accessions a été, par la suite, sélectionné en fonction de 

la structuration de la population, et 288 accessions de Medicago ont été séquencées à l'aide de 

technologies de séquençage de nouvelle génération afin d'identifier les polymorphismes de nucléotides 

uniques (SNP) existant au sein de cette population (http://www.medicagohapmap.org/home/view). 

Cette ressource d'accessions aux polymorphismes connus, appelée population de carte haplotypique 

(HapMap) de Medicago truncatula, représente une ressource génétique précieuse en biologie des 

légumineuses pour identifier les gènes candidats associés à l'acquisition de caractères agronomiques 

(pour revue Mammadov et al., 2012 ; Govindaraj et al., 2015). 

Dans ce chapitre, nous avons profité de la population de M. truncatula HapMap pour réaliser 

des études d'association à l'échelle du génome. Une première approche nous a permis de comparer des 

modèles linéaires mixtes classiques à locus unique tels que EMMA (Hyun et al., 2008) avec des modèles 

multi-locus plus récents tels que le modèle fixe et aléatoire d'unification des probabilités circulantes 

(FarmCPU) (Liu et al., 2016) en utilisant 162 accessions Medicago HapMap pour identifier les locus 

candidats régulant la taille et la composition des semences produites dans des conditions optimales. En 

parallèle, une deuxième approche consistait à cultiver 200 accessions HapMap et à produire des graines 

matures dans des conditions optimales et de stress thermique pour obtenir des loci/gènes candidats 

putatifs impliqués dans le contrôle de la taille des graines et des caractères de vigueur des graines dans 

des conditions optimales et de stress, ainsi que des loci/gènes contrôlant la plasticité phénotypique de 

ces caractéristiques de performance des graines en réponse à un stress thermique. 

Dans la première section, deux modèles différents pour les prédictions d'association GWAS à 

l'échelle du génome ont été appliqués pour les données phénotypiques normalisées: un modèle linéaire 
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mixte classique à locus unique (EMMA) avec prise en compte de la parenté et de la structure de 

population, et un modèle multi-locus (FarmCPU) avec correction de la structure de la population. Lors 

de l'exécution du modèle FarmCPU multi-locus, nous avons observé des graphiques quantile-quantile 

(QQ) avec un meilleur ajustement entre les résultats attendus et observés suivant la distribution 

d'hypothèse nulle attendue des p valeurs. Ces graphiques QQ reflètent que la plupart des SNP testés 

n'ont pas de p valeurs significatives, à l'exception de quelques SNP qui ont un effet fort et significatif. 

De plus, les graphiques QQ obtenus après avoir exécuté l'algorithme EMMA ont généralement montré 

une courbe correspondant aux résultats observés en dessous de la courbe théorique (c.-à-d. Courbe 

dégonflée), ce qui suggére que ce modèle n'était pas le plus approprié pour cette étude d'association. 

Concernant les graphiques Manhattan obtenus à partir de différents modèles, nous avons également 

observé des différences entre EMMA et FarmCPU. En général, nous avons obtenu moins de bruit de 

fond avec FarmCPU, avec une localisation plus précise et des valeurs p-valeurs plus faibles des SNP 

que celles obtenues à partir du modèle linéaire mixte (MLM), en particulier lorsque l'analyse statistique 

a montré des SNP très significatifs. Les graphiques Manhattan obtenues à partir du MLM présentaient 

des « pics » plus larges constitués de plusieurs SNP significatifs (c'est-à-dire des clusters de SNP). Dans 

l'ensemble, nous avons noté que la plupart des SNP les plus significatifs ont été identifiés dans les deux 

méthodes, mais FarmCPU a fourni plus de sensibilite de détection, de puissance et de précision pour 

identifier les nucléotides à caractères quantitatifs (QTN). Par conséquent, nous avons décidé de nous 

concentrer sur le modèle mixte multi-locus avec FarmCPU dans les analyses ultérieures. Dans cette 

étude, nous avons tout de meme identifié des gènes/loci potentiellement impliqués dans à la fois le 

contrôle de la taille et de la teneur en protéines des graines, ce qui pourrait potentiellement permettre 

l’amelioration simultanément des valeurs nutritionnelles et des performances agronomiques des graines. 

Dans la deuxième section, 200 accessions naturelles sélectionnées de la collection Medicago 

truncatula HapMap ont été cultivées en serre dans des conditions optimales et de stress thermique, mais 

en utilisant la même intensité lumineuse, photopériode. Des triplicats des 200 accessions ont été cultivés 

dans des conditions témoins à une température minimale de 20°C jour / 18°C nuit dans le cadre du 

projet ANR REGULEG (n°ANR-15-CE20-0001). Dans le cadre de mon projet de doctorat, trois 

replicats des 200 accessions ont été cultivés dans des conditions de stress thermique. Pour produire des 

graines matures soumises à un stress thermique, nous avons d'abord suivi la même procédure que les 

plantes témoins. Puis, au stade de la floraison, les plantes ont été déplacées vers une serre voisine avec 

la même photopériode et les mêmes conditions d'éclairage mais avec des températures minimales de 

26°C jour et 24°C nuit jusqu'à atteindre la maturité des graines (c.a.d. conditions de stress thermique 

pour Medicago). Les graines produites à la fois dans des conditions optimales et de stress thermique 

ont été récoltées pour des analyses de caractères de qualité des graines.  

Nous avons d'abord observé une diminution significative du rendement en graines (c.-à-d. 

nombre de gousses et de graines) des plantes cultivées dans des conditions de stress thermique. Le 
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nombre de graines limitées produites dans des conditions de stress de chaleur pour certaines accessions 

a impacté le nombre d'accessions disponibles pour l’analyse GWAS des caractères de qualité des 

semences. Par exemple, l'accession HM059 n’a pas produit de semences et n’a donc pu etre utilisé. En 

ce qui concerne les performances de germination et de longévité des graines, nous avons caractérisé 

phénotypiquement la longévité des graines et la germination des graines matures produites à partir de 

151 et 112 accessions, respectivement. Les résultats ont montré que ce stress modéré appliqué à la 

floraison a impacté le poids final des graines, mais egalement la germination et la longevité. Les 

analyses d'association pangénomiques (GWAS) ont été réalisées pour identifier les loci putatifs ou les 

gènes impliqués dans la régulation des traits de semences et de leur plasticité en réponse au stress 

thermique. Nous avons identifié de nombreux QTNs forts et/ou genes candidats potentiels impliqués 

dans la régulation de ces traits sous stress thermique en utilisant des analyses combinées avec nos 

données de transcriptomiques. En utilisant des analyses GWAS et postGWAS en combinaison avec des 

données adéquates transcriptomiques nous avons pu identifier des gènes candidats solides régulant 

potentiellement les différents traits de semences. Parmi eux, MtMIEL1, un gène de type zinc-finger de 

la famille des domaines RING, a été validé comme reguler transcritionnellement et associée à la vitesse 

de germination dans des graines stressées par le chaud. Dans Medicago, nous avons montré que 

MtMIEL1 etait transcriptionnellement regulée lors de la production de semences soud l’effet de la 

chaleur, et que son profil d'expression dans quatre différentes accessions de Medicago était positivement 

associé à leur vitesse de germination. Enfin, une analyse de perte de fonction de l’orthologue de MIEL1 

chez Arabidopsis a révélé son rôle de régulateur de la plasticité de la germination des graines en réponse 

au stress thermique. 

 

IV. Conclusions et perspectives 

Ce projet de thèse de trois ans visait à explorer les processus moléculaires des semences affectés 

par le stress thermique dans des tissus isolés de graines afin d'identifier les gènes candidats régulant 

potentiellement la réponse au stress chez Medicago truncatula. L'objectif principal a été atteint avec 

une caractérisation exhaustive des changements du transcriptome dans ces trois tissus de la graine tout 

au long du développement, ainsi qu'une caractérisation de la dynamique du méthylome et de la 

chromatine chez l'embryon après un stress thermique. De plus, plusieurs gènes candidats ont été 

identifiés et des analyses préliminaires de mutants ont été initiées pour valider nos choix. 

L'une des principales réalisations de ce travail de doctorat a été de développer cette carte de la 

régulation (épi)génétique due à la réponse au stress thermique. Même si elles ne sont pas entièrement 

exploitées au terme de ces trois années, ces connaissances représentent un outil précieux pour les projets 

actuels/futurs de l'équipe SEED. Par exemple, ces connaissances ont déjà été utilisées dans d'autres 

projets tels que les projets ANR DESWITCH (2020-2023) ou RFI epiDT (2020-2021). Elles 
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deviendront encore plus précieuses dans les années à venir car ce projet de thèse a ete le projet fondateur 

de notre thematique sur le «stress des semences», mais maintenant plusieurs autres projets sont en cours 

liés au stress thermique chez différentes espèces mais aussi à différents stress (a)biotiques chez 

Medicago truncatula. Ensemble, ces projets devraient fournir, à moyen terme, un aperçu précis de la 

façon dont les semences perçoivent, répondent et s'adaptent aux stress au cours de leur développement. 

L'un des objectifs de ce travail de thèse est de valoriser ces données et de les rendre accessibles à la 

communauté scientifique. Dans cette perspective, nous collaborons actuellement avec le LIPM 

(Toulouse) pour développer un serveur web Medicago Gene Expression Atlas basé sur des données 

RNA-seq, qui contient déjà toutes les données transcriptomiques générées dans cette thèse et offre de 

nombreux outils de visualisation et d'analyse à partager pour pleinement exploiter ces données. En ce 

qui concerne les résultats des approches GWAS et la dynamique de l'épigénome (c'est-à-dire le 

méthylome et le H3K27me3), nous avons déjà mis en ligne toutes les données dans notre Jbrowse 

interne (c'est-à-dire le navigateur du génome), qui sera accessible au public peu après la publication de 

ces résultats. 

La deuxième réalisation principale de ce projet a été d'identifier les gènes candidats pertinents 

pour mieux comprendre comment les graines détectent, réagissent et s'adaptent au stress thermique. 

Même si l'intégration des données des différentes parties de ce travail de thèse n'a pas été achevée en 

temps opportun, nous avons identifié des listes de gènes candidats dans chacune des sections et ces 

choix semblaient pertinents sur la base des résultats préliminaires des analyses de mutants (par exemple, 

pour MtMIEL1 et HAP3/MtL1L). Bien entendu, le plan initial d'intégration de toutes les données 

OMICS afin d'affiner la liste des gènes candidats est toujours en cours avec certaines solutions déjà 

testées mais non discutées dans ce rapport comme CAMOCO qui nous a permis d'intégrer la 

transcriptomique et les données GWAS (Schaefer et al., 2018). À ce jour, deux gènes candidats solides 

sont à l'étude, MtMIEL1 (MtrunA17_Chr2g0286331) et HAP3/MtL1L (MtrunA17_Chr4g0076381), et 

la caractérisation fonctionnelle de ces deux gènes se poursuivra. De plus, nous avons maintenant des 

lignées mutantes homozygotes pour plus de candidats tels que MtABI5 (MtrunA17_Chr7g0266211), 

MtDASH (MtrunA17_Chr2g0282441) et MtHAP2 (MtrunA17_Chr2g0300261). Même si MtDASH et 

MtABI5 sont déjà des gènes publiés connus pour être impliqués dans les processus de développement 

des semences, leur régulation par les stress (thermiques) est intéressante à élucider, contrairement à 

MtHAP2, aucun rapport n'a encore été fait sur ce gene, donc cela pourrait représenter un candidat 

intéressant dans la réponse au stress thermique mais aussi dans le processus de maturation des graines. 
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CHAPTER 1: LITERATURE REVIEW 

1. Medicago truncatula as a model plant to study seed biology in legumes  

Legume and cereal seeds have significant agronomic importance as they present high 

protein and carbohydrate contents, as well as fibers and minerals (Deshpande, 1992; McKevith, 

2004). These two major plant families, the Fabaceae and Poaceae, are the source of most of 

human food and animal feed, estimating that seeds directly provide 70% of human calories 

(Bewley and Black, 1994). As a model legume plant, Medicago truncatula has a diploid (2n=16) 

and small genome (about 375 Mb), and short life cycle, presenting a 6 months’ time from seed 

to seed. Medicago truncatula is a Mediterranean originated plant and has been a model plant 

of legumes since 1990, when it was first used to study rhizobia-legume symbiosis (Barker et 

al., 1990). This species is a valuable and useful model plant in the field of legume research 

with many genetic and genomic studies published in all area of plant biology (for review Kang 

et al., 2016). The genome of M. truncatula was first sequenced in 2011 (Young et al., 2011) 

and has still been under development with a recent fifth release (Pecrix et al., 2018). Mutant 

populations of M. truncatula have been developed by different approaches to be applied in 

biological research fields, including seed biology, symbiotic nitrogen fixation and abiotic stress 

responses (Kang et al., 2016). 

Medicago seeds consist of three different tissues (i.e. embryo, endosperm and seed coat), 

which play different roles during seed development. The embryo is the diploid zygote resulting 

from the pollination containing one male allele and one female allele. The embryo will store 

storage molecules like in most dicot species then finally desiccate to reach less than 10% of 

water content with respect to seed dry weight in order to be stored for extended period of time 

(Verdier et al. 2013). The embryo occupies most of the space in a mature seed and will become 

the future plant. The  endosperm is a triploid tissue since it originates from the double 

fertilization of one sperm cell fuses with the two polar nuclei of the large central cell (Bewley 

et al., 2013). The endosperm will serve as a transient storage tissue and central integrator of 

seed development. During Medicago seed development, the endosperm is absorbed by the 

embryo. In Medicago mature seeds, the remaining endosperm is limited to few cell layers 

surrounding embryo and most of the cells are dead (for review Verdier et al., 2019). Concerning 

seed coat, it is a diploid tissue from maternal origin that protects embryo and endosperm and 
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that will import nutrients to the embryo. To produce healthy seeds, the growth and development 

of all three seed tissues are coordinated (for review Bewley et al. 2013). 

 

2. Seed development and acquisition of seed qualities during maturation stage 

Seed development is a complex developmental process that starts with fertilization. In 

M. truncatula, seed development could be divided in three phases: (i) embryogenesis, (ii) seed 

filling and (iii) late maturation. During seed development, seed dry weight is increasing 

gradually and is accompanied by the loss of water content (Figure 1.1). Embryogenesis is 

defined by embryo development from double fertilization (i.e. 0 day after pollination) until 12 

days after pollination (DAP). Embryo development undergoes cell divisions, and each 

developmental stage will be characterized by its morphological aspect: globular, heart, torpedo, 

bent cotyledon stages and finally reaching the dry or mature seed stage (Bewley and Black, 

1994). Seed filling and late maturation are partially overlapping. Seed filling mainly concerns 

embryo cell elongation and accumulation of storage molecules inducing the increase of seed 

weight. During the seed filling stage, seed accumulates storage molecules accompanying by a 

drastic decrease of water content (for review Verdier et al., 2019). Late maturation is a period 

identified from 24 DAP to seed maturity, during which seeds acquire the germinative quality 

traits (Figure 1.1), such as the capacity to germinate, seed vigor, desiccation tolerance and 

longevity (Verdier et al., 2013). The time frame of late seed maturation varies in different 

species. For example, the late maturation in Arabidopsis is among one of the shortest and to a 

large content overlap with seed filling phase, which explains that in this species we usually 

distinguish two phases: embryogeneisis and maturation, while M. truncatula exhibits a 

relatively long period of late maturation phase compared to the total seed developmental time 

(reviewed in Leprince et al. 2017). 
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Figure 1.1 Physiological processes during seed maturation stage in M. truncatula (Adapted from Verdier et al., 

2013). Changes in seed dry weight, water content, acquisition of desiccation tolerance and acquisition of longevity 

are indicated in the curves following the days after pollination (DAP).  

 

2.1 LAFL genes: keystone regulators of seed development 

The coordinated seed development is controlled at different levels by metabolomic, 

hormonal and genetic factors such as several key transcription factors (TFs). In Arabidopsis, 

genetic analyses and molecular studies demonstrated that the LAFL genes, that are LEAFY 

COTYLEDON1 (LEC1), ABSCISIC ACID INSENSITIVE3 (ABI3), FUSCA3 (FUS3) and 

LEAFY COTYLEDON2 (LEC2), are master transcriptional regulators controlling many seed 

developmental processes, including embryogenesis and seed maturation (reviewed in Santos-

Mendoza et al., 2008; Verdier and Thompson, 2008; Braybrook and Harada, 2008; Fatihi et 

al., 2016; Boulard et al., 2017). LEC1 is a CCAAT-box binding factors (CBF, also called Heme 

Activator Protein, HAP) gene family, which is required for both embryogenesis and maturation 

phase (West et al., 1994; Lotan et al., 1998; Kwong et al., 2003; Jo et al., 2019). This gene 

family encodes histone-like proteins, which function in a heterotrimer complex, with a NF-YA 

(CBF-B/HAP2) and a NF-YC (CBF-C/HAP5) subunits to be functional and bind the CCAAT 

box in the promoter regions of target genes. Recently, LEC1 was identified as a pioneer 

transcription factor in resetting chromatin state from repressed state (marked by H3K27me3) 

to active state (H3K36me3) to activate the expression of FLOWERING LOCUS C (FLC), a 
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repressor of floral transition (Tao et al., 2017). LEC2, ABI3 and FUS3 encode another class of 

transcription factors related to plant-specific B3 domain TFs (Giraudat et al., 1992; Luerßen et 

al., 1998; Stone et al., 2001) and also named as “AFL” genes (Roscoe et al., 2015). The 

expression of LAFL genes has a specific and highly regulated temporal and spatial pattern 

during seed development (Bewley et al., 2013; Fatihi et al., 2016) (Figure 1.2A). LEC1 and 

LEC2 are transiently expressed in early developing seed, with LEC2 expressed later than LEC1, 

and their transcripts cannot be detected in mature seed. FUS3 and ABI3 are expressed later 

during seed development and transcripts of both genes are present in mature seed (Figure 1.2A).  

Mutations of these master regulators results in dramatic phenotypes in seeds, including 

precocious germination, desiccation sensitivity and reduced storage proteins (Keith et al., 1994; 

Meinke et al., 1994; West et al., 1994). Single and multiple mutant analyses demonstrated that 

LAFL genes function redundantly to control seed maturation, with LEC1 acting upstream to 

regulate LEC2, FUS3 and ABI3 (Meinke et al., 1994; Kagaya et al., 2005; Roscoe et al., 2015). 

Different studies showed that ectopic expressions of LEC1 or LEC2 could lead to somatic 

embryogenesis (Lotan et al., 1998; Stone et al., 2001) and induce the expression of FUS3 and 

ABI3 (Kagaya et al., 2005; Santos Mendoza et al., 2005). The regulatory network between the 

LAFL genes and their target genes is summarized in the simplified Figure 1.2B (for reviews 

Fatihi et al., 2016; Lepiniec et al., 2018). LEC1 and LEC2 positively regulate FUS3 and ABI3 

and also active each other, in addition, FUS3 and ABI3 also regulate themselves (To et al., 

2006; Stone et al., 2008). WRINKLED1 (WRI1), which encodes an AP2/EREB domain protein 

regulating fatty acid synthesis, is a direct target of LEC2 (Cernac and Benning, 2004; Baud et 

al., 2007). MYB118 is an endosperm-specific gene, which is activated by LEC2, but 

subsequently act as repressor of LEC2 expression and downstream seed maturation genes 

(Barthole et al., 2014). 

The orthologs of these LAFL genes have been identified in most angiosperms, including dicots 

and monocots, particularly in the crop species and their functions seemed to be conserved 

(Verdier and Thompson, 2008; Peng and Weselake, 2013; Zhiguo et al., 2018). 
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Figure 1.2 Expression patterns (A) and regulatory network (B) of LAFL genes (LEC1, ABI3, FUS3 and LEC2) 

involved in seed development (Fatihi et al., 2016). Expression levels of LAFL genes in different tissues at different 

stages are indicated with the color intensity from yellow (absent or low) to red (high). Expression patterns are 

from Arabidopsis eFP Browser (http://bar.utoronto.ca/efp_arabidopsis/cgi-bin/efpWeb.cgi?dataSource=Seed) 

based on the transcriptomic data from Belmonte et al. (2013). 

 

http://bar.utoronto.ca/efp_arabidopsis/cgi-bin/efpWeb.cgi?dataSource=Seed
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2.2 Seed yield 

Plants produce various seed yield depending of the environmental conditions 

encountered. Seed number and seed size are the two components that determine the seed yield. 

The final seed size is determined during seed development as a result of the coordinated 

development and growth of three seed tissues (Chaudhury et al., 2001; Li et al., 2019). Indeed, 

the embryo and endosperm develop within the integuments, and all three tissues will affect the 

final seed size.  

First, in the embryo of dicotyledonous plants such as Arabidopsis thaliana and 

Medicago truncatula, endosperm reserves are absorbed during the maturation stage by the 

embryo. Several studies showed that the mature seed size is determined by embryo size in the 

dicots (Sundaresan, 2005) and that embryo cell division during late embryogenesis is critical 

for the final embryo size (Lemontey et al., 2000). This role of cell division during 

embryogenesis has also been demonstrated in two ecotypes of M. truncatula (W6-6016 and 

W6-6018), which exhibited larger seeds than the reference accession (A17), due to a longer 

cell division period during embryogenesis, potentially explained by a difference in hormonal 

balance in these ecotype seeds (Bandyopadhyay et al., 2016).  

Second, the development and growth of endosperm have also been showed to have a 

role in regulating seed size. The growth of endosperm is influenced by “parent-of-origin” 

effects (Scott et al., 1998) and parent ploidy. Indeed, crosses between diploid and tetraploid 

plants produced plants with seeds that developed abnormally with change in size. The 

imbalance of the parental genome in seed results either in an enlarged endosperm or a reduced 

endosperm. With paternal genome in excess, growth of the endosperm is promoted, therefore 

it tends to produce larger embryo with increased final seed size. On the opposite, an excess of 

the maternal genome results in inhibition of endosperm growth, which leads to reduction of 

final seed size (Bradford and Nonogaki, 2007). Moreover, the timing of endosperm 

cellularization phase affects seed development and final seed size. Early endosperm 

cellularization results in small seeds, while delayed endosperm cellularization leads to bigger 

seeds (Garcia et al. 2003; Berger et al. 2006). DNA METHYLTRANSFERASE 1 (MET1) is a 

DNA methyltransferase that maintains DNA methylation at CG content in A. thaliana (Jean 

finnegan and Dennis, 1993). Reciprocal crosses between the antisense MET1 transgenic and 

wild-type lines showed that DNA hypomethylation has a parent-of-origin effect on seed size 

(Adams et al., 2000). Reciprocal crosses between met1-6 mutant and wild type demonstrated 
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that the hypomethylation in maternal and paternal genomes greatly affected the F1 seed size. 

F1 generation from homozygous met1-6 mutation on the maternal genome produced larger 

seeds, while F1 generation from homozygous met1-6 mutation on the paternal genome of 

homozygous met1-6 mutation produced smaller seeds (Xiao et al., 2006). In the past decades, 

several genes involved in different signaling pathways have also been identified as controlling 

seed size by regulating endosperm development. The IKU pathway was reported in several 

studies and includes HAIKU1 (IKU1), IKU2, and MINISEED3 (MINI3) genes (Garcia et al., 

2003; Luo et al., 2005; Wang et al., 2010). Mutants of these genes produced reduced seed size, 

due to precocious cellularization during endosperm development. The SHORT HYPOCOTYL 

UNDER BLUE 1 (SHB1) was showed to act upstream to IKU2 and MINI3 by direct binding to 

their promoters to regulate endosperm growth (Zhou et al., 2009; Kang et al., 2013). The role 

of endosperm growth in regulating seed size pathway is also influenced by phytohormones. 

Cytokinin oxidase 2 (CKX2) in cytokinin signaling pathway is the target of MINI3 which can 

bind to CKX2 promoter and participate to seed size regulation (Li et al., 2013). In Medicago, 

DASH (DOF Acting in Seed embryogenesis and Hormone accumulation), endosperm specific, 

gene involved in auxin homeostasis was shown to be involved in final seed size detmernination 

(Noguero et al. 2015) 

Finally, during seed development, it has been showed that the integuments that 

constitute the seed coat are responsible for establishing the volume of seeds. Seed coat is 

exclusively a maternal tissue and the cell division and elongation rates controlled by maternal 

factors have been shown to control final seed size (reviewed in Li and Li 2015; Li, Xu, and Li 

2019). In A. thaliana, Transparent Testa Glabra 2 (TTG2) gene encodes a WRKY transcription 

factor that controls seed coat pigmentation. The ttg2 mutants also caused reduced elongation 

of integument cells, which is coordinated with reduction of endosperm growth, leading to 

smaller seeds (Johnson et al., 2002). Reciprocally, we observed that in iku2 mutants, that 

displayed smaller seed phenotype by controlling endosperm growth, a modulation of the 

integument cell elongation (Garcia et al., 2003). Moreover, to highlight this interplay between 

seed coat and endosperm, the ttg2 iku2 double mutant produced smaller seeds compared to the 

single mutants seeds of ttg2 and iku2 (Garcia et al., 2005). The role of maternal tissues to 

control seed size was also shown to be associated with different pathways such as ubiquitin 

pathway, transcriptional regulatory factors, G-protein signaling, phytohormones and other 

plant growth substances, as summarized in Figure 1.3 (reviewed in Li and Li, 2015; Li et al., 

2019). 
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Figure 1.3 The major signaling pathways involved in regulation of seed size in Arabidopsis and rice (Li and Li, 

2016). Thin lines which are compared with thick lines represent weak effects. Dashed lines indicate that genetic 

relationships are not clear. The regulators to controlling seed size in Arabidopsis and rice are shown in red and 

blue, respectively. 

 

2.3 Seed desiccation tolerance 

Desiccation tolerance (DT) is the capacity of an organism or tissue to endure extreme 

desiccation and yet survive and thrive. Desiccation tolerant tissues can undergo a dehydration 

corresponding to less than 0.1 gram of H2O per gram of dry weight, or less than 10% of their 

dry weight, without lethal damages (Ooms et al., 1993; Alpert, 2005). DT is an ancient trait 

that spread widely in ferns, mosses, and seeds of higher plants (review in Oliver et al. 2020). 

During seed development, the water content of seed is progressively declining along with the 

deposition of storage reserves. At the maturity stage of Medicago seeds, water content reaches 

10% of seed dry weight and seed enters into a glassy state at maturity to sustain this extreme 

dehydration (Verdier et al., 2013). Orthodox seeds (i.e. desiccation-tolerant seeds) can survive 

and be stored in this extreme condition due to activation of specific protective processes 

occurring during seed development. In Medicago, acquisition of desiccation tolerance in seed 

was determined during development by collecting immature seeds at different developmental 

stages from 16 to 48 DAP to check their percentages of viability (i.e. germination) after a drying 

period. We observed that 20 DAP immature seeds were not able to germinate after drying. In 

contrast, 24 DAP immature seeds germinated around 40% after drying, and from 28 DAP seeds 

germinated at 100% (Verdier et al. 2013). This result showed that acquisition of desiccation 
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tolerance of Medicago seed was acquired rapidly within 5-10 days, early during seed 

maturation between 20 and 28 DAP (Figure 1.1). 

Survival in dry state implies a series of cellular and molecular processes to prevent seed 

tissue damage (Buitink and Leprince, 2004). During their development, seeds accumulate non-

reducing sugars and oligosaccharides and Late Embryogenesis Abundant (LEA) proteins that 

contribute to protect cellular structures and compounds against desiccation. With the loss of 

water, the sugars and oligosaccharides accumulate and replace water in the cytoplasm resulting 

in viscosity increase (Leprince et al., 2017). Moreover, LEA proteins accumulate to high 

content during seed maturation (Cuming, 1999). LEA proteins were first identified in cotton 

embryos (Galau et al., 1987). They are hydrophilic, unstructured and heat-stable proteins (Bies-

Ethève et al., 2008; Hundertmark and Hincha, 2008). In Medicago truncatula, some candidate 

LEA genes including MtEm6 and MtPM25 were associated with acquisition of desiccation 

tolerance in comparative proteomic analysis (Boudet et al., 2006). LEA proteins are generally 

related to desiccation tolerance, but they form a large family of multidomain and 

multifunctional proteins and for many of them their protective roles remain to be elucidated 

(Manfre et al., 2006; Olvera-Carrillo et al., 2010; Banerjee and Roychoudhury, 2016). 

Furthermore, the phytohormone abscisic acid (ABA), shown to be a key regulator of the global 

seed development and maturation, plays a critical role in the acquisition of desiccation 

tolerance via, for instance, a central regulator gene ABI3. In Medicago, mature seeds of loss-

of-function abi3 mutants showed intolerance to desiccation and down-regulation/decreased of 

RFO and LEA transcripts/proteins (Delahaie et al., 2013). 

 

2.4 Seed longevity 

Desiccation tolerance enables seed to survive at dry state, but seed longevity or 

storability is another seed quality trait defined by the capacity of a seed lot to survive in the dry 

state during an extended storage period, which is highly dependent of seed storage conditions. 

Indeed, humidity and temperature are crucial factors to influence longevity (i.e. high 

temperature and relative humidity accelerate seed cellular mobility and decrease longevity). To 

evaluate seed longevity, an artificial treatment is used to accelerate seed ageing in controlled 

temperature and humidity conditions. This treatment consists to store seeds under moderate 

humidity and temperature conditions, without causing seed deterioration. Accelerated ageing 

treatments may depend on the seeds and the plant species but regarding Arabidopsis and 
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Medicago seeds, the most common storage conditions are 35°C with 75% relative humidity as 

standard treatment, and 35°C under 60% relative humidity as mild ageing treatment 

(Zinsmeister et al., 2020). Seed lot is stored in artificial ageing conditions during different 

storage time intervals and seed viability of aged seeds is determined using percentage of 

germination. When viability of aged seeds was evaluated at sufficient storage time intervals, 

we assessed the seed longevity curve, which is characterized by the loss of seed viability along 

different ageing time (Figure 1.4). This longevity curve is then used to characterize a 

representative value of longevity for a seed lot, called P50, which corresponds to the storage 

(artificial ageing) time (in days) to lose 50% germination. The P50 is used as a reference value 

to compare the longevity performances between different seed lots. Seed longevity is also a 

seed trait that is acquired during seed late maturation in Medicago, and is greatly affected by 

environmental conditions in which seeds were produced (Righetti et al., 2015). By using 

longevity curves determining  P50 values from immature seeds collected from 24 to 48 DAP, 

it was determined that longevity is acquired progressively from 28 DAP and reaches a 

maximum around 44 days after pollination in Medicago seeds (Verdier et al., 2013).  

As discussed earlier, desiccation tolerance is a prerequisite for seed longevity but seeds 

acquire germination capacity and desiccation tolerance before longevity, which implies that 

these two processed are controlled by distinct mechanisms. In legumes, we observed 

accumulation of soluble non-reducing sugars such raffinose family oligosaccharides (RFO) 

concomitant with the acquisition of seed longevity. The RFO helps to form the glassy state in 

dry seed but their precise role in desiccation tolerance and longevity are still unclear (for review 

Leprince et al. 2017). Indeed, seeds without accumulation of oligosaccharides can still acquire 

desiccation tolerance (Black et al., 1999) and, to date, there is no direct evidence showing the 

relationship between RFO and longevity. Another example of common points between DT and 

longevity are the LEA proteins. In M. truncatula, 35 polypeptides were identified in seeds, 

which were encoded by 16 LEA genes. The expression profiles of LEA polypeptides during 

seed maturation phase showed two different patterns, which suggested distinct regulatory 

mechanisms (Chatelain et al., 2012). Another study showed accumulation of some of LEA 

proteins together with acquisition of desiccation tolerance, while most LEA proteins 

accumulate with the acquisition of longevity (for review Leprince et al., 2017). Moreover, 

many LEA proteins are regulated by ABA and specific regulators of seed maturation. Indeed, 

Arabidopsis mutants such as abi3 (ABSCISIC ACID INSENSITIVE 3), abi5 (ABSCISIC ACID 

INSENSITIVE 5), fus3 (FUSCA3) and lec2 (LEAFY COTYLEDON 2) displayed 
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downregulation of different sets of LEA genes specific of mutant lines (Bies-Ethève et al., 

2008). As expected, the interplay of ABA signaling pathway, via the ABI3 pathway, was also 

showed in many studies as intermediate in the regulation of seed longevity, such via the HEAT 

SHOCK TRANSCRIPTION FACTOR 9 (HSFA9), which is regulated upstream by ABI3 in 

Arabidopsis and downstream able to control the expression of heat shock proteins genes (HSPs) 

(Kotak et al., 2007). HSFA9 is specifically expressed in seeds and involved in a genetic 

program to control seed longevity in tabacco (Prieto-Dapena et al., 2006; Tejedor-Cano et al., 

2010). However, in Medicago, MtHSFA9 did not appear to be implicated in Medicago seed 

longevity but rather in seed dormancy (Zinsmeister et al., 2020). Finally, chlorophyll and 

degradation of chlorophyll via the ABI3 pathway was showed to play a role in modulating seed 

longevity in Medicago (Zinsmeister et al., 2016). To illustrate this relationship between 

acquisition of longevity and chlorophyll retention, many mutants of chlorophyll degradation 

enzymes, activated by ABI3, such as NON-YELLOW COLORING1 (NYC1), NON-YELLOW 

COLORING1-like (NOL) and STAY-GREEN2 (SGR2), showed reduced longevity (Nakajima 

et al., 2012; Dekkers et al., 2016; Zinsmeister et al., 2016). Recently, other hormonal pathways 

with interplay of ABA such as auxin showed a relation to seed longevity in Arabidopsis but 

need to be elucidated (Pellizzaro et al., 2020). 

 

Figure 1.4 Measurement for seed longevity. Survival curve based on the germination rate of seeds during storage 

and measurement of P50 (i.e. the storage time (in days) to loss 50% germination) indicated by the dashed lines.  
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2.5 Seed germination and dormancy 

Germination is an essential ability of seeds to perpetuate the future of species. The 

germination process starts at seed imbibition with the absorption of water until seed coat 

rupture and the emergence of radicle (Bewley et al., 2013).  

