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Titre : Caractérisation d'un module MKK3 impliqué dans la régulation de la dormance des graines chez Arabidopsis thaliana Mots clés : graine, dormance, cascade MAPK, Arabidopsis thaliana La dormance des graines est un programme génétique permettant de maximiser la survie de la future plantule en choisissant le moment approprié pour sa germination. Il consiste en un blocage momentané et réversible de la germination, même quand les conditions sont favorables. La dormance primaire est établie lors de la maturation de la graine, tandis que la dormance secondaire est mise en place, après dispersion, au sein de graines matures et à la suite d'une exposition à des facteurs environnementaux défavorables. Ces deux dormances sont levées au cours du temps ou en réponse à des facteurs environnementaux comme le nitrate, la lumière ou le froid. Le but de ma thèse a consisté à caractériser un module MAPK (Mitogen Activated Protein Kinase) intervenant dans la régulation de la dormance chez Arabidopsis thaliana. Un module MAPK est composé de MAP3Ks, MAP2Ks et MAPKs qui s'activent par phosphorylations successives.

Dans le cas de la graine, le module que j'ai caractérisé, implique MAP3K13/14/19/20, MKK3 et des MAPKs du clade-C, dont MPK7. J'ai montré que les graines mutantes de ce module acquéraient plus rapidement de la dormance secondaire que les graines sauvages et que cette dormance était peu sensible au nitrate. J'ai également montré que MPK7 était fortement activée dans la graine au cours de la levée de dormance, notamment en réponse à la lumière et au nitrate. Cette activation est très réduite chez le mutant map3k19/20 et chez mkk3. Enfin, des mesures d'expressions des gènes codant pour les MAP3Ks dans ces mêmes conditions m'ont permis de mettre en évidence le fait que MAP3K19 et MAP3K20 étaient régulées transcriptionnellement par la combinaison de nitrate et la lumière, alors que MAP3K13 et MAP3K14 semblaient uniquement régulées par le nitrate. Enfin, j'ai montré que le module n'était pas régulé, et ne régulait apparemment pas, la balance hormonale ABA/GA, un des mécanismes cruciaux du contrôle de la dormance de la graine.

Title: Characterization of an MKK3 module involved in the regulation of seed dormancy in Arabidopsis thaliana Keywords: seed, dormancy, MAPK module, Arabidopsis thaliana Seed dormancy is a genetic program that maximizes the survival of the future seedling by choosing the appropriate time for germination. It consists of a momentary and reversible blockage of germination even when conditions are favorable. Primary dormancy is established during seed maturation while the secondary dormancy is set up on the free seed, following an exposure to unfavorable factors. Both dormancies are lifted over time or in response to environmental factors such as nitrate, light or cold. The aim of my thesis was to characterize a MAPK (Mitogen Activated Protein Kinase) module involved in the regulation of dormancy in Arabidopsis thaliana. A MAPK module is composed of MAP3Ks, MAP2Ks and MAPKs, activated by successive phosphorylation.

The module I characterized involves MAP3K13/14/19/20, MKK3 and clade-C MAPKs, including MPK7. I showed that mutant seeds in this module acquired secondary dormancy more rapidly than wild-type seeds and that this dormancy was not very sensitive to nitrate. I also showed that MPK7 was strongly activated in the seed during dormancy release, especially in response to light and nitrate. This activation is greatly reduced in the map3k19/20 mutant and in mkk3. Finally, expression measurements of genes coding for MAP3Ks under these same conditions allowed me to show that MAP3K19 and MAP3K20 were transcriptionally regulated by nitrate and light in combination, whereas MAP3K13 and MAP3K14 seemed to be regulated only by nitrate. Finally, I showed that the module was not regulated, and apparently did not regulate, the ABA/GA hormone balance, one of the crucial mechanisms of seed dormancy control.

RESUME LONG

Ma thèse a consisté en « l'identification et la caractérisation d'un module de signalisation MAPK impliqué dans le contrôle de la dormance des graines chez la plante modèle Arabidopsis thaliana ». Elle a été réalisée au sein de l'Institut of Plant Science Paris Saclay (IPS2) dans l'équipe "Signalisation de Stress" supervisée par Jean Colcombet. La première partie de mon manuscrit de thèse a pour objectif d'introduire les principales notions et thématiques nécessaires à la compréhension du sujet et des expérimentations que je décris par la suite. Je réalise une présentation non exhaustive du programme de dormance des graines, notamment chez Arabidopsis thaliana, et survole également nos connaissances concernant les modules de signalisation MAPKs chez les plantes. La dormance de la graine est un programme génétique bloquant momentanément et de façon réversible la germination, même si les conditions sont favorables (Figure 1).

Elle constitue un trait adaptatif de l'espèce sélectionnée par l'évolution en interaction avec son environnement notamment climatique. Elle est très utile car elle permet aux graines de germer au moment opportun, lorsque les conditions sont favorables pour leur croissance. La compréhension des mécanismes impliqués dans la dormance représente un véritable enjeu agronomique. En effet, lorsque les semences ont un état de dormance profond, leur germination peut être rendue difficile ce qui entraine un retard de croissance des plantes et une hétérogénéité dans la culture. A l'inverse, des graines très peu dormantes peuvent germer avant même leur dispersion, c'est-à-dire sur l'épis notamment chez certaines céréales. Cela entraine une dégradation de leur qualité avant leur récolte et donc leur déclassement (réorientation de la production de semences pour une autre utilisation). La dormance primaire est acquise par les graines avant leur dispersion, lors de leur maturation sur la plante mère. Après dispersion, elle est progressivement levée et les graines réacquièrent leur capacité de germination. Cette sortie de dormance primaire est accélérée par les conditions environnementales (température, humidité, nutriments…). La dormance secondaire, en revanche, est acquise par une graine mature, après dissémination, lorsque les conditions environnementales sont défavorables et peut être également renforcée par l'état de dormance primaire de la graine. De nombreuses études ont permis d'identifier certains des mécanismes moléculaires responsables du contrôle de l'état de dormance. Parmi ceux-ci, la balance de deux hormones, l'ABA (acide abscissique) et les GAs Les MAPKs (Mitogen Activated Protein Kinases) sont des protéines kinases impliquées dans de nombreux processus biologiques chez les végétaux comme chez les animaux et les champignons. Elles sont organisées en module de signalisation composé de trois kinases : les MAP3Ks, les MAP2Ks et les MAPKs, qui s'activent en série par phosphorylation (Figure 2). Ces 3 kinases appartiennent à des familles multigéniques comportant de 10 à 21 membres. Les modules MAPKs ont été largement caractérisés dans la littérature comme étant impliqués dans la réponse immunitaire de la plante aux pathogènes, mais également dans des processus de développement et de réponse aux stress abiotiques. Toutefois, de nombreux gènes codant potentiellement pour des kinases de ces modules n'ont pas encore été identifiés comme étant impliqués dans des processus physiologiques. Récemment, l'équipe Stress Signaling a montré qu'un de ces modules MAPKs était impliqué dans la réponse de la plante à des stress abiotiques (stress hydrique, blessure) ou à des stimuli extérieurs (nutriments). L'une des originalités de ce module est qu'il s'articule autour de MKK3, une MAP2K possédant des domaines atypiques que l'on trouve chez toutes les espèces photosynthétiques. Les travaux de l'équipe suggèrent que MKK3 est capable de phosphoryler et donc d'activer des MAPKs appartenant au clade-C : MPK1/2/7/14. Etonnamment cette activation est lente, prenant parfois plus d'une heure. Par comparaison, d'autres MAPKs très connues, comme MPK3/4/6, sont activées en quelques minutes en réponse à une infection par un pathogène. Ce phénomène est dû à la nécessité de produire les MAP3Ks du clade-III qui agissent en amont du module. Cette production est sous contrôle transcriptionnel, déclenchée en réponse à un stimulus activateur du module tel que le nitrate (Schenk, Chardin, Krapp and Colcombet, non publié ), l'ABA (Danquah et al. 2015, Plant Journal) ou la blessure (Sozen et al. 2020 Plant Cell) … Récemment, trois articles ont suggéré qu'un module MKK3 pouvait réguler la dormance des graines chez les graminées comme le blé, l'orge et le riz (Torada et al. 2016 Current biology ;Nakamura et al. 2016 Current biology ; Mao et al. 2019 Rice). Dans le cadre de ma thèse, j'ai donc voulu répondre aux questions suivantes : (1) un module MKK3 est-il impliqué dans la régulation de la dormance des graines chez une dicotylédone comme Arabidopsis thaliana ? Si oui, (2) quels sont les acteurs de ce module et quels sont les signaux capables de l'activer ? Enfin, (3) je me suis demandée comment ce module s'articulait et pouvait être intégré à des processus cellulaires déjà connus pour réguler la dormance.

La seconde partie de mon manuscrit de thèse présente et discute mes travaux, c'est-à-dire l'ensemble des expériences réalisées durant ces 4 années afin de répondre à ces différentes questions scientifiques. Cette partie résultat est en fait composée d'un article, presque prêt à être soumis à un journal scientifique pour publication, suivi d'un ensemble de résultats complémentaires apportant de nouvelles perspectives. Au début de ma thèse, je me suis efforcée de mettre au point un protocole permettant d'induire de la dormance secondaire chez Arabidopsis thaliana. Ce protocole consiste à exposer des graines imbibées à une température de 30°C à l'obscurité pour une durée allant jusqu'à 15 jours. Au cours de ce traitement, les graines acquièrent progressivement de la dormance et sont pratiquement totalement dormantes après 10 à 15 jours passés dans ces conditions. L'acquisition de la dormance s'est révélée plus rapide chez les graines mutantes pour le gène MKK3, nommées mkk3 (Figure 3). Cela suggère que MKK3 permet de réguler l'entrée en dormance des graines et a tendance à s'opposer à l'établissement de cette dormance.

Figure 3. MKK3 est impliquée dans le contrôle de la dormance de la graine

A. Protocole d'induction de dormance. Afin d'induire de la dormance, les graines sont placées temps à 30°C à l'obscurité de 0 à 15 jours, puis sont transférées en conditions de culture favorables afin d'estimer leur taux de germination au bout de 7 jours. B. Induction de dormance secondaire chez les graines « sauvage » Col-0 et le mutant mkk3-1. Ce graphique présente le taux de germination moyen obtenu dans 8 expériences indépendantes.

Mon but était de travailler sur la sortie de cette dormance secondaire. J'ai donc mis en place un second protocole qui me permet de lever la dormance secondaire induite à 30°C pendant 10 jours à l'obscurité. J'utilise l'anion nitrate (NO3 -) qui est connu pour promouvoir la sortie de dormance et donc la germination. Ce protocole consiste à transférer les graines dormantes sur un nouveau milieu contenant ou non du NO3 -. J'ai pu observer que le transfert sur un milieu sans nitrate n'affectait pas la dormance mais le transfert sur un milieu contenant 5mM NO3 -la levait totalement (Figure 4). L'effet du nitrate est observable aussi bien chez les graines normales (Col-0) que chez les mutants mkk3. Néanmoins, à de plus faibles concentrations de nitrate, les graines mkk3 apparaissent moins sensibles car elles germent en effet significativement moins bien que le s graines Col0, ce qui suggère que la dormance est plus difficilement levée. Ces résultats constituent de bons arguments en faveur du fait que MKK3 pourrait également réguler la levée de dormance des graines par le nitrate. A. Protocole de levée de dormance. Les graines dormantes (induite à l'aide du protocole détaillé en figure 4) sont déplacées sur un nouveau milieu contenant du nitrate (NO3 -), en conditions de culture favorables à la germination. Quatre concentrations ont été utilisées : 0mM, 0,05mM, 0,5mM et 5mM. Le taux de germination est estimé au bout de 7 jours. B. Induction de dormance secondaire chez Col-0 et le mutant mkk3-1.

Afin de le prouver, j'ai mesuré l'activité de MPK7, qui fonctionne en aval de MKK3, dans les mêmes conditions. Pour cela j'ai réalisé un test d'activité kinase. Cette expérience consiste à purifier MPK7, grâce à un anticorps capable de la reconnaitre (c'est ce qu'on appelle une "immuno-purification") puis à mesurer son activité comme sa capacité à phosphoryler un substrat synthétique (MBP) à l'aide d'ATP radioactif. De nombreuses figures de ma thèse montre la phosphorylation de la MBP comme étant une lecture de l'activité MPK7. Cette dernière se traduit par la présence d'une bande noire sur un gel (détectable par autoradiographie), dont l'intensité est proportionnelle à celle de l'activité de MPK7. L'absence d'activité de MPK7 se traduit, à l'inverse, par l'absence de bande. J'ai ainsi pu montrer que l'activité de MPK7 en graine sèche ("DS" (Figure 5)) était forte et disparaissait après induction de dormance secondaire ("0", (Figure 5)). Au cours de la levée de dormance, j'ai également noté une augmentation transitoire de cette dernière, plus forte en présence de nitrate qu'en son absence. Elle atteint alors un pic à 8h et diminue par la suite. Dans les graines mkk3, je n'ai pas observé d'activité MPK7 quelques soient les conditions. Cela confirme que l'activation de MPK7 au cours de la levée de dormance par le nitrate est régulée uniquement par la MAP2K MKK3.

Figure 5. MPK7 est activé par le nitrate dans les graines dormantes et cette activation est dépendante de MKK3. L'activation de MPK7 est mesurée grâce au suivi de la phosphorylation d'un substrat de MPK7 : la MBP. Le test d'activité a été mené en graines non dormantes (« DS »), en graines devenues dormantes (« 0' »), puis au cours du maintien ou de la levée de dormance par le nitrate. Les gels bleus montrent la quantité de MBP (haut) et la quantité de protéines présente dans chaque échantillon (bas). Une détection de la protéine MPK7 est également réalisée.

Les premiers mois de cette thèse m'auront donc permis d'identifier un module composé de MKK3 et MPK7, activé par le nitrate et permettant de lever la dormance de la graine. Je me suis ensuite demandée si d'autres signaux, connus pour moduler la dormance, pouvaient également activer ce module de signalisation.

La balance entre l'ABA et les GAs a un impact majeur sur l'état de dormance de la graine. L'ABA favorise l'induction et le maintien de la dormance, tandis que les GAs favorisent au contraire la germination. Au cours de ma thèse, j'ai vérifié que mes graines étaient sensibles à l'ABA en réalisant un test de germination (résultat non montré). Les graines ne germaient en effet plus en présence de 50 µM d'ABA. J'ai donc mesuré l'activité de MPK7 en présence ou non de cette hormone végétale (Figure 6), en utilisant le protocole de levée de dormance détaillé ci-dessus (Figure 4). La présence d'ABA n'a ni diminué ni augmenté l'activité de MPK7 au cours de la levée de dormance. Cette expérience suggère donc que l'activation par l'ABA du module MKK3 ne serait pas possible chez la graine, bien que certaines études aient démontré le contraire dans les plantules in vitro (Danquah et al. 2015, Plant Journal). J'ai testé en parallèle l'effet des gibbérellines (GAs), l'hormone ayant un effet opposé à celui de l'ABA concernant la dormance, sur l'activation de MPK7 au cours de la levée de dormance (Figure 7). A nouveau, l'activation de MPK7 au cours de la levée de dormance ne semble pas être perturbée par l'ajout de GA3 ni par l'utilisation de paclobutrazol, un inhibiteur de la biosynthèse des GAs (non montré). En conclusion, les GAs et l'ABA, deux hormones végétales cruciales pour la régulation de la dormance, ne semblent pas réguler l'activité de notre module de prédilection ou intervenir dans son activation par le nitrate. Enfin, je me suis demandée dans quelle mesure la lumière, un élément également majeur pour la régulation de la dormance et de la germination de la graine, pouvait réguler notre module. A nouveau, j'ai mesuré l'activité de MPK7 au cours de la levée de dormance (c'est-à-dire après un transfert de graines dormantes sur un milieu contenant ou non du nitrate), en présence ou en absence de lumière (Figure 8). On remarque de manière très claire une disparition complète de l'activité de MPK7 à l'obscurité, malgré la présence de nitrate dans le milieu. Ce résultat a été reproduit plusieurs fois et prouve que l'activation de MPK7 par le nitrate est conditionnée à la présence de lumière.

Figure 8. L'activation de

MPK7 par le nitrate, au cours de la levée de dormance, dépend de la présence de lumière. Les graines sont transférées sur milieu avec ou sans nitrate et incubées avec ou sans lumière blanche. Le protocole est décrit plus en détail dans la figure 4.

Ces différents résultats auront permis d'identifier MKK3 et MPK7 comme étant les acteurs majeurs impliqués dans la régulation de la dormance chez Arabidopsis thaliana en réponse à la lumière et au nitrate. Je me suis par la suite efforcée d'identifier les MAP3Ks pouvant agir en amont de MKK3-MPK7. D'après certaines études, la probabilité qu'il s'agisse de MAP3Ks appartenant au clade-III, était grande (figure 2). Ces MAP3Ks du clade-III sont au nombre de 9 (MAP3K13 à MAP3K21), et tous nos travaux suggèrent que leur fonction passe par leur changement d'expression en réponse à des signaux activateurs. Une bonne manière de savoir quelles MAP3Ks sont impliquées dans l'activation de MPK7 par le nitrate dans la graine consiste donc à regarder l'expression de chacune d'entre elles au cours de l'expérience de levée de dormance. C'est ce que j'ai fait par RT-qPCR sur de ces 9 gènes en question (figure 9). Seules 4 d'entre elles sont régulées transcriptionnellement : MAP3K13, MAP3K14, MAP3K19 et MAP3K20. Les autres restant inchangées et virtuellement non exprimées (non montré). Je ne donne ici que l'exemple des MAP3K19 et MAP3K20 qui se sont révélées par la suite être des régulateurs importants du module MKK3 contrôlant la germination dans la graine. La démonstration que ces deux MAP3Ks ont effectivement un rôle dans l'activation de MPK7 par le nitrate nécessite d'utiliser des mutants. J'ai donc réalisé un test d'activité kinase à partir de graines mutantes pour ces deux MAP3Ks. J'ai pu remarquer que MPK7 était bien moins activée dans le double mutants map3k19/map3k20 mais pas fortement dans les simples mutants, ce qui suggèrent que les deux MAP3Ks jouent un rôle redondant dans son activation (Figure 10). Il reste toutefois une activité résiduelle dans le doubles mutants map3k19/map3k20 et notre hypothèse est qu'elle serait due à la présence des deux autres MAP3Ks exprimées au cours de la levée de dormance : MAP3K13/14. Une partie du chapitre de résultats de ma thèse, que je ne développe pas dans ce résumé, relate mes efforts pour identifier ce qui pourrait être en aval du module de signalisation. J'ai montré précédemment que l'ABA et les GAs ne régulaient pas le module. Toutefois une hypothèse séduisante était que le module puisse lui-même réguler la dormance à travers le contrôle de la balance ABA/GA. Les teneurs de ces deux hormones dans la graine jouent un rôle important sur sa capacité de germination et ses teneurs sont sous le contrôle de gènes codant pour des enzymes impliquées dans leurs métabolismes, soient de biosynthèse, soit de dégradation. Je me suis donc efforcée de comparer l'expression d'une trentaine de gènes dans les graines sauvages et mutantes pour MKK3 au cours de l'expérience de levée de dormance. Je n'ai malheureusement pas pu observer de différences très convaincantes (résultat non montré) ce qui suggère que le module MKK3 régulerait plutôt un autre processus de régulation de la dormance, qui reste à identifier.