2.5.1 Seed germination assessment 

The above description refers to whether a single seed germinated or not, thus for 

assessing the germination capacity of a population of seeds, the percentage of germinated seeds 

is measured (i.e. protruding radicles > 1mm) within an indicated time period, which 

corresponds to final germination percentage. Plotting the germination percentage of a seed lot 

at regular intervals allows to determine the kinetic of seed germination, which is crucial to 

calculate representative values of germination capacity of a seed lot such as the germination 

speed (T50, i.e. time for the seed lot to reach 50% germination) and germination homogeneity 

(T80-T20, i.e. time difference between 80% and 20% germination) (Figure 1.5).  

 

Figure 1.5 Measurement for seed germination. Germination curve and measurement of germination speed (T50) 

and homogeneity (T80-T20). T50, time to 50% germination; T20, time to 20% germination; T80, time to 80% 

germination. 

 

These germination characteristics are important to define the seed vigor, which includes 

homogeneous and rapid germination to allow seedling establishment under a range of 

contrasted environmental (i.e. stress) conditions (Finch-Savage and Bassel, 2016). As shown 
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in Figure 1.6, Medicago seeds acquire the ability to germinate in optimal conditions early 

during seed development, before the acquisition of DT, at 16 DAP seeds are able to germinate. 

However, in M. truncatula (Verdier et al., 2013; Righetti et al., 2015), like other legumes 

(Pereira Lima et al., 2017), the different vigor traits (i.e. ability to germinate under adverse 

conditions) are acquired sequentially, from seed filling until the late phase of seed maturation 

(reviewed in Leprince et al., 2017). As for other seed performance traits, in Medicago (Righetti 

et al., 2015), like many other species (Finch-Savage and Bassel, 2016; Penfield and MacGregor, 

2017), seed vigor is also drastically affected by environmental conditions occurring during seed 

development. This highly plastic seed vigor response to environment is considered as a bet-

hedging strategy to ensure dissemination of the species. In this respect, one of the most studied 

germination vigor traits is dormancy (for review Penfield and MacGregor, 2017). 

 

2.5.2 Seed dormancy 

  Seed dormancy is defined as the temporary failure of viable seeds to complete 

germination under favorable conditions (Bewley et al., 2013). Dormancy is a widespread 

characteristic of seeds, existing in many species to ensure survival in unfavorable conditions 

and guarantee offspring dissemination. Different types of dormancy were described in different 

species and Baskin and Baskin (2004) categorized dormancy into five classes, including 

physiological dormancy, morphological dormancy, physical dormancy and combinational 

dormancies such morphophysiological and physical-physiological dormancies. M. truncatula 

seed is a typical example of combinational dormancy, displaying both physical and 

physiological dormancies, as well as many legume seeds.  

Physical dormancy is mainly controlled by the seed coat permeability (i.e. seed coat 

composition), which prevents seed imbibition. It can be released by natural seed (coat) 

scarification due to mechanical friction or acidic environments such animal digestive system. 

Physical dormancy is dependent of environmental conditions occurring during seed 

development. In M. truncatula, a slight change in the seed coat properties regulating seed 

imbibition and physical dormancy was observed when plants were grown in 35°C/15°C 

compared to 25°C/15°C conditions (Renzi et al., 2020). 

  In contrast to physical dormancy, physiological dormancy is regulated by the embryo 

and endosperm molecular signals, via the ratio of abscisic acid (ABA) and gibberellic acid (GA) 

contents. ABA has a repressive effect on seed germination (Finkelstein et al., 2002), but GA 
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stimulates germination (Olszewski et al., 2002). Seeds acquire physiological dormancy during 

seed development by modulating the ABA/GA ratio and freshly harvested seeds display a 

dormant state that is called primary dormancy (Bewley and Black, 1994). During Medicago 

seed development, seeds start to acquire physiological dormancy around 22 DAP and reach the 

deepest dormancy level around 32 DAP, followed by a slight decrease in dormancy level until 

seed maturity (Figure 1.6) (Verdier et al., 2013). Seed primary dormancy can be released by 

after-ripening treatment, in which seeds are stored in dry conditions at room temperature for 

an extended period of time, which differs between species but stands around six months for 

Arabidopsis or Medicago or by stratification treatment such as exposition to cold temperature 

for few days. As mentioned earlier, acquisition and depth of physiological dormancy are 

strongly influenced by environmental conditions during seed development, which modulates 

the ABA/GA ratio and the accumulation of ABA in mature seeds determing the depth of 

dormancy (Finch-Savage and Leubner-Metzger, 2006).  

 

Figure 1.6 Acquisition of germination capacity and physiological dormancy during seed maturation in Medicago 

truncatula (Figure from Verdier, Leprince, and Buitink 2019). Acquisition of physiological dormancy is marked 

by the increase of T50 (i.e. time of the immature seed lot to reach 50% germination) of seed collected at different 

stages during seed maturation. The dashed line indicates the highest level of dormancy at 32 DAP. 

 

2.5.3 Regulation of seed physiological dormancy and germination 

The balance of ABA and GA plays important roles in regulation of seed dormancy and 

germination. Induction of primary dormancy is associated with the increase of ABA content 

during seed development that prevents precocious germination (Bradford and Nonogaki, 2007). 

In most cases, ABA accumulates during early seed development due to ABA synthesis in both 
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embryo and endosperm. Then, ABA content decreases during late maturation stage but 

maintaining a certain level in mature seeds to ensure dormancy. ABA biosynthesis is controlled 

by zeaxanthin epoxidase (ZEP) and 9-cis-epoxycarotenoid dioxygenase (NCED) family genes. 

ABA1/ZEP is the first enzyme identified in ABA biosynthesis pathway, which is expressed 

ubiquitously in Arabidopsis seeds (Marin et al., 1996; Audran et al., 2001). Overexpression of 

ZEP gene induces higher ABA content in mature seeds and delays seed germination (Frey et 

al., 1999). NCED family is composed of several related genes in different plant species that are 

responsible for ABA biosynthesis (Tan et al., 2003). In Arabidopsis, nine NCED genes show 

tissue-specific expression pattern. AtNCED6 and AtNCED9, which express specifically in seed, 

are necessary for ABA synthesis in dormancy induction. The double mutant, Atnced6/nced9, 

exhibited reduced ABA level and seed dormancy (Lefebvre et al., 2006). Additionally, the 

short-chain dehydrogenase/reductase (ABA2/SDR) and abscisic-aldehyde oxidase (AAO) 

enzymes act downstream of the ABA biosynthesis pathway (Seo and Koshiba, 2002). The 

cytochromes P450 CYP707 genes were identified as key regulators encoding ABA 8’-

hydroxylases in ABA catabolism. Four of CYP707 genes have been showed to play distinct 

roles in controlling ABA level in Arabidopsis seeds (Okamoto et al., 2006). The dormancy 

depth caused by residual ABA content in mature seeds is controlled by the interplay of enzymes 

involved in both ABA biosynthesis and catabolism (Finkelstein et al., 2008).  

GA is a plant hormone involved in various processes and, in seeds, it behaves 

antagonistically to ABA to release dormancy and promote germination (Olszewski et al., 2002). 

GA promotes seed germination by inducing hydrolytic enzymes to weaken embryonic 

surrounding tissues and stimulate the mobilization of reserves (Bewley and Black, 1994). The 

application of paclobutrazol in seeds, an inhibitor of GA biosynthesis, resulted in reduced seed 

germination (Norman et al., 1986). GA accumulation during embryo development could result 

in precocious germination in absence of normal accumulation of ABA causing viviparous 

phenotype. Major enzymes controlling GA content are biosynthesis enzymes such as GA3ox 

(GIBBERELLIN 3 OXIDASE) and GA20ox (GIBBERELLIN 20 OXIDASE), in contrast to 

catabolic enzyme such as  GA2ox (GIBBERELLIN 2 OXIDASE) (Seo et al., 2006).  

During stratification and after-ripening release of dormancy, ABA level declines while 

GA level increases (Ali-Rachedi et al., 2004; Yamauchi et al., 2004). Nevertheless, seed 

dormancy is not only affected by the environmental conditions occuring during seed 

development but also influenced by storage conditions and imbibition environment via 

regulation of ABA and GA content in response to environmental conditions. The balance of 
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ABA/GA ratio during imbibition is controlled by the dynamic biosynthesis and catabolism of 

ABA and GA (Figure 1.7) (Finch-Savage and Leubner-Metzger, 2006).  

 

 

Figure 1.7 Model related to regulation of seed dormancy and germination at imbibition stage by moderating 

synthesis and catabolism of abscisic acid (ABA) and gibberellins (GA) combining with the environmental 

conditions (Finch-Savage and Leubner-Metzger, 2006). Ambient environmental factors such as temperature and 

light influence the balance the ABA/GA. In response to the environment, changes in hormone synthesis and 

degradation cause dormancy cycling or transition to germination. 

 

In addition, many other hormones interplayed with ABA and GA to control seed 

dormancy and germination such as auxin, ethylene, brassinosteroid (BR) and cytokinin. The 

BR biosynthetic  and responsive mutants such as det2 and bri1 were more sensitive to ABA 

compared to wild type Arabidopsis, which suggested that BR signaling is required for 

overcoming the ABA inhibition of seed germination (Steber and McCourt, 2001). Ethylene 

also plays a positive role in seed germination. In Arabidopsis, ethylene resistant 1 (etr1) mutant 

and ethylene insensitive 2 (ein2) mutant exhibited increased dormancy and more sensitivity to 

ABA during seed germination (Beaudoin et al., 2000). Another example is the role of miR160, 
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which inhibits auxin-related gene expression during germination resulting in modulating ABA 

sensitivity during germination (Liu et al., 2007). Finally, cytokinin was demonstrated to play a 

role in the transition between dry seed and seedling in concert with ABA via ABI5 gene 

regulation (Wang et al., 2011).  

Some signaling molecules such as reactive oxygen species (ROS) and nitrogen-

containing compounds also participate in the regulation of seed dormancy and germination, via 

the modulation of the ABA/GA ratio. Nitrogen-containing compounds including nitrite (NO2
−), 

nitrate (NO3
−), and nitric oxide (NO) can break seed dormancy in Arabidopsis (Bethke et al., 

2006), barley (Bethke et al., 2004) and many other plant species (for review Bradford and 

Nonogaki 2007). Indeed, it has been shown that the enhancement of ABA catabolism requires 

the presence of nitric oxide (NO) to release dormancy (Liu et al., 2010). Moreover, ROS 

molecules such as H2O2 enhance ABA catabolism and GA synthesis during seed imbibition by 

promoting the expression of CYP707A genes and GA biosynthesis genes, respectively. Finally, 

some key genes involved in the ABA or GA pathway play important role in dormancy and 

germination such as DELAY OF GERMINATION 1 (DOG1), a seed-specific gene that controls 

seed dormancy (Bentsink et al., 2006). In dog1 mutant ABA content is reduced while GA is 

increased. The abundance of DOG1 in freshly harvested seeds is correlated with depth of 

dormancy (Nakabayashi et al., 2012). DOG1 not only acts in seed dormancy but also in seed 

maturation in concert with ABA signaling components ABI3 and ABI5 (Dekkers et al., 2016).  

After dormancy release, upon the imbibition of dry and viable seeds, a series of 

physiological events occur to complete germination including DNA repair, translation and 

degradation of stored mRNA, reserve mobilization and cell division (for review Bradford and 

Nonogaki 2007). There is an abundance of mRNAs that were stored in dry seeds during late 

seed development that now serves during early seed germination. The radicle appearance 

through endosperm and seed coat is considered as the completion of germination, and for 

definition, seed germination phase does not include the phase of seedling growth after the 

emergence of radicle. During this phase seeds continue to absorb water as well as molecular 

process occur for seedling establishment (for review Bewley et al. 2013). 
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3. Heat stress response in plant vegetative tissues and seed 

Within a changing environment, plants need to response and adapt to different 

environmental conditions. The increasing average temperatures reinforce the need for 

understanding how plants response to heat stress to improve heat tolerance in crops. In the past 

years, many studies reported how plants sense, response and adapt to heat stress (reviewd in J. 

Liu et al. 2015; Ohama et al. 2017). Generally, under heat stress, plants have defect in 

photosynthetic activity, and the reduced water content caused by heat negatively impacts cell 

division and growth (Hasanuzzaman et al., 2013). The most noticeable phenotypes following 

a reasonable heat stress intensity are a loss of vegetative biomass with bud abortion and a 

decrease of seed yield due to pollination problem (i.e. often linked to defect in germination of 

pollen grain) (Guilioni et al., 1997; Qu et al., 2013). During the period of stress, plants initiate 

heat stress molecular mechanisms to enhance plant thermotolerance, which aims to prevent 

water loss, protect cellular proteins and maintain cellular structure to allow plant survival. The 

two main protective mechanisms enhanced following a heat stress are the increase of heat shock 

proteins (HSPs) and reactive oxygen species (ROS)-scavenging enzymes. HSPs, including 

small HSPs, are present during normal growth and development in plants (Vierling, 1991; 

Waters et al., 1996). However, they are over-produced during heat stress due to their role as 

molecular chaperones to protect or repair proteins damaged by heat stress. Even if these HSPs 

are essential in thermotolerance mechanisms, such as sHSP21 required for chloroplast 

development (Zhong et al., 2013), their specific functions and targets are still largely unknown. 

For instance, some functional validation studies showed that overexpression of  AtHSP17.6A 

can promote salt and drought tolerance of Arabidopsis plants (Sun et al., 2001), while 

overexpression of sHSP17.7 led to rice plants more tolerant to heat treatment and UV-B 

(Murakami et al., 2004). On the other hand, ROS-scavenging enzymes, such as ascorbate 

peroxidase (APX) and catalase (CAT), also play a crucial role in cellular detoxification of ROS. 

Indeed, ROS molecules such as H2O2, O2
–, and 1O2 are over-produced during (heat) stress and 

serve as signal molecules to enhance heat stress response but need to be recycled to prevent 

cell death (Suzuki and Mittler, 2006; Baxter et al., 2014). 

 

3.1 Plant heat stress response network 

Recent studies in Arabidopsis thaliana unravelled some parts of the transcriptional 

networks induced by heat stress (Figure 1.8) (for review Ohama et al. 2017). In this complex 
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network, many HEAT SHOCK TRANSCRIPTION FACTORS (HSFs) act as the core 

regulators in heat stress response to activate downstream genes. In Arabidopsis, 21 HSFs were 

identified and classified into three classes (A, B and C) and 14 groups (Nover et al., 2001).  

 

Figure 1.8 The regulatory network during heat stress response (Ohama et al., 2017). The dashed lines indicate to 

be further verified. 

 

HSFA1 gene group has been shown as the master regulators in heat stress response. Indeed, 

hsfa1 mutants displayed high sensitivity to heat stress (Mishra et al., 2002) and using hsfa1a 

and hsfa1b mutants in Arabidopsis, they showed that these two genes modulate the timing of 

heat stress response by controlling the expression of relevant genes (Lohmann et al., 2004; 

Busch et al., 2005). Finally, the quadruple mutant hsfA1a/b/d/e showed reduced 

thermotolerance of seedlings compared to triple mutants hsfA1a/b/d as weel as reduced seed 

germination rate. These results suggested that HSFA1 genes work partially redundantly as 

thermotolerance master regulators (Liu et al., 2011; Yoshida et al., 2011). HSFA2 is a heat-

induced transcription factor, a direct target of HSFA1 and functions as a key regulator to 
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acquire/extend thermotolerance (Charng et al., 2007), but also involved in the regulation of 

different environmental stress responses (Nishizawa et al., 2006). The heat-induced expression 

of HSFA3 is directly regulated by DEHYDRATION-RESPONSIVE ELEMENT BINDING 

PROTEIN 2A (DREB2A), which directly binds to the HSFA3 promoter (Schramm et al., 2008), 

and is involved in the response to drought, salt and heat stresses (Rizhsky et al., 2004; Sakuma 

et al., 2006). Indeed, DREB2A, an APETALA2/ethylene-responsive element-binding factor-

type (AP2/ERF-type) transcription factor, is a well-documented protein able to bind to the 

drought-responsive elements (DRE) to regulate the expression of drought related genes but also 

heat stress-responsive genes (Liu et al., 1998). HSFA4, which acts antagonistically to HSFA5 

(Baniwal et al., 2007), has been suggested to play a role in the ROS signaling pathway to 

prevent plant cell damage from various stress (Yamanouchi et al. 2002; Davletova et al. 2005).  

Compared to HSF class A, HSFBs and HSFCs are relatively less understood. In tomato HSFB1 

works together with HSFA1a and HSFA2 to active the expression of heat responsive genes 

(Bharti et al., 2004). However, in Arabidopsis HSFBs such as HSFB1 and HSFB2b were 

showed to inhibit expression of heat responsive genes (Kumar et al., 2009). Future studies on 

these HSF classes are needed to shed light on their importance in the heat stress response and 

thermotolerance. 

 

3.2 Seed-specific heat stress transcription factor 

HSFA9 is a specific transcription factor among HSF family members that is only 

expressed during seed development (Kotak et al., 2007). In sunflower, HaHSFA9 is embryo-

specific and acts as a transcriptional activator of Hsp17.7CI  and DREB2 (Concepción 

Almoguera et al. 2002; Díaz-Martín et al. 2005). Overexpression of HaHSFA9 in tobacco seeds 

induced abundant accumulation of sHSP and HSP101, which increased seed longevity and 

thermotolerance of seedlings (Prieto-Dapena et al., 2006, 2008). Co-overexpression of 

HaDREB2 and HaHSFA9 in tobacco seeds produced plants with even higher accumulation of 

sHSP and increased thermotolerance and longevity compared to single overexpression of 

HSFA9 (Almoguera et al., 2009). In addition, loss of function of HSFA9 resulted in reduction 

of HSP accumulation and reduction of seed longevity (Tejedor-Cano et al., 2010). Moreover, 

ABI3 was showed to control the expression of HSFA9, which will consequently induce the 

expression of Hsp17.4-CI and Hsp17.7-CII during the seed maturation in Arabidopsis (Kotak 

et al., 2007). In M. truncatula, a regulatory network analysis revealed a link between MtHSFA9 
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and MtABI3 with seed desiccation tolerance and longevity (Verdier et al., 2013). However, a 

recent study of HSFA9 in M. truncatula did not observed any phenotype of hsfa9 mutants in 

seed longevity, but instead a role of MtHSFA9 in the negative regulation of seed dormancy via 

change in ABA homeostasis (Zinsmeister et al., 2020a). 

 

3.3 Impacts of heat stress on seed development and quality 

The above transcriptional regulatory pathway of heat stress response was mainly 

studied in vegetative tissues such as roots and leaves. So far, very few studies focused on the 

impacts of stresses during the seed development and their impacts on seed qualities. In a 

previous study, it was shown that cold, heat and osmotic stresses had significant effects on seed 

developmental timing (Righetti et al., 2015). Under these different environmental conditions, 

the duration of embryogenesis stage was relatively stable, whereas the duration of maturation 

stage was severely affected. Seeds that developed under heat stress condition were the most 

impacted with a severe reduction of the maturation phase duration, condensed from 30 days in 

control conditions to around 10 days during heat stress (Righetti et al., 2015). Through the 

characterization of physiological processes, we observed that acquisition of desiccation 

tolerance was a robust process, with no major impact from different environmental conditions. 

On the opposite, acquisition of longevity was highly affected by different environmental 

conditions (Righetti et al., 2015). Many studies in different species showed similar results. In 

rice, high temperature shortened the reproductive period (He et al., 2014), the potential 

longevity of seeds produced in the warmer condition was lower than that of the cooler 

environments (Ellis et al., 1993) and plants exposed to transient moderate heat stress (35°C) 

during early seed development displayed mature seeds with higher germination rate than 

control conditions due to the alteration of ABA and GA biosynthesis (Begcy et al., 2018). In 

soybean, heat stress during seed development resulted in lower seed germination, decreased 

seed weight and several changes in metabolites (Chebrolu et al., 2016). A study in alpine 

snowbed plants showed that seeds from plants exposed to warm temperature can live longer 

than seeds produced in natural condition (Bernareggi et al., 2015). All these studies 

demonstrate that heat stress during seed development affects the duration of seed maturation 

and impact important seed traits such as seed longevity and vigor. However, the 

characterization of the molecular mechanisms involved in heat stress response in seeds is still 

poorly understood, especially for legumes species.  
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4. Epigenetic regulation involved in legumes and general seeds 

In the past decades, epigenetic regulation is being well studied in different 

speciesrelated to varous biological processes. DNA methylation and histone modification are 

the major epigenetic modifications to regulate gene expression. In plants, epigenetic regulation 

not only occurs in various plant development phases but also during the biotic and abiotic stress 

responses (Chinnusamy and Zhu, 2009; Ahmad et al., 2010). During my PhD, we have been 

invited to review distinct epigenetic mechanisms involved in developmental processes and 

(a)biotic stress in legumes (Windels et al., 2020), my contribution to this review (presented 

below) was in the writing of the introduction part. 

 

4.1 Epigenetic regulation in legumes (published review) 

 

(This section was published in journal of Legume Science.) 
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1 | INTRODUCTION  

 
Knowledge in the field of epigenetics has rapidly increased over the 

past decade. Many epigenetic mechanisms have been identified, 

although from a very limited number of model species in mammals, 

insects, or plants such as Arabidopsis. Recently, the rapid increase of 

genomic technologies has allowed the decryption of many genomes, 

rendering possible the transfer of this knowledge to non-model 

organisms. 

Since the introduction of the term epigenetic by Conrad Waddington 

in the 1940s, epigenetic concepts have radically changed,  and nowadays, 

its exact definition is still being debated within the sci entific community 

(Deans & Maggert, 2015). A general and commonly accepted definition 

refers as epigenetics (that literally means “above genetics”), heritable 

changes that do not alter the genetic code but could lead to 

modification of gene expression and phenotypic 

changes. Indeed, epigenetic changes do not change the DNA sequence, 

but by modifying the chromatin structure, they will affect how cells 

transcribe their genes. The two main epigenetic mechanisms are DNA 

methylation and post-translational histone modifications (PHM). These 

two mechanisms have been intensively studied in the past years, mainly 

in Arabidopsis, uncovering some aspects of their function and 

regulation as well as their influence on each other. 

DNA methylation is a conserved epigenetic modification in plant and 

mammals. It directly impacts DNA by adding a methyl group from S-

adenosyl-L-methionine to the fifth carbon position of a cytosine ring 

to generate a 5-methylcytosine (5mC). While restricted to mCG 

sequences in mammals, plant DNA methylation is found in three con- 

texts: CG, CHH, and CHG, in which H can be any base except for a 

guanine. 

In plants, these methylation marks are regulated by DNA met- 

hyltransferases such as METHYLTRANSFERASE1 (MET1) for the CG

 
 

 

Abstract 

In the current context of food security and increase in plant protein demand, legumes 

have an important role in facing challenges of climate change. With the recent 

improvement of sequencing technologies and the emergence of new knowledge 

related to plant epigenetic regulation in response to developmental and environmental 

changes, legume epigenetics is an emerging field with high potential for improving 

legume crop productivity and adaptability. The objective of this review is to provide a 

snapshot of epigenetic studies in different legume species. We have summarized the 

state-of-the-art regarding legume epigenetic regulation controlling or participat ing in 

developmental aspects such as nodule, flower, and seed development and related to 

biotic and abiotic stresses. This extensive view of the different studies on legume 

epigenetics provides a baseline for identifying common and distinct mecha nisms, and 

key players in epigenetic regulation from those of model species, such Arabidopsis, 

and highlights the impact that a better understanding of these mechanisms in legumes 

could have in order to improve plant productivity and adaptability. 
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context, CHROMOMETHYLASE 2, and 3 (CMT2 and CMT3) for the 

CHG context, DOMAIN REARRANGED METHYLASE2 (DRM2) and 

CMT2 for the CHH context. These enzymes have a role in DNA meth 

ylation maintenance, but some of them have specific role in de novo 

methylation establishment through the DRM2- and CMT2-dependent 

pathways (for review Law & Jacobsen, 2010). Indeed, the DRM2-

dependent pathway or de novo RNA-directed DNA methylation 

(RdDM) pathway relies on small RNAs, especially small interfering  RNAs 

(siRNAs) to serve as guides to methylate specific DNA sequences. The 

RdDM pathway involves two RNA polymerases spe cific to plants: POL 

IV, necessary for siRNA production (Herr, 2005;   Onodera et al., 2005; 

Pontier et al., 2005) and POL V needed to guide ARGONAUTE 4 (AGO4) 

to the chromatin (Wierzbicki, Ream, Haag, & Pikaard, 2009) through a 

well-established process. These 24-nt  siRNAs are produced through 

POL IV, and its associated transcrip- tional complex including the RNA-

DEPENDENT RNA POLYMERASE 2  (RDRP2 or RDR2), which generates 

double stranded RNA (dsRNA), ultimately cleaved by DICER-LIKE 

PROTEIN 3 (DCL3) into siRNAs.  These siRNAs are, then, loaded onto 

ARGONAUTE proteins (mainly AGO4 et AGO6) and paired with 

scaffold RNA produced by POL V with the help of the DDR protein 

complex. The DDR complex is com posed of DEFECTIVE IN RNA-

DIRECTED DNA METHYLATION 1 (DRD1), RNA-DIRECTED DNA 

METHYLATION 1 (RDM1), and DEFECTIVE IN MERISTEM SILENCING 

3 (DMS3) proteins, which stabilize the POL V chromatin interaction with 

the help of the MORC protein complex. AGO4, with associated RNAs, 

interacts with the DNA methyltransferase DRM2 with possible 

assistance of RNA-DIRECTED DNA METHYLATION 3 (RDM3) to 

methylate targeted regions (for review Matzke & Mosher, 2014; Zhang 

& Zhu, 2011). Finally, after DNA methylation, another protein complex 

belonging to the INVOLVED IN DE NOVO2-IDN2 PARALOGUE (IDN-

IDP) complex may stabilize the siRNA/scaffold RNA to interact with 

the SWI/SNF chromatin remodeling complex that will change nucleosome 

positioning to silence transcription (Finke, Kuhlmann, & Mette, 2012; 

Zhu, Rowley, Böhmdorfer, & Wierzbicki, 2013). It is still unclear to 

which extent the RdDM pathway is involved in direct gene methyla- 

tion and regulation, but it is crucial for targeting specific repetitive 

sequences and transposable elements (TEs), which may indirectly control 

nearby gene activation or repression (for review Sigman & Slotkin, 

2016). Partially redundant with the RdDM pathway, the CMT2-

dependent pathway is involved in de novo CHH methylation of 

heterochromatin regions  and  more  specifically  TEs  (Zemach et al., 

2013). This pathway, less described than the RdDm pathway, occurs 

through a siRNA independent manner and relies on DECREASED IN 

DNA METHYLATION 1 (DDM1) chromatin remodeler. 

To counterbalance methylation activity, DNA demethylation occurs either 

passively due to failure in DNA methylation mainte- nance following 

replication or actively by regulation of methylation levels by DNA 

glycosylases. In Arabidopsis, four 5mC DNA glycosylases are able to excise 

methyl groups from all three DNA methylation contexts (i.e., DEMETER 

[DME], DEMETER-LIKE PROTEIN2 [DML2], DEMETER-LIKE PROTEIN3 

[DML3], and REPRESSOR 

OF SILENCING1 [ROS1]; see review Zhang, Lang, & Zhu, 2018). Several 

studies showed a coordination between DNA methylation and active 

demethylation by an antagonistic effect of RdDM and ROS1 activity to 

prevent hypermethylation at specific loci (Tang, Lang, Zhang, & Zhu, 

2016). A 39-nt specific regulatory element in the ROS1 promoter, called 

a DNA monitoring methylation sequence (MEMS), has been identified 

to serve as a putative sensor of MET1 and RdDM pathway activities. 

Indeed, high MET1 and RdDM activities lead to hypermethylation of 

this sensor, which activates ROS1 demethylase expression to regulate 

the genome-wide DNA methylation (Lei et al., 2015). 

DNA methylation is usually described as a repressive modification of 

heterochromatin and pericentromeric regions, associated with gene and 

transposon silencing. However, it seems to play different roles depending  

on  methylation   locations.   Methylation   of   promoter (or intergenic) 

regions has been proposed to regulate gene expression by inhibiting the 

binding of transcriptional activators/repressors, therefore activating or 

repressing transcription. It was shown to completely repress gene 

expressions, for  tissue-specific  genes (Johnson et al., 2007; Zhang et al., 

2006). Methylation in promoter regions has been shown to be involved in 

gene regulation of specific processes such as imprinting during seed 

development and regulation of  some  immune-responsive  genes  (for   

review   Matzke   & Mosher, 2014; Zhang, Su, Hu, & Li, 2018). Methylation 

promoters appeared to be the consequence of the spreading of 

methylation from closely located TEs. In Arabidopsis, only 5% of promoter 

regions are methylated, but it does not reflect the situation of plant species 

with larger genome, such as legume crops, which contain many transpo- 

sons and repeat elements with possible impacts on nearby gene expression 

through promoter methylation. Role of DNA methylation within gene 

bodies is still unclear. In contrast to methylation of pro- moters, gene 

body methylation occurs in 30% of Arabidopsis genes but with relatively 

low methylation levels (Zhang et al., 2006). Some correlations revealed 

that body-methylated genes were  enriched in GC context and that these 

genes were often associated with high and/or constitutive expression  of  

such  housekeeping  genes  (Zhang et al., 2006). A recent study revealed 

that gene body methylation levels were not associated with highly 

expressed genes  but  rather with long and slowly evolving genes 

(Kawakatsu et al., 2016). To date, two hypotheses regarding the role of 

methylation in gene bodies have been proposed: (a) it could mask cryptic 

transcription sites,  and it could help splicing of isoforms (Neri et al., 2017), 

(b) it could reduce variation of gene expression by excluding H2A.Z from 

the nucleosome, whose binding to gene bodies is anticorrelated to 

methylation but correlates to gene responsiveness to the environment 

(Zilberman, Coleman-Derr, Ballinger, & Henikoff, 2008). The role of 

methylation in TEs is much clearer; it acts as a repressor of the 

transposition activity inducing TE silencing. TEs are heavily methylated 

in all contexts and methylation maintenance involves mainly MET1, 

CMT3, DRM2 and relies on the RdDM pathway (Zhang et al., 2006). TEs 

and repetitive elements represent a large proportion of most plant 

genomes, active TEs could insert within or around protein sequences 

disrupting normal genome function and threatening genome stability. To 

prevent 
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this phenomenon, hypermethylation of TEs will silence and immobilize 

transposons in order to prevent disruption of normal gene functions 

and enhance  genome  stability  (Mlura  et  al.,  2001;  Suzuki  & Bird, 

2008; Sekhon &  Chopra,  2009;  for  review  Sigman  & Slotkin, 2016). 

PHM are a conserved epigenetic mechanism controlling recruitment of 

chromatin remodeling proteins via modification of the nucleosome 

structure. Indeed, the nucleosome is an important structure controlling 

access and binding of regulatory factors (Berger, 2007). Eight histone 

proteins form the nucleosome with two copies of each of H2A, H2B, 

H3, and H4 proteins, around which is wrapped 147BP of DNA 

(Peterson & Laniel, 2004). Amino acids of the N-terminal tails of histones 

H3 and H4 are easily modified by methylation, acetylation, 

phosphorylation, ubiquitination, ribosylation, or biotinylation. These 

modifications will affect inter-nucleosomal interactions and permit 

recruitment of chromatin remodeling enzymes, leading to chromatin 

structure change. Histone modifications can activate genes through 

acetylation, phosphorylation, and ubiquitination and mostly repress genes 

through methylation, with some exceptions (Table 1). Repressive marks 

such as H3K27me3, H3K9me3, H4K20me have also been associated with 

heterochromatin-associated histone modification (Zhao, Zhan, & Jiang, 

2019). Acetylation of lysines on H3 and H4 his- tones is controlled by 

multiple histone acetyltransferases (HATs) and histone deacetylases 

(HDACs). Methylation of lysines on H3 and H4 histones is controlled by 

histone methyltransferases (HMTs) and histone demethylases (HDMs). 

Regarding methylation, lysine residues can be mono-, di-, or tri-

methylated, which confer different transcriptional roles with marks such 

as H3K4me2 and H3K36me3 acting in gene activation, whereas others 

such as H3K27me3 and H3K9me2  are repressive (see Table 1). 

Although histones are highly conserved proteins, plants have 

developed structurally and functionally distinct classes of Histone 2A 

 
TABLE 1 Summary of some major histone modifications with  

their preferential binding locations and their transcriptional roles 
 

Histone marks Transcriptional role Position 

H3K4me Activation/repression Entire transcribed regions 

H3K4me2 Activation/repression 5’ end of gene body 

H3K4me3 Activation 5’ end of gene body 

H3K9me2 Repression entire transcribed regions 

H3K9me3 Repression 5’ end of gene body 

H3K27me3 Repression 5’ end of gene body 

H3K36me3 Activation 5’ end of gene body 

H4K20me Repression - 

H3K9ac Activation 5’ end of gene body 

H3K27ac Activation 5’ end of gene body 

H3K36ac Activation 5’ end of gene body 

H4K5ac Activation - 

H4K8ac Activation - 

H4K12ac Activation - 

H4K16ac Activation - 

(i.e., H2A.X, H2A.Z) and H3 (i.e., H3.3) variants, which play important 

roles in the dynamics of association with DNA (see review Deal & 

Henikoff, 2011). H2A.Z, for instance, is a variant mainly found in gene 

bodies and around transcriptional start site of genes, acting with the 

SWR1 remodeling complex, and highly responsive to heat  stress, which 

induces nucleosome dissociation from DNA, activating gene expression 

(Kumar & Wigge, 2010; Sura et al., 2017). 

Finally, several studies have provided evidence of the interplay between 

DNA methylation and modification of histone marks to modify chromatin 

structure. As an example, it was recently shown how DNA 

demethylase ROS1 is recruited to target specific loci via two 

bromodomain-containing proteins, essential for recruiting the SWR1 

remodeling complex through recognition of histone acetylation, which 

enhances active demethylation and deposition of H2A.Z histone vari- 

ants (Nie et al., 2019). 

Starting from the state of the art, mainly obtained in Arabidopsis, several 

recent articles have deciphered and compared epigenetic mechanisms 

in other plant species. In this review, we intend to pro vide a snapshot 

of epigenetic studies in legumes with a specific focus on epigenetic roles 

in developmental processes such as nodule, flower, pod and seed 

development, and responses to biotic and abiotic stresses. 

 

2 | DEVELOPMENTAL  PROCESSES  
 
Nodule development is mainly controlled by nodule-specific genes 

including cysteine-rich genes (NCRs), which are specific to legumes 

producing indeterminate nodules, such as Medicago. In this species, 

nodule zones represent the temporal developmental stages and are 

composed of the meristem (or apical meristem, ZI), the invasion zone 

(ZII), and the nitrogen-fixing zone (ZIII), which display specific ploidy 

levels ranging from 2C/4C (ZI), 4C/8C (ZII), and up to 32C/64C (ZIII; 

Vinardell et al., 2003). Moreover, these ploidy levels are correlated 

with expression of NCR genes in different nodule zones (Nagymihály et 

al., 2017). The proportion of these zones will define nodule matu rity 

from immature nodule, when ZI and ZII are predominant, to mature 

nodule, when ZIII is well expanded. The first correlative evi dence of 

the importance of DNA methylation for nodule development was a 

differential expression of methylases and demethylases between 

nodule zones, with higher expression of DNA methylase genes such 

MET1, CMT2, and CMT3 in the nodule apex (ZI) and in contrast, 

demethylation genes, such as DME, which was more expressed in 

proximal part of invasion zone (ZIIp; Satgé et al., 2016). To validate the 

role of DNA methylation in nodule development, DME  was silenced by 

RNA interference. This led to abnormal development of the nitrogen-

fixing zone, which was unable to fix nitrogen, indicat ing that DME 

control of demethylation is required for forming a functional nodule. 

DNA capture was performed to detect regions with high gene 

expression in immature and mature nodules. Four hundred  seventy-

four of highly expressed regions showed a correlated variation of 

methylation levels in CG and CHG contexts, whereas the level of 

methylation in CHH context was stable along nodule development
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(Satgé et al., 2016). This result was confirmed by methylation level  

analyses between 4C and 32C cells, where 79% of DMR and 74% of 

DMR-associated to genes were found in CG context (Nagymihály et 

al., 2017). Interestingly, both studies showed that CG-DMR-associated 

to genes were located in NCR genes, which were more expressed in 

mature nodule. In parallel, Nagymihály et al. (2017) showed that 11% 

of coding genes were differentially methylated between 32C and 4C 

(6% hypermethylated and 5% hypomethylated). These hypomethylated 

genes were overrepresented by NCR genes and nodule-specific genes. 

Methylation analyses of 375 NCR genes showed that 44% were 

hypomethylated and 4% hypermethylated, but unfortunately, no 

correlation between the level of methylation and the expression of 

NCR genes was observed in this study. Indeed, methylated NCR genes 

were expressed at the same level as hypo-methylated NCR genes, 

indicating that methylation might be involved in activation but another 

mechanism such as histone modifications and/or chromatin accessibility 

could be implicated in gene expression. To investigate this hypothesis, 

DNA accessibility during nodule development was performed by 

ATAC-seq analyses. It revealed that high DNA accessibility was 

correlated to high expression of NCR genes but only for the late stages of 

development and independently of methylation state, indicating that 

chromatin opening can occur without gene demethylation (Nagymihály 

et al., 2017). The same study analyzed the presence of the repressive 

histone mark H3K27me3 and the active mark H3K9ac on NCR genes. 

They showed that H3K27me3 was massively present on the promoter 

and gene body of NCR genes, which were not expressed and correlated 

with high level of chromatin compaction. Inversely, highly expressed 

NCR genes associated with H3K9ac on gene body and coincided with 

opened chromatin. 

The initiation of flower and pod development is highly regulated and 

depends on environmental and developmental cues. In Arabidopsis, a 

strong epigenetic control has been highlighted for flower development 

(Groszmann et al., 2011; Liu & Wendel, 2003; Saze, Scheid, & 

Paszkowski, 2003; Simpson, 2004; for review Whittaker & Dean, 2017). 

Several studies also confirmed the role of epigenetics in legume flower 

development, highlighting some similarities and differences with 

Arabidopsis, despite the fact that in soybean, flower initiation is known 

to be induced by short day conditions and does not need vernalization, 

unlike Arabidopsis. Liew, Singh, and Bhalla (2013) identified 124 histone 

modifiers and analyzed their expression profiles during soybean 

flowering initiation. Interestingly, the majority of these genes were found 

to be highly expressed in the shoot apical meristem (SAM), suggesting 

an active role of histone modifications in regulating gene expression in 

this tissue. Fourteen histone acetylases (HAT) from three families were 

identified with three from the CBP family, nine from the GNAT/MYST 

family and two from the TAFII250 family. Most of them displayed higher 

expression in SAM with a peak of expression at 1 day after short days, 

which is coherent with induction of light-gene expression by two 

TAFII250 HATs as shown in Arabidopsis (Benhamed, Bertrand, Servet, 

& Zhou, 2006). Twenty-four histone deacetylases (HDACs) were 

identified, distributed in three classes (i.e., HD2, SIR2, and HDA with, 

respectively, 6, 4, and 14 genes). 

Among the four SIR2 members, two showed homologies with AtSRT2 and 

two others with AtSRT1. Interestingly, SRT2 genes in soybean were more 

expressed in leaf whereas SRT1 genes were more expressed in SAM, 

suggesting different and specific regulations. Regarding the HD2 class of 

histone deacetylases, in Arabidopsis, high levels of ABA repress HD2 

expression (Luo et al., 2012). In soybean, the two HD2 orthologs of 

AtHD2 showed the same behavior as in Arabidopsis being highly 

expressed in the SAM before short-day condition, followed by decreased 

expression at the onset of short-day treatment,  which  induces  ABA  

production  (Wong,   Singh,   & Bhalla, 2013). Finally, among the HDA class 

of  histone  deacetylases, 14 genes were identified in soybean. The most 

represented, with four members, was the HDA6 family, which is known 

to deacetylate at various lysine residues (Chen & Wu, 2010; Krogan, 

Hogan, & Long, 2012; Zhou, Zhang, Duan, Miki, & Wu, 2005). Interestingly, 

the functional analysis of the coding sequence of the HDAC family in  

soybean showed that the histone deacetylase domain is highly conserved. 

Surprisingly, one soybean HDA member, putative ortholog of AtHDA19, 

contained a zf-RVT domain in the HDAC domain, which is typically present 

in reverse transcriptase. The combination of HDAC and zf-RVT domains 

had not been described in other species and could indicate a specific 

function which remains to be discovered. Several histone (de)methylases 

were identified, among them 47 SET proteins (SDG for set domain group, 

histone methyltransferases), 15 protein arginine methyltransferases 

(PRMTs) and 24 JmjC demethylases in soybean. These genes were shown 

to be more expressed in SAM during flowering initiation, suggesting their 

potential role during this transition. Five classes of SDG genes are defined 

in Arabidopsis. Two members of class I, SWINGER (SWN) and CURLY 

LEAF (CLF), are two  histone methyltransferases implicated in methylation 

of H3K27 and involved in the regulation of FT and FLC genes, therefore 

crucial in controlling flowering  time  in  Arabidopsis  (Jiang,  Wang,  Wang,  

& He, 2008). In soybean, two CLF and two SWN orthologs were identi- 

fied but they did not display the same expression patterns. CLFs were more 

expressed in SAM  and SWNs in leaf, suggesting a  specific role of CLF in 

flowering. Interestingly, two paralogues of AtREF6, a H3k27me3 

demethylase, were identified in soybean and displayed opposite expression 

profiles of CLF, indicating that  GmREF6  could play an antagonistic role to 

CLF to control FT expression in SAM. The SDG class III genes composed 

of ATX1, ATX2, and ATXR7 (known to methylate H3K4 and H3K36 

residues) were shown to prevent flowering before vernalization by 

activation of FLC expression in Arabidopsis (Pien et al., 2008; Tamada, Yun, 

Woo, & Amasino, 2009). In soybean, the orthologous genes were 

upregulated in the SAM, even after vernalization, which suggests a 

different role for these genes in the SAM regarding flowering initiation. 

Interestingly, SDG class V genes, such as AtSUVR and AtSUVH, constitute 

the largest group of histone methyltransferases in Arabidopsis, and the 

SUVH  subgroup was also highly represented in soybean with 15 genes 

(compared to nine in Arabidopsis). However, no ortholog of the SUVR 

subgroup was identified in soybean. Regarding PRMTs, 15 were identified 

in soybean. Three of these PRMTs, including PRMT10, were shown to 

regulate FLC in response to vernalization in Arabidopsis. In soybean, 
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an ortholog of PRMT10 was identified which displayed higher expres- 

sion in the SAM after 2 days in short-day condition. Because soybean 

does not need vernalization, GmPRMT10 is probably involved in 

flowering initiation but could be activated through a different path- 

way. Regarding JmjC demethylases, 16 (out of a total of 24 in soy- 

bean) displayed a peak of expression 1 day after short-day treatment, 

including two orthologs of AtEF6 (EARLY FLOWERING 6), which is 

implicated in repressing FT through demethylation of H3k4me3 in 

Arabidopsis (Jeong et al., 2009; Lu, Cui, Zhang, Liu, & Cao, 2010). 

Regarding  late  flower  development  and  pod  initiation,  Wang et al. 

(2018) showed differential expression of genes involved in DNA 

methylation during the three stages of flower development: S1 (ground 

green gynophores), S2 (white gynophores, 3 days), and S3 (gynophores 

enlarged, 9 days) in peanuts. Orthologous methylation genes such as 

DRM2 and MET1 DNA methylases and DMS3 showed higher  expression 

in S2 compared to S1, whereas DRD1, MORC1, and IDN2 were more 

expressed in S3. Almost all genes implicated in the RdDM pathway were 

transcriptionally stable during all stages of pod devel- opment except for 

NRPE5, HDA6, LDL1, and DMS3. Then, authors analyzed the correlation  

between  DNA  methylation,  expression of transcripts and 24-nucleotide 

siRNAs or miRNAs. First, only half of transcript expressions was 

negatively correlated with the level of methylation. Second, a positive 

correlation was found between abun- dance of siRNAs and miRNAs and 

methylation level. These observations suggest a potential role of the 

RdDM pathway in DNA methylation regulation and regulation of peanut 

flower/pod development. It is to note that the role of the RdDM pathway 

in flower development is nonessential as many RdDM mutants displayed  

proper flower development in other species but could act in flowering 

time regulation via methylation of the FWA promoter region (Chan, 

Zhang, Bernatavichute, & Jacobsen, 2006). 

Regarding seed development, An et al. (2017) analyzed the DNA 

methylation pattern in cotyledon during three stages of seed maturation 

in soybean, from early (S2) to middle (S6) and late seed maturation (S8). 

Global DNA methylation was mainly identified in CG (66%), then CHG 

(45%) and CHH (9%) contexts. However, the global CG and CHG levels 

were unchanged during seed maturation, whereas CHH level increased  

during seed development from 6% in S2 to 9% in S8. Lin et al. (2017) 

confirmed these previous observations by a more comprehensive analysis 

of DNA methylation during soybean seed development and within 

dissected seed tissues from  post fertilization to germination. Indeed, 

global methylation levels in CG and CHG contexts were slightly decreased 

but changed little during the studied stages, whereas CHH methylation 

level greatly increased during seed maturation (between early-maturation 

stage  and  late-maturation), then dropped drastically at germination. 

Although the average global CHH methylation level across all samples was 

globally low (2%) compared to CG (57%) and CHG (37%), it increased 

more than three-fold during seed maturation then dropped by almost 

two-fold during germination. The mechanism involved in the variation of 

CHH methylation during seed development is still unclear because the 

authors did not observe any changes in MET1, CMTs, or DRMs expression. 

To have a better understanding of the role of CHH methylation during 

seed 

development, they analyzed the Arabidopsis ddcc quadruple mutant (i.e., 

drm1drm2cmt2cmt3), which is deficient in all methyltransferases involved in 

CHH and CHG methylation. Interestingly, the ddcc mutant did not show 

any major seed developmental defect or major changes in gene 

expression, suggesting that CHH does not play a fundamental role in 

proper embryo or seed development. This hypothesis was con firmed by 

the analysis of methylation levels within or closely related to genes 

essential in seed development and seed germination such as storage 

proteins, oil biosynthesis, master regulators of seed development, and 

germination-enhanced proteins. The authors revealed that almost 50% of 

these genes were localized in regions poor in methylation, called 

demethylated valleys (DMVs). The seed DMVs represented 21% of the 

genome and appeared to be consistent in all  tested seed tissues. These 

DMVs also appeared to be enriched in transcription factors (TFs, with 

46% of them), and in genes involved in embryo formation and seed 

development (e.g., WOX, CUC, CLAVATA, PIN1 genes). These 

hypomethylated regions did not show any variation in methylated state 

during seed development, whereas the genes contained in these regions 

were highly transcriptionally active and tightly regulated. To explain this 

gene regulation, they observed that the repressive histone mark 

H3K27m3 and the bivalent marks H3K27me3/H3K4me3 showed some 

modulation in these regions during seed development that appeared to be 

correlated with TF gene expression, suggesting a regulation of these TF 

expressions via histone mark modifications rather than DNA methylation. 

Finally, in the same study, they revealed that CHH methylation and also 

the CHG methylation were concentrated upstream and downstream of 

the coding sequence and within TEs, but very low in gene bodies; in 

contrast to CG methylation, which was mainly located in gene bodies. 

Changes in differentially methylated regions between the three 

developmental stages appeared to be enriched in CHH methylation 

sites. Indeed, 97% of DMRs were linked to CHH context, and 65% of these 

CHH-DMRs were found to be differentially methylated between the three 

stages and located close to transcribed genes. In the ddcc mutant, 

transposases of 106 TEs were upregulated and showed a high density of 

CHH methylation sites, suggesting that CHH  methylation  could play a 

role in repression of TEs during seed development. Although most of 

these results were obtained in Arabidopsis, the authors mentioned that 

the overall regulation of methylation during seed development seems 

highly similar in Arabidopsis and soybean. Therefore, results obtained from 

the Arabidopsis ddcc mutant could be extrapolated to soybean seed 

development. 

 

 

3 | STRESS AND ADAPTABILITY   

 
3.1 | Biotic stress 

 
DNA (de)methylation was found to play critical roles in defense responses 

against a wide variety of pathogens (for review Deleris, Halter, & Navarro, 

2016). In plant defense, resistance  (R)  genes encode Nucleotide binding 

Leucine rich Repeat (NLR) proteins, which play critical roles in effector 

perception for triggering immunity. Under 
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normal growth conditions, R proteins are maintained at low steady state 

levels and require a high degree of control to prevent fitness costs 

(Shirasu, 2009). In common bean, out of 197 CG-methylated NLR 

genes, 172 (87.3%) showed low to undetectable expression levels, 

suggesting that DNA methylation could be an alternative way of 

transcriptionally silencing R proteins under normal growth conditions to 

avoid fitness cost due to their unnecessary accumulation.  NLR proteins 

are organized in clusters that are often located close to the terminal knobs 

containing the satellite DNA khipu. Following this observation, Richard et 

al. (2018) suggested that methylation of NLR genes could result from the 

spreading of DNA methylation from khipu in common bean. In addition, it 

was shown that 24 nt siRNAs targeted 24% of NLR genes, which were 

identified as methylated, validating a potential regulation of NLR 

expression through RNA-directed DNA methylation (RdDm) pathway 

(Richard et al., 2018). 

RNA silencing mediated by siRNA is employed in plant defense against a 

variety of pathogens from bacteria, to fungi and viruses. To better 

understand the importance of this mechanism in plant defense, Garg et al. 

(2017) analyzed correlations between transcript levels of DICER-LIKE 

(DCL), ARGONAUTE (AGO), and RNA-dependent RNA polymerase (RDR) 

gene families in Chickpea infected by Ascochyta Blight (AB, Ascochyta rabiei), 

pigeon pea infected by Sterility Mosaic Disease (SMD) and groundnut 

subjected to rust (Puccinia arachidis) and late leaf spot fungus (Phaeoisariopsis 

personata). A general trend of upregulation of siRNA biogenesis genes in 

resistant genotypes and downregulation of genes was observed in susceptible 

genotypes, including RDR2, AGO7 in chickpea, DCL2, DCL4, RDRs genes in 

pigeon pea, and DCL2 in groundnut, (Garg et al., 2017). A specific focus 

has been done on these genes as Arabidopsis ago7 and rdr and Tomato dclb2 

mutants were found to be more susceptible to fungal and viral pathogens 

(Ellendorff, Fradin, de   Jonge,   &   Thomma,   2009;   Wang et al., 2018). 

Several studies also demonstrated that histone methylation and histone 

acetylation play a role in plant immunity. ChIP-seq experiments of the 

repressive mark H3K9me2 and active mark H4K12Ac combined with 

RNA sequencing  in common bean at  different  stages of Uromyces 

appendiculatus infection revealed key genes related to the bean-rust 

interaction. Expression profiles of  genes  such  as defense  response   

genes   (e.g.,   low   molecular   weight   cysteine 68, GIGANTEA protein 

and DnaJ-domain chaperone superfamily), R proteins (e.g., Pleiotropic 

drug resistance protein 12, MATE efflux family and NB-ARC domain-

containing) were correlated with changes of histone methylation and  

histone  acetylation  modification (Ayyappan et al., 2015). 

Defense priming is an intrinsic protective mechanism, in which plants 

prime their defense mechanisms after a first attack/infection in order to 

defend themselves more rapidly in subsequent interactions with 

pathogens (Mauch-Mani, Baccelli, Luna, & Flors, 2017). It has been 

shown that this phenomenon is related to the dynamics of chromatin 

structure. In Common bean, (pre)treatment with salicylic acid analogs such 

as BABA or INA enhanced resistance against P. syringae pv. Phaseolicola, with a 

protective effect transmitted to the next generation. It has been shown that 

this effect was due to the induction of 

pathogen-associated genes such as PR1, PR4, NPR1, and WRKY29, WRKY53, 

WRKY6, correlated with enrichment of the active histone mark H3K4me3 

at the junction between promoter and coding regions in these genes 

(Martínez-Aguilar, Ramírez-Carrasco, Hernández-Chávez, Barraza, & 

Alvarez-Venegas, 2016). 

Effectors secreted by pathogens are also known to target the components 

of HAT or HDAC complexes, thereby manipulating plant immunity. The 

ADH2 and GCN5 subunits of the SAGA complex  (i.e., multi-protein 

chromatin modifying complex) are essential  for HAT activity, which 

activates gene expression  via  acetylation  of H3K9. Two robust studies 

in soybean highlighted the action of pathogen effectors in modulating plant 

immunity. The Phytophthora sojae effector PsAvh23 has been shown to bind 

to GmGNC5, which disrupts its assembly with ADH2, thereby decreasing 

H3K9 acetylation and resulting in transcriptional repression of soybean 

defense genes (Kong et al., 2017). Similarly,  PsAvh52, an effector at the 

early stage of infection, interacts with GmTAP1, an acetyltransferase, 

regulating histone acetylation and promoting expression  of susceptibility  

genes (Li et al., 2018). 

Finally, WRKY TFs are well-documented players in plant defense, regulating 

transcript levels of many defense-related genes (Birkenbihl, Liu, & Somssich, 

2017; Pandey & Somssich, 2009). In chickpea, following Fusarium oxysporum f. 

sp. Cicero Race 1 infection, high expression of WRKY40 in resistant plants was 

associated with high enrichment of the active mark H3K9Ac in its promoter 

region, which could suggest a role of histone activation marks in increasing 

resistance to this pathogen (Chakraborty, Ghosh, Sen, & Das, 2018). 

 

 

3.2 | Abiotic stress 

 
Several studies have shown correlations between changes in methylation 

levels and environmental stresses, suggesting potential involvement of 

epigenetic mechanisms in plant adaptability. For instance, drought stress in 

faba bean and water deficit in pea were associated with an overall increase 

of DNA methylation in both tolerant and sensitive genotypes (Abid et al., 

2017; Labra et al., 2002). In contrast, salt stress in pigeon pea induced a 

global decrease of DNA methylation in shoot (Awana et al., 2019). On a 

longer term, continuous stress  increased global DNA demethylation 

mainly in a tolerant soybean  genotype. This increased demethylation was  

consistent  with increased expression of DNA demethylases such as DML 

and ROS1. The demethylation analysis revealed that CG and CHG  

contexts within gene regulatory regions were more critical than CHH in 

soybean adaptation to stress (Liang et al., 2019).  In  contrast,  salinity 

stress in Medicago truncatula, induced up to 77% of changes in CHH context, 

with only 9.1% and 13.9% in CHG and CG, respectively. However, no 

correlation between transcript level and DNA methylation pattern of 

some key genes known to be involved in salinity stress was reported, 

implying that these genes might be regulated by other epigenetic   

mechanisms   (Yaish,   Al-Lawati,    Al-Harrasi,    & Patankar, 2018). In 

contrast, Song et al. (2012) showed that, in soybean, among four TFs 

induced under salt stress, three were 
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demethylated in CG and non-CG contexts, preceding enrichments of 

active histone marks (H3K4me3 and H3K9ac) and decrease of the 

repressive mark H3K9me2, leading to gene upregulation, suggesting 

the possible interplay between DNA methylation and histone modifi- 

cation in stress response. 

A growing body of evidence assigns crucial roles of histone acetylation 

and histone methylation in plant responses to external stress. Changes 

in DNA methylation, histone methylation, and histone acetylation 

were observed in soybean root meristems growing at 

different temperatures. Immunostaining patterns indicated that 5-

methylcytidine (i.e., a marker of methylated DNA) and H3K9me2, 

mainly located in the heterochromatin, were more abundant in soy- 

bean during chilling stress than during recovery. In contrast, H3K9ac, 

H4K12ac, and H3K4me, indicators of permissive chromatin, were 

weakly labeled in the euchromatin of stressed plants, but stronger during  

the  recovery  process  (Stępiński,  2012).  Interestingly,  crosstalk 

between histone methylation and histone acetylation was also 

reported in soybean subjected to salinity stress. Wu et al. (2011) 

 

 
 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 1     Summary of (a) developmental processes, (b) biotic, and (c) abiotic stress responses to different legumes species and their 

corresponding epigenetic mechanisms 

 



WINDELS ET AL. 30 

 

30 

 

 

 

proposed that the salinity stress-inducible plant homeodomain TF, 

GmPHD5, could bind salt-induced H3K4me2 marks. This binding 

allowed recruitment of a complex involved in gene activation with non-

histone proteins such as GmISWI, a chromatin remodeling factor and 

GmGNAT1, an acetyl transferase, which can preferentially acety late 

H3K14 to further activate expression of salinity-induced genes. 

In peanut, another study showed a regulation of  gene expression of the 

AhDREB1 gene. The regulation, by acetylation of H3 enabled this member 

of the AP2/ERF TF family to positively regulate drought stress related 

genes, under PEG osmotic stress. Indeed, expression of AhDREB1 was 

showed to be higher using trichostatin (TSA), an inhibitor of HDAC (histone 

deacetylase), eventually inducing drought resistance (Zhang, Su, et al., 

2018). Salt  and drought stresses have  also been showed to induce the 

activation of CaHDZ12, a HD-Zip TF, in chickpea, whose expression was 

correlated with  acetylation  of H3K9ac in the promotor region (Sen, 

Chakraborty, Ghosh, Basu, & Das, 2017). 

 

4   | PERSPECTIVES  

 

From this extensive review of legume epigenetic studies, we can clearly 

appreciate the importance of epigenetic regulations in devel- opmental 

and stress-related processes (summarized in Figure 1). Con- sidering 

legume crops not only with their large genomes containing many TEs 

and repeat regions but also their genes with high copy num- ber (e.g., as 

described in this review with histone modifiers), their numerous  small  

RNAs,  and  their  specific  legume  processes (e.g., nodulation), there 

is no doubt that we will observed a growing interest in legume 

epigenetic studies in order to understand specific developmental 

processes and adaptative responses to environmental constraints in 

legumes. To conclude, epigenetic studies in legumes are still at an early 

developing stage and have been predominantly focus- ing on 

identification of key epigenetic players in different plant devel- 

opmental or stress-related processes. This initial descriptive step is 

essential as most legume genomes are still poorly annotated and con- 

tains many genes with high copy number that could have overlapping 

or distinct functions. Perspectives will be an increase of functional 

studies of these key epigenetic players that could be enhanced by the 

rapid development of CRISPR technologies to generate collection of 

epigenetic mutants in major legume crops. From this perspective, a 

better understanding of epigenetic mechanisms and the identification 

of epialleles in legumes will potentially boost plant crop improvement 

and stress adaptation. 
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4.2 Polycomb Repressive Complexes and the role of histone H3 Lysine 27 trimethylation 

(H3K27me3) in seeds 

As described in the previous section, gene expression is controlled by genetic factors 

and epigenetic modifications. When plants switch their developmental program in the so-called 

transition phases, such as flowering to seed development or seed development to germination, 

polycomb group (PcG) proteins play a crucial role in controlling these processes (for review 

Yang et al. 2017; Yan et al. 2020). PcG proteins usually form different complexes that are 

organized into polycomb repressive complex 1 (PRC1) and polycomb repressive complex 2 

(PRC2) depending on their action to silence specific chromatin regions via different histone 

modifications. PRC1 complexes silence chromatin by deposition of ubiquitin of lysine 119 on 

histone 2A (H2AK119Ub). In contrast, PRC2 complexes are able to silence chromatin by 

targeting the lysine 27 on histone 3 by trimethylation (H3K27me3). This trimethylation of H3 

at lysine 27 is a strong repressive mark, widely distributed in the genome (i.e. about 20% of 

Arabidopsis genes have been found linked to H3K27me3 mark), which is dynamically 

deposited and removed during plant development, leading to chromatin condensation  (Zheng 

and Chen, 2011). Interestingly, PRC2 (as well as PRC1) complexes are highly conserved in 

plants, even more broadly from Drosophila to mammals (a comparison of PcG proteins in 

different organisms is available in Yan et al. 2020). In Arabidopsis, the four core components 

of PRC2 are (i) CURLY LEAF (CLF), SWINGER (SWN) and MEDEA, which have the histone 

methyltransferase (HMT) activity to trimethylate H3K27, (ii) VERNALIZATION2 (VRN2), 

FERTILIZATION INDEPENDENT SEEDS2 (FIS2), and EMBRYONIC FLOWER2 (EMF2), 

which confer target specificity of the PRC2  complexes, (iii) FERTILIZATION 

INDEPENDENT ENDOSPERM (FIE), which stabilizes and enhances the HMT activity and 

(iv) five MULTICOPY SUPPRESSOR OF IRA (MSI1 to MSI5), which have a binding activity 

to histones and HMT. As three proteins exist in Arabidopsis to confer target specificity, it has 

been suggested that at least three PRC2 complexes (i.e. EMF-PRC2, VRN-PRC2, and FIS-

PRC2) act in specific development processes to regulate different gene sets in Arabidopsis 

(Schuettengruber et al., 2007; Zheng and Chen, 2011).  

PRC2 complexes regulate the initiation of seed development phase and are required in 

the transition between embryogenesis and seed maturation. Indeed, it has been shown that, in 

absence of fertilization, FIS-PRC2 is involved in repressing endosperm development, whereas 
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VRN-PRC2 and EMF-PRC2 in repression of seed coat development (Lau et al., 2012; 

Figueiredo and Köhler, 2018). Moreover, mutations in FIS-PRC2 complex impaired 

development of the three seed tissues, leading to seed abortion (Robert et al., 2018; Robert, 

2019). Another example, in rice, the loss-of-function mutants of fie1 displayed delayed embryo 

development and decreased seed size. Interestingly, OsFIE1 regulated target genes related to 

heat stress by altering their H3K27me3 levels (Huang et al., 2016). As expected, PRC2 

complexes also interplay with the LAFL genes. As major regulators of seed development, LEC1 

and the three B3 domains have to be tightly regulated regarding their temporal and spatial 

expressions by chromatin dynamics, even if the precise role of PRC2 complexes on LAFL 

regulation is still unclear. During the embryogenesis-maturation transition, it has been reported 

that FUS3 is repressed by PcG during early embryogenesis (Makarevich et al., 2006) and that, 

in fie mutants, ABI3, FUS3, and LEC2 genes were upregulated (Bouyer et al., 2011; Kim et al., 

2012). However, when and how the seed development genes switch from the repressive state 

to active state during seed development is still not completely understood. Regarding the 

second transition phase in seeds between maturation to germination, several reports showed 

the involvement of the PRC2 complexes in the repression of the LAFL genes and regulation of 

germination. For instance, ABI3 and LEC2 gene sequences are associated with the active 

histone marks (H3K4me3) before germination, which turned to be replaced by repressive 

H3K27me3 marks upon germination (Bouyer et al., 2011; Müller et al., 2012; Molitor et al., 

2014). Another example is the implication of FIE as binding factor of genes encoding positive 

regulators of ABA signaling pathway, such ABI3 and ABI4, but also negative regulators of GA 

signaling pathway, such RGA-Like 3 (RGL3) and finally, positive regulators of maturation such 

as LEC2 which promote embryo development and maturation to repress their expressions 

(Bouyer et al., 2011; Kim et al., 2012; Deng et al., 2013). Finally, following the action of PRC2 

complexes in repressing seed maturation genes using H3K27me3, the role of the PRC1 

complex is to recognize and bind to H3K27me3 to maintain the condensed chromatin state (for 

review Zheng and Chen, 2011). In Arabidopsis, the VAL (VP1/ABI3-LIKE) 1/2/3 proteins 

have been identified as partners of the PRC1 complex to silence ABI3, FUS3, and LEC2 

expressions to initiate germination and vegetative development (Yang et al., 2013).  

During seed maturation,  an increase of chromatin condensation was observed, 

potentially acting through ABI3 (Van Zanten et al., 2011). The nuclei size and chromatin state 

are recovered during seed germination. Desiccation tolerance, longevity and germinative 

qualities are acquired during seed maturation and as the repressive histone marks H3K27me3 
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are responsible for maintenance of chromatin compaction and repression of transcription of 

genes involved in seed development, in the present study, we propose to explore whether 

chromatin condensation is involved in acquisition of longevity and germinative qualities. 

Furthermore, this study will also investigate whether H3K27me3 repressive marks are 

impacted by heat stress conditions during seed development, and if these changes are associated 

with the seed physiological response to heat stress. 
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5. Aim of the thesis project 

As developed in the previous sections, in a global warning context, heat stress has 

dramatic impact on plant development including acquisition of seed quality traits, which 

represents an important threat to food security. Molecular responses to heat have been 

intensively studied in plant vegetative parts but little is known about molecular processes 

occurring during seed development. 

 

The aim of this PhD project is to explore and describe seed molecular processes 

affected during heat stress in order to identify candidate genes potentially sensing or 

regulating stress response and explaining the phenotypic plasticity of seed quality traits 

following heat stress. 

 

To achieve this goal, this thesis project was initially organized in three work packages 

(WP). 

WP1 intends to unravel the molecular mechanisms occurring in seed tissues underlying 

the physiological changes such as seed weight, longevity and vigour when seeds suffered from 

heat stress during their development. In this part, the physiological, transcriptomic and 

epigenetic (i.e. DNA methylation and H3K27me3) changes in response to heat stress in seed 

will be explored using the Medicago truncatula reference genotype A17 to (i) first identify 

candidate genes affecting proper seed development during heat stress, then (ii) uncover the 

level of (epi)genetic regulation of these candidate genes. 

In parallel, WP2 proposes to use the natural genetic diversity present in the Medicago 

truncatula HapMap collection to identify loci/genes potentially involved in seed trait plasticity 

in response to heat stress using a genome-wide association study (GWAS) approach. 

Finally, WP3 corresponds to an integrative package of WP1 and WP2 to select a short 

list of relevant candidate genes, which could be involved in seed trait plasticity in response to 

heat stress and acting at different levels of (epi)genetic regulation. This work package also 

includes a preliminary functional characterization of candidate genes using Medicago Tnt1 and 

Arabidopsis T-DNA insertional mutant populations to select the most relevant genes for future 

studies.  
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Due to the truncation of WP3 because of the Covid-19 pandemic and different 

lockdowns that slowed down our progress, we decided to reformat this thesis manuscript into 

two parts: Chapter 2 corresponding to Genome-wide analyses of transcriptome, methylome 

and chromatin dynamics of isolated seed tissues in heat stress conditions and Chapter 3 

corresponding to Study of the regulation of seed traits in optimal and heat stress conditions 

using natural Medicago truncatula accessions and genome-wide association studies. The 

integration of both WPs was not performed; however, some preliminary functional analyses of 

candidate genes are introduced at the end of both chapters. 
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CHAPTER 2: GENOME-WIDE ANALYSES OF TRANSCRIPTOME, METHYLOME 

AND CHROMATIN DYNAMICS OF ISOLATED SEED TISSUES IN HEAT STRESS 

CONDITIONS 

 

AIM: the aim of this first section is to unravel the molecular mechanisms occurring in seed 

tissues underlying the physiological changes such as seed weight, longevity and vigour when 

seeds suffered from heat stress during their development using the Medicago truncatula 

reference genotype A17. In this part, the physiological, transcriptomic and epigenetic (i.e. DNA 

methylation and H3K27me3) changes in response to heat stress in seed will be explored to (i) 

first identify candidate genes affecting proper seed development during heat stress, then (ii) 

uncover the level of (epi)genetic regulation of these candidate genes. 

 

MAIN RESULTS: 

 High transcriptome dynamics in isolated seed tissues during seed development under 

control and heat stress conditions and identification of molecular heat stress responses. 

 Impacts of heat stress on the acquisition of seed quality traits, leading to impairments 

in seed weight, seed longevity and seed vigour traits such as germination speed. 

 Complete transcriptional reprogramming of seed maturation during heat stress with 

changes in expressions of LAFL genes and other major regulators of seed development. 