La troisième partie de ma thèse est un résumé des conclusions et perspectives de mon travail. Je commence par le résumer et propose un modèle de travail (figure 12). 
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CHAPTER 1. INTRODUCTION

A seed is defined as a structure containing an embryonic plant, usually 

SEED DORMANCY I.A. Seed development, dispersion, and germination

Seed is formally composed of three main structures with distinct origins and ploidies: the embryo, developing from the fertilized oosphere, which will become the future plantlet; the endosperm, issued of the fertilization of polar nuclei of the embryonic sac, which has often a storage function and the coat, derived from maternal tissues, protecting inner structures (de Vries and Weijers, 2017; Park and Seed is considered as a very complex and successful method of sexual reproduction in vascular plants [START_REF] Linkies | The evolution of seeds[END_REF]. It appears 370 million years ago during Devonian and defines the spermatophytes [START_REF] Cressler | Terrestrialization in the Late Devonian: A palaeoecological overview of the Red Hill site, Pennsylvania, USA[END_REF][START_REF] Rothwell | Origin of Seed Plants: An Aneurophyte/Seed-Fern Link Elaborated[END_REF]. It notably resulted in a great improvement of specie dissemination and mixing genetic material by protecting and supplying nutritional resources for embryos and by delaying the germination under unfavourable conditions via dormancy induction.

Arabidopsis seed formation is divided into two stages: embryogenesis and maturation [START_REF] Baud | An integrated overview of seed development in Arabidopsis thaliana ecotype WS[END_REF]. It begins with the double fecundation of two cells belonging to the female gametophyte: the oosphere and the two polar nuclei; with the two sperm cells of the pollen grain. Embryogenesis starts by (i) an asymmetrical division of the fertilized oosphere, the zygote, resulting in the creation of a small apical cell, which will become the embryo, and a larger basal cell, which will become the suspensor. The apical cell undergoes (ii) a very well-defined succession of division/elongation steps, which orchestrates the development of an embryonic plantlet composed of an embryonic stem (hypocotyl), connecting a root meristem at the basal end and a shoot apical meristem surrounded by two embryonic pair of leaves, named cotyledons at the top end. (iii) The latter stage, referred as the maturation phase, is characterized by reserve accumulations in the cotyledons and/or endosperm tissues, cotyledons bending and the acquisition of desiccation tolerance before seeds undergo an important desiccation step (de [START_REF] De Vries | Plant embryogenesis[END_REF][START_REF] Park | Arabidopsis embryogenesis[END_REF]. Seed maturation is also characterized by the acquisition of primary dormancy [START_REF] Ali | Updated role of ABA in seed maturation, dormancy, and germination[END_REF].

After maturation, seeds can be dispersed. Seed dispersal strategies constitute one of the reasons for the seed success during evolution. It represents an important advantage to avoid competition with parental plants and within the progeny, to promote genetic mixing between populations and to favour new land colonization.

Besides, this ability can be crucial for seedling survival under environmental constraints caused by human landscape fragmentation or climate change [START_REF] Vittoz | Seed dispersal distances: A typology based on dispersal modes and plant traits[END_REF]. Autochory or allochory are the two main dispersal methods for fruit containing seeds or free seeds. Autochory is a dispersion relying on plant ways. It is the result of seed falling by gravity (barochory) or its dissemination caused by fruit explosion (ballistic dispersion). Gravity, on one hand, can exercise its force when fruits or seeds gain weight, causing their fall away from the plant. Ballistic dispersal, on the other hand, results in an increase of inner fruit turgor pressure, causing fruit explosion and subsequent seed dispersal. A great example of this method is found in Hura crepitans seeds (sandbox tree), which can be dispersed up to 100 meters away from the mother plant [START_REF] Vittoz | Seed dispersal distances: A typology based on dispersal modes and plant traits[END_REF]. The second major way of dispersal, called allochory, relies on several external ways to spread seeds away from mother plants.

For instance, a fruit, containing seed(s), can be dispersed over long distances by floating in the wind (anemochory) or by fluttering to the ground. This dispersal method relies on particular structure appeared during evolution on the fruit, like the "winged" maple seeds or the dandelion crests. Seed dispersal can also be passively dispersed through water, in particular in tropical regions (hydrochory). Finally, allochory could rely on animal-mediated dispersion (zoochory); epizoochory corresponding to the transport of seeds adhering to animal surfaces; whereas endozoochory to seed dispersal through their ingestion/rejection, mostly by birds or mammals. Last, human activities also contribute to zoochory dispersal at a different scale range. Anthropochory phenomenon can indeed occur over short or long distances generated by human transportation or activity (vehicle, plane, etc.). The most extreme examples are the main crop species which are cultivated all over the world, whereas the ancestral wild species originated from local areas.

Germination is described as the sequence of events following seed imbibition, and leading to the protrusion of the embryonic radicle through the endosperm and teguments. This phenomenon, called "visible germination", ensure the delivery of a functional seedling. Germination usually occurs in three phases (Figure 1.2). A first phase corresponds to a rapid seed imbibition, i.e. a strong water uptake (Bai et al., 2017; [START_REF] Galland | Dynamic proteomics emphasizes the importance of selective mRNA translation and protein turnover during Arabidopsis seed germination[END_REF]. When hydration reaches 60%, the water uptake slows down (phase II) and the cellular machineries restart. An important step is the restauration of cell integrity, i.e., DNA break are repaired and membrane integrity restored. The cellular metabolism also resumes, including the de novo protein synthesis from stored RNA, the neo-synthesis of messengers and the initiation of seed reserve mobilizations. Cell elongation starts in the embryonic axes along with vacuole expansion and the accumulation of osmotic solutes to trigger the radicle protrusion.

Phase III is characterized by intensive tissue growth, notably of the radicle, supported by a very active remobilization of reserves leading to plantlet establishment [START_REF] Bove | Functional genomics in the study of seed germination[END_REF][START_REF] Bewley | Seed Maturation and Germination ☆[END_REF][START_REF] Bewley | Seed Germination and Dormancy J[END_REF][START_REF] Bai | Extensive translational regulation during seed germination revealed by polysomal profiling[END_REF][START_REF] Galland | Dynamic proteomics emphasizes the importance of selective mRNA translation and protein turnover during Arabidopsis seed germination[END_REF].

The seed decision to germinate is conditioned by environmental parameters such as water availability/imbibition, light quality and quantity or temperature, nutrient availability, etc. However, germination might be genetically delayed even when all these favourable conditions are gathered. This phenomenon is usually called dormancy.

I.B. Dormancy, a seed program to maximize plantlet survival by choosing germination time

Seed dormancy is defined as the temporary inability of a viable seed to germinate even under favourable conditions for germination. Based on literature, dormancy relies on various mechanisms (or combinations of mechanisms), that Sano and Marion-Poll summarized as "a combination of a coat-imposed dormancy due to the multiple cell layers surrounding the embryo (testa and endosperm) preventing the radicle protrusion, and embryonic dormancy, when the embryo itself is unable to induce growth [START_REF] Sano | Aba metabolism and homeostasis in seed dormancy and germination[END_REF]) (Figure 1.3). These authors define first the physiological dormancy (PD), which is define as a physiological state of seeds preventing the resumption of activity of the embryo. This type of dormancy requires some chemical changes in seeds, like hormonal imbalance, to prevent germination.

Morphological dormancy (MD) concerns seed whose embryos are not fully developed, therefore delaying the germination of the time necessary to complete development.

Seeds with morphophysiological dormancy (MPD) have a combination of physiological dormancy and underdeveloped embryo. Physical dormancy (PY) come from water-impermeable layer(s) of seed coats and can be also combined with physiological dormancy. PD is considered as the most common class of dormancy in Angiosperms. It is notably Arabidopsis thaliana dormancy [START_REF] Baskin | A classification system for seed dormancy[END_REF].

Dormancy is a genetic physiological program which undergoes a strong natural selection, optimized for a plant in interaction with its environment. Not surprisingly, the timing of germination varies from specie to specie, and even from variety to variety, from regions with different climates or lifestyles. Tropical species are producing, for instance, more often non-dormant seeds as their climatic conditions are rather often stable over the year. In contrast, seeds produced by species from temperate zones are often dormant due to the importance of germination strategy in a fluctuating environment along seasons [START_REF] Auge | Secondary dormancy dynamics depends on primary dormancy status in Arabidopsis thaliana[END_REF][START_REF] Donohue | Germination, postgermination adaptation, and species ecological ranges[END_REF][START_REF] Willis | The evolution of seed dormancy: Environmental cues, evolutionary hubs, and diversification of the seed plants[END_REF]. Within a same specie occupying a very large area with various climate conditions, the dormancy varies a lot. A well-known example is Arabidopsis thaliana: some ecotypes, such as Columbia-0 (Col-0) are weakly dormant (few weeks at room temperature release the dormancy) whereas others such as Cap Verde Island (CVI) have a strong dormancy, not germinating efficiently event after long period of conservation and requiring strong treatments to release it. But dormancy levels are also varying from a seed batch to another even with identical genotype because of the specific growth conditions faced by the mother plant during late seed development [START_REF] Mitchell | Variability in seeds: Biological, ecological, and agricultural implications[END_REF].

Furthermore, dormancy can be classified by the timing of its induction in seeds.

Primary dormancy is acquired during seed late development stages, meaning before seed release from the mother plant. It largely integrates the environmental conditions supported by the mother plant. After release, primary dormancy weakens over time in dry seeds, this process being referred as "after ripening", and this weakening is accelerated by environment parameters, notably by imbibition, temperature, light and nitrate. Seeds become then non dormant and ready to germinate if the conditions are favourable. On the other hand, dispersed seeds exposed to unfavourable conditions may induce another type of dormancy named secondary dormancy [START_REF] Footitt | Trait analysis reveals DOG1 determines initial depth of seed dormancy, but not changes during dormancy cycling that result in seedling emergence timing[END_REF][START_REF] Ibarra | Molecular mechanisms underlying the entrance in secondary dormancy of Arabidopsis seeds[END_REF][START_REF] Buijs | A perspective on secondary seed dormancy in arabidopsis thaliana[END_REF].

The succession of dormant and not dormant physiological steps is referred as "cycling dormancy" and is a probably very general process experienced by seeds remaining in unfavourable conditions for long periods.

Dormancy studies have been mainly led on primary dormancy over the past decades rather than on secondary dormancy. The reason is probably because of the consequences on agriculture. The lack of dormancy has been selected during crop domestication as it allows a better germination synchronization after sowing. It has also a strong connection with seed longevity. But crops having not dormant seeds are also subjected to pre-harvest sprouting (PHS), i.e., the germination of the seeds directly, in moisty conditions, on spikes (for cereals) or in the fruit. It has obviously very strong consequences on seed composition and quality. Yet, there is a gap in our knowledge about the molecular aspects resulting in the induction and release of secondary dormancy. This is also due to the difficulty to study this phenomenon in laboratory [START_REF] Finch-Savage | Seed dormancy and the control of germination[END_REF][START_REF] Holdsworth | Tansley review Arabidopsis seed maturation , after[END_REF].

Several studies provided capital insights about this process but remains quite rare [START_REF] Footitt | Dormancy cycling in Arabidopsis seeds is controlled by seasonally distinct hormone-signaling pathways[END_REF].

To review the different mechanisms controlling this phenomenon, I will focus my text first on primary dormancy, as we know more, and, in a second step, present insights characterizing secondary dormancy.

I.C. Molecular determinant of the control of dormancy and germination

The modulation of primary dormancy requires a fine regulation of phytohormone levels and signaling [START_REF] Toh | High temperature-induced abscisic acid biosynthesis and its role in the inhibition of gibberellin action in Arabidopsis seeds[END_REF][START_REF] Penfield | Effects of environmental variation during seed production on seed dormancy and germination[END_REF]. Abscisic acid (ABA) and Gibberellic acids (GAs) define a critical balance controlling dormancy: i)

ABA promotes seed dormancy and inhibits germination [START_REF] Ali | Updated role of ABA in seed maturation, dormancy, and germination[END_REF], ii) GAs promote germination, largely by counteracting ABA signaling [START_REF] Vishal | Regulation of seed germination and abiotic stresses by gibberellins and abscisic acid[END_REF][START_REF] Bentsink | Seed Dormancy and Germination[END_REF][START_REF] Nambara | Abscisic acid and the control of seed dormancy and germination[END_REF]; iii) Other phytohormones, such as auxin [START_REF] Liu | Auxin controls seed dormancy through stimulation of abscisic acid signaling by inducing ARF-mediated ABI3 activation in Arabidopsis[END_REF], brassinosteroids [START_REF] Hu | BRASSINOSTEROID INSENSITIVE2 interacts with ABSCISIC ACID INSENSITIVE5 to mediate the antagonism of brassinosteroids to abscisic acid during seed germination in arabidopsis[END_REF], and ethylene [START_REF] Corbineau | Ethylene, a key factor in the regulation of seed dormancy[END_REF] also intervene in the regulation of seed dormancy [START_REF] Subbiah | Interactions between ethylene, abscisic acid and cytokinin during germination and seedling establishment in Arabidopsis[END_REF][START_REF] Ali | Updated role of ABA in seed maturation, dormancy, and germination[END_REF]. This part focuses on the description of the regulation of dormancy by phytohormones and focuses on the ABA/GA balance.

I.C.1. ABA homeostasis and signaling

ABA is a phytohormone discovered half a century ago [START_REF] Addicott | Abscisic Acid: A New Name for Abscisin II (Dormin)[END_REF]. It is involved in plant growth and development and participates to plant responses to environmental stresses, notably in the adaptation to drought, temperature, absence of light or osmotic stresses [START_REF] Yamaguchi-Shinozaki | Molecular responses to dehydration and low temperature: differences and cross-talk between two stress signaling pathways[END_REF][START_REF] Chen | Integration of light and abscisic acid signaling during seed germination and early seedling development[END_REF][START_REF] Fernando | Role of ABA in Arabidopsis Salt, Drought, and Desiccation Tolerance[END_REF]. In seeds, ABA displays a major role in the establishment and maintenance of primary dormancy [START_REF] Kermode | Role of abscisic acid in seed dormancy[END_REF][START_REF] Ali | Updated role of ABA in seed maturation, dormancy, and germination[END_REF].

It is also a major blocker of germination of non-dormant seeds.

ABA content is largely controlled by its de novo synthesis, which starts in plastids from carotenoids to end into ABA by the successive actions of zeaxanthin epoxidase (ZEP/ABA1), several 9-cis-epoxycarotenoid dioxygenases (NCED) NCED2/3/5/6/9, a NAD-dependent oxidoreductase SDR1, also called ABA2, and the abscisic aldehyde oxidase (AAO) [START_REF] Rodríguez-Gacio | Seed dormancy and ABA signaling: the breakthrough goes on[END_REF][START_REF] Finkelstein | Abscisic Acid Synthesis and Response[END_REF][START_REF] Ali | Updated role of ABA in seed maturation, dormancy, and germination[END_REF]. ABA content also depends of its catabolism which is mediated by cytochrome P450 enzymes [START_REF] Kushiro | The Arabidopsis cytochrome P450 CYP707A encodes ABA 8′-hydroxylases: Key enzymes in ABA catabolism[END_REF][START_REF] Saito | Arabidopsis CYP707As encode (+)-abscisic acid 8′-hydroxylase, a key enzyme in the oxidative catabolism of abscisic acid[END_REF] (Figure 1.4).

During seed development, ABA is synthesized in both maternal and zygotic tissues, and can accumulate in seeds during late maturation stages to modulate primary seed dormancy [START_REF] Kumar | Abscisic acid : Metabolism , transport , crosstalk with other plant growth regulators , and its role in heavy metal stress mitigation[END_REF]. Proteins involved either in ABA synthesis or degradation are crucial for dormancy modulation. For instance, NCEDs are key regulators of the seed dormancy [START_REF] Seo | Interaction of light and hormone signals 134 in germinating seeds[END_REF][START_REF] Nambara | Abscisic acid and the control of seed dormancy and germination[END_REF]. Among this multigenic family, NCED5, NCED6 and NCED9 are highly expressed in seed tissues, contributing to dormancy induction through ABA production. Coherently, nced5/6/9 seeds show a reduced primary dormancy in freshly harvested seeds [START_REF] Frey | Epoxycarotenoid cleavage by NCED5 fine-tunes ABA accumulation and affects seed dormancy and drought tolerance with other NCED family members[END_REF].

ABA catabolism is controlled by CYP707As proteins and displays an important role in dormancy release in many species [START_REF] Ali | Updated role of ABA in seed maturation, dormancy, and germination[END_REF]. Indeed, cyp707 mutants exhibited mild to strong dormancy phenotype [START_REF] Okamoto | CYP707A1 and CYP707A2, which encode abscisic acid 8′-hydroxylases, are indispensable for proper control of seed dormancy and germination in Arabidopsis[END_REF]. CYP707A2

notably plays a role in embryonic and endosperm development to reduce ABA levels [START_REF] Okamoto | CYP707A1 and CYP707A2, which encode abscisic acid 8′-hydroxylases, are indispensable for proper control of seed dormancy and germination in Arabidopsis[END_REF]. During early seed imbibition, CYP707A2 expression is also rapidly induced to promote degradation of ABA levels [START_REF] Okamoto | CYP707A1 and CYP707A2, which encode abscisic acid 8′-hydroxylases, are indispensable for proper control of seed dormancy and germination in Arabidopsis[END_REF].

However, the other CYP707A genes, CYP707A1 and CYP707A3 also take part in ABA catabolism in seeds but their role in breaking dormancy seems to stay minor [START_REF] Okamoto | CYP707A1 and CYP707A2, which encode abscisic acid 8′-hydroxylases, are indispensable for proper control of seed dormancy and germination in Arabidopsis[END_REF][START_REF] Ali | Updated role of ABA in seed maturation, dormancy, and germination[END_REF][START_REF] Kushiro | The Arabidopsis cytochrome P450 CYP707A encodes ABA 8′-hydroxylases: Key enzymes in ABA catabolism[END_REF].