 Descriptive map of (epi)genetic (transcript, DNA methylation and H3K27me3 

dynamics) regulations during embryo development under control and heat stress 

conditions 

 Identification of a possible role of DNA methylation in heat stress response at early 

seed maturation with a massive increase in differentially methylated regions at S1  

 Identification of a possible role of H3K27me3 dynamic in heat stress response during 

mid and late seed maturation with an important increase of H3K27me3 genomic 

binding sites at S2, S3 and S4. 

 Identification of candidate genes potentially involved in phenotypic changes following 

heat stress (i.e. mainly seed longevity and seed weight) with some already known 

functions in seed development but others with unknown functions. 
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 Preliminary results from functional analysis showing a seed-specific HAP3 

transcription factor with a potential role in regulating seed maturation following heat 

stress. 
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1. Introduction 

The effect of global warming has tremendous impacts on plant growth such as earlier 

flowering time, modification of plant architecture, decrease of seed yield and alteration of seed 

properties (Wahid et al., 2007; Long and Ort, 2010; Lobell et al., 2011; Li et al., 2014), which 

represents a threat to food security and agricultural production. More specifically on seed 

qualities/performances, studies showed the impact of climate change and heat stress on seed 

development affecting the seed qualities (Righetti et al., 2015). Along with physiological 

changes, molecular responses to heat stress have been extensively studied in the past decades 

in plant vegetative organs. Heat stress factors (HSF), heat shock proteins (HSP), calcium 

signaling, phytohormones, chaperone proteins and secondary metabolites play an important 

role in heat stress responses (Bokszczanin and Fragkostefanakis, 2013; Ohama et al., 2017). 

Indeed, an important transcriptional reprogramming allows plants to cope with heat stress by 

the induction of thermotolerance induced genes and the repression of growth-related genes. 

Moreover, gene regulation is strongly related to epigenetic regulation based on chromatin 

modifications (e.g. histone acetylation, methylation and ubiquitylation) and DNA 

modifications (e.g. cytosine methylation). These modifications can be triggered by 

developmental or environmental factors and by consequence, they modulate chromatin 

architecture without changing the genomic sequences, but only the accessibility of 

transcriptional machinery to specific genome regions (Lukens and Zhan, 2007; Chinnusamy 

and Zhu, 2009).  

In this chapter, we intend to describe physiological and molecular responses to heat 

stress during the, yet unexplored, plant reproductive stage corresponding to seed 

development/maturation to decipher the impacts of stress on the acquisition of seed quality 

traits. This exploratory study will use genome-wide analyses to define the transcriptome, DNA 

methylome and chromatin dynamics from isolated seed tissues in response to heat stress 

conditions at four key stages during seed maturation using the Medicago truncatula reference 

genotype A17. This analysis intends to identify relevant molecular processes and candidate 

genes regulating seed physiological traits from different seed tissues and at different level of 

(epi)genetic regulation. 
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2. Results and discussion 

2.1 Physiological and morphological characterizations of mature seeds developed under 

heat stress conditions 

After harvest of mature seeds developed under control (20°C) and heat stress (26°C) 

conditions, seeds were immediately dried at 44% relative humidity (RH) (using a saturated 

solution of K2CO3 at 20°C) for three days. Physiological dormancy was released using post-

harvest treatment by storage of mature seeds for 6 months at room temperature, then seeds were 

subsequently stored at 4°C in the dark for subsequent analyses. 

The first morphological characterization to measure was the seed weight/size. Indeed, 

we observed a visible difference in seed weight/size between mature seeds produced at 20°C 

and 26°C. To evaluate this difference, we measured the dry seed weights of ten seed lots 

containing 30 seeds from each seed batch produced in both conditions. Results showed that the 

individual dry weight of mature seeds produced at 26°C was significantly lower than mature 

seeds produced at 20°C (i.e. decrease of about 25% of seed weight from 26°C, Figure 2.1A). 

To consolidate this observation, we characterized the morphological features by image analysis 

using ImageJ software. The representative parameter such as seed area was automatically 

measured for each seed. The average areas confirmed a significant decrease in size of seeds 

produced under heat stress conditions (Figure 2.1B). All together, these results suggested that 

plants grown in heat stress conditions produced smaller seeds than the control condition seeds 

in the Medicago truncatula reference genotype A17. 

Seed longevity and germination are important traits of seed quality. Both are acquired 

during seed development, more precisely during the maturation phase in M. truncatula. Firstly, 

in order to verify whether heat stress influences seed longevity, we used the artificial ageing 

conditions of 75% relative humidity at 35°C to accelerate seed ageing in order to observe any 

change in seeds produced in both conditions. We artificially aged mature seeds during 10, 20, 

30, 40 and 50 days (called days of artificial ageing, DAA), and for each time point we evaluated 

the germination percentage of seeds differentially aged. From this experiment, we observed a 

decrease of germination capacity of seeds artificially aged for long periods. Interestingly, from 

the survival curves, we observed that seeds produced at 26°C showed more longevity capacity 

and were capable to be viable for longer time in artificial ageing conditions compared to 20°C 

seeds (Figure 2.1C). The P50, a representative value for longevity which is the storage time to 
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lose 50% of seed viability during the controlled ageing condition, was calculated for both seed 

lots (produced at 20°C and 26°C). The P50 of 26°C seeds was significantly higher than control 

seeds by almost 10 days, suggesting that seeds produced in heat stress condition had higher 

longevity (Figure 2.1D).  

Seed germination plays a vital role in the transition from seed to seedling establishment. 

In field conditions, seed germination happens at low temperature during winter or spring. Thus, 

to investigate if seed germination was affected by the heat stress during seed 

development/maturation, we evaluated germination performances at both low (10°C) and 

optimal (20°C) conditions using mature seeds produced at 20°C and 26°C. In optimal 

germination conditions, we did not observe any significant difference between seeds produced 

at 20°C and 26°C. In low-temperature germination conditions (10°C), there was no difference 

regarding the final germination rate, which reached 100% in both seed lots. However, we 

observed a decrease in germination speed of heat stressed seeds when compared to control 

seeds from the germination kinetics (Figure 2.1E). The time to reach 50 % of total germination 

rate, which is called T50, was longer from stressed seeds compared to control (around 3 hours 

slower, Figure 2.1F), which suggested that heat stress during seed production ultimately 

decreased seed germination speed at low temperature and impaired seed vigor.  
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Figure 2.1. Physiological and morphological characterizations of seeds produced in control and heat stress 

conditions. (A-B) Dry weight and area of 20°C and 26°C mature seeds. (C) The survival curves of 20°C and 26°C 

mature seeds during artificial ageing. (D) P50 of 20°C and 26°C mature seeds. (E) Germination curves of 20°C 

and 26°C mature seeds at 10°C. (F) Time to 50% germination (T50) of 20°C and 26°C mature seeds. 20°C seed 

(control) is indicated in bleu, 26°C seed (heat stress) is indicated in red. *, 0.01<p-value<0.05; **, 0.001<p-

value<0.01; ***, p-value<0.001. 
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2.2 Global transcriptome changes in response to heat stress in developing M. truncatula 

seeds 

As shown in Righetti et al. (2015), heat stress during seed development has a dramatic 

influence on seed developmental timing, ranging from 28 to 48 days of seed development 

duration to reach complete maturity. In order to select appropriate and corresponding seed 

developmental stages between seeds produced at 20°C and 26°C, we used two different criteria. 

First, a physiological criterion by analysing the acquisition of two major processes during seed 

development: desiccation tolerance and longevity. For that purpose, we selected stages before 

and after the acquisition of these processes (Figure 2.2A). Second, we also combined these 

physiological characterizations with molecular data obtained from the microarray data of 

developmental stages of seeds produced in heat stress conditions and available in Righetti et 

al. (2015) by generating a correlation matrix to pinpoint corresponding stages based on global 

transcriptomic changes (Figure 2.2B). By crossing these information, we decided to select four 

stages, named S1, S2, S3 and S4, corresponding to i) the beginning of seed maturation (S1: 

17DAP from 20°C seeds and 14DAP from 26°C seeds), ii) after acquisition of desiccation 

tolerance and during seed filling (S2: 26DAP from 20°C seeds and 17DAP from 26°C seeds), 

iii) beginning of the acquisition of longevity and at the end of seed filling (S3: 36DAP from 

20°C seeds and 22DAP from 26°C seeds) and vi) at seed maturity (i.e. dry seed) (S4: 44DAP 

from 20°C seeds and 28DAP from 26°C seeds) (Figure 2.2C). To reveal the underlying 

molecular mechanisms of these four stages impacted by heat stress, we first analysed the 

transcriptome changes of the three isolated seed tissues at these four developmental stages 

during seed maturation under control and heat stress conditions.  
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Figure 2.2. Characterizations of physiological processes and developmental stages of Medicago seed produced 

in control and heat stress conditions. (A) Physiological characterizations of seeds produced in control and heat 

stress conditions regarding acquisitions of dry weight, desiccation tolerance (DT) and longevity (P50). (B) 

Correlation matrix between transcriptome changes obtained from developmental stages of seeds produced at 20°C 

and 26°C based on microarray data generated in Righetti et al. (2015). (C) Summary of selected stages and 

corresponding seed physiological processes. 
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2.2.1 RNA sequencing data for heat stress response in isolated Medicago truncatula seed 

tissues 

 

(This section was published in journal of Data in Brief.) 
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2.2.2 Over-representation analyses of differentially expressed genes in seeds 

To gain insight into the functional classes corresponding to differentially expressed 

genes between control and heat stress conditions in different seed tissues, we performed over-

representation analyses on the Differentially Expressed Genes (DEGs) that are common or 

specific to the three seed tissues (i.e. embryo, endosperm and seed coat). DEGs (i.e. both up- 

and down-regulated genes) displaying adjusted p-values below 5% according to 

ImpulseDE2/DEseq2 algorithms, which resulted in 13,811 genes (Supplementary Table S1), 

were selected to perform gene set enrichment analyses. Mapman functional annotations 

(Schwacke et al., 2019) of the fifth release of Medicago truncatula genome (Pecrix et al., 2018) 

were used in this analysis. The major significantly over-represented functional classes of 

different sets of DEGs were shown in Figure 2.3.  

 

2.2.2.1 Enrichment of functional classes common to seed tissues following heat stress 

When observing genes that are differentially expressed in all seed tissues due to heat 

stress, we first selected common DEG in all three seed tissues as general seed response to this 

abiotic stress. Following heat stress, it was not surprising to observe that one of the most over-

represented functional classes was ‘stress.abiotic.Heat’ with 231 annotated DEGs in the three 

seed tissues (Figure 2.3A). This result validated our growing conditions and confirmed that the 

heat stress intensity we applied during seed development was sufficient to induce a stress 

response. Out of these heat stress response genes, we found 14 HSFs mainly from groups A, B 

and C. However, no ortholog from the HSF1A gene family showed differential expression in 

seeds, which differs from vegetative tissues analysis, where HSF1A genes play roles as master 

regulators of heat stress response (Mishra et al., 2002). Except for HSFA3 and HSFA5, which 

displayed strong differential expression in both seeds and vegetative tissues, other HSFs 

identified in seeds were not the most affected by heat in vegetative tissues, such as HSFA8, 

HSFB2. This obervertion could suggest a partially specific response to heat stress in seeds 

compared to vegetative tissues, which needs to be analysed and explored deeply. Out of these 

stress related genes, we also identified many HSP and sHSP, such as otholog to HSP17.7, 

which enhances heat tolerance in carrot (Malik et al., 1999) and rice (Murakami et al., 2004), 
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but also orthologs of  HSP70 and HSP90, which act as chaperones during heat stress response 

(Pratt and Toft, 2003).  

The second functional class that was enriched from the DEGs common to seed tissues was the 

‘DNA synthesis.Chromatin structure’ with 194 annotated DEGs, which could reflect an intense 

chromatin dynamic following heat stress (Figure 2.3A). ‘Photosynthesis.Light reaction’ 

functional class with many DEGs related to photosystem I & II was also found to be part of the 

general seed stress response (Figure 2.3A). Indeed, photosynthesis is heat-sensitive and 

photosystem I & II activities are reduced under heat stress conditions (reviewed in 

Hasanuzzaman et al. 2013). Finally, the functional class related to ‘development.storage 

protein’ was also found to be enriched with 30 DEGs following heat stress, which encode for 

all storage protein families (i.e. albumin, vicilin or legumins), suggesting an alteration of 

nutritional composition of seeds subjected to heat stress (as described in Sehgal et al. 2018). 

 

2.2.2.2 Enrichment of functional classes specific to seed tissues 

Besides the interest in heat stress DEGs that were commonly expressed differentially 

in all seed tissues, we aimed to investigate if and how each different seed structure would 

response to heat stress. For that we gathered tissue-specific DEGs, whose expressions were 

exclusively up or down-regulated in one of the three seed tissues, e.g. seed coat or endosperm 

or embryo.  

In the seed coat we observed specific DEGs representing enrichment of ‘RNA 

regulation. DOF zinc finger’ and ‘signalling. Calcium’ functional classes (Figure 2.3A). The 

DOF gene family is involved in diverse essential processes in plants, such as seed maturation, 

seed germination and plant development (Noguero et al., 2013). We identified around 12 DOF 

transcription factors differentially expressed specifically in seed coat following heat stress. One 

of them (MtrunA17_Chr8g0346551) is closely related to AtDAG1 (DOF AFFECTING 

GERMINATION 1), which in Arabidopsis, regulates the transition seed to seedling (Papi et al., 

2000). Indeed, dag1 mutant seeds displayed a faster germination due to reduced dormancy 

(Papi et al., 2000). The action of DAG1 on seed dormancy and germination was shown to 

modulate the ABA/GA ratio by regulating the expression of ABA catabolic gene CYP707A2 

and GA biosynthetic gene GA3ox1 (Boccaccini et al., 2016). We observed that the transcript 

level of DAG1 ortholog in Medicago was up-regulated in seed coat during early seed 
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development under heat stress conditions, which could explain the slow germination phenotype 

of stressed seeds. Concerning the enriched calcium signaling class, calcium is very well-known 

signal molecules for many biological processes and has been showed to be involved in heat 

stress signaling (Gong et al., 1998).  

In the endosperm, specific DEGs showed enrichments of the ‘Polycomb group (PcG)’ 

and ‘protein degradation.ubiquitin.E3 RING’ functional classes (Figure 2.3A). As explained in 

the introduction, the PcG proteins are implicated in genomic imprinting in endosperm, which 

control endosperm and seed development (Ingouff et al., 2005; Huh et al., 2007). In our dataset, 

four out of the ten genes annotated as PcG proteins showed differential expression in 

endosperm from seeds produced between control and heat stress conditions, and encode 

orthologs of SWINGER (SWN, MtrunA17_Chr1g0194631), EMBRYONIC FLOWER 2 (EMF2, 

MtrunA17_Chr1g0196821), and two other potential histone methyltransferases 

(MtrunA17_Chr7g0235081, MtrunA17_Chr7g0235091). Regarding the E3 ubiquitin protein 

ligase RING, they are a large gene family that can transfer ubiquitin to (i) silence chromatin 

via the mono-ubiquitination of lysine 19 of histone H2A by the PRC1 complex or (ii) degrade 

proteins as part of the ubiquitin proteasome system. Furthermore, in the DEG list specific to 

endosperm , we noted the presence of a DOF transcriptional factor, already identified in 

Medicago and called DASH (DOF Acting in Seed embryogenesis and Hormone accumulation, 

MtrunA17_Chr2g0282441) (Noguero et al., 2015). In dash mutants, embryo development was 

shown to be impaired resulting in the reduction of seed size. In our dataset, we observed a 

down-regulation of MtDASH transcript level following a heat stress, which could potentially 

explain the decrease of mature seed size of stressed seeds.  

Finally, embryo-specific DEGs were enriched in genes belonging to many functional 

classes such as ‘cell division’, ‘G-proteins’, ‘RNA binding’, ‘RNA helicase’, ‘RNA 

processing’, ‘RNA regulation of transcription’, ‘RNA processing splicing’ (Figure 2.3A), 

which suggested that RNA processing could play an important role in heat stress response in 

embryo. 

To further investigate the heat stress response from each seed tissue, we evaluated the 

functional classes of genes commonly expressed in two tissues, e.g. embryo and endosperm 

(E-Eo), embryo and seed coat (E-SC), endosperm and seed coat (Eo-SC) (Figure 2.3B). 

Interestingly, common DEGs from embryo and endosperm present some of the same enriched 

classes as the specific embryo DEGs. These classes were all related to RNA processing which 
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showed that the embryo RNA processing response against heat stress is also found on the 

endosperm.  

 

Figure 2.3. Over-representation of functional classes of DEGs identified in the embryo (E), endosperm (Eo) and 

seed coat (SC). Enriched terms were identified using ClusterProfiler with enricher function and a Bonferroni 

adjusted p-value threshold of 0.05. Numbers that are indicated at the bottom are the gene numbers used to perform 

enrichment analyses. 
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2.2.3 Transcript level of key regulatory genes during seed development under optimal 

and heat stress conditions 

Several central regulatory genes have been identified as major regulators of seed 

developmental processes, including LEC1, ABI3, FUS3 and LEC2 (i.e. LAFL genes). Since 

heat stress influences seed developmental timing and seed maturation characteristics in 

Medicago truncatula, we investigated whether the key regulatory genes of seed development 

were affected by heat stress during seed development. Using Medicago genome annotation 

(version 5) and basic local alignment search tool (BLAST), we identified putative orthologs of 

these genes and extracted their expression profiles during M. truncatula seed development 

(Figure 2.4). LEC1 is known to be expressed in early seed developmental stage during 

embryogenesis, thus, we only detected relatively low transcript levels of MtLEC1 

(MtrunA17_Chr1g0165041) at stage 1 during seed development in Medicago truncatula 

(Figure 2.4). In our transcriptomic data, MtLEC2 (MtrunA17_Chr4g0047031) transcripts were 

only detected at low levels in stage 1 in endosperm under optimal conditions but no transcript 

was detected in seed tissues from heat stress conditions. Due to the early expression of these 

genes during seed development, we did not observe statistical differences in their transcript 

levels between seeds produced in control and heat stress conditions (Table 1). In contrast, we 

observed differential expression levels for the other key regulatory genes. Indeed, MtFUS3 

(MtrunA17_Chr7g0251881) showed differential expression in embryo and endosperm due to 

heat stress and was expressed in embryo and similarly MtABI3 (MtrunA17_Chr7g0237841) 

transcript levels were differentially expressed in embryo, endosperm and seed coat between 

both conditions. In addition, we also looked at the expression profiles of two seed-preferentially 

transcriptional factors, MtABI4 (MtrunA17_Chr5g0437371) and MtABI5 

(MtrunA17_Chr7g0266211), which play important roles in seed development. ABI4, 

containing the APETALA2-like domain, and ABI5, containing a basic leucine zipper (bZIP) 

domain, respectively, are implicated in ABA signalling pathway (Finkelstein et al., 1998; 

Finkelstein and Lynch, 2000). ABI4 is a positive regulator for primary seed dormancy in 

Arabidopsis (Shu et al., 2013). ABI5 not only regulates seed dormancy and germination but 

also plays a role in seed longevity in Medicago truncatula (Zinsmeister et al., 2016). In our 

dataset, we observed that both MtABI4 and MtABI5 transcripts were differentially in embryo 

and endosperm between seeds produced in control and heat stress conditions (Table 1). Taken 
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together, these results showed that the transcript levels of the key regulators of seed 

development are impacted by heat stress, and due to their pleiotropic role in seed maturation 

mechanisms they could represent good candidate genes to explain heat-stressed seed 

phenotypes. It also suggested that heat stress induced an intense transcriptional reprogramming 

of seed development/maturation by altering gene expressions of the central LAFL regulatory 

genes.  

Interestingly, when searching for the ortholog of LEC1 gene, we identified a very 

closely related gene that corresponds to a HAP3/NF-YB6 gene annotated as MtLEC1-LIKE 

(MtLIL, MtrunA17_Chr4g0076381). In Arabidopsis, LIL is able to complement lec1 mutation 

and is necessary for embryo development and initiation of maturation program in Arabidopsis 

(Kwong et al., 2003). In M. truncatula, this HAP3/MtL1L gene was highly expressed at S1 in 

embryo and S1-S2 in endosperm, later than MtLEC1. It is one of the most statistically 

differentially expressed genes following heat stress, which made us consider this gene as 

candidate gene for further functional validation. 

 

 

Figure 2.4. Expression profiles of major known regulatory genes in different Medicago truncatula organs and 

seed tissues during seed development. Seeds tissues (E: Embryo; Eo: Endosperm; SC: Seed Coat) were harvested 

during seed development (S1-4: stage 1 to 4) under control (20°C) and heat stress (26°C) conditions. Expression 

values are expressed in TPM (transcript per million) values after a z-score normalization. 
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Table 1. Summary of time-course (ImpulseDE2) and pairwise (DEseq2) comparisons between control and stress 

conditions of major known regulatory genes (with adjusted p-values below 5%) in isolated Medicago truncatula 

seed tissues during seed development. 

 

Note: SS, Seed Specificity; E, Embryo; Eo, Endosperm; SC, Seed Coat. The genes that are down-regulated or up-

regulated in heat stress condition at each stage are indicated by green or red. Values indicate Log2 (fold change). 
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2.3 Focus on embryo: Global transcriptome and epigenome changes in response to heat 

stress in M. truncatula embryo 

To characterize the molecular impacts of heat stress during seed development and 

identify key regulator genes leading to phenotypic changes, we decided in the subsequent 

analyses to focus on the embryo. 

 

2.3.1 Description of molecular processes impacted by heat stress in the embryo 

In order to focus on the effect of heat stress in the embryo molecular mechanisms, we 

re-analysed our transcriptomic data with DESeq2 to perform pair-wise comparisons at the four 

embryo stages aiming to identify DEG between seeds developed under control and heat stress. 

Using an adjusted p-value threshold of 5%, we identified and annotated 11,207 DEGs due to 

heat stress with 5907 at S1, 968 at S2, 1717 at S3 and 2615 at S4. As described earlier, we 

performed gene set enrichment analyses to visualize the major molecular processes affected 

during the stress at different developmental stages in embryo (Figure 2.5). As observed, for the 

whole seed, stage S1 was the most impacted stage with 2,637 up-regulated and 3270 down-

regulated genes. Down-regulated genes showed enrichment in functional classes related to 

‘DNA synthesis.chromatin structure’, suggesting an important chromatin dynamics at this 

transition stage between the end of embryogenesis and beginning of maturation program. This 

transition stage is also characterized by enrichments of ‘cell division’ and ‘cell cycle’ classes, 

as well as many classes related to protein targeting/synthesis/degradation, suggesting a 

decrease of cell division and a cellular reprogramming of the molecular processes illustrated 

by these essential cellular activities. On the other side, at S1, upregulated genes mainly belong 

to metabolomic changes with enrichment of classes related to secondary metabolisms, storage 

proteins, starch and lipids. At S2, we did not observe many DEG due to heat stress, and, 

therefore, few functional classes were enriched except ‘PS.photosystem II’ in up-regulated 

genes and ‘storage.proteins’, ‘abiotic.stress’ classes. At S3, we still observed enrichment of 

classes related to photosynthesis and photosystems I&II, as well as cytokinin metabolism from 

up-regulated genes. Down-regulated genes were mainly associated with classes related to 

regulation of transcription, with many transcriptional regulators and more specifically auxin 

response factors in the list of DEGs. Finally, at seed maturity (S4), which corresponds to the 
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final stage of seed development, we identified ‘DNA synthesis.chromatin structure’ class and 

many RNA related classes such as ‘RNA.Chromatin remodeling factors’, or ‘RNA.helicase’, 

‘RNA transcription’ and ‘RNA binding’, which suggested that at the final stage of seed 

development, many important regulatory processes are occurring regarding chromatin and 

transcriptional dynamics.  

 

Figure 2.5. Over-representation of functional classes of Up- and Down-regulated genes in the embryo (E), 

due to heat stress at the four seed developmental stages (S1, S2, S3 and S4). Enriched terms were identified 

using ClusterProfiler with enricher function and a Bonferroni adjusted p-value threshold of 0.05. Numbers 

that are indicated at the bottom are the gene numbers used to perform enrichment analyses. 
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2.3.2 Identification of candidate genes associated with acquisitions of seed weight and 

longevity during heat stress in embryo 

2.3.2.1. Weighted Gene Correlation Network analysis and gene module identification 

To identify candidate genes that explain the change of physiological characteristics of 

seeds grown in heat stress conditions, we decided to perform a weighted gene correlation 

network analysis (WGCNA, Langfelder and Horvath, 2008). WGCNA is a data exploratory 

method, which integrates transcriptomic and physiological data to highlight candidate genes 

correlated between these two datasets. In order to relate transcriptomic and physiological data, 

we analyzed the acquisition of seed weight and P50 (longevity) (Figure 2.2A) at the same four 

developmental stages (S1 to S4) as the ones used for transcriptomic analyses. Regarding the 

transcriptomic data, we selected the 9,182 genes showing significant statistical changes of 

expression between embryo developed at 20°C and 26°C, identified from time-course 

comparison using ImpulseDE2 algorithm (Chen et al., 2021b). By running WGCNA algorithm, 

we plan to assess pair-wise correlations between gene expression profiles in order to take into 

account their relationship, then determine relevant gene modules associated to the studied traits 

and finally calculate intermodular-connectivity and gene significance within the relevant 

module(s) to provide lists of candidate genes potentially regulating these physiological 

characteristics.  

Before the construction of the co-expression network, we normalized the 9,182 

transcripts showing differential expressions in embryo using Z-score and we combined them 

with the physiological traits related to the seed weight kinetic and the acquisition of seed 

longevity obtained at the same stages that were used in the transcriptome analysis in both 

conditions at 20°C and 26°C (Figure 2.6A). In this analysis, only acquisition of physiological 

traits characterized at the same stages that transcriptomic data could be used so we decided to 

focus on seed weight and seed longevity that were analyzed during seed. Due to the absence of 

transcriptomic data during seed germination, we did not include this physiological trait in this 

specific analysis. Then, to construct the weighted gene co-expression network, we determined 

the soft-threshold power (β) at 34 to satisfy a scale-free topology of the network with an R-

squared of 0.9 (Figure 2.6B). This soft threshold power was used to calculate the adjacency 
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(i.e. defined as ADJij =abs(cor(xi,xj))
β ) of the unsigned network and identify relevant gene 

modules (i.e. clusters of highly interconnected genes). Then, using topological overlap matrix 

(TOM), we clustered genes into modules, which were eventually merged when highly 

correlated (i.e. merged if above 80% correlations, Figure 2.6C-D). Finally, we obtained 11 gene 

modules, which were determined by their module eigengenes (i.e. representative of the 

expression profiles of all genes for each module). We, then, calculated the eigengene 

significances (i.e. the correlation between physiological traits and module eigengenes) and their 

corresponding p-values for each module to obtain the module-trait relationship (Figure 2.6E). 

From this figure, we observed that two modules displayed highly significant correlations with 

our observed seed traits: a module, called coral3, showing a correlation of 0.84 (p-value of 

3.10-7) with the acquisition of longevity (P50) and to less extent a module, called 

palevioletred3, showing a correlation of 0.67 (p-value of 3.10-4) with the increase of seed 

weight (DW) (Figure 2.6E). 
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Figure 2.6. Weighted Gene Correlation Network Analysis (WGCNA). Different steps for WGCNA module 

identification. (A) Sample dendrogram and trait heatmap. (B) Scale dependence and mean connectivity to 

determine the soft threshold. (C) Clustering of different module eigengenes with the cutHeight threshold of 0.2. 

(D) Cluster dendrogram with modules merged when correlation above 80%. (E) Correlation of the identified 

modules with the two seed traits, Longevity (P50) and seed weight (DW). Modules significantly associated with 

the traits are indicated by asterisks (*) and correlation coefficients and p-values are indicated. Red and blue color 
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represents positive and negative correlations between traits and representative eigengene expression for each 

module. 

 

2.3.2.2. Candidate genes involved in change in the acquisition of seed longevity during 

heat stress  

By dissecting the ‘Coral3’ module, which showed a strong correlation with the 

acquisition of seed longevity trait, we identified a list of 3,675 genes, making this module one 

of the largest. To reduce and refine the final list of candidate genes within this module, we 

calculated two parameters for each gene: the module membership (or eigengene-based 

connectivity, MM) and the gene significance (GS). Module membership is defined by how 

correlated each gene is to its corresponding module eigengenes. In other words, if MM is close 

to 0, the gene is not part of the module and if MM is close to 1, it is highly connected to the 

module genes. MM reveals the intramodular connectivity of genes and genes having high 

module membership represent intramodular hub genes (i.e. highly connected) in the respective 

module. The Gene significance is a gene parameter related to the incorporation of physiological 

observations and reflects the biological significance of genes (i.e. genes with GS equal to zero 

are not relevant to the physiological traits, at the opposite high GS tend to highlight genes with 

potential biological relevance to the traits).  
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Figure 2.7. Analysis of modules correlated to longevity (coral3 module) and seed weight (palevioletred3 module). 

(A) Relationship between module membership of ‘coral3’ and gene significance for longevity (P50). (B) 

Relationship between module membership of ‘palevioletred3’ and gene significance for seed dry weight (DW). 

Red frames correspond to interesting candidate genes showing high degree of connection (MM) and high 

correlation with physiological traits (GS). 

 

Figure 2.7A represents the ‘Gene Significance versus the module membership’ of genes 

belonging to the coral3 module correlated to the acquisition of seed longevity. To identify key 

regulators of seed longevity traits during heat stress conditions, we extracted genes showing 

high MM (>0.9) and high GS (>0.9) from this module, which refined the gene list to 154 

candidate genes potentially important to regulate the longevity during heat stress conditions 

(Supplementary Table S2). Out of this list and based on gene annotations, we could clearly 

identify interesting candidate genes potentially modulating seed longevity during heat stress 

such as many annotated genes involved in cell redox regulation encoding thioredoxins 

(MtrunA17_Chr5g0403061), glutathione-S-transferases (MtrunA17_Chr3g0142901 and 

MtrunA17_Chr1g0181861) and glutathione peroxidase (MtrunA17_Chr1g0150061) (Bailly et 

al., 1996). Interestingly, we also have two candidate genes, which have been demonstrated to 

have a role in modulating seed longevity: a Galactinol synthase (MtrunA17_Chr7g0271581) 

and an L-isoaspartyl methyltransferase2 (PIMT2, MtrunA17_Chr3g0116621) genes. The 

galactinol has been showed to be a biomarker of seed longevity in tomato, Brassicaceae and 

chickpea, and the galactinol synthase is a key enzyme of the Raffinose Family Oligosaccharide 

(RFO) pathway, which control accumulation of galactinol and the subsequent synthesis of 

RFOs (de Souza Vidigal et al., 2016; Salvi et al., 2016). This enzyme was already co-localized 

with a QTL of seed longevity in tomato and could play a role in modulating longevity in 

Medicago as well. Similar situation regarding PIMT2 protein that catalyzes the conversion of 

abnormal to normal L-isoaspartyl residues from proteins. In this way, the PIMT repair system 

serves as a marker for seed ageing with a clearly documented role in longevity in Arabidopsis 

and Chickpea by repairing damaged proteins (Ogé et al., 2008; Verma et al., 2013). Many other 

genes are present in this list correlated to the acquisition of seed longevity and could represent 

good candidates to understand the change in seed longevity following heat stress.  

 

2.3.2.3. Candidate genes involved in seed weight change during heat stress  
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A similar approach than described previously for longevity was performed to refine the 

list of candidate genes from the palevioletred3 module, which was the most correlated to seed 

weight. This module, initially, contained 284 genes but by extracting genes showing high MM 

(>0.8) and high GS (>0.8) (Figure 2.7B), we refined this list to 15 candidate genes regulating 

the change in seed weight during heat stress conditions (Supplementary Table S2). Out of these 

15 candidate genes, we could identify two potential good candidates: MtABI5 and a bHLH18. 

These two genes were identified as the most statistically differentially expressed genes 

following heat stress (i.e. in the top100 of lowest adjusted p-values from ImpulseDE2). The 

bHLH gene has not been documented but appears to be seed-specific according to our 

Medicago plant organ transcriptomic data (Chen et al., 2021a) and MtABI5 has already been 

documented to its role in seed maturation, dormancy and longevity in Medicago (Finkelstein 

and Lynch, 2000; Zinsmeister et al., 2016). ABI5 is seen as an integrator of ABA and other 

phytohormone signaling (i.e. IAA, CK, JA, BR) during abiotic stress (Skubacz et al., 2016). 

Its role during seed development is mainly related to seed vigor (i.e. dormancy and longevity) 

but a recent study identified a relationship between ABI5 and TERMINAL FLOWER1 (TFL1), 

which acts as a regulator of endosperm cellularization determining final seed size (Zhang et 

al., 2020). These two previous genes could represent good candidates for functional validation 

regarding their role in modulating seed size in heat-stressed seeds. 

 

2.3.3 Methylation dynamics during embryo development under heat stress conditions 

Our transcriptomic data revealed a strong impact of heat stress on twelve genes 

annotated as DNA (cytosine-5)-methyltransferases and DNA demethylases showing 

differential expressions (Supplementary Table S1). Therefore, we analyzed the DNA 

methylome dynamics following heat stress at the same S1, S2, S3 and S4 developmental stages 

in the embryo tissues using whole-genome bisulfite sequencing (WGBS). To characterize the 

genome-wide DNA methylation state and understand the precise role of DNA methylation on 

seed response to heat stress, we isolated DNA from the four embryo developmental stages 

produced in control and heat stress conditions. Treatment of DNA with bisulfite converted non-

methylated cytosine residues to uracil, but conserved 5-methylcytosine residues unchanged. 