ABA is sensed and regulates various cellular processes. ABA signaling pathways has been studied since decades. Early major breakthroughs have been the identification of abi1-1 mutant, which shows a very strong ABA insensitivity during germination [START_REF] Leung | Arabidopsis ABA response gene ABI1: Features of a calcium-modulated protein phosphatase[END_REF] and SnRK2s, initially described as functioning in ABA signaling pathway in stomates [START_REF] Mustilli | Arabidopsis OST1 protein kinase mediates the regulation of stomatal aperture by abscisic acid and acts upstream of reactive oxygen species production[END_REF][START_REF] Li | Regulation of abscisic acid-induced stomatal closure and anion channels by guard cell AAPK kinase[END_REF]. But, before 2009, this signaling process was poorly understood and many articles of this period described mutants having ABA phenotypes without clear understanding of their roles. (Santiago et al., 2009;[START_REF] Gonzalez-Guzman | Arabidopsis PYR/PYL/RCAR receptors play a major role in quantitative regulation of stomatal aperture and transcriptional response to abscisic acid[END_REF]. Identically, seeds impaired in snrk2.2/2.3/2.6 are also insensitive [START_REF] Gonzalez-Guzman | Arabidopsis PYR/PYL/RCAR receptors play a major role in quantitative regulation of stomatal aperture and transcriptional response to abscisic acid[END_REF] and some snrk2 mutants are viviparous under high humidity conditions [START_REF] Fujita | Three SnRK2 protein kinases are the main positive regulators of abscisic acid signaling in response to water stress in arabidopsis[END_REF]. Logically, because PP2C

proteins are negative regulators of ABA "core" pathway, loss-of-function mutants impaired in PP2C genes such as hab1-1/abi1-2/pp2ca-1 or hab1-1/abi1-2/abi2-2,

show ABA hypersensitivity during seed germination [START_REF] Rubio | Triple loss of function of protein phosphatases type 2C leads to partial constitutive response to endogenous abscisic acid[END_REF]. abi1-1, abi2-1 or hab1 mutants, originally identified in forward genetic screens as strongly insensitive to ABA and exhibiting a mild seed dormancy phenotype, carry gain of function mutations in the catalytic domain [START_REF] Zhao | Identification and characterization of the arabidopsis orthologs of nuclear transport factor 2, the nuclear import factor of Ran[END_REF][START_REF] Leung | ABI1 Genes Encode Homologous Protein Phosphatases 2C lnvolved in Abscisic Acid Signal Transduction[END_REF].

Targets of the ABA core signaling pathway are phosphorylated by SnRK2s. This includes ABA responsive ABRE-binding factors (also called AREB/ABF), which define a 13-members sub-clade of the very large the basic leucine zipper (bZIP) family [START_REF] Jakoby | bZIP transcription factors in Arabidopsis[END_REF][START_REF] Choi | ABFs, a family of ABA-responsive element binding factors[END_REF][START_REF] Uno | Arabidopsis basic leucine zipper transcription factors involved in an abscisic acid-dependent signal transduction pathway under drought and high-salinity conditions[END_REF].

AREB/ABF were identified as able to bind promoters containing ABA-responsive elements (ABRE) sequences [START_REF] Choi | ABFs, a family of ABA-responsive element binding factors[END_REF][START_REF] Uno | Arabidopsis basic leucine zipper transcription factors involved in an abscisic acid-dependent signal transduction pathway under drought and high-salinity conditions[END_REF]. Among them, ABI3, ABI4 and ABI5 seem to be involved in abiotic stress responses [START_REF] Nakamura | Physical interactions between ABA response loci of Arabidopsis[END_REF][START_REF] Reeves | Direct targets of the transcription factors ABA-Insensitive(ABI)4 and ABI5 reveal synergistic action by ABI4 and several bZIP ABA response factors[END_REF].

For instance, ABI5 is a transcription factor exhibiting some structural similarities with bZIP class and promotes seed dormancy. Indeed, abi5 mutant was identified as ABA-resistant germination [START_REF] Finkelstein | Are Similar To the Abi3 Mutations[END_REF]. During seed development, ABA positively also regulates ABI5 accumulation and activity to modulate seed germination under unfavourable environmental conditions [START_REF] Lopez-Molina | A postgermination developmental arrest checkpoint is mediated by abscisic acid and requires the ABI5 transcription factor in Arabidopsis[END_REF]. ABI5 transcript was found to be more abundant in desiccated seeds than in vegetative tissue [START_REF] Finkelstein | The Arabidopsis abscisic acid response gene ABI5 encodes a basic leucine zipper transcription factor[END_REF]. ABI5 was also found to encode a transcription factor promoting ABA signaling pathway and is responsible for the regulation of expression of genes, encoding for Late Embryogenesis Abundant (LEA)

proteins (Daszkowska-golec, 2021).

ABI3 has long been considered to be an essential regulator of seed dormancy. abi3 exhibits a great decrease of primary seed dormancy and thermoinhibition of germination [START_REF] Tamura | Isolation and characterization of high temperature-resistant germination mutants of Arabidopsis thaliana[END_REF][START_REF] Koornneef | The isolation and characterization of abscisic acid-insensitive mutants of Arabidopsis thaliana[END_REF]. Coherently, the transcriptional regulation of ABI3 is correlated with the dormancy state of imbibed seeds [START_REF] Park | ABI3 and PIL5 collaboratively activate the expression of somnus by directly binding to its promoter in imbibed Arabidopsis seeds[END_REF].

Recent data provides evidence that ABI3 was regulated by WRKY41, to modulate seed dormancy and thermoinhibition. Indeed, ABI3 overexpression suppresses the seed dormancy phenotype observed in wrky41-1 mutant [START_REF] Ding | WRKY41 controls Arabidopsis seed dormancy via direct regulation of ABI3 transcript levels not downstream of ABA[END_REF]. Also, some data show that ABI3 was likely to both regulate ABI5 in the downstream control of seed dormancy [START_REF] Lopez-Molina | ABI5 acts downstream of ABI3 to execute an ABA-dependent growth arrest during germination[END_REF].

I.C.2. Gibberellins promote dormancy breaking and germination

Gibberellins (GAs) are found in plants as well in some fungi and bacteria [START_REF] Hedden | Gibberellin biosynthesis in plants and fungi: A case of convergent evolution?[END_REF]. In plants, they are required to orchestrate various aspect of plant growth and development [START_REF] Grennan | Regulation of starch metabolism in arabidopsis leaves[END_REF][START_REF] De Lucas | A molecular framework for light and gibberellin control of cell elongation[END_REF][START_REF] Feng | Coordinated regulation of Arabidopsis thaliana development by light and gibberellins[END_REF][START_REF] Briones-Moreno | Evolutionary analysis of DELLA-associated transcriptional networks[END_REF]. GAs notably constitute key regulators of dormancy, being promoters of seed germination. As in the case ABA, GAs regulate seed physiology through both GA levels, i.e. balance between synthesis and degradation, and GA perception/signaling [START_REF] Olszewski | Gibberellin signaling: Biosynthesis, catabolism, and response pathways[END_REF]. Tp. [START_REF] Sun | Cloning the Arabidopsis GA1 Locus by Genomic Subtraction[END_REF] and ent-kaurene synthase (KS, encoded by GA2 in Arabidopsis, , [START_REF] Yamaguchi | Phytochrome regulation and differential expression of gibberellin 3β-hydroxylase genes in germinating Arabidopsis seeds[END_REF], followed by the vacuolar ent-kaurene oxidase (KO) and ent-kaurenoic acid oxidase (KAO) [START_REF] Lange | Molecular biology of gibberellin synthesis[END_REF][START_REF] Sun | Gibberellin Metabolism, Perception and Signaling Pathways in Arabidopsis[END_REF][START_REF] Olszewski | Gibberellin signaling: Biosynthesis, catabolism, and response pathways[END_REF]. GA12 can then be converted in GA53 by GA13-oxidase (Ga13ox). GA53 and GA12

are then converted by GA20-oxidase (Ga20ox) and GA3-oxidase (Ga3ox) into respectively GA1 and GA4 [START_REF] Sun | Gibberellin Metabolism, Perception and Signaling Pathways in Arabidopsis[END_REF], considered as the main bioactive GAs in higher plants. Active GA1 and GA4 can be inactivated by GA2-oxydase (GA2ox), a 2oxoglutarate-dependent dioxygenase also able to catabolize precursors of active GAs [START_REF] Sakamoto | Erratum: An overview of gibberellin metabolism enzyme genes and their related mutants in rice[END_REF].

GA synthesis is crucial for promoting germination under favourable environmental conditions. Weakening the tissue that surrounds the embryo appears to be one of the effects of GAs in the induction of radicule protrusion as well as triggering embryo growth [START_REF] Groot | Gibberellins regulate seed germination in tomato by endosperm weakening: a study with gibberellin-deficient mutants[END_REF]. It is notably synthetized during imbibition through the upregulation of Ga3ox1 and Ga3ox2 genes in the embryo. Indeed, ga3ox1, ga3ox2

as well as ga1 ang ga2 mutants have a reduced germination rate [START_REF] Mitchum | Distinct and overlapping roles of two gibberellin 3-oxidases in Arabidopsis development[END_REF][START_REF] Ogawa | Gibberellin biosynthesis and response during Arabidopsis seed germination[END_REF]. On the other hand, GA2ox2 gene expression is drastically upregulated during seed imbibition [START_REF] Oh | Light activates the degradation of PIL5 protein to promote seed germination through gibberellin in Arabidopsis[END_REF]. Coherently, ga2ox2 mutation improves seed germination [START_REF] Yamauchi | Contribution of gibberellin deactivation by AtGA2ox2 to the suppression of germination of dark-imbibed Arabidopsis thaliana seeds[END_REF]. Recently, additional deactivation mechanisms of active GAs by a cytochrome P450 monooxygenase and methyltransferases were reported [START_REF] Zhu | ELONGATED UPPERMOST INTERNODE encodes a cytochrome P450 monooxygenase that epoxidizes gibberellins in a novel deactivation reaction in rice[END_REF][START_REF] Varbanova | Methylation of gibberellins by Arabidopsis GAMT1 and GAMT2[END_REF]. In seeds, bioactive GAs stimulate the endosperm and seed breaking, help to mobilize seed reserves and promote embryo growth and radicule protrusion [START_REF] Finkelstein | Molecular aspects of seed dormancy[END_REF]. Over years, genetic screens in rice and in Arabidopsis unraveled the three main actors of GA signaling: the GA receptors GID1 (GA-Insensitive Dwarf1), DELLA proteins and the SCF (Skp1-cullin-F-box) ubiquitin ligase complex, which contains SKP1 (S-phase kinase-associated protein 1), the ligase Rbx1 (also called Roc1), Cullin1 (Cul1), and some F-box proteins such as SLEEPY (SLPY) in Arabidopsis (or GID2 in rice) [START_REF] Hauvermale | The roles of the GA receptors GID1a, GID1b, and GID1c in sly1-independent GA signaling[END_REF][START_REF] Dill | The arabidopsis F-box protein SLEEPY1 targets gibberellin signaling repressors for gibberellin-induced degradation[END_REF].

In Arabidopsis, GAs are perceived by GID1 proteins. GID1 constitutes a group of 3 members, GID1a, GID1b, and GID1c, having distinct role during seed germination [START_REF] Voegele | Members of the gibberellin receptor gene family GID1 (GIBBERELLIN INSENSITIVE DWARF1) play distinct roles during Lepidium sativum and Arabidopsis thaliana seed germination[END_REF]. Their GA interaction triggers GID1 conformational change, allowing its interaction within DELLA proteins. DELLA family is composed of GAI (GA-INSENSITIVE), RGA (REPRESSOR OF GA1-3), RGL1 (RGA-like), RGL2 and RGL3 which act as transcriptional repressors of GA responses, notably through binding and titration of transcription factors away from GA-responsive promoters [START_REF] Sun | Gibberellin Metabolism, Perception and Signaling Pathways in Arabidopsis[END_REF]. The formation of a stable GA-dependent GID1/DELLAs complex enables efficient SCF/SLY1 recognition [START_REF] Ariizumi | The role of two F-box proteins, SLEEPY1 and SNEEZY, in arabidopsis gibberellin signaling[END_REF] and DELLAs subsequent degradation by the 26S proteasome [START_REF] Gao | An updated GA signaling "relief of repression" regulatory model[END_REF][START_REF] Ariizumi | Proteolysis-independent downregulation of DELLA repression in Arabidopsis by the gibberellin receptor GIBBERELLIN INSENSITIVE DWARF1[END_REF][START_REF] Davière | Gibberellin signaling in plants[END_REF].

As a result, GA responses are activated by the released transcription factors. This step is necessary for embryo development and the induction of seed germination [START_REF] Hu | Gibberellins play an essential role in late embryogenesis of Arabidopsis[END_REF][START_REF] Davière | Gibberellin signaling in plants[END_REF][START_REF] Skubacz | Seed Dormancy: The Complex Process Regulated by Abscisic Acid, Gibberellins, and Other Phytohormones that Makes Seed Germination Work[END_REF].

Among the DELLA genes, RGL2 notably seems to act negatively upon the control of germination. RGL2 protein was shown to disappear upon imbibition [START_REF] Tyler | Della proteins and gibberellin-regulated seed germination and floral development in Arabidopsis[END_REF] and seeds impaired in RGL2 are non-dormant [START_REF] Lee | Gibberellin regulates[END_REF]. Among DELLA targets in seed, DNA BINDING1 ZINC FINGER6 (DOF6) is a transcription factor that inhibits germination and interacts with RGL2 [START_REF] Rueda-Romero | Arabidopsis thaliana DOF6 negatively affects germination in non-after-ripened seeds and interacts with TCP14[END_REF][START_REF] Ravindran | A Novel RGL2-DOF6 Complex Contributes to Primary Seed Dormancy in Arabidopsis thaliana by Regulating a GATA Transcription Factor[END_REF].

I.C.3. GA and ABA pathways are interconnected

The ABA and GAs have antagonistic effects on dormancy and germination. As stated earlier, primary dormancy establishment is promoted by high ABA and low GA levels. Dormancy release is triggered, on the other hand, by ABA catabolism and de novo synthesis of GAs. Seeds, conserved after release, progressively loose dormancy and have decreasing ABA content, as well as a rise of GAs level and sensitivity [START_REF] Gubler | Dormancy release, ABA and pre-harvest sprouting[END_REF][START_REF] Holdsworth | Tansley review Arabidopsis seed maturation , after[END_REF][START_REF] Carrera | Seed after-ripening is a discrete developmental pathway associated with specific gene networks in Arabidopsis[END_REF][START_REF] Iglesias-Fernández | After-ripening alters the gene expression pattern of oxidases involved in the ethylene and gibberellin pathways during early imbibition of Sisymbrium officinale L. seeds[END_REF].

However, the underlying anticorrelation of the content of these two hormones is regulated at different level to coordinate dormancy or germination. Some actors intervening in this process have been proposed over the years. I highlighted here some studies to exemplifying the complexity of this dynamic cross-regulation.

First, beside acting as inhibitor of GA responses, under low GA conditions, the DELLA protein RGL2 promotes ABA synthesis and ABI5 accumulation, which induces ABA responses but also reinforces RGL2 expression in a feedback mechanism [START_REF] Piskurewicz | The gibberellic acid signaling repressor RGL2 inhibits Arabidopsis seed germination by stimulating abscisic acid synthesis and ABI5 activity[END_REF]Shu et al., 2016). Furthermore, a study revealed that DELLAs interact directly with ABA-related transcription factors, to control large range of downstream genes. For example, GAI and RGA interact with ABI3 and ABI5 and the complex binds the promoter of SOMNUS, to promote its expression [START_REF] Lim | ABA-insensitive3, ABA-insensitive5, and DELLAs interact to activate the expression of SOMNUS and other high-temperature-inducible genes in imbibed seeds in Arabidopsis[END_REF].

SOMNUS, which is a CCCH-Type Zinc Finger Protein, negatively regulates seed germination in the light and temperature responses by modulation of GA and ABA metabolic genes [START_REF] Dong | SOMNUS, a CCCH-type zinc finger protein in Arabidopsis, negatively regulates light-dependent seed germination downstream of PIL5[END_REF].

ABI4, a major transcription factor in ABA transcriptional reprogramming, seems also to modulate GA content. Indeed, abi4 seeds are less primary dormant, having both less ABA and more GA at the dry stage [START_REF] Shu | ABI4 Regulates Primary Seed Dormancy by Regulating the Biogenesis of Abscisic Acid and Gibberellins in Arabidopsis[END_REF].

Additionally, MOTHER OF FT AND TFL1 (MFT) seems to be another integrator of GA and ABA signaling and defines another feedback loop to regulating ABA signaling [START_REF] Xi | MOTHER OF FT and TFL1 regulates seed germination through a negative feedback loop modulating ABA signaling in Arabidopsis[END_REF]. MFT is specifically induced in the radical-hypocotyl transition zone of the embryo in response to ABA, and mft mutants show hypersensitivity to ABA in seed germination. During germination, MFT expression is repressed by ABI3 and promoted by ABI5, two key transcription factors in ABA signaling pathway. In return, ABI5

expression is directly repressed by MFT. Furthermore, RGL2 promotes MFT transcription. These findings imply that MFT is involved in ABA and GA pathways to limit seed germination through a negative feedback regulation of ABA signaling [START_REF] Xi | MOTHER OF FT and TFL1 regulates seed germination through a negative feedback loop modulating ABA signaling in Arabidopsis[END_REF]. Last, a major actor involved in light signaling, PIL5 could also intervene in the ABA and GA balance by regulating GA/ABA metabolism genes though the regulation of SOM, detailed below.

I.D. Environmental inputs regulating primary dormancy

Primary seed dormancy is acquired during seed maturation. In Arabidopsis, some studies led on dormancy unravel that the mother plant environment perception can greatly affect seed lifecycle [START_REF] He | Interaction between parental environment and genotype affects plant and seed performance in Arabidopsis[END_REF]. Environment cues can indeed impact the reproductive period of the motherplant and affect seed quantity and quality, including its longevity or dormancy. For example, in Arabidopsis Col-0 ecotype, primary dormancy is favored when seed maturation occurs under low light, cool temperature or low nitrogen conditions [START_REF] Chiang | DOG1 expression is predicted by the seed-maturation environment and contributes to geographical variation in germination in Arabidopsis thaliana[END_REF][START_REF] Iwasaki | Parental and Environmental Control of Seed Dormancy in Arabidopsis thaliana[END_REF][START_REF] Kendall | Induction of dormancy in Arabidopsis summer annuals requires parallel regulation of DOG1 and hormone metabolism by low temperature and CBF transcription factors[END_REF][START_REF] Penfield | Effects of environmental variation during seed production on seed dormancy and germination[END_REF]. during After-Ripening (AR). This phenomenon is defined as "a time and environment regulated process occurring in the dry seed, which determines the germination potential of seeds" [START_REF] Carrera | Seed after-ripening is a discrete developmental pathway associated with specific gene networks in Arabidopsis[END_REF]. The involved molecular processes remain poorly characterized. A transcriptomic investigation suggested that the regulation of ABA metabolism and perception are a key regulator of dormancy [START_REF] Carrera | Seed after-ripening is a discrete developmental pathway associated with specific gene networks in Arabidopsis[END_REF].