Bisulfite treated DNA was then sent for sequencing allowing us to identify methylation levels 

of each cytosine present in the genome. About 60 million high-quality paired-end reads were 

generated for each sample and mapped uniquely to the Medicago genome version 5. Mapping, 
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deduplication and methylation calling steps were performed using Bismark software (Krueger 

and Andrews, 2011). First, we observed that the percentage of methylcytosines identified in 

each context in control conditions did not drastically change between developmental stages S2, 

S3 and S4, except an increase between S1 and latter stages, as observed in Arabidopsis (Bouyer 

et al., 2017). Global methylation ratios were also similar, even slightly lower, to those observed 

in Arabidopsis embryo with about 78% of methylated CG sites, 50% of methylated CHG sites 

and 15% of methylated CHH sites, with respect to about 85%, 55% and 25% respectively in 

Arabidopsis embryo. All these common observations validated our analysis pipeline. Then, 

regarding the impact of heat stress on the global methylation dynamics, we observed similar 

percentages of global methylation in different contexts in both control and heat stress 

conditions, with the exception of S1, which displayed a higher content of methylated CHG and 

CHH sites in embryos produced in heat stress conditions (Figure 2.8).  

 

 

Figure 2.8. Global DNA methylation dynamics during seed development from bisulfite sequencing experiments. 

Percentages of cytosines that were identified as methylated in different sequence contexts (CG, CHG, and CHH), 

at the four different stages of seed development and under control and heat stress conditions. *, 0.01<p-value<0.05. 

 

To get insight into the specific methylated regions following heat stress, we used 

DMRCaller (Catoni et al., 2018) and an adjusted p-value threshold of 5% to identify specific 

differentially methylated regions (DMR) due to heat stress in embryos. As a result, we 

identified from 1 to 2175 DMRs depending on embryo developmental stages and methylation 
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contexts with either hypo-methylated regions (i.e. decrease of DNA methylation due to heat 

stress) or hyper-methylated regions (i.e. an increase of DNA methylation due to heat stress) 

(Figure 2.9) (Supplementary Table S3).  

 

Figure 2.9. Identification of Differentially Methylated Regions (DMR) between heat stress (26°C) versus control 

(20°C) conditions in different sequence contexts and during seed development using DMRCaller. Numbers of 

hypo- or hyper-methylated DMR are indicated. 

 

Interestingly, we observed an usual proportion of hypermethylated regions in the CHH context 

at S1 with 2175 DMRs, with respect to other stages and contexts, suggesting an intense DNA 

methylation dynamic at S1 following heat stress. To understand the role of DNA methylation 

changes during heat stress, we mapped the DMRs into genomic regions to distinguish DMR 

located in 1kb promoters, gene coding sequences and transposable elements (TE) (Figure 2.10). 

We observed similar DMR distributions in genomic regions at S2, S3 and S4 with 40-45% of 

DMR located in TEs, 17-19% in 1kb promoters, 18-21% in coding sequences and 18-24% in 

other genomic regions. In contrast at S1, we observed an increase of DMR located in TEs (60%) 

and in 1kb promoters (23%), suggesting first that the increase of DMR occurring during heat 

stress at S1 could be due to an increase of methylated regions in TEs and 1kb promoters, and 

second that this DNA methylation could play an important role in heat stress response at S1.  
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Figure 2.10. Distribution of DMRs over genomic regions. Numbers of DMRs located in 1kb promoters, coding 

regions, transposable elements (TE) and others are indicated at different developmental stages in embryo.  

 

To get a better understanding of the role of differential DNA methylation at S1 and its 

potential role on transcriptional regulation, we combined data from our methylomes and 

transcriptomes by selecting hypo-methylated regions located in 1kb promoters with 

corresponding up-regulated genes and hyper-methylated regions located in 1kb promoters with 

corresponding down-regulated genes in heat stress conditions. As a result, we identified 97 

genes that could potentially be transcriptionally regulated via DNA methylation in embryo at 

stage S1 following heat stress (Supplementary Table S3). Out of these 97 genes, and based on 

their tentative annotations, we could distinguish four main molecular functions potentially 

regulated by DNA methylation with 13 genes annotated as stress response genes such as 

MtLEA-D34 (MtrunA17_Chr3g0090511), MtHSP70 (MtrunA17_Chr5g0394391) and 

MtERD4 (MtrunA17_Chr3g0084131), which displayed a seed-specific expressions; 8 genes 

annotated as signaling genes including four G-proteins involved in transducing signals from  

cell receptors to intracellular effectors; 15 genes annotated as involved in protein 

degradation/synthesis/modification including four E3 ubiquitin protein ligase RING types, 

already described earlier as involved in transferring ubiquitin either to histone H2A (via the 

PRC1 complex) or directly to protein to direct to the ubiquitin proteasome system; and finally 

12 genes annotated as regulation of transcription including four zinc finger transcription factors 

and one GRAS TF (MtrunA17_Chr4g0057291), ortholog of Arabidopsis SCARECROW-LIKE 

28, which is expressed in embryo and endosperm and recently characterize as  a regulator of 

the G2/M phase of the mitotic cell cycle (Goldy et al., 2021). Interestingly, it has to be noted 

that this list of 97 genes contains a DNA (cytosine-5)-methyltransferase 

(MtrunA17_Chr4g0007641), ortholog to CMT3 in Arabidopsis, which displayed a down-
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regulation of its expression and a hypermethylation of its promoter sequence at S1 during heat 

stress. In Arabidopsis, CMT3 has been shown to be involved in DNA methylation of non-CG 

sites and preferentially in transposon related sequences (Bartee et al., 2001; Lindroth et al., 

2001), which suggested that this DNA methyltransferase that could play a role in the decrease 

of the CHH-methylated regions mainly occurring in the TEs between Stage S1 and S2 in 

Medicago, could also be transcriptionally regulated by methylation of its promoter during heat 

stress (Figure 2.9 and 2.10). 

Regarding DNA methylation dynamics, we also focused our analysis on stage S4, 

corresponding to mature seeds, which define the final developmental stage preceding the 

germination. In order to determine if DNA methylation dynamic occurring in the 1kb 

promoters in mature seeds (stage 4) could impact the expression of genes involved in 

germination of seeds produced under heat stress, we also combined transcriptome and 

methylome data. We, first, identified DEGs during the Medicago germination process by 

analyzing transcriptomes of three germination timepoints: mature seeds, 2mm radicle and 4 

mm radicle to reveal that 20,272 genes showed differential expression during this germination 

time course (out of a total of 50,165 in Medicago) (unpublished data). Then, we combined the 

expression of these DEG during germination with the 279 genes displaying DMR in their 1kb 

promoters following heat stress and identified 99 genes in common. In conclusion, these 99 

genes are differentially expressed during germination and displayed a DMR in their promoter 

regions following heat stress, which represents an interesting candidate gene list of genes 

potentially necessary for proper germination that could be transcriptionally regulated by DNA 

methylation, and thus involved in the delay of germination of seeds produced under heat stress. 

Finally, the LAFL genes, key regulators of seed development, are not located in densely 

methylated regions, in consequence, we did not observe any major change in the methylation 

levels surrounding their genomic locations in control and stress conditions, which indicates 

that they may not be developmentally regulated by DNA methylation, such as suggested in 

Arabidopsis (Lin et al., 2017), but either stress-regulated by DNA methylation. 
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2.3.4 Dynamics of the H3K27me3 marks during embryo development under heat stress 

conditions 

Due to the importance of the PRC2 complexes during seed development and the impact 

of HSFA2 on the regulation of H3K27me3 marks (Ohama et al., 2017; Liu et al., 2019a), we 

analyzed the H3K27me3 dynamics following heat stress at S1, S2, S3 and S4 developmental 

stages in the embryo tissues using Chromatin Immunoprecipitation Sequencing (ChIP-seq). 

DNA was cross-linked to proteins then nuclei were isolated from the embryos at different 

developmental stages o from both control and heat stress conditions. Histones H3 containing a 

trimethylation at lysine 27 (i.e. H3K27me3 marks) were immunoprecipitated using a specific 

antibody. During this immunoprecipitation, we also obtained enrichment in genomic sequences 

attached to H3K27me3, which are subsequently sequenced. A minimum of 80 million high-

quality read pairs were generated for each IP sample (i.e. immunoprecipitated sample) and 

INPUT sample (i.e. control sample without the immunoprecipitation), then mapped to 

Medicago genome version 5 using the STAR mapper (Dobin et al., 2013). Deduplication was 

done using Picard tool and peak calling and differential binding analysis from INPUT and IP 

samples were performed using MACS2 (Zhang et al., 2008). It has to be noted that as a first 

approach and due to the low replicate number, we performed a qualitative analysis of 

H3K27me3 marks showing the presence/absence of these marks, but does not reflect their 

relative abundance. 

Regarding the H3K27me3 dynamics occurring during embryo development from seeds 

produced during control and heat stress conditions (Figure 2.11A), we identified many genomic 

binding regions at S1 in both control and heat stressed seeds with more than 4,700 and 5,600 

binding sites respectively. This result suggested that at stage 1, H3K27me3 repressive marks 

are highly present in the genome but may not be strongly regulated by heat stress. On the 

opposite, at stages S2, S3 and S4, we observed an important decrease of H3K27me3 binding 

regions in control seeds, which was constant during seed development with around 1,800 

binding genomic sites at S2 then 1,500 at S3 and 900 at S4.  Interestingly, we observed that in 

heat-stressed seeds, the number of genomic binding sites were still very high (i.e. more than 

4,500 binding sites), suggesting that at these stages H3K27me3 marks were stress dependent 

and that they could play an important role in developmental regulation of heat-stressed seeds.  
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To get an overview of the role of these repressive marks during embryo development, 

we selected H3K27me3 binding sites that were located around coding sequences (i.e. located 

in 1kb promoter regions and gene sequences). Then, we differentially analyzed these gene 

binding sites in three categories: gene binding sites common to control and heat-stressed seeds 

(called common) and gene binding sites specific to control seeds (called spec20) and specific 

to heat stressed seeds (called spec26). Finally, we performed a gene set enrichment analysis of 

these gene binding sites regarding their potential functions (Figure 2.11B). We did not observed 

enrichment of many functional classes but at S1, S3 and S4, the common gene binding sites 

repressed by the H3K27me3 marks were mainly related to two classes: photosynthesis and 

mitochondrial electron transport/ATP synthesis. Regarding gene binding sites specific to heat 

stressed seeds, we observed enrichments of AP2/EREBP at S1 and NIN-like bZIP related 

transcription factors at S2, that could have pleiotropic effect on embryo and seed development 

during heat stress. This analysis did not clearly answer the question about the role of 

H3K27me3 marks during embryo development under heat stress and need to be analyzed in 

more details. 
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Figure 2.11. (A) Global H3K27me3 dynamics with numbers of total genomic binding regions to H3K27me3 at 

the four seed developmental stages and occurring under control and heat stress conditions. (B) Over-representation 

of functional classes of H3K27me3 genomic binding sites located in 1kb-promoter and coding sequence regions, 

which are common in control and stressed seeds (_common),  specific to control (_spec20) and specific to heat 

stress (_spec26) conditions at the four seed developmental stages. Enriched terms were identified using 

ClusterProfiler with enricher function and a Bonferroni adjusted p-value threshold of 0.05. Numbers that are 

indicated at the bottom are the gene numbers used to perform enrichment analyses. 
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2.4 Preliminary results obtained from the functional validation of the candidate HAP3 

(MtL1L) gene  

As previously described above, the analyses of transcriptome and epigenome changes 

of embryo under heat stress allowed us to identify many candidate genes that could be involved 

in regulating seed development and explain the phenotypic impacts of heat stress. A short list 

of candidate genes has been selected to elucidate their specific role in relation to heat stress, 

including some already documented genes important for seed development such as MtDASH 

(MtrunA17_Chr2g0282441, Noguero et al., 2015) and MtABI5 (MtrunA17_Chr7g0266211, 

Zinsmeister et al., 2016). Moreover, some candidate genes with unknown functions were also 

selected such as a seed-specific bHLH gene (MtrunA17_Chr2g0333541) and a HAP3 gene 

(MtrunA17_Chr4g0076381) closely related to AtLIL. Due to the time-consuming process of 

growing Medicago plants to obtain homozygote mutant plants, we only obtained preliminary 

results regarding functional characterization of the MtHAP3 (MtL1L) candidate gene.  

As described previously, we identified a candidate gene, encoding a HAP3 protein 

(MtrunA17_Chr4g0076381), which displayed a high differential expression in embryo, 

endosperm and seed coat in seeds under heat stress (Figure 2.12A). This gene was also 

highlighted to have a seed specific expression in Medicago with a transiently expression 

between embryogenesis and maturation (at S1). This gene annotated as putative transcription 

factor HAP3/NF-YB family, and showed closely related sequence to Arabidopsis NF-YB6 

(AT5G47670) encoding LEC1-LIKE (L1L), which was shown to function as a regulator of 

embryo development and initiation of seed maturation (Kwong et al., 2003). This gene family 

encodes interesting proteins that have a very conserved histone fold domain, which functions 

in protein-DNA and protein-protein interactions (Gnesutta et al., 2017), and are also called 

CCAAT Binding Factor (CBF) or Heme Activator Protein (HAP). To be functional, NF-YB 

(CBF-A/HAP3) needs to be associated in a heterotrimer complex, with a NF-YA (CBF-

B/HAP2) and a NF-YC (CBF-C/HAP5) subunits to bind the CCAAT box in the promoter 

regions of target genes. Plants have large NF-Y complexity with many genes encoding each 

subunit, which provides many combinations of the NF-Y complexes, allowing specific binding 

specificity in different developmental stages or under certain conditions. In Medicago, MtL1L 

was the only NF-YB gene differentially expressed in heat stress conditions and showing a seed 

specific expression. Moreover, due to its histone-like protein structure, and as demonstrated 
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for AtLEC1 (Tao et al., 2017), it could act as pioneer gene to differentially regulate seed 

development upon heat stress.  

From the database of the Medicago Tnt1-insertional mutant population (D’Erfurth et 

al., 2003; Tadege et al., 2008) we identified two independent mutant lines of MtL1L: NF7602 

with the Tnt1 insertion within the intron and NF4536 within the second exon sequence (Figure 

2.12B). From the heterozygous lines obtained from the Noble research Institute, we obtained 

homozygous lines at their second generations with their corresponding sibling wild-types (i.e. 

lines containing similar insertional background but without Tnt1 insertion within the candidate 

gene sequence). Mutant and the sibling wild-type (WT) plants were grown in control conditions, 

then after apparition of five flowers, half of them were grown under heat stress conditions to 

analyze the impact of l1l mutation on heat stressed seeds. Mature seeds were harvested from 

control and heat stress conditions at the pod abscission stage and then dried at 44% relative 

humidity and 20°C. Seeds were stored at room temperature for one month before using for 

analyses.  

Phenotyping of mutant seeds grown in control conditions did not display any 

statistically difference regarding to seed size compared to the sibling WT seeds (Figure 2.12C-

D). This result is important for the subsequent analysis because even if MtL1L shared high 

sequence homology with AtL1L, their roles appear to be different. Indeed, in Arabidopsis 

AtL1L is crucial for embryo development and seed maturation, which was highlighted by the 

drastic phenotypes of l1l mutants displaying defective embryos (Kwong et al., 2003). In 

Medicago, MtL1L does not appear to be necessary for proper embryo development when seeds 

are produced in normal conditions.  

To continue with the functional characterization of l1l mutant in Medicago, we characterized 

the phenotype of mutant and WT seeds produced under heat stress. The seed weight of one of 

the l1l mutant lines (NF4536) displayed a significant reduction compared to the seeds of the 

sibling WT (Figure 2.12E). Regarding the second l1l mutant line (NF7602) with the insertion 

in the intronic sequence, we did not observe a significant difference in seed weight compared 

to the sibling WT (Figure 2.12F). This preliminary result based on limited number of seeds 

needs to be confirmed using larger seed lots, which are currently under production. Regarding 

seed longevity, we preliminary characterized NF7602 mutant line and corresponding WT using 

an artificial ageing experiment. Triplicates of 30 mature seeds produced under heat stress 

conditions were stored at 75% relative humidity and 35°C for 34 days. After this period of 
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accelerated ageing, we observed that the germination rate of l1l mutant (NF7602) seeds was 

higher than the one from wild-type seeds, with 40% germination of l1l mutants compared to 

less than 10% in the sibling WT seeds, indicating a higher longevity of the l1l mutants (Figure 

2.12G). Unfortunately, the NF4536 mutant line didn’t produce enough seeds from heat stress 

conditions to perform the longevity experiment.  

In conclusion to this preliminary functional analysis of l1l mutants, we only obtained 

promising but preliminary results regarding the potential and specific role of L1L in regulating 

seed development under heat stress. MtL1L could be a promising candidate gene with a specific 

role in regulation of seed development under heat stress conditions in Medicago truncatula, 

which could explain its high downregulation (i.e. around 10 fold) in embryo at S1 under heat 

stress (Figure 2.12A). Following this experiment, we re-screened the Medicago Tnt1 mutant 

population and identified two novel insertional mutant lines. The four mutant lines are currently 

growing and will be used to confirm preliminary results. 
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Figure 2.12. Characterization of the l1l mutants. (A) Transcript level of HAP3/MtL1L in three seed tissues in 

Medicago truncatula A17 at different stages (S1-4: stages 1 to 4) during seed development in control (20°C) and 

heat stress (26°C) conditions. E: embryo; Eo: endosperm; SC: seed coat. (B) Schematic gene structure of 

HAP3/MtL1L and Tnt1 insertion sites of NF4536 and NF7602. Green arrows indicate the locations of primers 

used for NF4536 genotyping. Orange arrows indicate the locations of primers used for NF7602 genotyping. (C-

D) Dry weight of NF4536 and NF7602 homozygous mutant and the corresponding sibling WT mature seeds 

produced under control (20°C) condition. (E-F) Dry weight of NF4536 and NF7602 homozygous mutant and the 

corresponding sibling WT mature seeds produced under heat stress (26°C) condition. (G) Germination rates of 

NF7602 aged seeds after 34 days artificial ageing (75% relative humidity and 35°C). *, 0.01<p-value<0.05; **, 

0.001<p-value<0.01; ns, not significant. 
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3. Materials and methods 

3.1 Plant materials and growth conditions 

Medicago plants from the reference A17 genetic background were grown in controlled growth 

chambers following optimal conditions corresponding to 20°C/18°C (day/night) temperature 

and 16-h photoperiod with a light intensity of 150 mmol.m-2.s-1. For heat stress treatment during 

seed development, from the apparition of five flowers, plants were transferred to growth 

chambers with the same light, photoperiod, humidity and watering conditions, but with 

26°C/24°C (day/night) temperature range. 

Two independent Tnt1 insertional Mtl1l mutants (NF4536 and NF7602) in Medicago R108 

background were obtained from the Noble Research Institute (Ardmore, OK, USA) using the 

dedicated website (http://bioinfo.noble.org/mt_insertion/). Plants of homozygote mutants and 

sibling wild-types were first grown under optimal conditions (20°C/18°C, 16-h photoperiod) 

in growth room. At flowering time, half of the plants were kept at the same optimal conditions 

and half were moved to heat stress conditions (26°C/24°C, 16-h photoperiod) until seed 

maturity. Mature seeds were collected from 20°C and 26°C at the pod abscission stage and the 

pods were dried at 44% relative humidity and room temperature.  

 

3.2 Seed weight and size measurement 

Seed weight was measured from ten seed lots of 30 seeds using a precision balance, then the 

average individual seed weight was calculated by dividing the total seed weight by the number 

of seeds. To measure the seed size by image analysis, pictures were taken for triplicate of 50 

seeds with a black background to improve the contrast. The image analysis was performed 

using ImageJ software (Schneider et al., 2012) to automatically measure the individual seed 

area. 

 

3.3 Seed longevity and germination assays 

Artificial ageing experiments were performed using scarified Medicago mature seeds stored at 

35°C and 75% relative humidity during different durations of 10, 20, 30, 40 and 50 days. 

http://bioinfo.noble.org/mt_insertion/
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Because of the limited seed number obtained from Medicago l1l mutants, mature seeds were 

artificially aged in the same conditions for 34 days. Triplicates of 50 seeds were retrieved from 

different intervals of storage and imbibed in 5ml water in 5cm petri dishes containing a 

Whatman filter paper at 20°C in the dark. The percentage of viable seeds was calculated as the 

seed germination percentage after nine days of imbibition. The survival curve was made based 

on the germination percentage of viable seeds at each time point. From the survival curve, we 

determine the P50 value, which corresponds to the storage time to lose 50% viability of the 

seed lot. 

To perform germination assays, triplicates of 50 seeds were first scarified and imbibed in 5ml 

water in 5cm petri dishes with a Whatman paper at 15°C in the darkness. Germinated seeds 

(i.e. protruding radicles > 1 mm) were counted every four hours. Germination speed 

representative value, T50, was calculated from the sigmoidal regression of each replicate as the 

time to reach 50% germination.  

 

3.4 Gene set enrichment analysis (GSEA) 

The enrichment analyses of gene lists were performed using the Clusterprofiler package (Yu 

et al., 2012) in R using hypergeometric test followed by Benjamini-Hochberg false discovery 

rate correction, providing a q-values or adjusted p-values. Mapman functional classes were 

obtained by annotation of Medicago proteins from the Medicago genome version 5 using 

Mercator v.4 (Schwacke et al., 2019). 

 

3.5 Gene co-expression network analyses 

Differentially expressed genes in embryo between control and heat stress conditions (about 9k 

genes) identified from ImpulseDE2 analysis were transformed using z-score normalization and 

used to construct the co-expression network. Co-expression network modules and candidate 

hub genes were identified using the WGCNA package (v1.68) in R (Langfelder and Horvath, 

2008). The automatic one step network construction was used for module detection, the power 

(soft threshold) was set to 34, minModuleSize to 30, maxBlockSize to 20000, mergeCutHeight 

to 0.20 and TOMType was unsigned. Finally, to identify candidate genes within relevant 

module eigengenes, we re-analyzed the genes contained in the correlated modules to select 
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genes with high module membership (MM, i.e. high connectivity) and high gene significance 

(GS, i.e. correlation between gene expression and traits). 

 

3.6 DNA isolation, whole genome bisulfite sequencing and data analyses 

Genomic DNA were extracted from embryo samples that were collected at four stages during 

seed maturation (S1, S2, S3 and S4) under standard and heat stress conditions by using 

NucleoSpin® Plant II kit following the protocol described in the manufacturers’ instructions. 

DNA was pre-treated with RNaseA and concentration was measured using a QubitTM 

Fluorometer (Invitrogen). DNA integrity was checked using an Agilent 2100 Bioanalyzer. 

DNA samples were sent to the BGI for library construction, bisulfite treatment using a ZYMO 

EZ DNA Methylation-Gold kit and paired-end sequencing using an Illumina Hiseq 2500 

(PE150 60M) was performed by the Beijing Genomics Institute (BGI, https://www.bgi.com). 

Short reads (i.e. fastq files) received from BGI were first quality checked using FastQC 

algorithm and clean reads (i.e. Phred quality values >30) were mapped to the Medicago 

truncatula reference genome version 5 (Pecrix et al., 2018, 

https://medicago.toulouse.inra.fr/MtrunA17r5.0-ANR/) using Bismark software (Krueger and 

Andrews, 2011). After mapping, deduplication of sequences was performed, then, cytosine 

methylation sites were located and quantified using Bismark to generate methylation calling 

files. These methylation calling files were used to identify differentially-methylated regions 

(DMRs) using the ‘bin’ (or sliding window) method set at 100bp from the DMRCaller package 

available in R (Catoni et al., 2018). Each context of methylation (i.e. CG, CHG or CHH) was 

considered independently.  

 

3.7 Chromatin Immunoprecipitation (ChIP) of H3K27me3 histone marks and data 

analyses 

 ChIP experiments were performed on the embryo samples that were collected at the same four 

stages during maturation of seeds grown under standard and heat stress conditions. 

Formaldehyde cross-linking and extraction of chromatin were performed on about 150 mg of 

embryo powder. Sonication was carried out using a M220 Focused-ultra-sonicator (Covaris) 

for 15 minutes to obtain DNA fragments of approximately 500bp. Chromatin was pre-cleaned 

using Invitrogen DynabeadsTM Protein A and G before immunoprecipitation. Anti-trimethyl-

https://www.bgi.com/
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H3K27 (Cat. #17-622, Millipore) was used for chromatin Immunoprecipitation of the IP 

samples. Reverse cross-linkage of H3K27me3 proteins with associated DNA was performed 

and DNA was purified using the AMPure XP beads (A63881, Beckman Coulter), then 

quantified using a QubitTM Fluorometer (Invitrogen). Immunoprecipitated DNA was amplified 

using the MicroPlex Library Preparation Kit v2 (Diagenode) then purified by AMPure XP 

beads (A63881, Beckman Coulter, Inc.). INPUT samples were used as negative controls to 

normalize the bias of aspecific immunoprecipitation and library construction, thus INPUT 

samples followed the same protocol without the immunoprecipitation step. All the prepared IP 

and INPUT libraries were sent to Beijing Genomics Institute (BGI, https://www.bgi.com) for 

sequencing using an Illumina Hiseq 2500 (PE150 60M). Short reads (i.e. fastq files) received 

from BGI were first quality checked using FastQC algorithm and clean reads (i.e.Phred quality 

values >30) were mapped to the Medicago truncatula reference genome version 5 (Pecrix et 

al., 2018, https://medicago.toulouse.inra.fr/MtrunA17r5.0-ANR/) using STAR mapper 

software (Dobin et al., 2013). After mapping, deduplication of sequences was performed using 

Picard (mark duplicate function, GATK), then, peak calling between the input and IP samples 

was performed using MACS Broadpeak detection (Zhang et al., 2008). 
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4. Supplementary materials 

Supplementary Table S1: Transcriptomic analyses. ImpulseDE2 and DESeq2 results 

identifying differentially expressed genes at different developmental stages and growth 

conditions. 

Supplementary Table S2: List of annotated candidate genes identified from the WGCN 

analysis regarding acquisition of seed weight and seed longevity.  

Supplementary Table S3: List of 97 genes showing both differential expression and 

differentially methylated promoter regions.  

Supplementary Table S4: Gene list corresponding to H3K27me3 genomic binding sites 

located in 1kb-promoter and coding sequence regions, which are common in control and 

stressed seeds (_common), specific to control (_spec20) and specific to heat stress (_spec26) 

conditions at the four seed developmental stages. 

Supplementary Table S5: List of primers used to perform PCR experiments for l1l mutant 

genotyping. 
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CHAPTER 3: STUDY OF THE REGULATION OF SEED TRAITS IN OPTIMAL 

AND HEAT STRESS CONDITIONS USING NATURAL MEDICAGO TRUNCATULA 

ACCESSIONS AND GENOME-WIDE ASSOCIATION STUDIES 

 

AIM: the aim of this second section is to use the natural genetic diversity present in the 

Medicago truncatula HapMap collection to identify loci/genes potentially involved in seed trait 

plasticity in response to heat stress using a genome-wide association study (GWAS) approach. 

 

 

MAIN RESULTS: 

 Comparison between single- and multi-locus models to perform genome-wide 

association studies, with an improved detection from multi-locus models. 

 Identification of candidate genes potentially controlling seed size. 

 Identification of candidate genes potentially controlling seed composition. 

 Identification of candidate genes potentially controlling seed germination 

performances. 

 Preliminary results from functional analysis showing that MIEL1 gene acts as a 

regulator of germination plasticity of seeds in response to heat stress. 
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1. Introduction  

Medicago truncatula as a model plant is used to study different aspects of legume 

biology, including developmental processes and response to (a)biotic stresses (for review Kang 

et al., 2016). Natural Medicago truncatula accessions mainly distributed in the Mediterranean 

basin and originated from different geographical locations and diverse climate environments 

were collected to constitute a core collection of Medicago truncatula accessions (Ronfort et al., 

2006). Recently with the development of high-thought sequencing technologies and 

phenotyping platforms, genome-wide association study (GWAS) has been a powerful method 

to investigate the quantitative trait nucleotides (QTNs) controlling various traits.  To this 

purpose, a relevant subset of these accessions was, subsequently, selected based on the 

structuration of the population, and 288 Medicago accessions were sequenced using next 

generation sequencing technologies in order to identify single nucleotide polymorphisms 

(SNPs) existing within this population (http://www.medicagohapmap.org/home/view). This 

resource of plant accessions with known polymorphisms, called the haplotype map (HapMap) 

population of Medicago truncatula, represents a valuable genetic resource in legume biology 

to identify candidate genes associated with the acquisition of agronomic traits (for review 

Mammadov et al., 2012; Govindaraj et al., 2015).  

In this chapter, we took advantage of this HapMap population to first performed 

genome-wide association studies using 162 Medicago HapMap accession to identify candidate 

loci regulating seed size and seed composition from seed lots that were already produced in 

optimal conditions and were directly available for phenotyping. This first approach allowed us 

to compare classical single-locus mixed linear models such as EMMA (Hyun et al., 2008) with 

more recent multi-locus models such as the fixed and random model circulating probability 

unification (FarmCPU) (Liu et al., 2016) (section 2). In parallel, a second approach was to 

grow 200 HapMap accessions and produce mature seeds under both optimal and heat stress 

conditions to obtain putative candidate loci/genes involved in controlling seed size and seed 

vigor traits in optimal and stress conditions, as well as loci/genes controlling phenotypic 

plasticity of these seed performance traits in response to heat stress (section 3 and 4).  
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2. Genome-wide association study identified candidate genes for seed size and seed 

composition improvement in M. truncatula 

 

(This section was published in journal of Scientific Report.) 
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OPEN Genome‑wide association study 
identified candidate genes 
for seed size and seed composition 
improvement in M. truncatula 
Zhijuan Chen1, Vanessa Lancon‑Verdier2,5, Christine Le Signor3, Yi‑Min She2,6, Yun Kang4 & Jerome 
Verdier1,2



Grain legumes are highly valuable plant species, as they produce seeds with high protein content. 
Increasing seed protein production and improving seed nutritional quality represent an agronomical 
challenge in order to promote plant protein consumption of a growing population. In this study, 
we used the genetic diversity, naturally present in Medicago truncatula, a model plant for legumes, 
to identify genes/loci regulating seed traits. Indeed, using sequencing data of 162 accessions from 
the Medicago HAPMAP collection, we performed genome‑wide association study for 32 seed traits 
related to seed size and seed composition such as seed protein content/concentration, sulfur content/ 
concentration. Using different GWAS and postGWAS methods, we identified 79 quantitative trait 
nucleotides (QTNs) as regulating seed size, 41 QTNs for seed composition related to nitrogen (i.e. 
storage protein) and sulfur (i.e. sulfur‑containing amino acid) concentrations/contents. Furthermore, a 
strong positive correlation between seed size and protein content was revealed within the selected 
Medicago HAPMAP collection. In addition, several QTNs showed highly significant associations 
in different seed phenotypes for further functional validation studies, including one near an RNA‑ 
Binding Domain protein, which represents a valuable candidate as central regulator determining 
both seed size and composition. Finally, our findings in M. truncatula represent valuable resources to 
be exploitable in many legume crop species such as pea, common bean, and soybean due to its high 
synteny, which enable rapid transfer of these results into breeding programs and eventually help the 
improvement of legume grain production. 

 
 

Legume seeds are an important source to provide human food and animal feed. The high contents in proteins  
and carbohydrates, as well as fibers and minerals in legumes are an essential component of human diets 1. With 
the world population growing and the increasing need of plant proteins, producing highly nutritious seeds with 
high protein content, essential amino acids and minerals is in great demand. 

Compared to grains, legume seeds have naturally high protein contents; however, they are deficient in sulfur- 
containing amino acids and have lower concentrations of certain dietary minerals such as Fe, Ca and Zn com- 
pared to animal proteins2. Increasing seed protein production and improving seed nutritional quality have been 
a challenge in the agronomic field. 

The existing natural diversity of legume could help identify key molecular players in achieving these chal- 
lenges by understanding its underlying molecular mechanisms and by identifying molecular markers. Medicago 
truncatula is a Mediterranean originated plant and has been a model plant of legumes from 1990 3,4. Its genome 
was sequenced and has still been under development with a recent fifth release5. 

Several quantitative trait loci (QTL) analyses have been performed in M. truncatula to identify loci affecting 
seed protein and mineral compositions6,7. Nevertheless, QTL identification depends on mapping population 
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genetics of a few parents limited its use in exploratory genetic approach. Genome-wide association studies 
(GWAS) use a broad panel of natural accessions with high genetic diversity and could overcome QTL analysis 
limitations8. Nowadays, GWAS has become a useful approach to explore the genetics of natural accessions and 
agronomic traits. A Medicago HAPMAP collection of over 200 natural accessions has been developed, which 
contains several millions of single nucleotide polymorphisms (SNPs)9. This Medicago GWAS panel has been 
successfully employed to identify candidate loci/genes associated with various agronomic traits4 such as seed 
protein composition7. 

In this study, we performed GWAS focusing on seed traits related to seed size and seed composition using  
162 accessions from the M. truncatula HAPMAP collection. Moreover, we performed association studies using 
both single and multi-locus models as well as several postGWAS analyses in order to identify potential loci/genes 
that could be involved in seed nutritional qualities in M. truncatula. 

Results 
Phenotypic evaluation of seed traits among the HAPMAP seed collection. We evaluated the 
phenotypic variation of 162 Medicago accessions on 16 seed traits regarding seed size and composition, plus 
16 additional traits related to seed mineral composition in a subset of 88 accessions. Seed size was determined 
by weight measurement, area, perimeter, length (called ‘majellipse’ for major axis of ellipse) and width (called  
‘minellipse’ for minor axis of ellipse)10. Seed color variations (called CH1, CH2 and CH3) potentially reflected 
the secondary metabolite composition in the seed coat. Global seed composition was characterized including  
carbon, hydrogen, nitrogen and sulfur percentages (w/w) (called %C, %H, %N, %S). From these concentration  
values of nitrogen and sulfur, we estimated the nitrogen and sulfur contents per seed of each accession based on 
individual seed weights (traits called N Content and S Content and expressed in milligram per seed). Nitro - gen 
concentration/content is a good indicator of the global protein content in seed and is commonly used for total 
protein determination in food products. Indeed, a predefined coefficient factor, Jones Factor11, is used to convert 
the nitrogen concentration into total protein content. This coefficient is 6.25, but might vary between species and 
plant tissues. We also calculated the ratio between carbon and nitrogen (C/N), which corresponds to a global seed 
composition estimation. Sulfur concentrations/contents were also characterized, which reflected high-quality 
storage proteins. Indeed, legume seeds generally have a low level of sulfur-containing amino acids, which were 
shown to be tightly regulated by plant sulfur status12,13. Finally, other minerals (i.e. macro- and micro-
elements) were quantified in seeds from a subset of 88 accessions. Concentrations of macro- (P, K, Mg, Ca, Na) 
and micro- (Fe, Mn, Zn, Cu, Mo, Co, Ni, V) elements were determined in mature seeds. All phenotypic values 
for the analyzed accessions are provided in the Supplemental Table S1. 