Additionally, after ripening modulate hormonal balance notably by enhancing GA biosynthesis and signaling [START_REF] Holdsworth | Tansley review Arabidopsis seed maturation , after[END_REF][START_REF] Shi | HFR1 sequesters PIF1 to govern the transcriptional network underlying light-initiated seed germination in Arabidopsis[END_REF]. In sunflower,

Reactive Oxygen Species (ROS) have been shown to participate in the release of dormancy by being progressively accumulated during after ripening [START_REF] El-Maarouf-Bouteau | Oxidative signaling in seed germination and dormancy[END_REF][START_REF] Oracz | ROS production and protein oxidation as a novel mechanism for seed dormancy alleviation[END_REF]. Some epigenetic processes, promoted by Histone deacetylase 2B (HD2B) [START_REF] Yano | Combining association mapping and transcriptomics identify HD2B histone deacetylase as a genetic factor associated with seed dormancy in Arabidopsis thaliana[END_REF], or KRYPTONITE (KYP), responsible for H3K9 dimethylation [START_REF] Graeber | Molecular mechanisms of seed dormancy[END_REF][START_REF] Zheng | A novel role for histone methyltransferase KYP/SUVH4 in the control of Arabidopsis primary seed dormancy[END_REF], also appear to play a major role in the transcriptional machinery reprogramming, which characterize dormancy release.

I.D.2. Temperature

Temperature is obviously a master regulator of plant growth and development, but also strongly modulates seed dormancy [START_REF] Dai | Developmental plasticity at high temperature[END_REF]Yang et al., 2020b). In Arabidopsis, during the acquisition of primary dormancy, low temperature triggers higher dormancy levels by impacting coat permeability [START_REF] Macgregor | Seed production temperature regulation of primary dormancy occurs through control of seed coat phenylpropanoid metabolism[END_REF].

Additionally, a cold treatment is classically used to release primary dormancy on imbibed seeds [START_REF] Geneve | Impact of temperature on seed dormancy[END_REF]. This process, named stratification, is strongly depend on ABA/GA balance and particularly affect GA homeostasis. Indeed, in Arabidopsis, stratification triggers an elevation of GA content which is related to the upregulation of Ga3ox1 and down regulation of Ga2ox2, respectively involved in the synthesis and degradation of GAs [START_REF] Yamauchi | Activation of Gibberellin Biosynthesis and Response Pathways by Low Temperature during Imbibition of Arabidopsis thaliana Seeds[END_REF]. The transcription factor SPATULA, considered as a light-stable repressor of seed germination, has been also shown to control temperature-induced germination [START_REF] Wicaksana | 済無No Title No Title No Title[END_REF][START_REF] Penfield | Cold and light control seed germination through the bHLH transcription factor SPATULA[END_REF].

Dormancy regulation by temperature also shares some common regulator between ABA/GA interconnected pathway and light signaling. For instance, the expression of SOM and other genes are induced by high-temperature, through the action of ABI3, ABI5, and DELLAs, which prevents seed germination [START_REF] Lim | ABA-insensitive3, ABA-insensitive5, and DELLAs interact to activate the expression of SOMNUS and other high-temperature-inducible genes in imbibed seeds in Arabidopsis[END_REF].

Last, high temperature plays a role of post-harvested seeds in the establishment of a secondary dormancy. I studied this phenomenon during my PHD thesis. Nitrogen is a crucial nutrient necessary for plant growth and development, as it is a major constituent of proteins and nucleotides. With the important exception of plant-bacteria symbiosis in legumes, the large atmospheric nitrogen stock is beyond reach for the majority of plants which have to uptake nitrogen-containing molecules (nitrate, ammonia, amino acids, etc) from soil. Many species uptake preferentially nitrate, often the most abundant form of nitrogen in soil [START_REF] Crawford | Molecular and Developmental Biology of Inorganic Nitrogen Nutrition[END_REF].

In addition to being a major nutrient, nitrate also coordinates the expression of many genes [START_REF] Wang | Genomic analysis of a nutrient response in arabidopsis reveals diverse expression patterns and novel metabolic and potential regulatory genes induced by nitrate[END_REF] and constitutes a signaling molecule able to regulate lateral root development, likely to maximize foraging [START_REF] Sun | Nitrate: A crucial signal during lateral roots development[END_REF], modify aerial part development by modifying leaf expansion and flowering time [START_REF] Walch-Liu | Rapid effects of nitrogen form on leaf morphogenesis in tobacco[END_REF] or regulate seed dormancy (Alboresi et al., 2005).

Plants owns diverse ways to uptake nitrate and to transduce this signal into molecular responses. In Arabidopsis, several families of nitrate transporters and channels have been identified. At the plasma membrane, the uptake systems are encoded by NRT1/PTR (NPF; nitrate transporter 1/peptide transporter family) and NRT2 (nitrate transporter 2) families. The nitrate transporter NRT1-1 has both high and low nitrate affinity, depending of its phosphorylation by CBL-interacting protein kinases (CIPKs) [START_REF] Fang | NRT1.1 Dual-Affinity Nitrate Transport/Signalling and its Roles in Plant Abiotic Stress Resistance[END_REF][START_REF] Rashid | Feedforward Control of Plant Nitrate Transporter NRT1.1 Biphasic Adaptive Activity[END_REF], and also acts as a nitrate sensor [START_REF] Remans | The Arabidopsis NRT1.1 transporter participates in the signaling pathway triggering root colonization of nitrate-rich patches[END_REF]. Once in the cell, nitrate can be incorporated into proteins and other organic compounds (Figure 1.6) or act as a signal molecule that elicits the primary nitrate response (PNR), i.e. a very large and rapid genomic reprogramming [START_REF] Gowri | Effect of cooling rate on the solidification Behavior of Al-7 Pct Si-SiCp Metal-Matrix Composites[END_REF]. Some molecular processes underlying the transduction of this signal into PNR remain unclear but several transcription factors have been identified [START_REF] Jagadhesan | Genome wide analysis of NLP transcription factors reveals their role in nitrogen stress tolerance of rice[END_REF]. Among them NIN-LIKE PROTEIN (NLP) transcription factors, and particularly NLP7, were shown to be master regulators of PNR [START_REF] Konishi | Arabidopsis NIN-like transcription factors have a central role in nitrate signalling[END_REF][START_REF] Marchive | Nuclear retention of the transcription factor NLP7 orchestrates the early response to nitrate in plants[END_REF]. Members of NLP family are able to bind to the nitrate-responsive cis-element (NRE) to induce nitratemediated gene transcription [START_REF] Marchive | Nuclear retention of the transcription factor NLP7 orchestrates the early response to nitrate in plants[END_REF]. Upon nitrate sensing, NLP7 re-localizes into the nucleus in plantlets, where it binds and controls a wide variety of nitrate responsive genes [START_REF] Konishi | Nitrate-responsive NIN-like protein transcription factors perform unique and redundant roles in Arabidopsis[END_REF][START_REF] Konishi | Arabidopsis NIN-like transcription factors have a central role in nitrate signalling[END_REF][START_REF] Marchive | Nuclear retention of the transcription factor NLP7 orchestrates the early response to nitrate in plants[END_REF]. This re-localization notably depends of its phosphorylation by the Calcium Dependent Protein Kinase (CDPK) CPK10/30/32, which are activated by a nitrate-triggered Ca 2+ -transient increase (Liu et al., 2018). Recently, the same authors showed that NLPs are also themselves nitrate sensors, able to bind nitrate to regulate gene expressions [START_REF] Liu | NIN-like protein 7 transcription factor is a plant nitrate sensor[END_REF]. nia1 nia2 (encoding for the NR enzyme) seeds, impaired in nitrate reductase activities, are generally less dormant than WT but still respond to nitrate in germination medium suggesting that nitrate itself is a signal to modulate dormancy (Alboresi et al., 2005).

In Arabidopsis, nitrate supply of mother plant impacts seed number and primary dormancy level [START_REF] Mccullough | Physiological predetermination of germination responses in arabidopsis thaliana (L.) HEYNH[END_REF]. Nitrate culture condition could indeed trigger nitrate accumulation in seeds [START_REF] Hilhorst | Dose-response analysis of factors involved in germination and secondary dormancy of seeds of sisymbrium officinale: I. Phytochrome[END_REF]. For instance, Arabidopsis seeds produced by plants watered with 3 and 10 mM nitrate solutions are dormant, whereas they are less dormant when watered with a 25 mM solution or not dormant at all with 50 mM. Indirect data suggest that this is linked to the accumulation of nitrate in seeds during maturation (Alboresi et al., 2005).

In an other study, seeds imbibed with a 7 mM nitrate solution show a faster decrease of ABA content, suggesting that nitrate primary role is the regulation of ABA level [START_REF] Ali-Rachedi | Changes in endogenous abscisic acid levels during dormancy release and maintenance of mature seeds: Studies with the Cape Verde Islands ecotype, the dormant model of Arabidopsis thaliana[END_REF]. The two cytochromes CYP707A1 and CYP707A2

involved in ABA catabolism were shown to play important role in the control of dormancy [START_REF] Okamoto | CYP707A1 and CYP707A2, which encode abscisic acid 8′-hydroxylases, are indispensable for proper control of seed dormancy and germination in Arabidopsis[END_REF]. CYP707A2 is expressed during imbibition and its expression controlled by environmental cues [START_REF] Okamoto | CYP707A1 and CYP707A2, which encode abscisic acid 8′-hydroxylases, are indispensable for proper control of seed dormancy and germination in Arabidopsis[END_REF][START_REF] Toh | High temperature-induced abscisic acid biosynthesis and its role in the inhibition of gibberellin action in Arabidopsis seeds[END_REF].

It is notably upregulated by nitrate and cyp707a2 mutants do not show any nitratetriggered ABA depletion [START_REF] Matakiadis | The Arabidopsis abscisic acid catabolic gene CYP707A2 plays a key role in nitrate control of seed dormancy[END_REF]. A recent and major study showed that nitrate-induced ABA decrease could be controlled by NLP8, an NLP7 close homolog, in Arabidopsis seeds. Indeed NLP8, and in a less extend NLP9, are upregulated in imbibed seeds compared to dry seeds (Yan et al., 2016). Interestingly, in nlp8 mutants, nitrate fails to upregulate CYP707A2 gene and induce ABA decrease.

Consequently, it also fails to promote germination in response to nitrate. Last, the authors show that NLP8 binds to the nitrate-responsive cis-element (NRE) of many genes including CYP707A2 (Yan et al., 2016).

I.D.4. Light

Light is an essential element of the plant lifecycle, as it is necessary for photosynthesis and therefore growth and development. It is also an important signal controlling virtually all aspects of plant development and survival strategies. It also strongly modulates seed ability to germinate. Borthwick and co-workers provide the first evidence that red (R) and far red (FR) light can affect seed dormancy in lettuce [START_REF] Borthwick | ACTION OF LIGHT ON LETTUCE-SEED GERMINATION Introduction Effectiveness of radiation in various regions of the spectrum to stimulate or to inhibit germination of Lactqzca sativa seed was measured by FLINT and MeALIsTER (3) and of Amararthus cagdatqzs and[END_REF]. R light increases seed germination, while FR light inhibits this process. Furthermore, recent study has shown that blue light regulates secondary dormancy [START_REF] Stawska | Phyb and hy5 are involved in the blue light-mediated alleviation of dormancy of arabidopsis seeds possibly via the modulation of expression of genes related to light, ga, and aba[END_REF].

In seeds, light acts as a major regulator of GA metabolism. GA levels are increased upon R light treatment [START_REF] Hilhorst | Dual Effect of Light on the Gibberellin-and Nitrate-Stimulated Seed Germination of Sisymbrium officinale and Arabidopsis thaliana[END_REF][START_REF] Ogawa | Gibberellin biosynthesis and response during Arabidopsis seed germination[END_REF]. The increased de novo GA biosynthesis correlates with both the increase of GA biosynthetic enzymes expression such as GA3ox1 and GA3ox2 and the decrease of GA2ox2 expression [START_REF] Nakaminami | Deactivation of gibberellin by 2-oxidation during germination of photoblastic lettuce seeds[END_REF][START_REF] Oh | Light activates the degradation of PIL5 protein to promote seed germination through gibberellin in Arabidopsis[END_REF][START_REF] Seo | Regulation of hormone metabolism in Arabidopsis seeds: Phytochrome regulation of abscisic acid metabolism and abscisic acid regulation of gibberellin metabolism[END_REF].

But light constitutes also an important signal regulating ABA metabolism. During the initial imbibition phase, ABA levels decrease independently of the presence of light. However, light greatly contributes to modulate ABA content in seeds during the later phase of imbibition (phase III): R light promotes ABA content decrease through the downregulation of ABA biosynthesis genes expression: NCED6, NCED9 and the promotion of CYP707A2 expression [START_REF] Oh | Light activates the degradation of PIL5 protein to promote seed germination through gibberellin in Arabidopsis[END_REF][START_REF] Seo | Regulation of hormone metabolism in Arabidopsis seeds: Phytochrome regulation of abscisic acid metabolism and abscisic acid regulation of gibberellin metabolism[END_REF][START_REF] Sawada | Germination of photoblastic lettuce seeds is regulated via the control of endogenous physiologically active gibberellin content, rather than of gibberellin responsiveness[END_REF]). Inversely, seeds exposed to FR treatment appear to contain higher levels of ABA [START_REF] Seo | Regulation of hormone metabolism in Arabidopsis seeds: Phytochrome regulation of abscisic acid metabolism and abscisic acid regulation of gibberellin metabolism[END_REF]. Last, aba2 and aao3 seeds, impaired in ABA production, germinate after FR light pulse while germination of WT seeds was suppressed almost completely [START_REF] Seo | Regulation of hormone metabolism in Arabidopsis seeds: Phytochrome regulation of abscisic acid metabolism and abscisic acid regulation of gibberellin metabolism[END_REF].

Overall, these data provide evidence that ABA metabolism, controlling dormancy/germination, is modulated by light conditions.

Arabidopsis possesses several families of photoreceptors that detect various aspect of light signals, largely in function of the wavelength. Phytochromes are photoreceptors sensitive to red and measuring the ratio between R (650-670 nm) and FR (705-740 nm) wavelengths [START_REF] Beatrice | Photoreceptors' gene expression of Arabidopsis thaliana grown with biophilic LEDsourced lighting systems[END_REF]. Three cryptochromes (cry1, cry2 and cry3), two phototropins (phot1, phot2), and three LOV domain F-box proteins (ZTL, FKF1 and LKP2) were identified as UV-A/blue light receptors [START_REF] Beatrice | Photoreceptors' gene expression of Arabidopsis thaliana grown with biophilic LEDsourced lighting systems[END_REF][START_REF] Chen | Light-regulated stomatal aperture in Arabidopsis[END_REF]. Last, UVR8 perceives UV-B light [START_REF] Paik | Plant photoreceptors: Multi-functional sensory proteins and their signaling networks[END_REF].

Phytochromes have been extensively characterized for their roles in the control of germination. Phytochrome is a 120 kDa apoprotein associated with a tetrapyrrole chromophore [START_REF] Bae | Decoding of light signals by plant phytochromes and their interacting proteins[END_REF]. Arabidopsis has five phytochrome genes known as PHYA, PHYB, PHYC, PHYD, and PHYE. These sensors come in two states: Pr (inactive form) and Pfr (active form). Pr turns into Pfr when exposed to red light, and Pfr to Pr when exposed to far red light (wavelength > 700 nm). Phytochromes also spontaneously and slowly change their state independently of light from Pfr to Pr and this is a way to measure day length [START_REF] Franklin | Phytochrome functions in Arabidopsis development[END_REF]. Phytochromes are classified into two categories based on their stability upon light exposure: I and II.

Type I phytochromes are light-labile, meaning they are degraded when exposed to red or white light, whereas type II phytochromes do not [START_REF] Sullivan | From seed to seed: The role of photoreceptors in Arabidopsis development[END_REF].

The major receptors controlling light-induced seed germination are PHYA and PHYB undertaking partially overlapping roles [START_REF] Li | Phytochrome Signaling Mechanisms[END_REF].

PHYA has been reported to mediate VLFR (Very flow fluence responses) in response to R/FR light to promote germination as well as controlling morphogenesis of seedlings in response to FR treatment. PHYB mediates photo-reversible responses to LFR (Low fluence response) in response to R/FR light to promote germination. Active phytochromes reversibly translocate to the nucleus to regulate a variety of processes [START_REF] Neff | Light-Mediated Seed Germination: Connecting Phytochrome B to Gibberellic Acid[END_REF][START_REF] Seo | Interaction of light and hormone signals 134 in germinating seeds[END_REF][START_REF] Li | Phytochrome Signaling Mechanisms[END_REF]. Phytochromes modulate ABA and GA metabolisms through the basic helix-loophelix (bHLH) PIL5, also named PIF1, to control dormancy and germination. PIL5 blocks germination by inhibiting GA synthesis and signaling, and activates ABA production [START_REF] Oh | PIL5, a phytochrome-interacting basic helix-loop-helix protein, is a key negative regulator of seed germination in Arabidopsis thaliana[END_REF][START_REF] Oh | PIL5, a phytochrome-interacting bHLH protein, regulates gibberellin responsiveness by binding directly to the GAI and RGA promoters in Arabidopsis seeds[END_REF][START_REF] Oh | Light activates the degradation of PIL5 protein to promote seed germination through gibberellin in Arabidopsis[END_REF] (Figure 1.7). It is directly responsible for the regulation of RGA and GAI expression, which encode two important DELLA proteins, negative regulators in GA signaling pathway [START_REF] Oh | PIL5, a phytochrome-interacting bHLH protein, regulates gibberellin responsiveness by binding directly to the GAI and RGA promoters in Arabidopsis seeds[END_REF] and by upregulating SOMNUS, a CCCH-type Zinc Finger transcription factor [START_REF] Dong | SOMNUS, a CCCH-type zinc finger protein in Arabidopsis, negatively regulates light-dependent seed germination downstream of PIL5[END_REF]. SOMNUS notably triggers the upregulation of GA catabolism genes (GA2ox2) and downregulation of GA synthesis genes GA3ox1 and GA3ox2 [START_REF] Dong | SOMNUS, a CCCH-type zinc finger protein in Arabidopsis, negatively regulates light-dependent seed germination downstream of PIL5[END_REF]. PIL5 also participates to the upregulation of ABA biosynthesis (upregulation of ABA1, ABI3, NCED6, and NCED9) and the downregulation of ABA catabolism CYP707A2 [START_REF] Finkelstein | Abscisic Acid Synthesis and Response[END_REF][START_REF] Oh | PIL5, a phytochrome-interacting bHLH protein, regulates gibberellin responsiveness by binding directly to the GAI and RGA promoters in Arabidopsis seeds[END_REF][START_REF] Dong | SOMNUS, a CCCH-type zinc finger protein in Arabidopsis, negatively regulates light-dependent seed germination downstream of PIL5[END_REF]. The interaction of PHYA and PHYB under Pfr form with PIL5 triggers PIL5 degradation by the proteasome and releases the above regulation on genes.

Beside this very clear regulation mechanism, other actors have been identified in the light-dependent regulation of seed germination. For example, the Myb-type transcription factors REVEILLE1 (RVE1) and RVE2 were found to be regulated by PHYB to control seed dormancy [START_REF] Jiang | Phytochrome B and REVEILLE1/2-mediated signalling controls seed dormancy and germination in Arabidopsis[END_REF] (Figure 1.8). RVE1 inhibits GA production through the down-regulation of the GA biosynthesis gene GA3ox2 (Yang et al., 2020b;[START_REF] Jiang | Phytochrome B and REVEILLE1/2-mediated signalling controls seed dormancy and germination in Arabidopsis[END_REF]. Recently, a study suggested that PIF1 can interact with RVE1, their association resulting in the activation of transcriptional loop, ending by their respective upregulation (Yang et al., 2020a). These data suggest that both PIL5 and RVE1 can be considered as crucial actor involved in light signaling pathway, under phytochromes control, to regulate dormancy. Spare data also suggested a potential role of DOG1 (Delay of Germination 1) in phyB-RVE1/RVE2 light signaling pathway [START_REF] Jiang | Phytochrome B and REVEILLE1/2-mediated signalling controls seed dormancy and germination in Arabidopsis[END_REF]. Interestingly, DOG1 transcription appears to be reduced upon phyB activation and RVE1 overexpression complemented the non-dormant phenotype of dog1 in the dark, suggesting that they share similar roles [START_REF] Jiang | Phytochrome B and REVEILLE1/2-mediated signalling controls seed dormancy and germination in Arabidopsis[END_REF].

I.E. Others molecular aspects involved in primary dormancy regulation

Several genes, such as DOG1 (Delay of Germination 1) and RDO5 (REDUCED DORMANCY 5), have been identified by QTL analysis as key regulator of primary dormancy. DOG1 is a heme-binding protein which plays a pivotal role in the regulation of primary dormancy but could also affect others processes such as flowering and drought tolerance. DOG1 accumulates in seeds with the level of dormancy [START_REF] Carrillo-Barral | Delay of germination-1 (DOG1): A key to understanding seed dormancy[END_REF] and promotes dormancy during seed maturation notably at low temperature [START_REF] Kendall | Induction of dormancy in Arabidopsis summer annuals requires parallel regulation of DOG1 and hormone metabolism by low temperature and CBF transcription factors[END_REF]. Recent studies provided evidences that DOG1 interacts with the two phosphatases: ABA Hypersensitive Germination1 (AHG1) and AHG3, involved in ABA pathway, to positively regulate dormancy (Née et al., 2017a;[START_REF] Nishimura | Control of seed dormancy and germination by DOG1-AHG1 PP2C phosphatase complex via binding to heme[END_REF]. As ABA pathway is directly influenced by seasonal variations, these phosphatases are one of the potential link between DOG1 and the environment [START_REF] Kendall | Induction of dormancy in Arabidopsis summer annuals requires parallel regulation of DOG1 and hormone metabolism by low temperature and CBF transcription factors[END_REF][START_REF] Nakabayashi | The time required for dormancy release in arabidopsis is determined by DELAY OF GERMINATION1 protein levels in freshly harvested seeds[END_REF]).

Yet, the molecular functions of DOG1 remains largely unknown and still need to be address.

RDO5, encoding a PP2C protein, could also regulates seed dormancy. Its knockout mutant (rdo5) exhibits a strong reduction of seed dormancy. First considered as independent of ABA and DOG1 pathways [START_REF] Xiang | REDUCED DORMANCY5 encodes a protein phosphatase 2C that is required for seed dormancy in Arabidopsis[END_REF], recent studies partially contradicted these early findings and highlight RDO5 interaction with DOG1 (Née et al., 2017b). Nevertheless, RDO5 function and way of action remain to be clarify [START_REF] Xiang | Sequence polymorphisms at the REDUCED DORMANCY5 pseudophosphatase underlie natural variation in Arabidopsis dormancy[END_REF].

I.F. Is secondary dormancy different?

Secondary dormancy is established once seeds have been released in the environment, after a prolonged exposure to unfavourable conditions. Dormancy studies have been mainly led on primary dormancy rather than on secondary dormancy. As a result, there is a gap in our knowledge about the molecular aspects resulting in the induction of secondary dormancy, due to the difficulty to study this phenomenon in laboratory (Finch-Savage and [START_REF] Finch-Savage | Seed dormancy and the control of germination[END_REF][START_REF] Finkelstein | Molecular aspects of seed dormancy[END_REF][START_REF] Holdsworth | Tansley review Arabidopsis seed maturation , after[END_REF]. However, several extensive studies provide capital insights about secondary dormancy regulation by a combination of environmental and hormonal signals.

Secondary dormancy can be triggered in buried seeds, when submitted to deleterious environmental cues such as soil temperature, light and nutrient variations [START_REF] Footitt | Dormancy cycling in Arabidopsis seeds is controlled by seasonally distinct hormone-signaling pathways[END_REF]. It could result in dormancy induction and released in the same seed for several cycles, until the required germination conditions appear [START_REF] Hilhorst | Dose-response analysis of factors involved in germination and secondary dormancy of seeds of sisymbrium officinale: I. Phytochrome[END_REF][START_REF] Willis | The evolution of seed dormancy: Environmental cues, evolutionary hubs, and diversification of the seed plants[END_REF]. This phenomenon is called dormancy cycling and directly impact ABA and GA contents and sensitivity balance [START_REF] Footitt | Dormancy cycling in Arabidopsis seeds is controlled by seasonally distinct hormone-signaling pathways[END_REF]. A study leads in Cape Verde Islands Arabidopsis seeds unraveled that soil temperature drop in winter was responsible for an increase of the seed dormancy level, along with ABA synthesis and GA catabolism promotion [START_REF] Finch-Savage | Seed dormancy release in Arabidopsis Cvi by dry after-ripening, low temperature, nitrate and light shows common quantitative patterns of gene expression directed by environmentally specific sensing[END_REF]. NCED6 and Ga2ox2 expressions were indeed increased at the seed dormancy peak. Meaningfully, ABA level increased faster than deep dormancy establishment and reached a plateau while dormancy depth would continue to increase. It shows that ABA signaling and sensitivity are more likely regulators of dormancy than the absolute level of ABA. The fact that ABI3 expression, an ABA signaling regulator, was finely correlated with seeds dormancy level reinforce this hypothesis. Furthermore, others actors such as DOG1 and SNRK2 expression were proportional compared to seed dormancy depth, confirming their place in seeds dormancy control, largely reviewed in the literature.

These data supported the idea that dormancy cycling is regulated by both ABA and GA sensitivity more than their seed content. It also shows that specific signaling mechanisms operate depending on the stress condition (heat, cold….) that imposes secondary dormancy.

This work hypothesis was reinforced by others data in the literature. For instance, seeds submitted to darkness at constant temperature can establish secondary dormancy, through the regulation of ABA metabolism genes [START_REF] Cadman | Gene expression profiles of Arabidopsis Cvi seeds during dormancy cycling indicate a common underlying dormancy control mechanism[END_REF].

Secondary dormancy was also triggered by GA content and sensitivity according to Ibarra and coworkers notably thought the promotion of RGL2 (DELLA) and ABI5 action [START_REF] Ibarra | Molecular mechanisms underlying the entrance in secondary dormancy of Arabidopsis seeds[END_REF].

A recent study examines the molecular processes underlying seed thermoinhibition, meaning seed germination suppression under high temperatures, a condition which also triggers the induction of secondary dormancy. Their data supports that dormancy, tightly correlated to seed responsiveness to temperature, was controlled by both ABA and GA pathways [START_REF] Toh | High temperature-induced abscisic acid biosynthesis and its role in the inhibition of gibberellin action in Arabidopsis seeds[END_REF]. ABA levels were indeed increasing under high temperature exposure, coherently with the upregulation of ABA synthesis genes (ABA1/ZEP, NCED2, NCED5 and NCED9) and a downregulation of ABA catabolism genes (CYP707A2). A suppression of GA synthesis gene also negatively impacts bioactive GA levels which remain low at high temperature to repress germination. Finally, the authors showed that ABA and GA signaling were also involved in seed thermo-inhibition. spy and rgl2 were highly resistant to thermo-inhibition while their phenotypes were counteracted by aba2 mutation. It strongly suggests that GA signaling, through DELLAs proteins, is responsible for thermoinhibition induction in Arabidopsis seeds. Yet, secondary dormancy regulation is also not limited to its control by the environmental cues.

Several studies converge toward the idea that induction of secondary dormancy can be eased by a high level of primary dormancy which depends on seed maturation A. B.

step [START_REF] Coughlan | Effects of pre-and post-dispersal temperature on primary and secondary dormancy dynamics in contrasting genotypes of A rabidopsis thaliana (Brassicaceae)[END_REF][START_REF] Auge | Secondary dormancy dynamics depends on primary dormancy status in Arabidopsis thaliana[END_REF]. Seed genetic background is also responsible for secondary dormancy modulation [START_REF] Buijs | A perspective on secondary seed dormancy in arabidopsis thaliana[END_REF] To conclude, secondary dormancy is a complex phenomenon that could be regulated by both ABA and GA content or sensitivity, depending on the factors triggering secondary dormancy. Secondary dormancy also depends on seed primary dormancy level and shares probably largely share mechanisms [START_REF] Footitt | Dormancy cycling in Arabidopsis seeds is controlled by seasonally distinct hormone-signaling pathways[END_REF][START_REF] Buijs | Dormancy cycling: translation-related transcripts are the main difference between dormant and non-dormant seeds in the field[END_REF]). Yet, our biological knowledge about secondary dormancy remains quite unclear. Nowadays, new technics such as single-seed RNA-seq have been developed and could provide better insights about molecular processes underlying seed secondary dormancy [START_REF] Krzyszton | Breakthrough Tech Single seeds exhibit transcriptional heterogeneity during secondary dormancy induction[END_REF].

MITOGEN ACTIVATED PROTEIN KINASE (MAPK) MODULES

Arabidopsis genome codes for more than 1000 kinases [START_REF] Zulawski | The Arabidopsis Kinome: Phylogeny and evolutionary insights into functional diversification[END_REF]. This amazing number highlights the importance of kinase signaling for plant biology, and is also supported by phosphoproteomics investigation which identified an increasing number of phosphorylation events [START_REF] Mergner | Mass-spectrometry-based draft of the Arabidopsis proteome[END_REF]. Today, it is considered that the vast majority of intracellular proteins are phosphorylated, often at several positions. The literature also highlights the importance of these phosphorylation events for protein functions through the modulation of protein activity, stability, localization, interaction, etc.

Mitogen-Activated Protein Kinase (MAPK) modules constitute signaling pathways remarkably shared and conserved within eukaryotes [START_REF] Dóczi | Exploring the evolutionary path of plant MAPK networks[END_REF]. Foremost unveiled in mammals almost forty years ago, there were identified not long after in plants [START_REF] Sturgill | Muscle proteins related to microtubule associated protein-2 are substrates for an insulin-stimulatable kinase[END_REF]. MAPK modules are key elements linking environment perception to molecular and cellular adaptive responses. These pathways are constituted of 3 kinases activated by sequential phosphorylation (Figure 1.9) [START_REF] Ichimura | Mitogen-activated protein kinase cascades in plants: A new nomenclature[END_REF]. In animals and in plants, they were shown to be involved in various perception mechanisms, being notably activated upon stresses or various environmental signals, by hormones, during cell division or in developmental processes (Colcombet and Hirt, 2008;[START_REF] Thulasi Devendrakumar | MAP kinase signalling: interplays between plant PAMP-and effector-triggered immunity[END_REF][START_REF] Lin | Plant mitogen-activated protein kinase cascades in environmental stresses[END_REF]. The activation of a MAPK module starts by the activation of a MAP3K (also MAP3Ks are the upstream actors of MAPK modules. In plants, 80 putative members were identified according to their high homology degree with animal MAP3K families.

referred
In fact, they belong to three distinct kinase families: MEKK-like (21 members), Raf-like (48 members) and ZIK-like (11 members) families [START_REF] Cristina | Mitogen-activated protein kinase signaling in plants[END_REF]Ichimaru and MAPK., 2002). Nowadays, there is only very poor evidence that Raf-like and ZIK-like kinases act in functional MAPK modules in plants. Yet, both Raf-like and ZIK-like kinases intervene in various processes, notably as a negative regulator of ethylene signaling [START_REF] Gao | Localization of the Raf-like Kinase CTR1 to the Endoplasmic Reticulum of Arabidopsis through Participation in Ethylene Receptor Signaling Complexes[END_REF], in response to osmotic stresses [START_REF] Fàbregas | Role of Raf-like kinases in SnRK2 activation and osmotic stress response in plants[END_REF] or in response to biotic stresses in Arabidopsis [START_REF] Frye | Negative regulation of defense responses in plants by a conserved MAPKK kinase[END_REF]. At the opposite, MEKKlike (also sometimes referred as STE-like) kinases are the only kinase family unambiguously shown repetitively to act as MAP3Ks and activate MAPK modules in plants (Colcombet and Hirt, 2008) (Figure 1.9) Kinase domains of plant MEKK-like kinases are well defined and show strong homology within the family but the C-and N-terminal tails are rather divergent between members although well conserved between species. This supports the idea that MEKK tails confer the specificity in the branching with upstream actors, and therefore the specificity of module activation.

MEKK-like kinases are broadly organized in three sub-classes (Figure 1.9) Until recently, the majority of characterized MAP3Ks belonged to clade-I and -II. Among them, some have been extensively studied, such as YODA (MAP3K4) involved in various development aspects [START_REF] Bergmann | Stomatal development and pattern controlled by a MAPKK kinase[END_REF][START_REF] Lukowitz | A MAPKK Kinase Gene Regulates Extra-Embryonic Cell Fate in Arabidopsis[END_REF], ANP1/2/3 (MAP3K1/2/12) in cytokinesis [START_REF] Takahashi | HINKEL kinesin, ANP MAPKKKs and MKK6/ANQ MAPKK, which phosphorylates and activates MPK4 MAPK, constitute a pathway that is required for cytokinesis in Arabidopsis thaliana[END_REF] or MEKK1 (MAP3K8, [START_REF] Suarez-Rodriguez | MEKK1 is required for flg22-induced MPK4 activation in arabidopsis plants[END_REF][START_REF] Ichimura | MEKK1 is required for MPK4 activation and regulates tissue-specific and temperature-dependent cell death in Arabidopsis[END_REF]), SUMM1 (MAP3K9) and more recently MAP3K3/5 in immunity [START_REF] Bi | Receptor-like cytoplasmic kinases directly link diverse pattern recognition receptors to the activation of mitogen-activated protein kinase cascades in arabidopsis[END_REF][START_REF] Yamada | The Arabidopsis CERK 1-associated kinase PBL 27 connects chitin perception to MAPK activation[END_REF]. Clade-I and II MAP3Ks are largely though to be present constitutively in cells and to be activated through post-translational modifications. Phosphosites have notably been reported for many of them, but the kinases involved in their phosphorylation are rarely known. In mammals, several studies highlighted that MAP3Ks could be both activated by autophosphorylation or by other kinases, and particularly by MAP4K (MAP3K Kinase, [START_REF] Widmann | Mitogen-activated protein kinase: Conservation of a three-kinase module from yeast to human[END_REF]. Interestingly, Arabidopsis genome codes for 10 MAP4K-like kinases which have been shown to function in various physiological processes [START_REF] Jonak | Complexity, cross talk and integration of plant MAP kinase signalling[END_REF] but never as MAP3K activators. The only characterized example of MAP3K activation in plant so far points receptor-like cytoplasmic kinases (RLCK) as linking membrane receptors to MAPK modules [START_REF] Bi | Receptor-like cytoplasmic kinases directly link diverse pattern recognition receptors to the activation of mitogen-activated protein kinase cascades in arabidopsis[END_REF][START_REF] Yamada | The Arabidopsis CERK 1-associated kinase PBL 27 connects chitin perception to MAPK activation[END_REF]. By comparison with clade-I and -II MAP3Ks, very few was known about the 9 members of clade-III MAP3Ks. In plants, recent data obtained largely in the laboratory, and for some in the context of my Ph.D. thesis, showed a totally different regulatory mechanism: clade-III MAP3Ks seem to be largely transcriptionally regulated (Sözen et al., 2020;Danquah et al., 2015a;Colcombet et al., 2016).

In several cases, they are not expressed without the activation signal. Consequently, there are rarely found in proteomic studies. Surprisingly, whereas clade-I and clade-II MAP3K genes contain many introns, clade-III MAP3K genes contain none, a feature we think to be related to this atypical strong transcriptional regulation. Clade-III MAP3Ks are involved in various processes presented in more detail in a following part.

MAP2Ks are threonine/tyrosine kinases acting downstream MAP3Ks in MAPK modules. In Arabidopsis genome, 10 MAP2Ks were identified and subdivided in four groups (Figure 1.9) There are rather small globular kinases with short N-and Cterminal tails. In animal, they possess in their N-terminal tail a docking-domain used to specifically interact with MAPKs. MKK1/2, MKK4/5 and MKK6 were well characterized [START_REF] Cristina | Mitogen-activated protein kinase signaling in plants[END_REF][START_REF] Kong | The MEKK1-MKK1/MKK2-MPK4 kinase cascade negatively regulates immunity mediated by a mitogen-activated protein kinase kinase kinase in Arabidopsis[END_REF][START_REF] Xing | AtMKK1 and AtMPK6 are involved in abscisic acid and sugar signaling in Arabidopsis seed germination[END_REF][START_REF] Thulasi Devendrakumar | MAP kinase signalling: interplays between plant PAMP-and effector-triggered immunity[END_REF]. They have been notably involved in immunity but also in some development aspect [START_REF] Sun | MAP kinase cascades in plant development and immune signaling[END_REF][START_REF] Rasmussen | MAP kinase cascades in Arabidopsis innate immunity[END_REF]. Group B is defined by a unique MAP2K: MKK3, standing out by its atypical structural features:

it is the only MAP2K to possess in addition to a kinase domain a NUCLEAR TRANSPORT FACTOR2 (NTF2)-like domain in its C-terminal regions. This domain has been the subject of much speculation until the release of 3D predicted structures of many Arabidopsis proteins by AlphaFold [START_REF] Jumper | Highly accurate protein structure prediction with AlphaFold[END_REF], which showed that it is in fact not independent of the kinase domain, both being aggregated in a single globular protein. The remarkable conservation of MKK3 sequence, notably found in fern, bryophyte and Chlamydomonas genomes, suggests an important role in the photosynthetic eukaryote clade (Colcombet et al., 2016).

MKK3 is notably involved in numerous processes that will be presented in a signaling actors are often shared between MTI and ETI signaling [START_REF] Lang | Sustained incompatibility between mapk signaling and pathogen effectors[END_REF].

In the context of immunity, three MAPKs -MPK3, -MPK4 and -MPK6, were early shown to be activated by microorganism infection. Rather than making tediously an exhaustive listing of MAPK module functions, I decided to focus on the actual knowledge about those three "iconic" MAPKs in plants as an example of the great complexity and importance of such signaling processes among the photosynthetic clade. This MPK3/4/6-related knowledge largely shaped our ideas about MAPK signaling in plants.