 
Phenotypic diversity and correlation between seed traits and Impact of geographical loca‑ 
tion. A wide range of phenotypic variation was observed among the different accessions tested (Supplemen- 
tary Figure S1 and Supplemental Table S1) with a coefficient of variation (CV) ranging from 1% for the most  
stable traits such as carbon and hydrogen concentrations, to 84% for Fe concentration. Other seed traits showed 
a high variability such as seed weight, N content and S content with CVs around 20%. In general, seed mineral  
concentrations showed the highest phenotypic diversity with Fe, Zn and Na displaying higher CV values. All the 
phenotypic values and CVs are provided in Supplementary Table S1. 

Due to the availability of geographical locations of each accession origin, we allocated different accessions 
to three geographical values (i.e. longitude, latitude, altimeter) and 19 bioclimatic values obtained from the 
WorldClim database (http://worldclim.org). These bioclimatic values (called BIO1 to BIO19) mainly repre- 
sent temperature and rainfall values measured monthly, quarterly or annually (see details in Fig. 1 legend). A 
global correlation analysis was performed to identify correlations between seed phenotypic traits themselves  
and with their geographical and bioclimatic values (Fig. 1). Results showed that all seed traits related to seed size 
(i.e. weight, area, perimeter, minellipse and majellipse) were highly correlated (Pearson coefficient correlation, 
PCC > 0.9), which validated the accuracy of our measurements. Similar results were obtained for seed color  
values (i.e. PCC > 0.85 for CH1, CH2, CH3). 

Regarding seed content, we observed that nitrogen and sulfur contents were also highly correlated with seed 
size traits (PCC > 0.89 for N content and 0.74 for S content), which suggested that variations in seed content were 
predominantly determined by seed size. Regarding mineral composition in seeds, we observed positive correla- 
tions between concentrations of some elements such as Ca, Mg, Fe, Cu and Na (PCC > 0.7) but also between the 
macro-elements P and K (PCC > 0.75, Fig. 1). 

With the addition of the geographical values, we observed a moderate positive correlation between acces- 
sion longitudes and seed C/N ratio (see the legend in Fig. 1), which indicated that accessions collected from the 
East tended to have higher C/N ratio (i.e. less nitrogen). To explain this difference, we also observed moderate 
positive correlations (PCC > 0.35) between seed size, seed contents (N and S) and temperature (i.e. BIO 9, 10),  
and at the opposite moderate negative correlations (PCC < -0.3) between seed weight, N content and precipita- 
tions (i.e. BIO 14, 17, 18). The integration of the bioclimatic data suggested that temperature and precipitation 
played an important role in accession adaptability to final seed size determination, with outcome in sulfur and  
nitrogen contents. 

 
Genome‑wide association analysis of seed traits. In order to perform genome-wide association 
analysis, we first, used the Box-Cox procedure14 to estimate the appropriate lambda to transform our phenotypic 
data and, therefore, validate the assumption of normality required when performing GWAS prediction. Out of  
the 32 measured seed phenotypes, 26 traits were normalized using respective lambdas to finally display a normal 
distribution according to Shapiro–Wilk test (Fig. 2, Supplementary Table S1 and Supplementary Figure S1).
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Figure 1. Correlation matrix between Medicago seed traits, and in relation to their geographical locations and 
climatic data. Only Pearson correlation coefficients (PCC) with adjusted p-values below 5% are indicated after 
BH procedure to control false discovery rate. Red color indicates PCC above 0.2 and green color indicates PCC 
below − 0.2. Longitude is expressed in degrees with negative degrees representing west and positive degrees 
representing east. Latitude is also expressed in degrees with negative degrees representing south and positive 
degrees representing north. Climatic data are from WorldClim. BIO1 annual mean temperature, BIO2 mean 
diurnal range, BIO3 isothermality, BIO4 temperature seasonality, BIO5 max temperature of warmest month, 
BIO6 min temperature of coldest month, BIO7 temperature annual range, BIO8 mean temperature of wettest 
quarter, BIO9 mean temperature of driest quarter, BIO10 mean temperature of warmest quarter, BIO11 mean 
temperature of coldest quarter, BIO12 annual precipitation, BIO13 precipitation of wettest month, BIO14 
precipitation of driest month, BIO15 precipitation seasonality, BIO16 precipitation of wettest quarter, BIO17 
precipitation of driest quarter, BIO18 precipitation of warmest quarter, BIO19 precipitation of coldest quarter. 

 

 
However, six seed traits corresponding to the perimeter, CH1, %C, %H, C/H ratio and Arsenic (As) concentra- 
tion were discarded from subsequent GWA analyses since, even after transformation, these traits did not reach  
normality. 

In this study, two different models for genome-wide association predictions were applied to normalized 
phenotypes: a classical single-locus mixed linear model (EMMA15) with kinship and population structure as 
inputs, and a multi-locus model (FarmCPU16) with correction of population structure. When performing the 
multi-locus FarmCPU model, we observed QQ plots with a better fit between the expected and observed results 
following the expected null-hypothesis distribution of p-values (Supplementary Figure S2). These QQ plots 
reflected that most of the tested SNPs have no significant p-values, except for a few SNPs that have a strong and 
significant effect. Moreover, QQ plots obtained after performing the EMMA algorithm generally showed a curve 
corresponding to observed results below the theoretical curve (i.e. deflated curve), which suggested that this  
model was not appropriate for this association study. Regarding the Manhattan plots obtained from different 
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Figure 2. Distribution histograms of seed size and composition phenotypes in different Medicago accessions. 
Corresponding distribution curves are indicated on histograms. Different x-axes represent the corresponding 
values of the phenotypes. 

 

 

models, we also observed differences between EMMA and FarmCPU (Supplementary Figure S2). In general, we 
obtained less background noise with FarmCPU, with more precise location and lower p-values of SNPs than the 
ones obtained from Mixed Linear Model (MLM), especially when statistical analysis showed highly significant 
SNPs. Manhattan plots obtained from MLM displayed broader “peaks” made of multiple significant SNPs (i.e.  
SNP clusters). Overall, we note that most of the highest significant SNPs were identified in both methods but 
FarmCPU provided more power detection and accuracy to identify quantitative trait nucleotides (QTNs) (Sup- 
plementary Figure S2). Therefore, we decided to focus on the multi-locus mixed model with FarmCPU in the 
subsequent analyses. All results (Manhattan and QQ plots) obtained from FarmCPU in this study are provided  
as Supplementary figures S3-S7. Moreover, gwas files directly readable on any genome browsers such as the 
web-accessible JBrowse17 or desktop genome viewer such Integrative Genome Viewer (IGV18) are also provided 
as Supplemental Tables S2-S5. 

As previously described, we observed two contrasting situations regarding association studies and their result- 
ing Manhattan plots: identification of highly significant QTNs with clear genomic location and identification of  
clusters of SNPs indicating associated loci. As preliminary results of these analyses, we clearly identified highly 
significant QTNs associated with seed size (Supplementary Figure S3) and seed composition (Supplementary  
Figure S4) present on several chromosomes. For instance, we observed five, six, four and six QTNs highly  
associated respectively with seed area, seed length, seed width and seed weight with a -log10(p-value) > 10 (i.e. 
p-value < 10–10). Regarding seed color (Supplementary Figure S5) and seed mineral concentrations (Supplemen- 
tary Figure S6, S7), QTN p-values were significantly lower and nearer to background noise, which allowed only 
identification of specific genomic regions (i.e. SNP clusters), rather than highly significant individual QTNs. 

To identify relevant QTNs, we combined association results from highly correlated seed traits. For instance, 
we combined FarmCPU results from weight, area, majellipse and minellipse (Fig. 3a) and identified common 
QTNs between seed size traits such as MtrunA17Chr4_56801315 on Chromosome 4. Interestingly, this QTN 
showed high p-values with all four seed size traits (10–18, 10–25, 10–21, 10–10 with respective area, majellipse, 
minellipse and weight), suggesting a reliable QTN regulating seed size. This QTN is located within the genomic 
sequence encoding for a protein containing an RNA binding motif (gene ID MtrunA17Chr4g0065741). Another 
potentially reliable QTN (MtrunA17Chr1_35506650) was identified from three different seed size phenotypes  
with highly significant p-values of 10–9, 10–8, 10–19 for area, minellipse and weight, respectively. This QTN located 
on chromosome 1, closely related to a genomic sequence encoding a WD40-LIKE transcription factor (gene ID 
MtrunA17Chr1g0185101). 

Similarly, we compared association studies between sulfur content and sulfur concentration to identify four 
major QTNs shared between these two traits with low p-values (Fig. 3b). MtrunA17Chr1_31627600 on chro- 
mosome 1, located within the coding sequence of the EXPORTIN5 protein (MtrunA17Chr1g0180461) closely  
related to Arabidopsis HASTY1 protein, which was shown to act as a nucleocytoplasmic transporter involved in 
the nuclear export of small RNAs19. MtrunA17Chr4_32623172 in chromosome 4, located in a chromosomic region 
rich in transposable elements. MtrunA17Chr5_8051955 present in chromosome 5 and is close to a gene encoding 
a salicylate methyltransferase (SAMT, MtrunA17Chr5g0404631), which catalyzes the methylation of  salicylic 
acid with S-adenosyl-L-methionine to form methyl salicylate (MeSA), mainly in response to stress20. 
MtrunA17Chr8_48959923 on chromosome 8, located in the promoter region of a gene encoding a histidine 
kinase (MtrunA17Chr8g0392301). 

Regarding nitrogen composition, we compared association studies between nitrogen concentration, nitrogen 
content and CN ratio in seeds (Fig. 3c). Following this experiment, it was more difficult to identify clear QTNs 
such as the N concentration and the CN ratio result showed more genomic regions that individual and distinct
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Figure 3. Genome-wide association studies of the Medicago seed traits with Manhattan plots and QQ plots 
obtained from FarmCPU. (A) Combination of association studies regarding seed size (weight, area, majellipse, 
minellipse). (B) Combination of association studies regarding seed sulfur content (mg/seed) and sulfur  
concentration (%, w/w). (C) Combination of association studies regarding seed protein content (nitrogen 
content (mg/seed); nitrogen concentration (%, w/w); carbon/nitrogen ratio). 

 

 
QTNs associated with these phenotypes. However, it appeared that regions mainly located on chromosomes 1, 2, 
6 and 8 showed strong associations between seed nitrogen composition and different accession polymorphisms, 
which suggested that these regions could play a role in seed nitrogen composition. Moreover, some particular  
QTNs were highly relevant for further analyses and indicated in Table 1. For instance, first, we identified a highly 
significant QTN (MtrunA17Chr6_7310002) associated with both protein concentration and C/N ratio, which is  
closely located to a genomic sequence encoding a putative amino acid transporter (MtrunA17Chr2g0333321). 
Second, we also identified a highly significant p-value for the QTN MtrunA17Chr4, which was already identified 
in the four seed size traits, in the N content association study. This result was predictable due to the high  PCC 
between seed size and nitrogen content, which suggested that this QTN could be a regulator of both traits, mak- 
ing this QTN a potentially interesting candidate to improve concomitantly seed size and seed protein content. 

Regarding seed color and seed mineral concentrations, several loci were identified by combining results from 
CH2 and CH3 and from all macro- and micro-element concentrations. However, no major QTNs (i.e. p-
values > 10–10) and precise location of SNP clusters were identified. This absence of highly significant QTNs 
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GWAS (FarmCPU) LD and putative causal gene(s) (PLINK) Expression (RNA-seq) TPM Annotations 
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Chromosome 

 

 

 

SNP ID (Chr_position) 

 

 

 

P-Value 

Number of 

potential SNP in 

LD according to 

PLINK (including 

QTN) 

 

 

 

Associated gene(s) 

 

 

 

Pod 

 

 

 

Blade 

 

 

 

Flower 

 

 

 

Nodule 

 

 

 

Root 

 

 

 

Root_all 

 

 

 

Shoot_all 

 

 

 

Description 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Seed size 

Area 4 MtrunA17Chr4_56799264 1.40E− 18 1 MtrunA17Chr4g0065741 1.12 1.42 1.22 0.60 1.62 3.89 11.25 
RNA-binding (RRM RBD 

RNP motif) family 

Area 4 MtrunA17Chr4_15564603 2.00E− 15 1 
         

Area 7 MtrunA17Chr7_49921035 1.53E− 14 1 MtrunA17Chr7g0267081 5.19 1.67 6.29 4.57 4.19 8.56 7.49 
Probable CCR4-associated 

factor 1 homolog 11 

Area 3 MtrunA17Chr3_34669807 6.93E− 13 1 MtrunA17Chr3g0112751 2.92 0.77 7.64 8.62 11.33 36.22 12.29 
Hypothetical protein 

MTR_3g069670 

Area 3 MtrunA17Chr3_57001194 1.96E− 12 1 MtrunA17Chr3g0143421 
        

Area 
    

MtrunA17Chr3g0143431 0.00 0.00 0.05 1.85 4.26 52.45 2.45 Syringolide-induced 14-1-1 

Area     MtrunA17Chr3g0143441 11.60 2.33 11.12 25.66 16.91 76.05 25.55 
24-methylenesterol 

C-methyltransferase 2 

Majellip 4 MtrunA17Chr4_56801315 7.74E− 25 1 MtrunA17Chr4g0065741 1.12 1.42 1.22 0.60 1.62 3.89 11.25 
RNA-binding (RRM RBD 

RNP motif) family 

Majellip     MtrunA17Chr4g0065751 3.05 6.48 10.23 5.50 11.43 31.59 16.96 
DUF21 domain-containing 

At4g14240-like 

Majellip 5 MtrunA17Chr5_7453281 7.83E− 17 1 
         

Majellip 6 MtrunA17Chr6_20728994 3.78E− 12 1 
         

Majellip 2 MtrunA17Chr2_11271424 1.10E− 11 1 MtrunA17Chr2g0292281 0.00 0.00 0.00 0.00 0.00 0.45 0.11 Peroxidase family 

Majellip 
    

MtrunA17Chr2g0292291 0.00 0.03 0.00 1.23 76.96 602.07 0.00 Peroxidase family 

Majellip 1 MtrunA17Chr1_34226006 9.20E− 11 1 MtrunA17Chr1g0183471 2.04 0.56 8.05 5.46 4.05 3.49 2.62 
Hypothetical protein 

MTR_1g069640 

Majellip 
    

MtrunA17Chr1g0183481 2.44 1.39 4.30 6.04 3.33 0.00 0.00 unknown 

Minellip 4 MtrunA17Chr4_56799264 4.31E− 21 1 MtrunA17Chr4g0065741 1.12 1.42 1.22 0.60 1.62 3.89 11.25 
RNA-binding (RRM RBD 

RNP motif) family 

Minellip 3 MtrunA17Chr3_24325917 5.75E− 13 1 MtrunA17Chr3g0099571 0.00 0.00 0.04 0.78 4.94 8.94 0.06 
Disease resistance (CC-NBS- 

LRR class) family 

Minellip     MtrunA17Chr3g0099581 0.06 0.00 0.00 0.75 2.95 7.38 0.27 
Probable disease resistance 

At4g27220 

Minellip     MtrunA17Chr3g0099591 0.86 3.27 1.95 0.08 0.33 1.03 14.96 
Disease resistance (CC-NBS- 

LRR class) family 

Minellip 8 MtrunA17Chr8_628023 4.46E− 11 1 MtrunA17Chr8g0334971 0.00 0.00 0.00 0.00 0.00 0.00 0.00 DUF247 domain 

Minellip 4 MtrunA17Chr4_15564603 5.65E− 11 1 
         

Minellip 5 MtrunA17Chr5_39987332 1.23E− 09 1 MtrunA17Chr5g0441651 4.40 2.36 22.68 16.31 11.53 33.46 14.26 Dihydropyrimidinase 

Minellip     MtrunA17Chr5g0441661 0.58 0.00 39.34 0.00 0.00 0.00 0.00 
RPM1-interacting 4 (RIN4) 

family 

Minellip 
    

MtrunA17Chr5g0441671 11.02 4.34 26.25 30.95 42.28 163.92 77.69 Splicing factor 3B subunit 6 

Minellip 
    

MtrunA17Chr5g0441681 
        

Minellip 
    

MtrunA17Chr5g0441691 0.58 0.66 7.45 0.18 0.51 0.57 2.74 Calcium-dependent kinase 17 

Minellip 
    

MtrunA17Chr5g1024447 
        

Weight 1 MtrunA17Chr1_35506650 1.33E− 19 1 MtrunA17Chr1g0185101 2.79 2.49 4.33 12.71 12.22 22.03 4.59 
BEACH domain-containing 

lvsA 

Weight 8 MtrunA17Chr8_5914802 1.74E− 12 1 
         

Weight 7 MtrunA17Chr7_49559389 1.66E− 11 1 MtrunA17Chr7g0266521 202.23 7.53 100.55 140.68 41.92 39.45 24.23 
Transmembrane protein, 

putative 

Weight     MtrunA17Chr7g0266531 70.18 1.94 27.86 52.11 14.60 17.34 10.28 
Transmembrane protein, 

putative 

Weight     MtrunA17Chr7g0266541 43.90 4.20 9.31 30.74 0.00 0.35 0.00 
Hypothetical protein 

MtrDRAFT_AC150442g27v2 

Weight     MtrunA17Chr7g0266551 0.00 0.00 0.00 0.85 0.00 0.41 0.00 
Hypothetical protein 

MTR_7g104915 

Weight     MtrunA17Chr7g0266561 9.53 3.25 13.63 10.84 14.31 30.07 19.35 
Probable small nuclear 

ribonucleo G 

Weight 3 MtrunA17Chr3_20500592 6.27E− 11 1 
         

Weight 4 MtrunA17Chr4_56799264 6.39E− 10 1 MtrunA17Chr4g0065741 1.12 1.42 1.22 0.60 1.62 3.89 11.25 
RNA-binding (RRM RBD 

RNP motif) family 

 

 

 

 

 

 

 

 

 

 

 

 
Seed 

composi- 

tion 

S content 5 MtrunA17Chr5_7518926 7.21E− 17 1 MtrunA17Chr5g0403771 0.02 1.48 0.59 0.16 0.18 2.86 1.68 
Vicilin-like antimicrobial 

peptides 2-2 

S content 
    

MtrunA17Chr5g0403781 5.98 11.36 8.86 2.58 2.27 8.34 94.20 Probable phosphatase 2C 80 

S content 2 MtrunA17Chr2_45988522 2.09E− 12 1 MtrunA17Chr2g0326151 0.21 0.38 1.99 0.54 0.13 0.50 0.70 
Pre-mRNA-processing- 

splicing factor 8 

S content 
    

MtrunA17Chr2g0326161 0.00 0.00 0.00 0.00 0.00 0.42 0.00 Allergen gly M Bd 28 kDa 

S content 5 MtrunA17Chr5_42555471 5.47E− 12 1 MtrunA17Chr5g0445531 0.00 0.00 52.16 0.00 0.00 0.00 0.08 Cytochrome P450 family 71 

S content 
    

MtrunA17Chr5g0445541 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Cytochrome P450 family 71 

S content 
    

MtrunA17Chr5g0445551 0.00 5.07 0.00 4.75 0.00 0.00 0.00 Cytochrome P450 family 71 

S content     MtrunA17Chr5g0445561 0.00 0.00 0.00 0.00 0.00 0.17 0.00 
Zinc C3HC4 type (RING finger) 

S content 6 MtrunA17Chr6_30934715 8.09E− 10 1 
         

S content 1 MtrunA17Chr1_31627600 9.84E− 10 1 MtrunA17Chr1g0180461 0.00 0.00 0.00 0.00 0.00 0.00 0.00 HASTY 1 

S content 
    

MtrunA17Chr1g0180471 0.00 0.20 0.00 0.00 0.00 0.00 0.64 HASTY 1 

S content 
    

MtrunA17Chr1g0180481 0.07 0.12 0.00 0.00 0.00 0.00 1.09 HASTY 1 

%S 5 MtrunA17Chr5_8051955 2.76E− 08 3 MtrunA17Chr5g0404631 0.00 0.04 57.28 0.24 0.26 5.92 0.23 Salicylate O-methyltransferase 

%S     MtrunA17Chr5g0404641 0.00 0.00 0.11 0.83 0.00 0.83 0.33 
Heavy-metal-associated domain 

N content 4 MtrunA17Chr4_56799264 6.14E− 12 1 MtrunA17Chr4g0065741 1.12 1.42 1.22 0.60 1.62 3.89 11.25 
RNA-binding (RRM RBD 

RNP motif) family 

N content 6 MtrunA17Chr6_13176638 1.33E− 11 1 
         

Continued 
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Number of 

potential SNP in 

LD according to 
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Associated gene(s) 

 

 

 

Pod 

 

 

 

Blade 

 

 

 

Flower 

 

 

 

Nodule 

 

 

 

Root 

 

 

 

Root_all 

 

 

 

Shoot_all 

 

 

 

Description 

 N content 1 MtrunA17Chr1_17611945 7.77E− 11 1 MtrunA17Chr1g0168711 34.54 36.56 59.95 28.95 53.04 113.94 152.11 
3-isopropylmalate dehy- 

dratase large subunit-like 

N content 3 MtrunA17Chr3_7317464 4.52E− 09 1 MtrunA17Chr3g0085931 0.03 0.00 0.00 2.64 3.37 8.18 0.06 
NBS-LRR type disease 

resistance 

N content     MtrunA17Chr3g0085941 0.00 0.00 0.00 0.00 0.09 0.00 0.00 
Cytochrome C biogenesis 

ccsA 

N content 7 MtrunA17Chr7_55339972 1.45E− 08 1 MtrunA17Chr7g0275391 0.97 4.94 2.71 0.45 1.11 3.07 12.83 
Copper-transporting ATPase 

chloroplastic-like isoform X1 

%N 6 MtrunA17Chr6_7310002 3.07E− 09 1 MtrunA17Chr6g0457641 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cytochrome C biogenesis 

ccsA 

%N     MtrunA17Chr6g0457651 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Transmembrane protein, 

putative 

%N     MtrunA17Chr6g0457661 2.52 1.51 5.22 5.25 3.84 21.16 13.28 
Zinc transporter 5-like 

isoform X2 

%N 
    

MtrunA17Chr6g0457671 4.90 2.09 9.93 6.56 8.10 15.08 9.78 Zinc transporter 5 

%N 2 MtrunA17Chr2_39997412 7.52E− 09 27 MtrunA17Chr2g0318301 4.50 1.66 5.76 11.51 8.44 25.57 15.99 Receptor kinase THESEUS 1 

%N 
    

MtrunA17Chr2g0318311 0.00 0.00 0.07 0.00 1.92 4.68 0.05 Root cap late embryogenesis 

%N     MtrunA17Chr2g0318321 0.00 0.80 1.10 0.00 0.00 0.00 0.00 
RNA polymerase beta partial 

(chloroplast) 

%N 
    

MtrunA17Chr2g0318331 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Receptor kinase THESEUS 1 

%N 
    

MtrunA17Chr2g0318341 0.00 0.06 0.00 0.15 67.70 88.60 0.00 Root cap late embryogenesis 

%N     MtrunA17Chr2g0318351 28.50 12.81 54.94 39.90 53.20 110.12 69.26 
Hypothetical protein 

MTR_2g080270 

%N     MtrunA17Chr2g0318361 0.00 0.00 0.00 0.00 0.00 0.83 0.00 
Hypothetical protein 

MTR_2g080280 

%N     MtrunA17Chr2g0318371 4.61 28.32 12.88 1.56 6.66 7.97 66.65 
Transmembrane protein, 

putative 

%N     MtrunA17Chr2g0318381 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Pentatricopeptide repeat- 

containing At1g20230-like 

%N 1 MtrunA17Chr1_10142836 8.00E− 09 4 MtrunA17Chr1g0159441 7.70 8.39 21.83 25.52 29.94 65.42 22.63 
Transcriptional corepressor 

SEUSS 

%N     MtrunA17Chr1g0159451 2.40 3.50 7.74 6.58 10.84 19.75 9.76 
Small RNA degrading 

nuclease 5 

 
%N 

 
2 

 
MtrunA17Chr2_51147031 

 
1.03E− 08 

 
1 

 
MtrunA17Chr2g0333321 

 
1.01 

 
0.71 

 
3.17 

 
3.07 

 
2.20 

 
3.40 

 
2.02 

Probable sodium-coupled 

neutral amino acid trans- 

porter 6 

%N 2 MtrunA17Chr2_17222898 1.07E− 08 4 MtrunA17Chr2g0299211 
        

%N 
    

MtrunA17Chr2g0299221 0.00 0.00 0.00 1.87 0.00 0.00 0.00 Little zipper 

%N     MtrunA17Chr2g0299231 0.00 0.00 0.00 0.20 0.00 0.00 0.00 
Hypothetical protein 

MTR_2g039220 

%N     MtrunA17Chr2g0299241 0.00 0.00 0.31 9.33 0.63 0.00 0.00 
Nodule-specific Glycine 

Rich Peptide 

%N 
    

MtrunA17Chr2g0299251 0.00 0.00 0.00 0.30 0.00 0.00 0.00 NA 

%N     MtrunA17Chr2g0299261 0.08 0.00 0.34 274.55 0.23 0.05 0.00 
Nodule-specific Glycine 

Rich Peptide 

%N     MtrunA17Chr2g0299271 41.21 10.74 67.19 90.53 54.34 111.62 71.08 
WD-40 repeat-containing 

MSI4 

CN ratio 6 MtrunA17Chr6_7310002 3.36E− 08 1 MtrunA17Chr6g0457641 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cytochrome C biogenesis 

ccsA 

CN ratio     MtrunA17Chr6g0457651 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Transmembrane protein, 

putative 

CN ratio     MtrunA17Chr6g0457661 2.52 1.51 5.22 5.25 3.84 21.16 13.28 
Zinc transporter 5-like 

isoform X2 

CN ratio 
    

MtrunA17Chr6g0457671 4.90 2.09 9.93 6.56 8.10 15.08 9.78 Zinc transporter 5 

CN ratio 1 MtrunA17Chr1_10142836 3.75E− 08 4 MtrunA17Chr1g0159441 7.70 8.39 21.83 25.52 29.94 65.42 22.63 
Transcriptional corepressor 

SEUSS 

CN ratio     MtrunA17Chr1g0159451 2.40 3.50 7.74 6.58 10.84 19.75 9.76 
Small RNA degrading 

nuclease 5 

 

CN ratio 

 

2 

 

MtrunA17Chr2_51147031 

 

4.35E− 08 

 

1 

 

MtrunA17Chr2g0333321 

 

1.01 

 

0.71 

 

3.17 

 

3.07 

 

2.20 

 

3.40 

 

2.02 

Probable sodium-coupled 

neutral amino acid trans- 

porter 6 

CN ratio 7 MtrunA17Chr7_13129833 5.48E− 08 30 MtrunA17Chr7g0227971 0.00 0.18 0.00 0.28 0.00 0.40 0.92 Nucleoporin GLE1 

CN ratio     MtrunA17Chr7g0227981 4.76 3.46 18.54 13.53 13.39 18.60 19.11 
N-terminal glutamine 

amidohydrolase 

CN ratio     MtrunA17Chr7g0227991 0.00 0.00 0.18 0.00 0.00 0.00 0.00 
Subtilisin-like serine endo- 

peptidase family 

 

CN ratio 

 

2 

 

MtrunA17Chr2_49391628 

 

5.58E− 08 

 

1 

 

MtrunA17Chr2g0330811 

 

0.55 

 

1.00 

 

2.15 

 

1.25 

 

0.77 

 

3.27 

 

8.91 

Chloroplastic group IIA 

intron splicing facilitator 

chloroplastic isoform X1 

CN ratio     MtrunA17Chr2g0330821 0.45 0.72 1.86 1.74 3.10 6.44 2.60 
Heat shock transcription 

factor A8 

CN ratio 
    

MtrunA17Chr2g0330831 0.00 0.00 8.21 6.70 3.44 2.69 1.71 NA 

CN ratio     MtrunA17Chr2g0330841 0.33 0.21 0.83 1.34 0.74 5.49 2.23 
Heat stress transcription 

factor A-5-like 

Table 1. Top five QTNs significantly associated with different seed size traits (i.e. weight, area, majellipse,  
minellipse) and seed compositions (S content, N content, %S, %N and C/N ratio). SNP/QTN names, positions 
and p-values are indicated from FarmCPU. Numbers of potential associated SNP(s) and putative causal genes  
are indicated from PLINK analysis. Gene expression in major Medicago plant organs, as well as tentative gene 
annotations are indicated. A more exhaustive list of highly significant QTNs related to all seed traits is  provided 
as Supplementary Table S6, and complete lists of SNPs and their associated p-values are provided as 
Supplementary Tables S2 to S5. 
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ID Description p value q value Count 

Size 

GO:0005689 U12-type spliceosomal complex 0.0004 0.0267 2 

Composition 

GO:0045735 Nutrient reservoir activity 0.0000 0.0004 5 

GO:0033609 Oxalate metabolic process 0.0000 0.0004 4 

GO:0046564 Oxalate decarboxylase activity 0.0000 0.0004 4 

GO:0030145 Manganese ion binding 0.0001 0.0011 4 

GO:0015171 Amino acid transmembrane transporter activity 0.0002 0.0019 4 

GO:0003333 Amino acid transmembrane transport 0.0002 0.0023 4 

Color 

GO:0080043 Quercetin 3-O-glucosyltransferase activity 0.0003 0.0054 4 

GO:0080044 Quercetin 7-O-glucosyltransferase activity 0.0003 0.0054 4 

GO:0052696 Flavonoid glucuronidation 0.0004 0.0054 4 

Table 2. Enrichment analysis of Gene Ontology (GO) terms on putative causal genes regulating different seed 
traits (i.e. size, composition and color). Enrichment p-values from hypergeometrical tests and q-values from 
Bonferroni corrections are indicated, as well as the number of genes annotated (count). Results were generated 
with R package “ClusterProfiler”. 

 

 

regarding seed mineral concentrations could be explained by the small population size used in this specific  
analysis (i.e. subset of 88 accessions). 

 
PostGWAS analyses to identify putative causal genes. To shorten the list of candidate QTNs, we used 
p-value threshold of 10–7 when association studies displayed high SNP power detection such as seed size and 
seed composition phenotypes, and a p-value threshold of 10–5 when association analyses displayed low SNP 
power detection such as seed color and seed mineral concentrations. Then, the linkage disequilibrium (LD) was 
considered to identify putative causal genes associated with selected QTNs. Considering that in the Medicago 
HAPMAP collection, the average LD decay was determined around 15kb21, we performed genome-wide cor- 
relations between selected SNPs present within this genomic range (i.e. ± 15 kb from QTNs) using PLINK 22. A 
threshold correlation of 0.7 was used to identify SNPs potentially in LD within these genomic regions. From this 
analysis, we established a list of SNPs correlated to the selected QTNs due to LD and therefore potential causal  
genes. From this list, we revealed 56 putative causal genes related to the 34 QTNs with highly significant p-values 
that are potentially involved in seed size determination, 123 putative causal genes related to the 56 QTNs poten- 
tially involved in seed composition, 90 putative causal genes related to the 45 QTNs potentially involved in seed 
color and 906 putative causal genes related to the 597 QTNs potentially involved in seed mineral composition  
(Table 1 and Supplementary Table S1). Due to the relatively low number of ecotypes used for the QTN identifica- 
tion related to seed nutritional composition, which might affect the statistical accuracy of the study, we decided 
to provide these results as supplementary data but we will not analyze them further. 

In order to identify functional classes that could be involved in regulating these different seed phenotypes, we 
performed over-representation gene ontology (GO) analyses with corresponding lists of putative causal genes  
for each phenotype (Table 2). Interestingly, we observed that list of putative causal genes regulating seed size 
were enriched in GO terms related to the U12-type spliceosomal complex (GO:0005689). Similarly, using list of 
putative causal genes regulating seed protein content/concentration, we observed enrichment of genes with GO 
terms referring to nutrient reservoir activity (GO:0045735), amino acid transport (GO:0015171, GO:0003333) 
and oxalate metabolic pathway (GO:0033609, GO:0046564), which are all functional classes closely related to 
biosynthesis or transport of amino acids23. From putative genes regulating the seed color, we revealed that the 
GO terms referring to flavonoid biosynthesis were enriched (i.e. GO:0080043, GO:0080044, GO:0052696), and it 
has been shown that, indeed, flavonoid composition/concentration is closely related to seed coat color24. Finally, 
we observed enrichment of the GO term related to the protein amino acid autophosphorylation (GO:0046777) 
concerning genes potentially regulating mineral concentrations, which was less intuitive and presumably has  
indirect relations. 