Our understanding of MAPK signaling also largely benefit of the identification of flg22, a 22-amino acid peptide from Pseudomonas aeruginosa flagellin, the main flagellum building brick [START_REF] Felix | Plants have a sensitive perception system for the most conserved domain of bacterial flagellin[END_REF]. Flg22 became the prototype of Microbe-Associated Molecular Patterns (MAMPs), defined as small molecules released by pathogens in their environment that betray their presence. Each MAMP is recognized by a specific PRR, the one of flg22 being FLAGELLIN-SENSITIVE 2 (FLS2) (Gómez-Gómez and Boller, 2000) located at the plasma membrane in complex with BRI1-ASSOCIATED KINASE (BAK1) [START_REF] Chinchilla | A flagellin-induced complex of the receptor FLS2 and BAK1 initiates plant defence[END_REF]. MAMP perception activates rapidly MAPK modules as well as other signaling pathways. Early studies identified MPK3 and MPK6 (from clade A) and MPK4 (from clade B) as strongly and transiently activated, with a peak at 15 minutes by flg22 [START_REF] Droillard | Involvement of MPK4 in osmotic stress response pathways in cell suspensions and plantlets of Arabidopsis thaliana: Activation by hypoosmolarity and negative role in hyperosmolarity tolerance[END_REF][START_REF] Asai | MAP kinase signalling cascade in Arabidopsis innate immunity[END_REF]. Later, the upstream MAP2Ks and MAP3Ks were identified and shown to be organized in two distinct modules. These modules are respectively composed of MEKK1-MKK1/2-MPK4 [START_REF] Ichimura | Mitogen-activated protein kinase cascades in plants: A new nomenclature[END_REF][START_REF] Cristina | Mitogen-activated protein kinase signaling in plants[END_REF][START_REF] Kong | The MEKK1-MKK1/MKK2-MPK4 kinase cascade negatively regulates immunity mediated by a mitogen-activated protein kinase kinase kinase in Arabidopsis[END_REF][START_REF] Gao | MEKK1, MKK1/MKK2 and MPK4 function together in a mitogen-activated protein kinase cascade to regulate innate immunity in plants[END_REF] and MAP3K3/5-MKK4/5-MPK3/6 [START_REF] Asai | MAP kinase signalling cascade in Arabidopsis innate immunity[END_REF][START_REF] Bi | Receptor-like cytoplasmic kinases directly link diverse pattern recognition receptors to the activation of mitogen-activated protein kinase cascades in arabidopsis[END_REF] (Figure 1.10). Many studies reported the identification of MAPK substrates in this context [START_REF] Dóczi | The Quest for MAP Kinase Substrates: Gaining Momentum[END_REF][START_REF] Popescu | MAPK target networks in Arabidopsis thaliana revealed using functional protein microarrays[END_REF][START_REF] Xue | The MAPK substrate MASS proteins regulate stomatal development in Arabidopsis[END_REF]. MAPKs are known to phosphorylate proteins on a S/T-P motif [START_REF] Taj | MAPK machinery in plants[END_REF]. A large range of MAPK substrates have been identified in the immunity context and the list is continually increasing. Some of them are key defense transcription factors such as MKS1 [START_REF] Andreasson | The MAP kinase substrate MKS1 is a regulator of plant defense responses[END_REF] WRK33 [START_REF] Mao | Phosphorylation of a WRKY transcription factor by two pathogen-responsive MAPKs drives phytoalexin biosynthesis in Arabidopsis[END_REF], ERF104 [START_REF] Bethke | Flg22 regulates the release of an ethylene response factor substrate from MAP kinase 6 in Arabidopsis thaliana via ethylene signaling[END_REF], ERF6 [START_REF] Meng | MAPK cascades in plant disease resistance signaling[END_REF] or VIP1 (VirE2-interacting protein1) [START_REF] Pitzschke | VIP1 response elements mediate mitogenactivated protein kinase 3-induced stress gene expression[END_REF], in agreement with the very large genome expression reprogramming observed in response to flg22 [START_REF] Denoux | Activation of defense response pathways by OGs and Flg22 elicitors in Arabidopsis seedlings[END_REF][START_REF] Navarro | The transcriptional innate immune response to flg22. Interplay and overlap with Avr gene-dependent defense responses and bacterial pathogenesis[END_REF]. The resulting diversity of identified targets reflects the large range of cellular mechanisms that are regulated by MAPK modules in the context of MTI.

A long-lasting mystery has been the fact that mutants of the first branch -mekk1, mkk1mkk2 and mpk4-present a similar strong and stress-independent phenotype, being very dwarf and exhibiting spontaneous cell death, over-accumulation ROS, callose and stress-related hormones, as well as constitutively expressing many defense genes [START_REF] Petersen | Arabidopsis MAP kinase 4 negatively regulates systemic acquired resistance[END_REF][START_REF] Ichimura | MEKK1 is required for MPK4 activation and regulates tissue-specific and temperature-dependent cell death in Arabidopsis[END_REF][START_REF] Kosetsu | The MAP kinase MPK4 Is required for cytokinesis in Arabidopsis thaliana[END_REF][START_REF] Suarez-Rodriguez | MEKK1 is required for flg22-induced MPK4 activation in arabidopsis plants[END_REF][START_REF] Gao | MEKK1, MKK1/MKK2 and MPK4 function together in a mitogen-activated protein kinase cascade to regulate innate immunity in plants[END_REF]. Because this autoimmune phenotype triggered also a strong resistance to pathogen infections, scientists considered for a long period that this flg22-activated module was, in fact, a negative regulator of plant defenses [START_REF] Petersen | Arabidopsis MAP kinase 4 negatively regulates systemic acquired resistance[END_REF]. 10 years ago, genetic approaches shed a new light to this mystery. By screening mutations able to suppress the mkk1/2 autoimmune phenotype, the group of Yuelin Zhang identified actors of this phenotype: suppressor of mkk1/2 2 (summ2) turned out to be impaired in an uncharacterized CC-NB-LRR R protein [START_REF] Zhang | Disruption of PAMP-induced MAP kinase cascade by a pseudomonas syringae effector activates plant immunity mediated by the NB-LRR protein SUMM2[END_REF], indicating that the MEKK1-MKK1/2-MPK4 module activity is guarded. When a pathogen injects an effector targeting this module to reduce PTI, for example HopAI1, SUMM2 detects the decrease of signaling activity and activates an ETI-like immune response. A mutation of the module kinase gives the same result. This is an amazing example of the complexity of the molecular coevolution in the susceptibility/resistance layers during plant pathogen interaction. Another summ mutation, summ1, turned to be impaired in MEKK2/MAP3K09, a typical but uncharacterized MAP3K [START_REF] Gao | MEKK1, MKK1/MKK2 and MPK4 function together in a mitogen-activated protein kinase cascade to regulate innate immunity in plants[END_REF].

The molecular meaning of this genetic regulation of a module activity by independent MAP3K in the context of immunity is unclear so far. It nonetheless highlights the possibility of unexpected and surprising feedback mechanisms in the MAPK signaling network.

PTI signaling can be counteracted by pathogens which inject effectors in the host cell. Several of them target MAPK modules. This results in ETS. However, the recognition of effectors by specific proteins belonging to the NB-LRR family (Nucleotide-Binding Leucine Rich Repeat) is a way for the plant to reactivate defenses.

This Effector-Triggered Immunity (ETI) signaling pathway is less described despite some major actors, such as EDS1 or NPR1, that have been identified (Aarts et al., 1998).

In 2013, Tsuda and co-workers unraveled the fact that MKK4/5-MPK3/6 module, was also involved in ETI signaling [START_REF] Tsuda | Dual Regulation of Gene Expression Mediated by Extended MAPK Activation and Salicylic Acid Contributes to Robust Innate Immunity in Arabidopsis thaliana[END_REF]. Besides, recent experiment exhibits the fact that ETI responses can trigger PTI responses amplification [START_REF] Lang | Sustained incompatibility between mapk signaling and pathogen effectors[END_REF]. This is a striking example of module duplication for two purposes. In fact, recent work largely questioned the independency of PTI and ETI signaling [START_REF] Tsuda | Comparing signaling mechanisms engaged in pattern-triggered and effector-triggered immunity[END_REF][START_REF] Peng | Convergent and divergent signaling in PAMPtriggered immunity and effector-triggered immunity[END_REF][START_REF] Lu | Intimate Association of PRR-and NLR-Mediated Signaling in Plant Immunity[END_REF][START_REF] Yuan | PTI-ETI crosstalk: an integrative view of plant immunity[END_REF].

Beside immunity, kinase belonging to the MPK4 and MPK3/6 immune modules were also involved in the regulation of abiotic stress responses as well as many hormonal and environmental perception [START_REF] Suarez-Rodriguez | MEKK1 is required for flg22-induced MPK4 activation in arabidopsis plants[END_REF]. I will not go in detail on this matter, many of these reported roles having not been confirmed/followed and, for some, being questionable. Nevertheless, these two modules have also been clearly shown to function in developmental processes. For example, genetic studies revealed that mkk4/5 and mpk3/6 have a very strong stomatal patterning phenotype and consequently fail to develop further than the cotyledon stage [START_REF] Wang | Stomatal development and patterning are regulated by environmentally responsive mitogen-activated protein kinases in Arabidopsis[END_REF]. This is reminiscent of yoda phenotype, which is also impaired in stomatal patterning [START_REF] Bergmann | Stomatal development and pattern controlled by a MAPKK kinase[END_REF]. YODA codes for a typical MAP3K, MAP3K4, functioning downstream of the ERECTA (ER), a RLK (receptor-like kinases) able to control stomatal and embryo patterning, inflorescence architecture, lateral organ shape as well as plant immune response [START_REF] Sopeña-Torres | YODA MAP3K kinase regulates plant immune responses conferring broad-spectrum disease resistance[END_REF].

This indicates that YODA-MKK4/5-MPK3/6 constitutes a functional module to determine cellular fate in the epidermis development. Additionally, YODA-MKK4/5-MPK3/6 module has been involved in other developmental contexts as during abscission [START_REF] Sung | Regulation of floral organ abscission in Arabidopsis thaliana[END_REF][START_REF] Cho | Ligand-induced receptor-like kinase complex regulates floral organ abscission in Arabidopsis HHS Public Access[END_REF] and lateral root emergence [START_REF] Zhu | A MAPK cascade downstream of IDA-HAE/HSL2 ligand-receptor pair in lateral root emergence[END_REF]. Recently, YODA, which was considered as a developmental actor, was also found to be involved in immunity [START_REF] Sopeña-Torres | YODA MAP3K kinase regulates plant immune responses conferring broad-spectrum disease resistance[END_REF] and the frontier between MAP3K functions has been requestioned [START_REF] Wang | Arabidopsis MAPKK kinases YODA, MAPKKK3, and MAPKKK5 are functionally redundant in development and immunity[END_REF].

Overall, these data highlight the facts that (i) the same MAPK modules can be used in very different contexts as well as (ii) there is some possibilities of combining various kinases to increase the complexity of the MAPK module-based signaling network.

Nevertheless, YODA and MAP3K3/5, which activate MKK4/5 respectively in the context of development and biotic stresses, belong to the same subclade of MAP3Ks, suggesting that these combinations are not random. It also raises the question of the specificity in the output of the module signaling: is SPEECHLESS, a major transcription factor involved in the stomatal patterning downstream of YDA-MKK4/5-MPK3/6 [START_REF] Lampard | The missing link? arabidopsis spch is a mapk specificity factor that controls entry into the stomatal lineage[END_REF][START_REF] Shao | The YDA-MKK4/MKK5-MPK3/MPK6 Cascade Functions Downstream of the RGF1-RGI Ligand-Receptor Pair in Regulating Mitotic Activity in Root Apical Meristem[END_REF], also phosphorylated in the context of immunity?

At the opposite, are immune-related substrates also phosphorylated in the context of stomatal patterning?

MPK4 has also important developmental roles. It notably localizes in the cells division zone during cell expansion roots. A knockout mutation results in the appearance of defects in the definition of cell plate, indicating that MPK4 could be involved in cytokinesis to regulate root development [START_REF] Kosetsu | The MAP kinase MPK4 Is required for cytokinesis in Arabidopsis thaliana[END_REF]. In this context, MPK4 belongs to a totally different module constituted of the MAP3Ks, named ANP1, ANP2, and ANP3 [START_REF] Nishihama | Possible involvement of differential splicing in regulation of the activity of Arabidopsis ANP1 that is related to mitogenactivated protein kinase kinase kinases (MAPKKKs)[END_REF][START_REF] Krysan | An Arabidopsis mitogenactivated protein kinase kinase kinase gene family encodes essential positive regulators of cytokinesis[END_REF] and the MAP2K MKK6/ANQ [START_REF] Soyano | NQK1/NtMEK1 is a MAPKK that acts in the NPK1 MAPKKK-mediated MAPK cascade and is required for plant cytokinesis[END_REF] to regulate cytoskeleton actors. To conclude, our actual knowledge in relation with MAPK modules signaling pathway in immunity seem robust due to the fact that it has been provided by several high-quality biochemistry and genetic studies whose results overlap. This example illustrates the great diversity of MAPK module signaling pathway in plants.

Nevertheless, this diversity could be also the root of complexity in terms of MAPK module characterization in response to both biotic and abiotic stress.

II.C. MKK3 modules: emerging atypical slow-responsive signaling transducers

In the last decade, there has been an increasing number of publications suggesting functions for MKK3. As is often the case, the literature, taken as a whole, appears to be very cluttered. Nevertheless, works largely performed in the Stress Signaling In the laboratory, a previous PhD student, Agyemang Danquah, identified an MKK3 module as an important puzzle piece of ABA signaling pathway, shedding light at the same time and for the first time on a whole MKK3-containing module (Figure 1.11) (Danquah et al., 2015b). In planta, MPK7 is slowly activated by ABA with a peak at 4h.

Using protoplast systems, the laboratory showed that clade-C MAPKs (MPK1/2/7/14) are activated by the two clade-III MAP3Ks MAP3K17/18 in an MKK3-dependent way.

Confirming these results in plants, ABA-triggered MPK7 activation was impaired in mkk3 and strongly decreased in map3k17/18. The MPK7 activity kinetic was surprisingly slow when compared to previously described MAPK modules (notably activated by MAMPs). The laboratory showed that it correlated with a slow but very strong transcriptional regulation of MAP3K17/18 genes. This suggests that MAP3K18

is not present in resting conditions and strongly produced in response to ABA, being under the control of the ABA "core" signaling module. A transcriptome analysis, performed in both Col-0 and mkk3-1, and under mock conditions or ABA treatment, identified 377 genes as ABA differentially regulated in mkk3-1. Last, the authors showed that plants impaired in the module are less able to resist to mild drought long periods. Several independent studies confirmed these results, sometimes in other species, and bring additional information [START_REF] Umezawa | Genetics and phosphoproteomics reveal a protein phosphorylation network in the abscisic acid signaling pathway in arabidopsis thaliana[END_REF]Matsuoka et al., 2015[START_REF] Matsuoka | Control of plant growth and development by overexpressing MAP3K17, an ABA-inducible MAP3K, in Arabidopsis[END_REF]Mitula et al., 2015;[START_REF] Li | Arabidopsis MAPKKK18 positively regulates drought stress resistance via downstream MAPKK3[END_REF]. Notably, Mitula and co-workers showed other layers of regulation of MAP3K18 by the phosphatase ABI1 and by ubiquitination (Mitula et al., 2015). Zhou and co-workers showed that the ABA-dependent MAP3K18

transcriptional regulation was dependent of ABI4 (Zhou et al., 2021). In conclusion, Agyemang Danquah and his supervisors came to the conclusion that module activation results of the production of the upstream MAP3Ks in response to ABA. This biosynthetic enzyme respectively, have a strong decreased in wound induced MPK2 activation. Last, in a collaboration with Axel Mithöfer (Jena, Germany) a wound-related mkk3 phenotype was found by comparing the Spodoptera littoralis larval ability to feed on Arabidopsis rosettes. Indeed, caterpillars feeding on mkk3-1 leaves shown a significant increase of weight, suggesting that the MKK3 module could function to counteract herbivores. To summarize, an MAP3K14/?-MKK3-MPK1/2/7/14 module has a role in plant to adapt to mechanical wounding and insect feeding. More

generally, this work brought larger information on MKK3 modules. For example, yeast 2-hybrid experiments revealed that all clade-III MAP3Ks (with the exception of MAP3K21 which was consider as a pseudogene at this time) specifically interact with MKK3. Interestingly, these MAP3Ks are largely up-regulated by stresses, compared to the clade-I and -II ones (Colcombet et al., 2016). As it seems to be mandatory for MAPK activation (at least in the context of ABA/drought and JA/wounding), looking at signals able to regulate strongly clade-III MAP3K expression is a good way to identify module activators.

MAP3K13 and MAP3K14 genes, both belonging to clade-III and able to activate MKK3 module in protoplast system (Sözen et al., 2020) are known in the "nitrate signaling" community are among the most up-regulated genes by nitrate [START_REF] Chardin | Review: Mitogen-Activated Protein Kinases in nutritional signaling in Arabidopsis[END_REF]. Interestingly, this transcriptional regulation was found to be dependent of the transcription factor NLP7 [START_REF] Marchive | Nuclear retention of the transcription factor NLP7 orchestrates the early response to nitrate in plants[END_REF]. Upon nitrate, NLP7 re-localizes from the cytoplasm to the nucleus to bind specific promoters and rapidly activate nitrate-responsive genes, among which MAP3K13/14. This suggests that nitrate could be activator of MKK3 module. In a collaboration with Anne Krapp's group, the lab started to work on this matter few years ago (Schenk, Chardin, Krapp and Colcombet, unpublished). Figure 1.11 and Figure 1.12 summarizes results of this collaboration. In plantlets, MPK7 is activated rapidly, with a peak at 15 minutes by nitrate but not chloride (Figure 12). This activation depends on NLP7, MAP3K13/14 and MKK3 as it disappears in corresponding mutants (Figure 1.12). For once, this C-clade MAPK activation is rapid but still in agreement with our hypothesis as MAP3K13/14 transcriptional regulation occurs with the same kinetics (Figure 1.12 and 1.11) [START_REF] Marchive | Nuclear retention of the transcription factor NLP7 orchestrates the early response to nitrate in plants[END_REF]. Interestingly, in protoplast system, the laboratory showed that they both are able to activate MKK3 module at very low concentration, without being even detectable with western blot (Sözen et al., 2020). This suggests a strong ability to phosphorylate MKK3, compatible with a very rapid protein synthesis. The notable exception in the literature is that MAP3K18 is also regulated by PP2C, indicating that they might be regulated post-transcriptionally by phosphorylation (Mitula et al., 2015). A recent studies showed, mainly using in vitro techniques, that MAP3K20 can be phosphorylated by cysteine-rich receptor-like protein kinase21 (CRK21) [START_REF] Bai | A complete MAPK cascade, a calmodulin, and a protein phosphatase act downstream of CRK receptor kinases and regulate <em>Arabidopsis</em> innate immunity[END_REF]. The fact that clade-III MAP3Ks are expressed in very rare conditions and at rather late time points probably explains why MAP3K proteins and their post-translational modifications have not been found in (phospho-)proteomics approaches. The last question is what is downstream of this module in term of MPK1/2/7/14-dependent phosphorylated targets and controlled molecular mechanisms. Other data in the literature showed that auxin responses could also be regulated by an MKK3 module [START_REF] Enders | An Arabidopsis kinase cascade influences auxinresponsive cell expansion[END_REF]. Auxin is a very important phytohormone regulating many aspects of plant development. Enders and coworkers show that MKK3-MPK1 regulates the auxin-responsive cell expansion. Indeed, mpk1 and mkk3 mutants exhibit hypersensitivity to auxin at the root elongation level and an aggravation of cotyledons growth defect caused by auxin. This suggests that the MKK3 -MPK1 module would act as an auxin responsiveness inhibitor. The authors also identified based on substrate databases [START_REF] Popescu | MAPK target networks in Arabidopsis thaliana revealed using functional protein microarrays[END_REF] that the ROP Binding Protein Kinase1 (RBK1) as a putative substrate for MPK1, at least in vitro.