In order to identify potential specific regulator of seed traits, we also focused on seed expression specificity  
and compared list of genes specifically expressed in seeds and pods with our list of candidate causal genes related 
to seed traits. Expression analysis in different Medicago plant organs was performed using publicly available 
information. To compare with our data, we mapped these reads to the Medicago genome version 55 and quanti- 
fied transcript expression using the Salmon pipeline25. Out of 44,473 transcripts in the Medicago genome (v5). 375 
were identified as specifically or preferentially expressed in pods/seeds (Supplementary Table S7). After  
combining a list of seed-specific genes and our list of putative causal genes from GWA studies, we revealed 
two seed-specific genes potentially regulating seed nitrogen concentration: a zinc-finger transcription factor 
(MtrunA17Chr7g0217321) and a CAAT-Binding Transcription factor (CBF, MtrunA17Chr2g0318461), and eight 
seed-specific genes potentially regulating various mineral concentrations in seeds (Supplementary Table S6). 
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Discussion 
Improving seed protein content in M. truncatula seeds by increasing seed size. Grain legumes 
play a key role in providing plant proteins for food and feed. Therefore, understanding how to increase seed 
protein content and to produce storage proteins with high nutritional values (i.e. containing essential amino acid 
and sulfur-containing amino acids) represents a technological breakthrough that has to be yet overcome. In this 
study, we observed significant genetic variabilities regarding seed traits such as size, nitrogen content (i.e. storage 
protein content) and sulfur content (i.e. sulfur-containing amino acid content), which makes the Medicago HAP- 
MAP collection a great tool to improve these agronomical traits. Interestingly, our correlation matrix between  
these different seed traits within the Hapmap population revealed a strong correlation (PCC > 0.9) between 
seed size and protein content (Fig. 1), which suggested that increasing seed protein content could be directly 
achieved by increasing seed size. This hypothesis could, first, be confirmed by identification of colocalized QTLs 
of seed size and seed protein content in garden pea26, soybean27, Common Bean28 and cowpea29. In parallel, even 
if several genetic studies already highlighted genes controlling seed size, which generally act via regulation of  
mitotic activity in embryo and endosperm, such as SBT1.130 and DASH31in M. truncatula, but also via regulation 
of cell elongation in endosperm and seed coat such as ZHOUPI32 and TTG233 in A. thaliana (for review34). The 
hypothesis that increasing seed size would increase protein content is difficult to validate from literature because 
mutant lines displaying larger seeds were not tested for their protein contents and inversely, mutant lines affected 
in protein content were not tested for seed size. One exception is the gene AP2 in Arabidopsis, which produced 
larger seeds in mutant plants combined with an increase in protein and fatty acid content 35, which validate our 
hypothesis. Finally, numerous correlation analyses between seed size and protein content have been conducted  
on cereals and legumes but no general trend was observed. Indeed, even if several studies concluded about clear 
positive correlations between seed size and seed protein content in pigeon pea36, soybean37 and this study in 
Medicago, many others did not, suggesting genotype-environment effects. As mentioned earlier, these results are 
undoubtedly dependent on plant genetic background, favorable growth conditions and optimal agricultural 
practices. Indeed, in our study, we revealed that the geographical and bioclimatic origins of Medicago accessions 
played an important role in plant adaptation with correlations between seed size, seed content, temperature and 
precipitation during the reproductive phase (Table 1). These accessions showed a phenotypic adaptability to 
produce larger and higher seed protein content. Moreover, the variations of these traits within the same genetic 
backgrounds are also to consider as abiotic stress is known to affect proper seed development in Medicago38. 
Finally, one essential aspect to validate this positive correlation between seed size and protein content is the non- 
limiting nitrogen supply, which could be achieved via intensive nitrogen fertilization or via nitrogen fixation in  
legumes, which is still active during seed filling. In this study, we highlighted genes/loci potentially involved in 
seed size, but also in both seed size and seed protein content, which could potentially improve simultaneously  
seed nutritional values and agronomical performances, as it is already well documented that larger seeds tend to 
improve germination vigor and plantlet establishment (for review39). 

 
Efficiency of GWAS and post‑GWAS algorithms. In the past 10 years due to the rapid development of 
genome sequencing technologies and phenotypic capacities, numerous genome-wide association studies 
(GWAS) have been performed in many species. This powerful tool is becoming a standard in forward genetic 
study to identify genes/loci controlling various traits. Its rapid development has been accompanied by the devel- 
opment of mainly two association study methodologies: classical single-locus GWAS methods based on Gen- 
eral Linear Model (GLM) and Mixed Linear Model (MLM) (e.g. EMMA15; SUPER40), and recently developed 
multi-locus GWAS methods such as MLMM41, FASTmrEMMA42 and FarmCPU43. In the single-locus method, 
statistical tests are performed one locus at each time, whereas multi-locus methods consider the information of 
all loci simultaneously and consequently do not require false discovery rate correction, leading to higher QTN 
detection power44. In our study, we compared a single-locus method, EMMA, and a multi-locus method, Farm- 
CPU, and we had two observations. (i) When association studies revealed highly significant candidate QTNs, 
FarmCPU (i.e. multi-locus method) resulted in more significant QTNs with lower p-values and more precise 
chromosome positions. Indeed, EMMA (i.e. the single-locus method) showed higher QTN p-values, closer to the 
background noise, which led to the identification of loci represented by broader “peaks” containing multiple 
significant SNPs (i.e. SNP clusters) in Manhattan plots, therefore more difficult to precisely locate on chromo- 
somes (Figure S2). However, even if FarmCPU identified more significant QTNs with more precise locations,  
most of the highly significant QTNs were observed using both methods. (Figure S2A-B). (ii) When association 
studies did not reveal significant QTNs, single and multi-locus methods performed similarly (Figure S2C). In 
conclusion, from our study, it appeared that FarmCPU, the multi-locus method, globally performed better than 
the single-locus method, which explains why we focused on this method to identify candidate QTNs. Better  
performances of GWAS multi-locus models have also been observed in several other studies such as in Xu et al.45 

related to starch properties in maize, Jaiswal et al.46 related to agronomic traits in wheat, and Li et al.47 related to 
fiber quality in Cotton, rendering these methods attractive for association studies. 

 
Potential regulation of seed size and protein content via RNA regulation. In order to determine 
reliable QTNs and mine for causal candidate genes controlling seed size and composition, we performed postG- 
WAS analyses. First, we considered a 15 kb LD decay (r2 > 0.7), as determined in Medicago hapmap collection21, 
to identify associated SNPs due to LD. Then, depending on the association results, we used different approaches 
to refine candidate gene selection: combination of association results from correlated phenotypes to identify  
putative causal genes, use of over-representation analysis to identify key functional classes regulating pheno- 
types, and integration of transcriptomics. 
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Regarding seed size, we mined two highly significant QTNs associated with multiple seed size phenotypes 
by combining GWAS results of weight, area, majellipse and minellipse. First, MtrunA17Chr1_35506650, a QTN 
detected in three association studies (i.e. weight, minellipse and area), is near a gene encoding a WD40/BEACH 
domain protein (MtrunA17Chr1g0185101) (Table 1 and Supplemental Table S6). A potential ortholog of this 
gene in Arabidopsis, called SPIRRIG (SPI, AT1G03060), has been shown to be involved in cell morphogenesis 
via interaction with processing bodies (i.e. p-bodies)48, which is known to regulate mRNA processing during 
development or stress (for review49). In Arabidopsis, spi mutant lines displayed many developmental defects50 

including reduced seed coat mucilage and plant growth impairment under salt stress51. Interestingly, the second 
QTN (MtrunA17Chr4_56801315) detected in all four association studies related to seed size was closely related 
with a gene encoding an RNA-binding domain (RBD, MtrunA17Chr4g0065741), which is also a gene involved 
in the regulation of RNA. RDB proteins belong to a large protein family, which are known to determine RNA 
fate from synthesis to degradation. Few of them have been functionally characterized and depending on their 
RNA targets, they could play tissue- and developmental stage-specific roles52. For instance, one of RDB protein 

family functionally characterized in Arabidopsis seed development is SUPPRESSOR OF ABI3 (SUA, AT3G54230), 
which controls alternative splicing of the ABI3, a master regulator of seed development and maturation53. This 
QTN identified from several seed size association studies was also detected in association with the seed nitrogen 
content (Table 2), which indicated the important role of this gene in regulating both seed size and protein content. 

This role of RNA processing/regulation to regulate seed size was further highlighted by the over-representa- 
tion analysis of all highly significant QTNs associated with seed size, which revealed that the “U12-type spliceo- 
somal complex” class was over-represented. This complex is part of the minor spliceosome, which plays a crucial 
role in splicing regulation of the rare U12 introns. It has been shown in Arabidopsis that homozygote mutant lines 

impaired in the U12 spliceosome complex displayed premature embryo abortion, whereas heterozygote mutants 
were defective for seed maturation, indicating an essential role of this complex during embryonic development54. 

Moreover, proper splicing and alternative splicing have been shown to be crucial in normal embryo formation  
(for review55) and embryo development, which is a key stage in controlling the final seed size. 

Methods 
Medicago plant accession and growth. Accessions from the HapMap germplasm collection were 
requested from the dedicated website (http://www.Medicagohapmap.org/hapmap/germplasm). Around 200 
accessions were grown in growth chambers (20 °C/18 °C, 16 h photoperiod at 200 mmol m−2 s−1) until maturity. 
Mature seeds of 162 accessions were collected in sufficient quantity to perform different phenotyping experi- 
ments. 

 
Seed size and color determination.  Individual seed weights of 162 accessions were estimated by weight- ing 
50 seeds in triplicate using a precision balance at an accuracy ± 0.1 mg and displayed as mg per seed. To complete 
seed size phenotyping, image analyses were performed on 150 seeds of each accession using GrainS- can 
software10 to automatically measure individual seed areas (i.e. pixel number, called “area”), seed perimeters 
(“perimeter”), seed lengths (“majellip”) and seed widths (“minellip”). These seed size parameters were averaged 
for each of the 162 accessions and used for the subsequent analyses. Image analysis also allowed us to determine 
seed color values using GrainScan, which measured three color channels (i.e. CH1, CH2, CH3) from raw RGB 
values, reflecting seed coat pigmentation. 

 
Seed composition analysis with elemental CHNS analyzer (162 accessions).   Seed composi- tion 
was characterized using a CHNS elemental analyser, which measured the percentage (w/w) of carbon (C), 
hydrogen (H), nitrogen (N) and sulfur (S). Mature seeds were ground in liquid nitrogen and dried in an oven at 
90 °C for 48 h. Then, triplicates of approximately 5 mg of powder were analyzed using an Elementar Vario Micro 
cube analyzer (Germany) using flash combustion of the sample based on the “Dumas” method. Concentrations  
of C, H, N, S were determined by the Elementar Vario software based on exact seed weights. From which, car - 
bon–nitrogen ratios (C/N ratio) were calculated to provide an accurate overview of the global seed composition. 
Nitrogen and sulfur contents per seed for each accession (i.e. N content, S content) were calculated using average 
seed weights of each lot. 

 
Macro‑ and micro‑element concentrations. A subset of 88 accessions was analyzed to determine ele- mental 
concentrations for P, K, Mg, Ca, Na, Fe, Mn, Zn, Cu, Mo, V, Co, Ni, Ti, As, Cr using Induced Coupled  Plasma-
Mass Spectrometry (ICP-MS, Perkin Elmer model NexION 300D). Seed powders were dried in a heat- ing oven 
at 75 °C for overnight. Approximately 5 mg of seed powder were accurately weighed and transferred to a glass 
container with 3 ml of concentrated nitric acid (HNO3). After digestion for 15 min at 200 °C, deionized water was 
added to adjust the final volume to 10.0 ml and samples were injected into the ICP-MS for measure- ment. A 
blank sample containing 5% HNO3 was used for background subtraction. Concentrations (i.e. ppb or mg/L) of 
each element were calculated based on an internal standard mix (Perkin Elmer, ref. 9301721) and nor- malized 
according to a weight normalization procedure using the NexION software (Perkin Elmer). 

 
Correlation analysis. Correlation matrix was performed on averages of phenotype values. Each pairwise 
comparison was performed using Pearson correlation calculated using the complete pairwise correlation of the  
‘corr.test’ function from the R package ‘psych’. P-values were adjusted using Benjamini-Hochberg (BH) to control 
false discovery rate and statistical significance threshold was set below 5% of adjusted p-values. 
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Phenotype normality distributions. All traits were checked and transformed to reach normality as it is 
required to perform genome wide association studies. Box Cox algorithm14 was used to determine the appro- 
priate transformation for each trait, and each trait was transformed separately according to the most suitable 
lambda values given by the Box Cox function implemented in the R package MASS56. After transformation, 
Shapiro–Wilk tests57 were performed to validate the normality and traits that did not reach normality were 
discarded of following GWAS analyses. Supplementary Table S1 provides seed trait values before and after Box 
Cox transformation, respective lambda values for each trait and corresponding p-values of the Shapiro–Wilk 
test after transformation. 

 
Genome‑wide association studies and post‑GWAS analyses. Single nucleotide polymorphisms (SNP) 
data were obtained by whole genome sequencing of the 262 Medicago accessions from the M. trunca- tula 
Hapmap project9. From the 6 million SNPs originally identified in Medicago genome version 4, 4,852,061 SNPs 
were successfully mapped to the fifth version of the Medicago genome (Mtv55) and were used for subse- quent 
analyses. The population structure and the kinship matrix used in this study were the same as previously 
described in Bonhomme et al.58 and le Signor et al.7, respectively. Two models were used to perform GWAS: (1) 
a classical single locus method using a mixed linear model called EMMA (Efficient Mixed-Model Association15 

with the kindship matrix and the population structure as inputs; (2) a multi-locus model called FarmCPU (Fixed 
and random model Circulating Probability Unification16) with correction of the population structure, both with 
a statistical test p-value threshold of 1%. The Manhattan and quantile–quantile (QQ) plots were plotted using 
the R package rMVP (https://github.com/xiaolei-lab/rMVP). PostGWAS analysis was performed to correct for 
the linkage disequilibrium (LD) using PLINK algorithm22 with the “clump” function and the following options: 
clumb-kb-radius of 15, which represents the genomic range (in kilobases) to identify SNP in LD and clump-r2 of 
0.7, which represents the r-squared threshold to identify correlation between SNPs. All GWAS result files were 
transformed into gwas files (Supplementary Tables S2 to S5) readable in web-application JBrowse17 con- taining 
the M. truncatula genome version 5 such as https://Medicago.toulouse.inra.fr/MtrunA17r5.0-ANR/ or in 
personal desktop genome viewer such as the freely available Integrative Genome Viewer (IGV18, http://softw 
are.broadinstitute.org/software/igv/). Over-representation analyses (ORA) of candidate genes were performed 
using ClusterProfiler package available in R using hypergeometrical test (p-values) with a Bonferroni correction 
(q-values)59. 

 
RNA‑seq analysis in major plant organs. Expression of Medicago transcripts in major plant organs was 
determined from existing experiments. Sequenced short reads (i.e. raw fastq files) were downloaded from the 
Sequencing Read Archive (SRA, https://www.ncbi.nlm.nih.gov/sra) from different experiments and dif- ferent 
Medicago plant organs: nodule (SRX099057), seed pod (including seeds, SRX099058), 4-week blade 
(SRX099059), flower (SRX099061), 4-week root (SRX099062), all root system (SRX2943065, SRX2943064, 
SRX2943063) and all shoot system (SRX2943062, SRX2943058). Raw read files were mapped against the 
Medicago transcriptome version 5 (https://Medicago.toulouse.inra.fr/MtrunA17r5.0-ANR/) and quantified as 
counts using Salmon algorithm25. Counts were normalized to corresponding library sizes (equivalent to count 
per million, CPM) then length of transcripts (Transcript per million, TPM) and displayed as TPM in our study. 

Data availability 
All data generated or analyzed during this study are included in this published article (and its supplementary 
information files). 
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3. Production of mature seeds from the 200 Medicago HapMap accessions under 

optimal and heat stress conditions 

In the previous section, mature seeds of 162 accessions were already produced in 

climate room from the Shanghai Center for Plant Stress Biology (PSC) using standard 

conditions. In the following study, 200 natural accessions selected from Medicago truncatula 

HapMap collection were grown in the greenhouse facility of the ‘Institut de Recherche en 

Horticulture et Semences’ in Angers in both optimal and heat stress conditions but using the 

same light intensity, photoperiod. Triplicates of the 200 accessions were grown in control 

conditions using minimal temperature of 20°C day /18°C night as part of the ANR REGULEG 

Project (no. ANR-15-CE20-0001). As part of my PhD project, triplicates of the 200 accessions 

were gown in heat stress conditions. To produce heat-stressed mature seeds, we first followed 

the same procedure as the control plants with a seedling treatment by vernalization (i.e. 

extended cold period for 2 weeks at 6°C) to reduce flowering time differences between 

accessions, then seedlings were moved in greenhouse under optimal conditions (as control 

plants) (20°C day /18°C night) with 16 hours light photoperiod until the flowering stage (i.e. 

apparition of five flowers). At the flowering stages, plants were moved to a nearby greenhouse 

room with same photoperiod and light conditions but with minimal temperatures of 26°C day 

/24°C night until seed maturity, corresponding to heat stress conditions for Medicago. During 

the heat stress treatment, even if greenhouse conditions were controlled in term of humidity, 

light and minimal temperature, warmer winter and spring than expected generated a stronger 

stress than planned due to high external temperatures (Figure 3.1). According to the 

temperature records in the dedicated greenhouse room, the average temperature in March and 

April were about 27°C during days with maximum at 32°C. These high temperatures occurring 

at flowering time strongly impacted the final seed yield. Eventually, mature seeds of 199 

accessions were collected from heat stress conditions, but severe loss of yield was observed for 

most of the accessions. In consequence the limited seed number obtained from each plant did 

not allow us to perform all the intended physiological analyses. 
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Figure 3.1 Records of temperature during production of Medicago truncatula HapMap population from heat 

stress conditions in greenhouse. The phase indicated in blue is the plant vegetative growth phase under optimal 

condition (20°C/18°C), while the phase indicated in orange is the heat treatment (26°C/24°C) occurring during 

seed development phase. The flowering time represents appearance of five flowers for plants of most accessions. 
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4. Genome-wide association studies of seed performance traits in response to heat stress 

in Medicago truncatula reveal MIEL1 as a regulator of seed germination plasticity  
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Abstract 

Legume seeds are important nutrition source to provide proteins, minerals and vitamins for 

human and animal diets and represent a keystone for food security. With the climate change 

and global warming, production of grain legumes faces new challenges with respect to seed 

vigour traits, that allow fast and homogenous establishment of the crop in a wide range of 

environments. These seed performance traits are regulated during seed maturation and are 

under the strong influence of the maternal environment. In this study, we used 200 natural 

Medicago truncatula accessions, a model species of legumes, which were grown in optimal 

and under a moderate heat stress (26°C) during seed development and maturation. This 

moderate stress applied at flowering onwards impacted seed weight, germination capacity and 

seed longevity. Genome-wide association studies (GWAS) were performed to identify putative 

loci or genes that are involved in regulating seed traits and their plasticity in response to heat 

stress. We identified numerous significant QTNs and potential candidate genes involved in 
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regulating these traits under heat stress by using postGWAS analyses combined with 

transcriptomic data. Out of them, MtMIEL1, a RING-type zinc finger family gene, was shown 

to be highly associated with germination speed in heat-stressed seeds. In Medicago, we 

highlighted that MtMIEL1 was transcriptionally regulated in heat-stressed seed production, and 

that its expression profile was associated with germination speed in different Medicago 

accessions. Finally, a loss-of-function analysis of the Arabidopsis MIEL1 ortholog revealed its 

role as regulator of germination plasticity of seeds in response to heat stress.  

 

Introduction  

Legume is an economically important crop family including many plant species such as 

soybean, pea, common bean and chickpea. Medicago truncatula is a model plant of legumes 

originating from Mediterranean region (Barker et al., 1990), which has been intensively studied 

for legume research. Grain legumes provide abundant proteins, minerals and other nutrients for 

human and animal diets and play vital role for global food security. However, climate change 

threatens crop production by causing reduced yield and loss of product quality. In the context 

of global warming, legume seed production suffers from environmental stresses, including heat 

stress, and legume crops need to be improved towards a higher phenotypic plasticity (Vadez et 

al., 2012; Scheelbeek et al., 2018). Indeed, while the local adaptation of a genotype is 

genetically determined under certain environmental conditions (Tognetti et al., 2019), the 

phenotypic plasticity is the ability to generate different phenotypes according to the 

environment (Valladares et al., 2006). This variation is created by interplay of genetic and 

environmental factors. Understanding of the genetic basis of local adaptation and phenotype 

plasticity is highly relevant in our current climate change context. Heat stress affects the proper 

development of female and male gametophytes, leading to impaired double fertilization and 

decreased seed number (reviewed in Liu et al., 2019b). Also heat stress during early 

embryogenesis was shown to reduce grain yield in soybean and mungbean (Siebers et al., 2015; 

Patriyawaty et al., 2018). During seed development, maturation was shown to affect seed vigor. 

Seed vigor is a composite term that includes homogeneous and rapid germination and seedling 

establishment under a range of contrasted environmental (i.e. stress) conditions (Finch-Savage 

and Bassel, 2016). The capacity to avoid deterioration during storage (i.e. longevity) is also 

seen as a vigor trait as it directly impacts first speed of germination then viability upon sowing 

(Leprince et al., 2017).  In M. truncatula (Verdier et al., 2013; Righetti et al., 2015), the 
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different vigor traits are acquired sequentially, from seed filling until the late phase of seed 

maturation (reviewed in Leprince et al., 2017). So far, genetic determinants of seed vigor in 

Medicago have been explored, mostly by QTL identification using several populations of 

recombinant inbred lines resulting from crosses between contrasting accessions (Vandecasteele 

et al., 2011). These studies led to the identification of several key regulatory genes of the late 

maturation phase such as MtABI5 (Zinsmeister et al., 2016) and MtHSFA9 (Zinsmeister et al., 

2020a). In Medicago (Righetti et al., 2015), like many other species (Finch-Savage and Bassel, 

2016; Penfield and MacGregor, 2017), seed vigor is also drastically affected by environmental 

conditions during seed development. This highly plastic response from the offpring to 

environment is considered as a bet-hedging strategy to ensure dissemination of the species. In 

this respect, one of the most studied germination vigor traits is dormancy (for review Penfield 

and MacGregor, 2017). In legume seeds, such as M. truncatula seeds, we distinguish two types 

of dormancy, which are the physical and physiological dormancies (according to definition of 

Baskin and Baskin, 2004). Physical dormancy is mainly controlled by the seed coat 

permeability, which prevents seed imbibition. However, physiological dormancy is regulated 

by the embryo and endosperm molecular signals, via the ratio of abscisic acid (ABA), acting 

as germination repressor and gibberellic acid (GA), allowing germination. For example, in M. 

truncatula, a slight increase in the seed coat properties regulating seed imbibition and physical 

dormancy was observed when plants were grown in 35°C/ 15°C compared to 25°C/ 15°C 

conditions (Renzi et al., 2020). While a wide spread of germination via a decrease in 

germination speed or a delay of germination until favourable conditions is advantageous for 

wild species dissemination, it is not a desirable trait for crops. Furthermore, the plastic response 

of the germination of seeds produced under environmental conditions is also dependent on 

complex GxE interactions of the regulation of physiological dormancy involving zygotic and 

maternal tissues (Penfield and MacGregor, 2017; Awan et al., 2018; Geshnizjani et al., 2019; 

Chen et al., 2020; Renzi et al., 2020), and the dynamic balance between ABA and GA is poorly 

understood and likely to be species-dependent (Penfield and MacGregor, 2017; Chen et al., 

2020).  

In recent years, genome-wide association study (GWAS) has been widely performed for the 

association mapping between genetics and agronomic traits in order to identify causal loci 

using population of natural accessions. Many new statistical models to compute the association 

mapping have been developed from initially single-locus analyses to recent multi-locus 

analyses including  the fixed and random model circulating probability unification (FarmCPU) 
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(Liu et al., 2016), which improved the statistic power to control false positives and reduce 

computing time (for review Tibbs Cortes et al., 2021). In Medicago truncatula, a haplotype 

map (HapMap) population was selected based on their geographical origins and genomic 

diversity and resequenced using next-generation sequencing technologies to identify single 

nucleotide polymorphisms (SNP) (Stanton-Geddes et al., 2013). The Medicago HapMap 

population, finally, comprises 226 natural accessions characterized by 4.8 million SNP. This 

collection has been used to study different aspects of Medicago biology such as different abiotic 

stress on vegetative part with salt stress (Kang et al., 2019) and drought stress (Kang et al., 

2015), but also more specifically to seeds with seed nutritional content (Chen et al., 2021a) and 

physical seed dormancy (Renzi et al., 2020).  

In this study, we used the Medicago HapMap collection to identify putative causal genes/loci 

associated with the plasticity of germination performance traits of seeds produced under heat 

stress conditions. We performed genome-wide association studies of seed weight, seed 

longevity and seed germination speed and homogeneity using 200 accessions from the 

Medicago truncatula HapMap collection via FarmCPU algorithm. PostGWAS analyses and 

RNA-seq data were used to refine our candidate gene lists related to different seed traits. A 

candidate gene, MtMIEL1, involved in the germination plasticity of seeds produced under heat 

stress was identified in M. truncatula and functionally validated in A. thaliana. 

 

Materials and methods 

Medicago population and plant growth conditions 

From the Medicago truncatula HapMap project 

(http://www.medicagoHapMap.org/HapMap/germplasm), 200 accessions were selected and 

grown in six replicates in the greenhouse, where light intensity, photoperiod and minimal 

temperature were controlled. All plants were first produced under optimal conditions at 

20°C/18°C day/night with 16 hours light photoperiod until the flowering stage as described in 

Vandecasteele et al. (2011). After apparition of five flowers, triplicate of plants for each 

accessions were maintained under these optimal conditions and the other triplicates were grown 

under heat stress conditions with 26°C/24°C day/night temperature but with the same light 

conditions. Mature seeds from 199 accessions were collected at pod abscission and further 

dried at 20°C in 44% relative humidity (RH). Seeds were stored hermetically at room 

temperature before use.  

http://www.medicagohapmap.org/hapmap/germplasm
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Phenotyping seed traits 

The individual seed weights of 199 HapMap accessions were calculated from the average of 

total seed weight per plant. Number of mature seeds per plant were counted using a seed 

counter (Pfeuffer model Contador) and total seed weights were determined using a precision 

balance. For each accession and replicate, the average individual seed weight was calculated 

by dividing total seed weight per plant by the seed number per plant, providing an accurate 

estimate of the individual seed weight. Before longevity and any germination experiments, 

seeds were first scarified to avoid artefacts due to physical dormancy. Logistics and greenhouse 

conditions obliged us to optimize the number of accessions to allow assessment of germination 

and longevity traits. We used 151 HapMap accessions (from seed produced in optimal and 

stress conditions) that were stored at 35°C 60% RH for 204 days. This period corresponded to 

the average of ageing time when 50% of seeds still germinated (also called P50) for all 

accessions grown in control conditions. Triplicates of 50 seeds were retrieved from 204 days 

of storage and imbibed at 20°C in the dark and the percentage of viable seeds was calculated 

as percentage of germinated seeds after six days of imbibition in 9ml water in 14.5cm petri 

dishes containing a Whatman filter paper. 112 Medicago HapMap accessions were used to 

assay germination. Triplicates of 50 seeds were imbibed in 5ml of water in 5cm Petri dish 

containing one Whatman No1 filter paper at 15°C in the dark. Germinated seeds and speed of 

germination were monitored automatically for control seed lot using the phenotyping platform 

PHENOTIC (SFR QUASAV, Angers) (Benoit et al., 2014) and manually for the stressed-seed 

lot by counting germinated seeds (i.e. protruding radicles> 1 mm) every four hours. 

Germination speed was calculated from the sigmoidal regression of each accession as the 

averaged time to reach 50% germination (T50). Germination homogeneity was calculated as 

the time difference between 80% (T80) and 20% (T20) germination (i.e. T80-T20). Finally, the 

phenotypic plasticity index of all seed traits was calculated based on the following formula: 

PLAS= (T_St – T_Ct)/T_Ct, where T_St is the mean value of the trait under heat stress 

conditions and T_Ct is the mean trait value under control conditions. 

 

Correlation analysis 
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Correlations between traits were analyzed using the ‘rcorr’ function of the ‘Hmisc’ package 

(v4.4-1, Harrell Jr et al. 2020) in R. A global correlation matrix was performed using Pearson 

correlation coefficient and we selected a p-value threshold of 0.05 for statistical significance. 

 

Normalization of phenotypic data 

In order to carry out the genome-wide association studies, we checked and transformed, when 

necessary, our phenotypic data to reach distribution normality. The Shapiro-Wilk test was 

performed to test the distribution states of all phenotypic traits and phenotypic data were 

transformed to normal distributions using Box-Cox power transformation procedure (Box and 

Cox, 1964) using adapted lambda values calculated for each trait. The Shapiro-Wilk tests and 

the Box-Cox transformations were carried out using the ‘MASS’ package (v7.3-51.5, Venables 

and Ripley, 2002) available in R. 

 

Genome-wide association analysis 

Identification of single nucleotide polymorphisms (SNP) was obtained by whole-genome 

sequencing of the Medicago HapMap accessions selected in the M. truncatula HapMap project 

(Stanton-Geddes et al., 2013). Using the Medicago genome version 5 (Mtv5, Pecrix et al., 

2018), more than 4.8 million SNP locations were identified and genotyped in the HapMap 

accessions. This 4.8 million SNP genotypic dataset was used in combination with the HapMap 

population structure (described in Bonhomme et al. 2014) and the normalized phenotypic 

dataset regarding seed performances. The multi-locus model FarmCPU (Fixed and random 

model Circulating Probability Unification, Liu et al., 2016) was used to perform association 

analyses as described in Chen et al. (2021b) with p-value threshold set to 1%. The Quantile-

quantile (QQ) and Manhattan plots were generated by FarmCPU package available in R.  

 

Post-GWAS analyses  

The PLINK algorithm (Purcell et al., 2007) was used to identify correlated SNP and to correct 

for the linkage disequilibrium (LD) using  the “clump” function. The following options of 

PLINK were used: ‘clump-kb 30’ and ‘clump-r2 0.7’, which represent the range of analyzed 

genomic region (± 30kb) and the R-squared threshold (0.7) to identify correlated SNP. 



Chapter 3: Study of the regulation of seed traits in optimal and heat stress conditions using natural Medicago 

truncatula accessions and genome-wide association studies 

 

109 

Enrichment analyses of Mapman functional classes of putative causal genes related to different 

seed performance traits were performed using the Clusterprofiler package (Yu et al., 2012) 

using hypergeometric test with Benjamini-Hochberg correction (q-values) and available in R. 

Mapman functional classes were obtained from Medicago annotated proteins using Mercator 

v.4 (Schwacke et al., 2019). 

 

Transcriptomic data 

The expression data of Medicago truncatula during seed development under optimal and heat 

stress conditions were obtained from Chen et al. (2021a) and raw data were stored on NCBI 

Gene Expression Omnibus (GEO) 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE160725). The differentially 

expressed genes (DEG) between optimal and heat stress conditions at the different seed 

developmental stages were identified using ImpulseDE2 (Fischer et al., 2018) for embryo and 

endosperm and DEseq2 (Love et al., 2014) for seed coat. DEG threshold was set as adjusted 

p-values below 5% following the Benjamini-Hochberg procedure to control false discovery 

rate (FDR) as described in Chen et al. (2021a). 

 

RNA extraction and qRT-PCR 

Total RNAs were extracted from two replicates of about 30 dry mature seeds, 24h-imbibed and 

48h-imbibed (10°C) seeds of Medicago reference genotype A17 that were produced in optimal 

(20°C/18°C, 16-h photoperiod) and heat stress (26°C/24°C, 16-h photoperiod) conditions. 

Simultaneously RNA extractions were also performed on dry mature seeds in triplicates of four 

natural Medicago HapMap accessions (i.e. HM170, HM185, HM279 and HM314) produced 

under heat stress condition (26°C/24°C, 16-h photoperiod). HapMap genotypes were chosen 

based on their germination speed, with two belonging to the slowest germination set and two 

belonging to the fastest germination set. All RNA extractions were performed using Macherey-

Nagel NucleoSpin® RNA Plant and Fungi kit following the Alfalfa seeds protocol described in 

the manufacturers’ instructions. Total RNA were quantified using a Nanodrop 

spectrophotometer ND-1000 (NanoDrop Technologies), then treated with RNase-free DNase I 

(Thermo Fisher Scientific Inc.). Reverse transcriptions were performed using the iScriptTM RT 

Supermix (Bio-Rad Laboratories, Inc.) from 1µg of DNAse-treated RNA. cDNA were 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE160725


Chapter 3: Study of the regulation of seed traits in optimal and heat stress conditions using natural Medicago 

truncatula accessions and genome-wide association studies 

 

110 

quantified with SsoAdvancedTM Universal SYBR® Green Supermix (Bio-Rad Laboratories, 

Inc.) using a CFX96 Touch quantitative Real-Time PCR (qRT-PCR) Detection System (Bio-

Rad Laboratories). The primers that were used for qRT-PCR are provided in Table S7.  

MtMIEL1 primers were designed on Primer 3 website (https://bioinfo.ut.ee/primer3/). MtTCTP 

was used as reference gene (Verdier et al., 2008; Zinsmeister et al., 2020a). The relative 

expression levels were normalized according to the 2^-ΔCt method. 

 

Arabidopsis T-DNA insertional mutants and seed germination assays 

The T-DNA insertional miel1 mutant (Salk_041369) from a Columbia-0 (Col0) background 

was obtained from the NASC germplasm collection. The primers used for isolation of T-DNA 

homozygote mutants were generated from the T-DNA Primer Design website 

(http://signal.salk.edu/tdnaprimers.2.html) and are provided in Table S7. Arabidopsis thaliana 

plants (Col0 and miel mutants) were grown under standard conditions (20°C/18°C, 16-h 

photoperiod) in growth chamber. At flowering time, half of plants were kept at control 

condition (20°C/18°C, 16-h photoperiod) and half were moved under heat stress condition 

(28°C/26°C, 16-h photoperiod). Mature seeds produced in both conditions were harvested and 

dried for three days at 44% relative humidity and 20°C. The dry seeds were stored at -20°C 

before germination test. Three biological replicates of about 100 seeds obtained from three 

independent miel1 and wild-type (Col0) plants were used for germination assays. Freshly 

harvested seeds were imbibed in 1ml water in 3cm petri dishes containing Whatman No1 filter 

paper at 20°C with 16-h photoperiod. To release dormancy, freshly harvested seeds were 

stratified at 4°C for 72 hours in dark then transferred to 20°C with 16-h photoperiod for 

germination.   