Coherently, rbk1 displays hypersensitivity to auxin in root elongation and cotyledon expansion assays as mpk1 and mkk3. To complete the story, RBK1 phosphorylates Rho-like GTPases from Plants4 (ROP4) and ROP6, two GTPases playing a role notably in cell polarity and cell expansion [START_REF] Xu | Cell surface-and Rho GTPase-based auxin signaling controls cellular interdigitation in Arabidopsis[END_REF]. All in all, these data show that cell expansion controlled by auxin is modulated by a MKK3 module composed of MKK3-MPK1-RBK1 and its terminal target ROP4 and ROP6. In this work, the activation of the module by auxin has not been tested but might highlight the fact that MAP3K14 and MAP3K19 expressions are modulated by auxin and auxin transport inhibitors respectively [START_REF] Menges | Comprehensive gene expression atlas for the Arabidopsis MAP kinase signalling pathways[END_REF].

II.C.2. Not-aligned literature about kinases involved in MKK3 module is defined in the above section.

MKK3 and clade-III MAP3Ks were sometimes proposed to function in combination with other kinases of other clades. This section aims to discuss this literature, largely because it challenges our own working model, as described in the previous section, and also because relevant information might be found in these articles.

Some atypical MKK3 modules were found to be activated in response to blue and red light. Indeed, an MKK3-MPK6 module was proposed to be activated in response to blue light after only 1 to 10 minutes (Sethi et al., 2014). MPK6 targets MYC2, a transcription factor notably known to be involved in priming for enhanced defense.

Additionally, MYC2 regulates MPK6 expression to modulate MPK6 activation by blue light. Furthermore, this MKK3-MPK6-MYC2 module was shown to transcriptionally regulates several genes involved in the light signaling pathway such as HY5 or SPA1, both having level of expression impacted in myc2 and mpk6 mutants. A second (or the same?) MKK3-MPK6 module was also proposed as being activated in response to red light and regulates hypocotyl elongation (Lee, 2015). mkk3 shows an impaired reduction of hypocotyl elongation in response to red light, as phyB mutant, as well as a hypersensitive response to GA. Some additional tests, which do not include mock, suggested that, in this article, MPK6 is phosphorylated (i.e., activated) after a transition from darkness to light; and this MPK6 activation is constitutive in mkk3 mutant, suggesting a negative effect of MKK3 on MPK6. I found this study very questionable, plenty of other experiment could have been done to confirm or not these results.

Overall, these two articles supported the idea that MKK3 could play a role in the regulation of plant response to light.

Another article concerning MKK3-MPK6 can be found in BioRXiv [START_REF] Bai | A complete MAPK cascade, a calmodulin, and a protein phosphatase act downstream of CRK receptor kinases and regulate <em>Arabidopsis</em> innate immunity[END_REF].

In this work, the author showed that MAPKKK20 is phosphorylated, possibly activated by Cysteine-Rich Receptor-Like Protein Kinase21 (CRK21), and activates MKK3 and MPK6 to modulate fungus and bacterial immune response. The negative aspect of this work is that it was largely performed in vitro with purified kinases and, therefore, the relevance in vivo is quite questionable.

Another significant study suggested in 2011 that MKK3, as well as CaM4, were involved for MPK8 (clade D) activation in response to mechanical wounding to regulate ROS production (Takahashi et al., 2011). Using protoplasts, the authors showed that MPK8 activation requires independently MKK3 phosphorylation or its interaction with CaM to initiate ROS homeostasis maintenance. Consequently, mpk8

overproduces ROS in response wounding but the phenotypical characterization of mkk3 in the same conditions is not provided in this article. The same authors had combined also MKK3 with MPK6 in the context JA signaling [START_REF] Takahashi | The mitogen-activated protein kinase cascade MKK3-MPK6 is an important part of the jasmonate signal transduction pathway in Arabidopsis[END_REF].

They showed MPK6 is activated by JA in Arabidopsis. This activation is the result of the upstream activation of MKK3, as a higher MPK6 activation was found in a line expressing a constitutive MKK3, and a reduced one in mkk3. This hypothesis was reinforced by the fact that MKK3-MPK6 module controls PDF1.2 and VSP2 expression, involved in JA and ethylene pathway. Finally, the authors identified AtMYC2 as MPK6

target. Overall, these data tend to indicate the existence of an MKK3-MPK6-MYC2 module involved in response to JA. These two studies have to be read at the light of the laboratory recent publication, showing that clade-III MAP3K-MKK3-MPK1/2/7/14 module is activated by wounding.

Concerning clade III MAP3K in other combinations, a module composed of MAP3K20, MKK5 and MPK6 was recently proposed to be activated by ABA (Li et al., 2017c(Li et al., , 2017b)) The major germination-promoting phytohormone GA has rarely been shown to be connected with MAPK modules. A publication suggested that the overexpression in Nicotiana benthamiana of the cotton MPK11, a close homolog MPK4, promotes GA3 accumulation, leading to disease resistance through GA signaling [START_REF] Wang | The cotton mitogenactivated protein kinase kinase 3 functions in drought tolerance by regulating stomatal responses and root growth[END_REF]Lee, 2015). But these strategies, combining overexpression and heterologous expression, must be considered with caution. Another work reported that mkk3 shows GA-hypersensitive responses at the level of hypocotyl elongation in long day conditions (Lee, 2015). In this study, the author connects this observation with a role of MKK3-MPK6 module in dark-light transition.

Unlike GA, a great number of studies suggested that MAPK modules are players in ABA signaling. First, ABA regulates the transcription of several MAPK-related kinases [START_REF] Menges | Comprehensive gene expression atlas for the Arabidopsis MAP kinase signalling pathways[END_REF]. ABA has been first reported to not activate MPK4 and MPK6, whereas other stresses do [START_REF] Ichimura | Various abiotic stresses rapidly activate Arabidopsis MAP kinases ATMPK4 and ATMPK6[END_REF]. But other studies suggested the opposite. For example, an ABA-activated MKK1-MPK6 module was notably proposed to play a role in stomatal aperture regulation through the CATALASE1-control of ROS homeostasis [START_REF] Xing | AtMKK1 mediates ABA-induced CAT1 expression and H2O2 production via AtMPK6-coupled signaling in Arabidopsis[END_REF]. In seedlings, MPK3 and MPK6 were also shown to be activated by ABA in 30 minutes, this activity being control in time by PP2Cs [START_REF] Brock | The arabidopsis mitogen-activated protein kinase phosphatase PP2C5 affects seed germination, stomatal aperture, and abscisic acid-inducible gene expression[END_REF]. Two others MAPKs -MPK9 and MPK12-selected as highly expressed in stomatal guard cells, were also shown to function as positive regulators of ROSmediated ABA signaling [START_REF] Jammes | Two arabidopsis guard cell-preferential MAPK genes, MPK9 and MPK12, function in biotic stress response[END_REF]. mpk9/12 double mutants showed an enhanced water loss, and ABA-and H2O2-insensitive stomatal response. Last, a module composed of ABA-INSENSITIVE PROTEIN KINASE1 (AIK1), that is in fact clade-III MAP3K20, MKK5 and MPK6 was recently proposed to be activated by ABA (Li et al., 2017c(Li et al., , 2017b)). The authors showed also that mutants impaired in one of these kinase genes are ABA insensitive in primary root elongation and stomatal closure. Our team is very critical of these publications, at least on the kinase activity characterization. A large majority of these studies performed any controls in their experiments and it is complicated to distinguish between ABA and manipulation effects, MPK3/4/6 being known to be activated by wounding and touch [START_REF] De Zelicourt | The Role of MAPK Modules and ABA during Abiotic Stress Signaling[END_REF]. Last, as I mentioned earlier, a MAP3K17/18-MKK3-MPK1/2/7/14 module is activated in response to ABA in the context of drought (cf. II.C.1). Additionally, the authors showed in this publication that mkk3 seeds are hypersensitive to exogenous ABA, suggesting a function during germination.

Furthermore, MAPK modules have also been found to be regulated by light, temperature and nitrate, which are major cues involved in dormancy modulation.

For example, in Arabidopsis, light was reported to modulate an MKK3-MPK6 module (Lee, 2015;Sethi et al., 2014). In Sethi et al., blue light appeared to swiftly activates MPK6 through MKK3 (Sethi et al., 2014) although MKK3 seems to rather restrict MPK6 activity triggered by red light (Lee, 2015). Overall, these opposite data suggests that MKK3 might be involved in light signaling.

Temperature is known to strongly regulate seed germination. It has been also

shown in few cases to regulate MAPKs [START_REF] Moustafa | MAPK cascades and major abiotic stresses[END_REF]. For example, the HEAT-SHOCK ACTIVATED MAP KINASE (HAMK) was observed as the first heat responsive MAP kinase in alfalfa and tobacco [START_REF] Sangwan | In vivo and in vitro activation of temperature-responsive plant map kinases[END_REF][START_REF] Suri | A heat-activated MAP kinase (HAMK) as a mediator of heat shock response in tobacco cells[END_REF]. In tobacco, its activation correlates with HSP70 accumulation, both being sensitive to the same inhibitors [START_REF] Suri | A heat-activated MAP kinase (HAMK) as a mediator of heat shock response in tobacco cells[END_REF], suggesting a causal relationship. Nevertheless, the molecular determinant of HAMK is still unknown. In Arabidopsis, MPK6 was shown to be activated in leaves during the recovery of a heat shock to regulate vacuolar processing enzyme (VPE) [START_REF] Li | MAP Kinase 6-mediated activation of vacuolar processing enzyme modulates heat shock-induced programmed cell death in Arabidopsis[END_REF]. At the same time MPK6 was reported to be activated by heat to phosphorylate the Heat shock Responsive FactorA2 (HsfA2) [START_REF] Evrard | Regulation of the heat stress response in arabidopsis by MPK6-targeted phosphorylation of the heat stress factor HsfA2[END_REF]. Andrasi and co-workers suggested that another, HsfA4, could be phosphorylated by MAPKs and notably MPK3 and MPK4 [START_REF] Andrási | The mitogen-activated protein kinase 4-phosphorylated heat shock factor A4A regulates responses to combined salt and heat stresses[END_REF]. In tomato, the MPK6 orthologue SlMPK1 is also activated by high temperature and was proposed to phosphorylate a SERINE-PROLINE-RICH PROTEIN HOMOLOG1, (SlSPRH1) [START_REF] Ding | The tomato mitogen-activated protein kinase SLMPK1 is as a negative regulator of the hightemperature stress response[END_REF]. Plants impaired in SlMPK1 show enhanced resistance to high temperature, suggesting a negative role in the adaptation to temperature.

At the opposite, MAPK modules have also been shown to play a role in the sensing of cold temperature. Cold induces the activation of both MEKK1-MKK1/2-MPK4 and MKK4/5-MPK3/6 modules (Li et al., 2017a;[START_REF] Lee | The Arabidopsis cold-responsive transcriptome and its regulation by ICE1[END_REF][START_REF] Teige | The MKK2 pathway mediates cold and salt stress signaling in Arabidopsis[END_REF][START_REF] Furuya | Phosphorylation of Arabidopsis thaliana MEKK1 via Ca2+ signaling as a part of the cold stress response[END_REF]. One of the clear targets is the transcription factor INDUCER OF CBF EXPRESSION1 (ICE1), which is, once phosphorylated, sent to the proteasomal degradation, therefore downregulating CBF (CRT BINDING FACTOR) genes and freezing tolerance (Li et al., 2017a;[START_REF] Zhao | MAP Kinase Cascades Regulate the Cold Response by Modulating ICE1 Protein Stability[END_REF]. Other substrates have been proposed for MPK3/6 in the cold context: the Plasma Membrane H+-ATPase (Ponce-Pineda et al., 2021), the cold-response-activator transcription factor CAMTA3 [START_REF] Jiang | Phosphorylation of the CAMTA3 transcription factor triggers its destabilization and nuclear export[END_REF][START_REF] Doherty | Roles for Arabidopsis CAMTA transcription factors in cold-regulated gene expression and freezing tolerance[END_REF] and MYB5, which acts oppositely to ICE1 in the regulation of CBF genes [START_REF] Kim | Phosphorylation of the transcriptional repressor MYB15 by mitogen-activated protein kinase 6 is required for freezing tolerance in Arabidopsis[END_REF].

Last, until recently the role of MAPK modules in nitrate/nitrogen signaling was poorly documented, although MAPK are involved in various aspect of nutrient signaling and homeostasis [START_REF] Chardin | Review: Mitogen-Activated Protein Kinases in nutritional signaling in Arabidopsis[END_REF]. MEKK1 has been identified as an important player in transducing the glutamate signal, glutamate being a molecule produced by nitrogen assimilation, to modulate root architecture [START_REF] Forde | Glutamate signalling via a MEKK1 kinase-dependent pathway induces changes in Arabidopsis root architecture[END_REF]. 

C. MKK3 module overview in monocotyledons

A.

B. C.

More recently, a direct activation of MAPK module, defined as MAP3K13/14-MKK3-MPK7, by nitrate has been proposed (Schenk, Chardin, Krapp and Colcombet, unpublished). These exciting results have been exhaustively presented in the previous part about MKK3 module (Figure 1.11 and 1.12).

II.D.2. Direct implication of MAPK actors in seed dormancy

Two set of studies identified two MPK modules as important players in the control of dormancy.

A recent study highlighted the role of MPK8 in the regulation of seed dormancy. (Zhang et al., 2019). Freshly harvested mpk8 seeds display a strong dormancy phenotype, arduously released by gibberellins and after ripening. MPK8 is able to interact with and phosphorylates in the nucleus the transcription factor TCP14 (for TEOSINTE BRANCHED1/CYCLOIDEA/PROLIFERATING CELL FACTOR). TCP14 phosphorylation enhances its activity in seeds. Interestingly, transcriptomes of WT, mpk8 and tcp14 seeds are very similar at dry stage but diverge after a 24h-imbition.

Nevertheless, mpk8 and tcp14 mutants showed a strong overlap in their missregulated genes, confirming that the two proteins belong to a common signaling pathway.

Several studies unveiled that MKK3, and therefore putatively MKK3 related modules, could be a key player in the control of seed dormancy and germination in three different monocotyledons (Figure 1.13). In wheat and barley, two major QTLs controlling vivipary, which is a total absence of seed dormancy leading to the seed germination directly on spikes in humid environment, were reported at the same time, the causal mutations touching MKK3 orthologous (Nakamura et al., 2016;Torada et al., 2016). In barley, the characterization of a recombinant inbreed population, between the dormant cultivar ''Azumamugi'' (Az) and the non-dormant cultivar ''Kanto Nakate Gold'' (KNG) (Figure 1.13), identified a QTL in chromosome 5H and the fine mapping pointed HvMKK3 (Nakamura et al., 2016). Among the four non synonymous substitutions of this region, one touched a very conserved amino acid at position 260 of MKK3, being mutated N260T in the Az dormant cultivar. The authors showed that MKK3Az and MKK3KNG N260T mutant displayed a 5-10 time decrease of kinase activity. Using Targeting Induced Local Lesions in Genomes (TILLING) method in "Barke" cultivar background, which does not show dormancy like "KNG", the authors identified new mkk3 mutant. A splice junction mutation, leading to a truncated MKK3 triggered dormancy to the normally non-dormant Barke, confirms the main role of MKK3 as a germination promoting regulator. In wheat, a region located on chromosome 4A was also identified as a major QTL (Torada et al., 2016).

Positional cloning identified, once again a protein exhibiting strong similarities with MKK3 in Arabidopsis. Further experiments showed that a single non-synonymous modification at position 220 of TaMKK3 protein sequence implies changes in dormancy state of wheat seeds. The complementation of non-dormant crop with

TaMKK3 was reducing dormancy. Finally, a study of 2019 corroborates these results in rice, underlying a whole signaling module based on MKK3 (Mao et al., 2019).

Among all of the 75 MAP3K (OsMAPKKKs) found in rice genome [START_REF] Rao | In silico analysis reveals 75 members of Mitogen-Activated protein Kinase Kinase Kinase gene family in rice[END_REF], MKKK62 was highly differentially regulated in response to environmental signals (drought, salinity, cold…). Phylogenetic analysis revealed that this OsMAP3K belonged to the clade-III of MAP3Ks [START_REF] Rao | In silico analysis reveals 75 members of Mitogen-Activated protein Kinase Kinase Kinase gene family in rice[END_REF]. Y2H experiments confirm that OsMKKK62 was interacting with OsMKK3 and OsMKK3 was interacting with OsMPK7 and OsMPK14. Furthermore, the overexpression of OsMAP3K62 were ABA insensitive, while GA content appear to be stable in this context. OE lines also present a strong viviparity phenotype resulting of the disappearance of seed dormancy. This phenotype was abolished in mutants of the downstream kinase (Figure 1.13). All together, these results show that a MAPK module composed of MKKK62-MKK3-MPK7/14 negatively seed dormancy in rice. This is also a confirmation in another specie, phylogenetically distant, that clade-III MAP3K, MKK3 and clade-C MAPK can function altogether.

OBJECTIVE OF MY THESIS: understanding MKK3 module functions in the control of seed dormancy

Dormancy is an essential process in plant lifecycle. Although this crucial step has been studied for many years, some underlying molecular processes involved in its regulation remains unknown. Nevertheless, spare date suggested that MAPK modules are involved in the regulation of dormancy. My team notably showed that an MKK3 module is activated in plant responses to ABA and nitrate, two major signals regulating, although in opposite way, the dormancy state of seeds [START_REF] Boudsocq | Plant MAPK cascades: Just rapid signaling modules?[END_REF]Colcombet and Krapp, unpublished). Preliminary data obtained in the Stress Signalling team showed that the mkk3-1 mutant was more dormant than an WT (Col-0), suggesting a role in dormancy regulation. In other species, this role is more robustly shown, as genetics studies identified the role of MKK3 homologues in wheat, rice or barley (Torada et al., 2016;Mao et al., 2019;Nakamura et al., 2016). 