 

 

Results  

Assessing seed performances in response to heat stress in Medicago HapMap collection  

To evaluate the impact of heat stress on seed yield and vigor, 200 Medicago truncatula 

accessions from the HapMap collection were grown in triplicate in optimal (20°C/18°C) and 

supra-optimal temperature (i.e. 26°C/24°C) conditions by applying a constant but moderate 

https://bioinfo.ut.ee/primer3/
http://signal.salk.edu/tdnaprimers.2.html
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heat stress from flowering until pod abscission. After harvest and moisture content 

equilibration at 44% RH, we observed a significant decrease in seed yield from plants grown 

in the heat stress conditions. Across the 200 Medicago accessions, the average pod and seed 

numbers per plant in optimal conditions were 117 and 658 respectively, in contrast to 20 pods 

and 104 seeds in average from plants grown under heat stress (Figure 1). In addition, an overall 

35% decrease in seed weight was observed in accessions produced in heat stress conditions 

(Figure 1, phenotypes named WEIGHT_C for optimal and WEIGHT_H for heat stress 

conditions).  

The limited seed number produced under heat stress conditions for some accessions directly 

impacted the number of accessions available for phenotyping seed performance. For instance, 

HM059 accession did not produce enough seeds and was discarded. Regarding seed 

germination and longevity performances, we phenotypically characterized seed longevity and 

seed germination of mature seeds produced from 151 and 112 accessions, respectively. First, 

regarding seed longevity, we observed an overall 32% decrease in seed survival percentage 

after 204 days of artificial ageing across all accessions when seeds were produced under heat 

stress (Figure 1, phenotypes named G204DA_C for optimal and G204DA_H for heat stress 

conditions). Second, related to seed germination, we observed that about 100% of seeds 

germinated six days after imbibition, no matter if they were produced in optimal or stress 

conditions. To assess the impact of heat stress on seed vigor, we extracted two germination 

characteristics: the germination speed (T50, corresponding to the time to reach 50% of 

germination) and the germination homogeneity (T80T20, duration between 80% and 20% of 

germination). Germination speed and homogeneity across the population were positively 

impacted by the heat stress during seed production. Indeed, seeds produced in heat stress 

conditions displayed an overall tendency to germinate faster and more homogeneously than 

those produced in optimal conditions (Figure 1, phenotypes named T50_C and T80T20_C for 

optimal and T50_H and T80T20_H for heat stress conditions). 
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Figure 1. Distribution histograms of analyzed phenotypic data regarding seed traits across the M. truncatula 

HapMap accessions and grown under optimal (blue) and heat stress (red) conditions. Average values across the 

entire HapMap population are represented in dotted lines. 
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Even if the overall tendency from all different accessions displayed an increase in seed 

germination performances and decrease in seed weight and longevity, it is noteworthy that the 

individual tendency of each accessions is more contrasted with some that did not follow the 

overall tendency. This reflected a high phenotypic plasticity within the HapMap population 

regarding these traits (Figure S1, Table S1). To assess phenotypic plasticity (PL) of each 

accession, we calculated the plasticity index of seed traits obtained in the two contrasted seed 

production conditions. These plasticity indexes reflected the ability of each accession to 

produce different phenotypes according to the maternal environment (Table S1, phenotypes 

named WEIGHT_PL, G204DA_PL, T50_PL and T80T20_PL). 

To determine if seed performance traits measured in different growth conditions were 

correlated, we performed a correlation analyses among them using Pearson coefficient 

correlation (Table 1). First, we observed a strong positive correlation (0.79) between weight of 

seeds produced in optimal and heat stress conditions, suggesting that seed weight is genetically 

determined in HapMap accessions by the same set of genes in both conditions. Moreover, we 

observed a weak positive correlation (0.2) between seed weight and speed of germination for 

seeds produced under control conditions. The correlation was also found for seeds produced 

under heat stress but was much stronger (0.48). Many studies have documented that seed size 

is correlated with germination performance, with larger seeds exhibiting better seedling 

survival rate due to more seed reserve accumulated during seed filling to supply embryo with 

sufficient energy during germination (reviewed in Finch-Savage and Bassel, 2016). However, 

the plasticity response of both traits were not correlated, suggesting that there exist different 

processes regulating seed filling and acquisition of germination performance in response to 

heat stress. Finally, we observed positive correlations between germination phenotypes 

measured during heat stress and plasticity indexes, which suggested that mechanisms 

controlling germination of seeds produced under heat stress could be similar to those 

controlling their plasticity. Surprisingly, any significant correlations were identified between 

geographical location of accessions and seed longevity/germination. 

 

 

Table 1. Correlation matrix between all Medicago seed traits and climatic data. Pearson correlation coefficients 

above 0.2 with a p-value below 5% are indicated in red color. Pearson correlation coefficients above -0.2 with a 

p-value below 5% are indicated in green color. Longitude is indicated by degrees from west to east with negative 
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and positive values respectively. Latitude is also indicated by degrees from south to north with negative and 

positive values respectively. 

 

 

 

Genome-wide association analyses of different seed traits in response to optimal and heat 

stress conditions and identification of putative causal genes 

Following phenotypic characterization of HapMap accessions, we used the Box-Cox procedure 

(Box and Cox, 1964) to transform our phenotypic data that did not display normal distributions. 

Appropriate lambda values were estimated and sed to normalize our phenotypic data in order 

to validate the assumption of normality required to perform genome-wide association analyses. 

After this normalization step, the Shapiro-Wilk test was performed for each phenotype to verify 

that our phenotypic data reached the normal distribution (Figure S2). All lambda values, 

Shapiro-Wilk p-values and normalized phenotypic data are available in Table S1. However, 

three phenotypic traits did not pass the Shapiro-Wilk test (i.e. WEIGHT_C, G204DA_C and 

G204DA_H) but were conserved in subsequent analyses as they displayed acceptable fit to 

normal distribution based on their distribution histograms and their bell curves (Figure S2). 

Genome-wide association studies were performed on the 12 transformed seed phenotypic data 

using the Fixed and random model Circulating Probability Unification algorithm (FarmCPU, 

Liu et al., 2016) combined with the Medicago HapMap population structure as covariable and 

the Medicago HapMap SNP genotypic dataset (described in Bonhomme et al., 2014 and 

available at http://www.medicagoHapMap.org). From these association studies, we identified 
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sets of single nucleotide polymorphisms, called quantitative trait nucleotides (QTNs), 

statistically associated with the different seed traits. Manhattan and QQ (quantile-quantile) 

plots related to seed germination performances are provided in Figure 2 and those related to 

seed weight and longevity are provided in Figure S3. To facilitate visualization of these results, 

we generated ‘gwas’ files that contain all the statistical results of all the SNPs with respect to 

different seed traits, which allow visualization of significant QTNs on  genome viewers such 

Integrative Genome Viewer (IGV, Thorvaldsdóttir et al., 2013) or JBrowse (Skinner et al., 

2009) (provided as Table S2, S3, S4 and S5).   

From these GWAS, we identified highly significant QTNs (p-values below 10-7) associated 

with seed weight obtained from optimal (9 QTNs) and heat stress (20 QTNs) growing 

conditions, as well as 2 QTNs potentially involved in plasticity (Figure S3 and Table S6). 

Among these QTNs, one of them, MtrunA17Chr8_49244112, was identified to correlate with 

seed weight from optimal (WEIGHT_C) and heat stress (WEIGHT_H) conditions. Similarly, 

highly significant QTNs (p-values below 10-7) were identified for seed germination traits: 2 

and 1 QTNs regarding germination speed of seeds from control and heat stress conditions, 

respectively and 3 and 1 QTNs regarding germination homogeneity of seeds from control and 

heat stress conditions. Moreover, 2 QTNs were identified for plasticity of germination speed. 

We also observed common QTNs between germination traits located on chromosome 2: 

MtrunA17Chr2_6710478 common between T50_H and T50_PL and 

MtrunA17Chr2_18061650 common between T50_PL and T80T20_PL (Figure 2). Finally, 

regarding seed longevity, one highly significant QTN (p-values below 10-7) was identified from 

seeds produced in heat stress conditions and five as correlated to longevity plasticity (Figure 

S3).  
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Figure 2. Manhattan plots and the corresponding Q-Q plots from GWAS results regarding seed germination speed 

(T50) (A, B and C) and germination homogeneity (T80T20) (D, E and F). Black arrows indicate the common 

QTN associated with both T50_H and T50_PL corresponding to MtrunA17_Chr2g0286331 gene. Red arrows 

indicate the common QTN associated with both T50_PL and T80T20_PL corresponding to 

MtrunA17_Chr2g0300261 gene. Blue arrow indicates the highly significant QTNs located in chromosome 5.  
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In order to precisely pinpoint putative causal genes associated with significant QTNs, we 

identified from all surrounding SNPs located around QTNs, which ones showed high 

correlations due to linkage disequilibrium (LD) and could be linked to the phenotype. Using 

PLINK algorithm (Purcell et al., 2007), we performed genome-wide correlations of significant 

QTNs (p-values<10-5) with surrounding correlated SNPs with the threshold of 0.7 (r2>0.7) and 

located in a range of ± 30kb, corresponding to 2-fold the average LD decay in the HapMap 

population (Branca et al., 2011). As a result, we identified 120 putative causal genes related to 

the 73 QTNs for seed weight, 106 putative causal genes related to the 59 QTNs for seed 

longevity (G204DA), 132 putative causal genes related to the 74 QTNs for germination speed 

(T50) and 109 putative causal genes related to the 63 QTNs for germination homogeneity 

(T80T20) (Table S6). From these lists of candidate genes identified, we performed gene set 

enrichment analyses (GSEA) of functional classes to determine which processes could be 

involved in the regulation of the different seed traits (Figure 3). Interestingly, we identified 

significant enrichments of functional classes related to ‘HMG-CoA reductase’ for germination 

speed; ‘secondary metabolism and chalcone synthase’, ‘subtilases’, ‘hormone metabolism of 

auxin and cytokinin’ for germination homogeneity; ‘RNA regulation of transcription’ for seed 

weight; ‘RNA regulation of transcription.general transcription’, ‘DNA synthesis/chromatin 

structure’, ‘secondary metabolism.phenylpropanoids’ and ‘O-methyltransferases’ for seed 

longevity.  
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Figure 3. Gene set enrichment analysis (GSEA) of candidate gene lists obtained from GWAS with different seed 

traits: germination speed (T50), germination homogeneity (T80T20), seed weight (WEIGHT) and longevity 

(G204D). Clusterprofiler was used to perform a hypergeometric test using the Mapman functional terms, and the 

p-values were converted to false discovery rate (FDR) p.adjust-values as shown in colors, the red color being 

more significant than the blue color. The size of the dot represents the gene ratio between total gene number 

annotated in functional classes and the number of these genes present in your input list. 

 

 

To reduce these gene lists and refine the identification of putative causal genes, we combined 

these dataset with gene annotations from Medicago Genome Version 5 (Pecrix et al., 2018), 

transcriptomic data related to expression specificity in M. truncatula seeds (Chen et al., 2021a) 

and transcriptomic data during maturation of seeds developed both in optimal and heat stress 

conditions (Chen et al., 2021b; Table S6). In consequence, we highlighted some candidate 

genes related to seed weight such as MtrunA17_Chr8g0392741, encoding a 

phosphatidylethanolamine-binding protein, homologous to MOTHER OF FT (At1g18100, 

MFT) in Arabidopsis, which showed a highly significant association with WEIGHT_C (p-

value = 8.10-20) and WEIGHT_H (p-value =4.10-17) and a strong differential expression during 
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M. truncatula seed development between optimal and heat stress production (Figure S3, 

indicated by red arrows and Table S6). Another example of candidate gene regulated to seed 

weight during heat stress conditions was MtrunA17_Chr5g0403261 gene, closely related to 

Arabidopsis DA1 gene (AT1G19270), known to regulate plant organ size, including seed size 

(Li et al., 2008) and also differentially expressed in the embryo between optimal and heat stress 

production. This gene did not display a single QTN with a high p-value but rather 9 significant 

QTNs (with p-values > 10-5). (Figure S3, indicated by a green arrow). In the candidate gene 

list related to longevity of seeds from heat stress conditions and plasticity of longevity (Table 

S6), we found MtrunA17Chr5g0432251 gene, encoding an O-Methyltransferase associated 

with several significant QTNs (6 QTNs with p-values<10-5) (Figure S3, indicated by a blue 

arrow).  

 

In the subsequent part of this study, we decided to focus on candidate causal genes involved in 

germination speed/homogeneity. In chromosome 2 (Figure 2, indicated with black arrows), 

many QTNs associated with T50_H and T50_PL (> 20 QTNs with p-values<10-5) were found 

in the MtrunA17_Chr2g0286331 gene, a member of a RING finger family containing a zinc-

finger binding motif and the ortholog of MYB30-INTERACTING E3 LIGASE 1 (MIEL1, 

At5g18650) in Arabidopsis. AtMIEL1 is a RING-type E3 ligase that plays a role in the 

proteosome pathway as a regulator of plant defense against bacteria (Marino et al., 2013) and 

ABA (Lee and Seo, 2016). In our study, MtMIEL1 also showed a differential expression in 

endosperm between seeds produced under optimal and heat stress conditions, making a good 

candidate gene for further analyses. In chromosome 2 (Figure 2, indicated with red arrows), 

we identified another genomic interval displaying many QTNs identified in both T50_PL and 

T80T20_PL, which were more difficult to precisely relate to a specific gene sequence. These 

QTNs were spread on three closely located genes: MtrunA17_Chr2g0300271 encoding a 

nodule glycin-rich peptide, MtrunA17_Chr2g0300291 encoding a DEAD-box ATP-dependent 

RNA helicase and MtrunA17_Chr2g0300261 encoding a NF-YA3 transcription factor. 

However, our transcriptome data showed that only the NF-YA3 transcription factor exhibited 

differential expression between seeds produced under optimal and heat stress conditions (Table 

S6), which suggested that this potential pioneer gene could represent an interesting candidate 

regulator of plasticity of both germination speed and homogeneity. On chromosome 5 (Figure 

2, indicated with a blue arrow), we also identified many QTNs associated with T80T20_PL 

and located in a genomic interval containing six closely located genes. Combination with our 
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transcriptomic data allowed us to refine this list of putative causal genes to four candidates, as 

four of them displayed differential expression during seed development produced in optimal 

and heat stress conditions, but did not allow us to more precisely predict the causal gene. 

 

Functional validation of MIEL1 as regulator of germination plasticity of seeds produced 

under heat stress 

To further investigate the role of the candidate gene MtMIEL1 (MtrunA17_Chr2g0286331) in 

the regulation of germination speed, we analyzed its expression profile in seeds of contrasting 

M. truncatula HapMap accessions showing slow and fast germination. We selected seeds 

HM170 and HM279 accessions as fast-germinating genotypes (i.e. T50 around 23h) and 

HM185 and HM314 accessions as slow-germinating genotypes (i.e. T50 at 37h and 40h, 

respectively) (Figure 4A). We extracted mRNA from their mature seeds produced under heat 

stress conditions. Fast-germinating genotypes displayed higher MtMIEL1 relative transcript 

contents compared to slow-germinating genotypes (Figure 4B). Next, we assessed whether 

MtMIEL1 would participate to the plasticity of germination speed in response to heat stress 

during seed production of the M. truncatula reference genotype A17. Germination speed of 

seeds produced at 26°C was significantly slower than seeds produced at 20°C (Figure 4C). 

Next, we performed transcript profiling of MtMIEL1 at 0h and 24h of imbibition at 10°C in the 

dark (i.e. prior to radicle emergence). Figure 4D showed that at both times of imbibition, 

MtMIEL1 transcripts were significantly higher in faster germinating seeds, compared to slower 

germinating seeds, consistent with the observations made on the four contrasting genotypes. 

From these results, we concluded that MtMIEL1 was transcriptionally regulated following heat 

stress during seed production resulting in different transcripts levels during imbibition that are 

associated with speed of germination.  
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Figure 4. Characterization of seed germination and MtMIEL1 expression in M. truncatula seeds. (A) Germination 

speed (T50) at 15°C of seeds produced under heat stress condition (26°C) of four natural M. truncatula HapMap 

accessions. (B) Expression level of MtMIEL1 in dry mature seeds produced under heat stress condition (26°C) of 

the four natural M. truncatula HapMap accessions. Different letters indicate significant difference with each others 

(P<0.05) identifying by ANOVA and Tukey HSD test. (C) Germination curves at 10°C of M. truncatula reference 

genotype A17 seeds produced at 20°C and 26°C. Time to reach 50% germination (T50) of 20°C and 26°C seeds 

is indicated by the dash lines. (D) Expression levels of MtMIEL1 in dry mature seeds (0h), 24-h imbibed seeds 

(24h) and 48-h imbibed seeds (48h) which were produced at 20°C and 26°C. *, 0.01<p-value<0.05; **, 0.001<p-

value<0.01.  

 

To validate the role of MIEL1 in the regulation of germination speed and germination plasticity 

of seeds produced under heat stress conditions, we analyzed the ortholog of MtMIEL1 in 

Arabidopsis by characterizing the germination kinetics from seeds produced at 20°C (control) 

and 28°C (heat stress) of the homozygote miel1 mutants. Germination speed of freshly 

harvested wild-type seeds (Col0) produced at 28°C was much slower than that of seeds 
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produced at 20°C (Figure 5A, B). In contrast, miel1 mutant seeds germinated at the same speed 

regardless of the temperature experienced by the seeds during development, indicating that 

mutants had lost their plasticity. Moreover, we observed that the germination curves of miel1 

mutants were similar to that of wild-type seeds produced under heat stress (Figure 5A). Next, 

we repeated this experiment in non-dormant seeds obtained after a 72h stratification treatment 

at 4°C to release dormancy. Wild-type and miel1 mutant seeds displayed similar germination 

kinetics regardless of the production temperature (Figure 5C, D). These results obtained in 

Arabidopsis highlighted a new role of MIEL1 as regulator of germination speed in response to 

heat stress during seed development. 

 

Figure 5. Seed germination of Arabidopsis thaliana wild-type (Col-0) and miel1 T-DNA insertional mutant 

produced in optimal (20°C) and heat stress (28°C) conditions. (A-B) Germination curves and germination speed 

(T50) of freshly (dormant) harvested seeds of Col0 and miel1 mutant grown in optimal (20°C) and heat stress 

(28°C) conditions. (C-D) Germination curves and germination speed (T50) of mature seeds from Col0 and miel1 

mutant after 72 hours of stratification at 4°C to release dormancy. Error bars represent standard errors of the mean. 
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Different letters in B and D indicate significant differences between samples (P<0.05) identifying by ANOVA 

and Tukey HSD test. 

 

 

Discussion 

Use of natural population and GWAS to decipher molecular mechanisms associated to 

seed traits 

Natural variation within plant species causes phenotypic variations due to mutations generated 

by the evolutionary process. These natural variations are valuable resources to elucidate the 

molecular basis of phenotypic differences related to plant adaptation to distinct natural 

environments. In crops, phenotypic differences have been largely exploited in association 

genetic studies for QTL detection. Due to the development of sequencing technologies, many 

HapMap collections have been developed using the natural variations present in wild species, 

permitting genome-wide association studies to become a powerful approach to correlate 

genotype to phenotype. In our study, we fully benefited from the M. truncatula HapMap 

collection with the help of postGWAS and transcriptome analyses to understand how 

developing seeds cope with heat stress and modulate their germination response. This work 

extends previous studies showing that the temperature cues perceived by the mother plant are 

transmitted to their offspring (Penfield and MacGregor, 2017). Here, we characterized the 

genetic architecture that govern the plasticity response of Medicago and Arabidopsis seeds. We 

obtained a reasonable list of candidate genes potentially involved in regulating different seed 

traits and the GSEA from these candidate gene lists showed high relevance regarding the 

expected functional classes controlling the analyzed traits. For instance, candidate gene lists 

related to germination speed and germination homogeneity showed an enrichment in genes 

functionally annotated as involved in ‘secondary metabolites-flavonoids-chalcone synthase’, 

‘auxin and cytokinin hormone metabolisms’ and ‘subtilases’. The link between flavonoids and 

the plasticity response of germination is consistent with the sensitivity of the seed coat to 

temperature cues during development, which modulates the germination behavior (Penfield 

and MacGregor, 2017) and it has been largely documented that chalcone synthase, the central 

enzyme of the flavonoid pathway, showing up-regulation during the first 2-3 days of 

germination plays a role (Kubasek et al., 1992). Other studies confirmed the role of this 

pathway during germination using loss-of-function mutants of genes involved in flavonoid 
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regulation such as TRANSPARENT TESTA GLABRA (TTG), which displayed more efficient 

germination than wild-type seeds (Koornneef, 1981). Similar results were observed in different 

TRANSPARENT TESTA mutants (for review Shirley, 1998). Second, the roles of auxin and 

cytokinin hormone metabolisms in germination performances were described in literature. 

Indeed, even if auxin is not necessary for seed germination, it has been reported that IAA 

accumulated in the cotyledons of mature seeds (Epstein et al., 1986; Bialek and Cohen, 1989) 

influences seed germination with interplay of ABA (Brady et al., 2003). This interplay was 

shown to be via miR160, which inhibits auxin related gene expression during germination 

resulting in modulating ABA sensitivity during germination (Liu et al., 2007). Similar to auxin, 

cytokinin and cytokinin responses factors play a role of enhancer of seed germination when 

seeds were produced under stress (Khan and Ungar, 1997; Atici et al., 2005; Peleg and 

Blumwald, 2011). Moreover, cytokinin was also demonstrated to play a role in the transition 

between dry seed and seedling in concert with ABA via ABI5 gene regulation (Wang et al., 

2011). Finally, enrichment of ‘subtilases’ functional class in these candidate gene lists could 

be explained by the need of these proteases, which are highly active at very early stages of seed 

imbibition, regarding their role in the remobilization of storage proteins during seedling growth, 

as observed in barley (Galotta et al., 2019). It was not surprising either to find enrichment of 

the ‘HMG-CoA reductase’ class in the candidate gene list of germination speed. This central 

enzyme of the mevalonate and therefore isoprenoid pathway acts upstream to produce many 

important molecules such as secondary metabolites or hormones (e.g. ABA, GA and cytokinin). 

However, despite its central and upstream position, a study reported that an inhibitor of HMG 

reductase (i.e. one step even before the HMG-CoA reductase) retarded seed germination (Liao 

et al., 2014). In conclusion, by using the candidate gene lists obtained from the GWAS and 

GSEA, we could retrieve molecular mechanisms already described in the literature as directly 

or indirectly involved in studied seed traits, which makes GWA studies a reliable tool in 

exploratory analysis to decipher molecular processes controlling traits.  

Furthermore, using GWAS and postGWAS analyses in combination with adequate 

transcriptomic data allowed us to identify solid candidate genes potentially regulating the 

different seed traits. For instance, an ortholog of the Arabidopsis DA1 gene was identified as 

candidate regulator of seed weight in M. truncatula (MtrunA17_Chr5g0403261, Table S6). 

This gene DA1 (AT1G19270) has already been demonstrated to be a regulator of seed and 

organ size in Arabidopsis (Li et al., 2008). From this list of potentially reliable candidate genes, 

we also identified two of them strongly associated with seed germination performances, a 
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NUCLEAR FACTOR Y SUBUNIT A3 (ATHAP2C/NF-YA3, MtrunA17_Chr2g0300261) and a 

RING-type zinc finger family gene (MtrunA17_Chr2g0286331), potential ortholog of 

Arabidopsis MIEL1 gene, that we called MtMIEL1.  

 

MIEL1, a novel regulator of germination plasticity of seed produced under heat stress 

The MYB30-Interacting E3 Ligase1 (MIEL1) is an Arabidopsis RING type E3 ubiquitin ligase, 

which was identified to interact with and ubiquitinate MYB30, leading to MYB30 degradation 

via proteosome pathway. It was first discovered as a regulator of plant defense response to 

bacteria as MYB30 was known to trigger hypersensitive response in the inoculated zone to 

restrict bacterial growth (Marino et al., 2013). More recently, it was showed to be involved in 

the protein turnover of another MYB protein, MYB96, a regulator of ABA signaling in seeds 

(Lee and Seo, 2016). It was reported that miel1 mutants were hypersensitive to ABA compared 

to wild-type seeds, with miel1 seeds that germinated 1.5-fold slower in the presence of 1µM 

ABA compared to wild types (Lee and Seo, 2016). In contrast, without ABA treatment, they 

did not observe any difference in germination of miel1 mutants at 20°C. This result is similar 

to our observation using stratified (i.e. non dormant) miel1 seeds, we did not observe any 

significant change in germination (Figure 5C-D). In contrast, we observed that in dormant 

seeds (i.e. with higher residual ABA content), miel1 mutant seeds germinated significantly 

slower than wild-type seeds (Figure 5B), confirming the ABA hypersensitivity phenotype of 

the miel1 seeds. In our study, we also observed a decrease of MtMIEL1 expression in dry 

mature seeds with the two M. truncatula HapMap accessions displaying slow germination 

compared to the two fast-germinating accessions (Figure 4A, B) and a lower MtMIEL1 

expression level during germination of M. truncatula A17 seeds produced under heat stress, 

which germinated slower, with respect to seeds produced in optimal conditions (Figure 4C-D). 

Finally, in our study, we analyzed the impact of miel1 mutation on germination kinetics of 

seeds produced under optimal and heat stress conditions. We found that miel1 and wild-type 

seeds germinated at the same rate no matter of the environmental conditions of seed production 

(Figure 5 A-B). Our results strongly suggested that MIEL1 plays a role in the germination 

plasticity of seeds produced under heat stress. 
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SUPPLEMENTARY MATERIALS 

Figure S1. Graphical representations of phenotypic changes in seed traits of individual 

HapMap accessions between the two seed production conditions. 

Figure S2. Distribution histograms before (A) and after (B) the Box-Cox procedure to 

normalize phenotypic data of seed traits. Corresponding distribution curves are indicated on 

histograms. Traits are indicated on the x-axis and title of each histogram. 

Figure S3. Manhattan plots and the corresponding Q-Q plots from GWAS results regarding 

seed weight (A, B and C) and seed longevity (D, E and F). Red, green and blue arrows indicate 

QTNs discussed in the manuscript. 
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Table S1. Raw phenotypic values, p-values of Shapiro-Wilk test and lambda values to 

transform phenotypic data. Lambda values were calculated from the Box-Cox algorithm to 

obtain normal distribution. P-values of Shapiro-Wilk test were calculated on phenotypic values 

before and after Box-Cox transformation. 

Table S2. gwas result file related to seed weight (WEIGHT) containing p-values of all SNPs 

obtained from GWAS results. 

Table S3. gwas result file related to seed germination speed (T50) containing p-values of all 

SNPs obtained from GWAS results. 

Table S4. gwas result file related to seed germination homogeneity (T80T20) containing p-

values of all SNPs obtained from GWAS results. 

Table S5. gwas result file related to seed longevity (G204DA) containing p-values of all SNPs 

obtained from GWAS results. 

Table S6. List of highly significant QTNs (p-value<10-5) related to all seed traits. QTNs names, 

positions and p-values are indicated from FarmCPU. Numbers of potential associated SNP(s) 

and putative causal genes are indicated from PLINK analysis. Differentially expressed genes 

and gene annotations are indicated in the table.  

Table S7. List of different primers used to perform PCR and qRT-PCR experiments. 
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Figure S1: Graphical representations of phenotypic changes in seed traits of individual HapMap accessions 

between the two seed production conditions.  
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Figure S2: Distribution histograms before (A) and after (B) the Box-Cox procedure to normalize phenotypic data 

of seed traits. Corresponding distribution curves are indicated on histograms. Traits are indicated on the x-axis 

and title of each histogram. 
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Figure S3. Manhattan plots and the corresponding Q-Q plots from GWAS results regarding seed weight (A, B 

and C) and seed longevity (D, E and F). Red, green and blue arrows indicate QTNs discussed in the manuscript. 
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CHAPTER 4: CONCLUSIONS AND PERSPECTIVES 

This three-years thesis project aimed to explore seed molecular processes affected 

during heat stress in isolated seed tissues to identify candidate genes potentially regulating the 

stress response in Medicago truncatula seed tissues. The main goal was achieved with an 

exhaustive characterization of transcriptome changes in all three seed tissues along the seed 

development, plus a characterization of the methylome and chromatin dynamics in embryo 

following heat stress. Moreover, several candidate genes were identified and preliminary 

mutant analyses were initiated validating our choices. 

 

One of the main achievements of this PhD work was to develop this map of (epi)genetic 

regulation due to heat stress response. Even if not entirely exploited at the end of these three 

years, this knowledge represents a valuable tool for the SEED team current/future projects.  For 

instance, this knowledge has been already used in other projects such as the ANR DESWITCH 

(2020-2023) or the RFI epiDT (2020-2021) projects. It will become even more valuable in the 

coming years because this thesis project was the initial “seed stress” project but now several 

other projects are ongoing related to heat stress in different species but also to different (a)biotic 

stresses in Medicago truncatula. All together, these projects should provide, in the mid-term 

perspective, an accurate overview of how seeds sense, respond and adapt to stresses during 

their development. One of ongoing goal related to this thesis work is to valorise these data and 

make them accessible to the scientific community. In this perspective, we are currently 

collaborating with LIPM (Toulouse) to develop a Medicago Gene Expression Atlas webserver 

based on RNA-seq data, which already contains all the transcriptomic data generated in this 

thesis and offers many visualization and analysis tools to share and fully exploit these data. 

Regarding results from the GWAS approaches and the epigenome dynamics (i.e. methylome 

and H3K27me3), we already uploaded all the data in our in-house Jbrowse (i.e. genome 

browser), which will be publicly available soon after publication of these results. 

 

The second main achievement of this project was to identify relevant candidate genes 

to have a better understanding of how seeds sense, respond and adapt to heat stress. Even if the 

data integration of different parts of this thesis work has not been completed on a timely basis, 

we identified candidate gene lists in each of the sections and these choices appeared to be 
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relevant based on preliminary results from mutant analyses (e.g. MtMIEL1 and HAP3/MtL1L). 

Of course, the initial plan to integrate all OMICS data in order to refine the list of candidate 

gene is still ongoing with some solutions, which have already been tested but not discussed 

such as CAMOCO that allowed us to integrate transcriptomics and GWAS data (Schaefer et 

al., 2018). To date, two solid candidate genes are under investigation, MtMIEL1 

(MtrunA17_Chr2g0286331) and HAP3/MtL1L (MtrunA17_Chr4g0076381), and functional 

characterization of these two genes will continue. Moreover, now we have homozygote mutant 

lines for more candidates such as MtABI5 (MtrunA17_Chr7g0266211), MtDASH 

(MtrunA17_Chr2g0282441) and MtHAP2 (MtrunA17_Chr2g0300261). Even if MtDASH and 

MtABI5 are already published genes known to be involved in seed developmental processes, 

their regulation by (heat) stresses is interesting to elucidate, in contrast regarding MtHAP2, no 

report has yet been done, therefore it could represent an interesting candidate in heat stress 

response but also in seed maturation process. 
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Titre : Impacts du stress thermique sur l'acquisition des caractères de qualité des semences chez 

           Medicago truncatula 

Mots clés : Maturation des graines, Stress thermique, Qualité des semences, Transcriptomique,  

                    Epigénétique, GWAS 

Résumé : Les graines de légumineuses sont une 

source de nourriture importante pour garantir la 
sécurité alimentaire mondiale. Cependant, le 
réchauffement climatique met en danger les 
productions agricoles en affectant le rendement et la 
qualité des semences. Chez M. truncatula, une 
plante modèle des légumineuses, la maturation des 
graines est fortement affectée par les conditions 
environnementales, conduisant à l’altération de la 
qualité des graines. Dans cette étude, nous 
proposons d'explorer les processus moléculaires des 
semences aboutissant à la modification de la qualité 
des graines suite au stress chaleur pour identifier 
des gènes candidats régulant la réponse au stress et 
la plasticité phénotypique des caractères de qualité 
de semences. 
Deux approches ont été développées pour identifier 
les gènes candidats : (i) décrire les régulations  

(épi)génétiques intervenant lors du développement 
des tissus des graines en réponse au stress 
thermique dans le génotype de référence M. 
truncatula A17, et (ii) exploiter la diversité naturelle 
présente dans la population HapMap de M. 
truncatula en utilisant des approches d’association 
pangénomique. Un ensemble de gènes candidats 
potentiellement régulant la réponse au stress 
thermique et la plasticité des graines a été identifié. 
Parmi eux, deux gènes ont été sélectionnés pour 
être caractérisés fonctionnellement et sur la base 
de résultats préliminaires, MtHAP3 pourrait avoir un 
rôle dans la reprogrammation de la maturation des 
graines en réponse au stress thermique ; et 
MtMIEL1 pourrait agir en régulateur de la plasticité 
de germination des graines en réponse à un stress 
thermique. 

 

Title : Deciphering the impacts of heat stress on the acquisition of seed quality traits in Medicago  

           truncatula 

Keywords : Seed maturation, Heat stress, Seed quality, Transcriptomics,  Epigenetics, GWAS 

Abstract : Legume seeds represent a crucial 

source of human food and animal feed to ensure 
global food security. However, global warming and 
climate change endanger agricultural productions by 
impacting seed yield and seed quality. In Medicago 
truncatula, a model plant for legumes, the timing of 
seed maturation is greatly affected by adverse 
environmental growing conditions, leading to 
alterations of final seed traits. In this study, we intend 
to explore and describe seed molecular processes 
underlying the alteration of seed traits in response to 
heat stress to identify candidate genes regulating 
stress response and phenotypic plasticity of seed 
quality traits.  
Two complementary approaches were implemented 
to identify candidate genes: (i) deciphering the 
(epi)genetic regulations occurring in developing seed  

tissues in response to heat stress in the reference 
genotype A17, and (ii) exploiting the natural 
diversity of the Medicago truncatula HapMap 
population using genome-wide association study 
approaches. As a result, we observed an intense 
molecular reprogramming of seed maturation 
processes via the alteration of the main regulators 
of seed development. A set of candidate genes 
potentially regulating heat stress response and 
plasticity in seeds was identified. Among them, two 
genes were selected for functional characterizations 
and based on preliminary results, MtHAP3 showed 
a potential role in the reprogramming of early seed 
maturation determining seed size and seed 
longevity in response to heat stress; and MtMIEL1 
acted as a regulator of seed germination plasticity in 
response to heat stress. 

 