CHAPTER 2. RESULTS

ARTICLE MANUSCRIPT: "MKK3 modules integrate nitrate and light signals to modulate secondary dormancy in Arabidopsis thaliana"

Introduction

Seed is a dispersive organ produced by plants after fecundation. The plantlet embryo, embedded in seed, has the ability to remain functional although asleep for long periods even in harsh environmental conditions. Its genetic program, shaped by the specie evolution in interaction with its environment, allows its germination at the appropriate period to maximise the probability to produce a progeny. A critical physiological determinant of seed behaviour is therefore its dormancy, i.e. its ability to not germinate even when the environmental conditions are compatible with germination and plant development and how it reacts to environmental inputs. Dormancy can be therefore considered as a decision mechanism integrating environment for seeds to germinate or not. Primary dormancy is acquired during seed maturation on mother plants. It is the highest when seeds are just released and progressively decreases with time. Once freed on/in the ground and depending of specie lifestyle, seed faces through year the succession of favorable and unfavorable germination periods, which required the repetitive establishment of de novo dormancy and its breaking, this process being referred as cycling dormancy. This secondary dormancy is acquired by freed seeds which become unable to germinate when the conditions are not favorable. All aspects of seed dormancies, acquisition, maintenance and breaking, are tightly modulated by environmental cues.

Dormancies are thought to be under the primary control a dynamic hormonal balance (Shu et al., 2016). Abscisic acid (ABA) is a major inducer of seed dormancy whereas gibberellins (GA) promote germination. Plant impaired in ABA/GA biogenesis or signalling pathways are affected in their ability to control dormancy and germination. After seed dispersal or harvest, ABA catabolism in imbibed seeds contributes to the release of dormancy and allows the promotion of germination by GA. Many external cues modulate this balance. Seeds perceive and respond to a change in environmental conditions such as temperature, light, storage periods (after-ripening), moisture content and nitrate (NO3 -). External NO3 -promotes seed germination at low concentrations in many plant species, acting as both nutrient and signal (Alboresi et al., 2005). Furthermore, exogenous NO3 -breaks efficiently primary dormancy and promotes the completion of seed germination by enhancing ABA catabolism and inhibiting ABA synthesis. In Arabidopsis, the NIN-Like Protein 8 (NLP8) transcription factor is a major regulator of NO3 --regulated dormancy, promoting NO3 --dependent germination by up-regulating of ABA catabolism genes such as CYP707A1/2 (Yan et al., 2016).

In recent years, several reports also pointed MKK3 kinase as an important actor promoting seed germination. Notably, in wheat, barley and rice, MKK3 orthologous genes have been identified as the underlying molecular trait for QTL controlling pre-harvest sprouting (PHS) (Mao et al., 2019;Nakamura et al., 2016;Torada et al., 2016). Arabidopsis seeds impaired in MKK3 showed also defect in germination and ABA sensitivity (Danquah et al., 2015). MKK3 belongs to the MAP2K (MAPK Kinase)

subfamily involved in plants and other eukaryotes, together with MAP3K (MAP2K Kinase) and MAPK (Mitogen-Activated Protein Kinase) subfamilies, in intracellular phosphorylation cascades, referred as MAPK modules [START_REF] Jagodzik | Mitogen-Activated Protein Kinase Cascades in Plant Hormone Signaling[END_REF]Colcombet and Hirt, 2008) Drought, through the ABA core signaling module, activated an MAP3K17/18-MKK3-MPK7 module in plantlets and plants impaired in these kinases show a reduce tolerance to drought [START_REF] Danquah | The role of ABA and MAPK signaling pathways in plant abiotic stress responses[END_REF]Mitula et al., 2015;Li et al., 2017;Matsuoka et al., 2015;Zhou et al., 2021). Unexpectedly, the module activation was tightly controlled by the transcription-dependent MAP3K17/18 production which, without stimulation, was unexpressed (Danquah et al., 2015;[START_REF] Boudsocq | Plant MAPK cascades: Just rapid signaling modules?[END_REF]. More recently, MKK3 module was found to be activated in response to insect feeding, wounding and jasmonic acid (Sözen et al., 2020). Again, the module activation depended of the strong up-regulation of several clade III MAP3K genes. Last, we recently showed that NO3 -activates MKK3 module though the NIN-Like Protein 7 (NLP7) dependent up-regulation of MAP3K13/14 genes (S Shenck BioRxiv). In the present work, we further investigated using the model plant Arabidopsis the functioning of MKK3 module in the control of dormancy.

Results

Seeds impaired in MKK3 establish faster secondary dormancy

To test whether MKK3 module plays a role in the acquisition of secondary dormancy, Col0 and mkk3-1 seeds produced in low NO3 -conditions were sown on agar plates supplemented with 5 mM KCl and incubated at 30°C in the dark for increasing times. Even after 15 days, thermoinhibition prevented seeds to germinate (n>10). They were then transferred in permissive conditions (16h photoperiod;

22°C) during 7 days in order to measure their ability to germinate. With such treatment, Col0 seeds progressively acquired dormancy, having a 50% decrease of the germination of about 7-10 days. mkk3-1 seeds did it more rapidly, in less than 2 days, suggesting that an MKK3 module function in preventing the acquisition of dormancy (figure 1A). We observed also a large variability between independentlyproduced seed batches. A second knock-out allele, mkk3-2, gave similar results (figure S1A) and the transformation of mkk3-1 with a genomic locus tended to suppress this accelerate acquisition of secondary dormancy (figure S1B).

We then wondered whether the module could function also in the release of the secondary dormancy. Because, NO3 -was shown to be able to promote germination, we tested whether it notably breaks the heat-induced secondary dormancy. Seeds were first incubated on agar plates containing 5 mM KCl at 30°C to induce secondary dormancy and then transferred on new plates supplemented with various NO3 -concentrations and incubated for 7 days in permissive conditions (16h; photoperiod 22°C).

NO3 -was provided as KNO3 and KCl was added to reach a KCl+KNO3 concentration of 5 mM, keeping potassium and whole anion concentrations constant. When transferred on agar with only KCl, seeds were as previously shown largely dormant (figure 1B). mkk3-1 germinated less on low NO3 - concentrations (0.05 and 0.5 mM) than Col0. 5 mM KNO3 was able to promote about 100% germination of both genotypes. We found a similar results for mkk3-2 and the mkk3-1 complemented line showed a WT behavior (figures S1C and S1D). This result suggests that mkk3 seeds are less sensitive to NO3 -, although not insensitive. Consequently, MKK3 could mediate a part of NO3 -signaling to promote the breaking of dormancy.

MPK7 is expressed in seeds and activated by NO3 -in an MKK3-dependent way

mkk3 phenotype suggests that MKK3 module might be activated to promote germination or reduce dormancy acquisition. MKK3 was shown in our hand to activate MAPK of the C-clade, namely MPK1/2/7/14. We evaluated by RT-qPCR analysis which of these C-clade MAPKs were expressed in seeds during the first hours of germination after transfer on 5mM KCl or 5mM KNO3 (figure 2). MPK1 and MPK7 showed a rather higher expression than MPK2 and MPK14. None of the four C-clade MAPKs genes seemed to be sensitive to NO3 -versus chloride and all four showed a reduction of expression after transfer in germination conditions. To test whether the protein levels follow transcript ones, we performed Western Blots using HA-tagged MPK1/2/7-locus lines available in the laboratory (Sözen et al., 2020): only MPK7 was detectable in seeds whereas all were in in vitro plantlets (figure S2). We concluded that MPK7 is very likely an important player among the C-clade MAPK in seeds and could be used as a proxy to monitor module activation. MPK7 was immuno-precipitated from seeds using a specific antibody and its activity assayed as the ability to phosphorylate the heterologous substrate MYELIN BASIC PROTEIN (MBP) (figure 3, figure S3). MPK7 activity was detectable in dry seeds but not in seeds which have been made dormant by heat treatment. When seeds were transferred in permissive conditions (16h photoperiod at 22°C), the activity increased rapidly with an apparent maximum at 8 hours. This increase of MPK7 activity was higher when seeds were transferred on agar supplemented with 5mM KNO3. In mkk3-1 seeds, MPK7 activity was not detectable anymore, confirming that MPK7 functions downstream of MKK3. In mpk7 background, MPK7 activity was not detectable, confirming the specificity of the antibody raised against MPK7 for Kinase assay and Western Blot (figure S4). To consolidate these results, an HA-antibody was used to immuno-precipitate MPK7-HA from plants transformed with HA-tagged MPK7-locus. MPK7-HA showed a similar pattern of activity, which was abolished when mkk3-1 mutation was introgressed in the line (figure S5). Overall, these results show that MPK7 in seeds is activated by NO3 -in an MKK3-dependent way. They also suggest that other activators may be responsible of the high activity background observed when seeds were transferred on KCl.

MAP3K13/14/19/20 are necessary for the dependent MKK3 module activation

We reported that MKK3 is activated by clade-III MAP3Ks whose transcriptional up-regulation is critical to activate the module (Colcombet et al., 2016;Danquah et al., 2015;Sözen et al., 2020). Using RT-qPCR, we measured the expression of clade-III MAP3K genes in Col-0 seeds during the breaking of dormancy (figures 4 and S6). Four MAP3K genes were up-regulated in some tested conditions.

MAP3K13 and MAP3K14 were rapidly, with a peak at 45 minutes, regulated in seeds by NO3 (figures 4A and 4B) whereas MAP3K19 and MAP3K20 showed a delayed activation, typically at 3 and 8 hours, which was stronger in presence of 5mM KNO3 than 5mM KCl (figures 4C and 4D). Additionally, MAP3K13 and MAP3K19 showed a high expression level in dry seeds but not anymore in seeds that have been made dormant by heat treatment (figures 4A et 4C). These results fit the level of MPK7 activity in seeds (figure 3) and suggest that those four MAP3Ks may play a role in the module in the context of seed dormancy regulation. Nevertheless, the patterns of MPK7 activation and MAP3K

transcriptional regulation rather suggest a prominent function for MAP3K19/20 whereas MAP3K13/14 transcription peak does not coincidence with a high MPK7 activation level. To test the role of those MAP3Ks in the module activation in seed, we immuno-precipitated MPK7 from map3k19/20 single and double mutants from dormant seeds transferred on KCl or KNO3. MPK7 activity was weakly impaired in map3k20 and strongly in map3k19/20, notably at 8 hours (figures 5 and S7). Coherently, map3k19/20 seeds acquired also more rapidly secondary dormancy than Col0 (figure 6A) and were less sensitive to NO3 -to release it (figure 6B). At the opposite, two lines constitutively expressing a MYC-tagged MAP3K19 showed higher MPK7 activity (figures 7A and S8) and did not acquire any secondary dormancy (figure 7B). Interestingly, when mkk3-1 mutation was introgressed in a 35S:MAP3K19-MYC line (#1), both MPK7 activation and non-dormant phenotype disappeared confirming that MKK3 acts downstream of MAP3K19 (figures 8 et 9). Interestingly, a residual NO3 -dependent MPK7 activity was shown in map3k19/20 at 45 minutes (figure 4). This kinetic fitting Values for each replicate are also shown.

MAP3K13/14 transcriptional response, we generated a quadruple mutant map3k13/14/19/20 and showed that MPK7 activity was totally impaired during the time course (figure 10). Last map3k13/14/19/20 seeds showed a stronger NO3 -insensitivity than map3k13/14 and map19/20

(figure 11).

Light activates MPK7 in a MKK3 dependent way and primes MAP3K19/20 expression

Because seeds, once treated with heat, were transferred in light conditions, we wondered whether light might be also an activator of MKK3 module and responsible for the high MPK7 activity background in KCl conditions. We repeated the whole experiment in dark conditions, manipulating filters carrying dormant seeds under green illumination. In these conditions we barely detected background of MPK7 activity (figures 12 and S9). Surprisingly, we did not monitor neither the induced MPK7 activation, suggesting that the NO3 -ability to activate MPK7 depend on light. Coherently, RT-qPCR analysis revealed that the transcriptional regulation of MAP3K19 and MAP3K20 was strongly reduced in dark, no matter anionic conditions (figure 13). At the opposite, -induced MAP3K13 and MAP3K14 expression was unaffected by light conditions. Other clade-III MAP3K genes were not upregulated in these conditions (figure S10). These results suggest that MAP3K19/20 transcriptional regulation acts as a conditional switch for light and NO3 in the activation of MPK7 and that MKK3 module might contribute to the well-known light-triggered break of dormancy. Coherently, MPK7 was not activated anymore by NO3 -or light in phyA/B, impaired in phytochrome receptor involved in the Red/far red regulation of (figure 14).

MKK3 module activity does not depend on ABA/GA balance

ABA/GA hormonal balance is one of the main physiological mechanisms controlling the seed decision to germinate. MKK3 module promoting germination, we first wondered whether the NO3 -and light-triggered activation of MKK3 module would depend of GA synthesis or signaling. To test this possibility, we transferred dormant seeds on agar media containing either KCl or KNO3 combined or not with paclobutrazol (PCZ), a potent blocker of GA biosynthesis. In these conditions, we did not measure any variation of MPK7 activity (figures 15A and S11). We also confirmed that an active GA, GA3, was unable to directly activate the module (figures 15B and S12). We then tested whether ABA modulate MPK7 activity in seeds. Dormant seeds were transferred on agar containing 5mM KCl or KNO3 with and without ABA for 8 hours and MPK7 activity was assayed. ABA did not affect the NO3 - /light-induced MPK7 activation (figure 16 andS13). At the same time, ABA was able to counteract the NO3 --triggered break of secondary dormancy in germination test (not shown). This result was rather surprising as we reported previously that ABA was able to activate the module in plantlets through the transcriptional regulation of MAP3K17/18 (Danquah et al., 2015). When ABA was added in media no -----+ + + -----+ + + -----+ + + -----+ ' 45' 3h 8h 45' 3h 8h DS 0' 45' 3h 8h 45' 3h 8h DS 0' 45' 3h 8h 45' 3h 8h mkk3-1 35S::MAP3K19-Myc A B 71 matter the anionic conditions, seeds did not express MAP3K17/18 (figure S12). At the same time, MAP3K13/14/19/20 showed unchanged transcriptional regulation (figure S12). This indicates that MKK3 module activation by ABA is tissue specific and that ABA-dependent regulation of seed germination does not require MKK3 module in our conditions.

Conclusion and perspectives

The choice to germinate or not is crucial for seed survival. Understanding how plant decide to do it or not, in interaction which its environment, has both strong academic and agronomic interests.

In this article, we report the dissection of a molecular signaling pathway integrating environmental cues to modulate secondary dormancy. Our choice to work on secondary dormancy was methodological but several arguments suggest that MKK3 module may function also for the release of primary dormancy. For example, some clade-III MAP3Ks are strongly transcriptionally regulated during imbibition [START_REF] Narsai | In-depth temporal transcriptome profiling reveals a crucial developmental switch with roles for RNA processing and organelle metabolism that are essential for germination in Arabidopsis[END_REF]. Additionally, overexpressing lines of some clade-III MAP3Ks as well loss of function mutants of the module were shown to have germination phenotype [START_REF] Choi | Arabidopsis MAP3K16 and Other Salt-Inducible MAP3Ks Regulate ABA Response Redundantly[END_REF]Mao et al., 2019;Danquah et al., 2015). More convincingly, mutations in MKK3 homologs have been identify in QTLs for wheat and barley vivipary, which is a total absence of dormancy (Torada et al., 2016;Nakamura et al., 2016).

Our work was led on the Brassicaceae specie Arabidopsis thaliana. This completes previous genetic investigation which had identified MKK3 under an important QTL for pre-harvest sprouting (PHS) in barley and wheat (Torada et al., 2016;Nakamura et al., 2016). Our results on a dicotyledon suggests that this signaling pathways is shared in angiosperms and existed at least in the common ancestor of monocotyledons and dicotyledons, XXX years ago. One possibility is that it appears with seed structure during Devonian. As previously discussed (Colcombet et al., 2016), MKK3 protein, which shows easy-to-recognize features, such as a C-term NTF2-like domain and a very conserved N-term tail, can be detected in almost all sequenced plant genomes. The moss Physcomitrella patens possesses two MKK3 copies and the genome of the mono-cellular algae Chlamydomonas reinhardtii has one, although diverging one. This suggests that MKK3 module encodes very conserved signaling pathways.

Previously, we had shown in the context of ABA/drought and JA/wounding, through the production of MAP3K17/18 and MAP3K14 respectively, were activators of MKK3 and clade-C MAPKs (Colcombet et al., 2016;Sözen et al., 2020;[START_REF] Boudsocq | Plant MAPK cascades: Just rapid signaling modules?[END_REF]. Our results also suggested that nitrate is an activator of the module, through the up-regulation of MAP3K13/14 (Schenk, Chardin, Krapp and Colcombet, unpublished). Here, we unveiled that light is also able to activate the module and proposed that MAP3K19 and MAP3K20 could be the main entry points for this activation. A partial Kinase activity of MPK7 after immunoprecipitation with an anti-MPK7 antibody from Col-0, map3k13/14CR, map3k19/20 and map3k13/14CR/19-1/20-3 seeds, either dry (DS), after acquisition of secondary dormancy (0') and after transfer on either 5mM KCl or KNO3. MPK7 amount was monitored by immunoblot using an anti-MPK7 antibody. Equal loading was controlled by Coomassie staining of the membrane. LEAp, Late Embryogenesis Abundant proteins. Results were repeated two to three times depending on the time points, the quantification of these replicates being gathered in figure S7.

To be done (Januray -March 2023) module composed of MKK3-MPK6 had been shown to be activated by blue light to modulate MYC2 dependent photomorphogenesis (Sethi et al., 2014). Another study suggested, in the context of red light, that MKK3 rather restricts MPK6 activity in the signaling of the dark-light period (Lee, 2015). In the context of seeds, we also proposed that phyA/B were the upstream light sensors, suggesting that the main compounds of light effect are red and far-red wavelengths. Overall, with this fourth activator of MKK3 module, the slow kinetics MKK3 module emerges as a more general signaling pathway than initially imagined. It is involved in stress perceptions as well as more generally perceptions of environment extended to abiotic parameters. MKK3 module may therefore regulate a slowlydeveloping set of events in response to environmental constraints, the nature of it still remaining to be clarified (Colcombet et al., 2016).

Beside clade-C MAPKs and MPK6, MKK3 has been proposed to also work upstream of a clade-D MAPK, MPK8, in the context of wound-triggered Reactive Oxygen Species (ROS) homeostasis (Takahashi et al., 2011). Interestingly, a recent study also highlighted the role of MPK8 in the regulation of seed dormancy (Zhang et al., 2019). In this work, the authors show that freshly harvested mpk8 seeds display a strong dormancy phenotype, arduously released by gibberellins and after ripening.

MPK8 is able to interact with and phosphorylates in the nucleus the transcription factor TCP14 (for TEOSINTE BRANCHED1/CYCLOIDEA/PROLIFERATING CELL FACTOR) and this MPK8-mediated TCP14 phosphorylation enhances its activity in seeds. Transcriptomes of WT, mpk8 and tcp14 seeds are very similar at dry stage but diverge after a 24h-imbition. Nevertheless, mpk8 and tcp14 mutants showed a strong overlap in their miss-regulated genes, confirming that the two proteins belong to a common signaling pathway. The connection between MKK3 and MPK8 has not been confirmed, MPK8 being notably not reproducibly activated by MKK3 in protoplasts (Danquah et al., 2015), but it would be nonetheless interesting to see how MPK8 and TCP14 are regulated in our conditions.

A surprising result is that in seeds, ABA is not an activator of the module whereas it has been repeatedly reported to be in plantlets and adult plants (Mitula et al., 2015;Matsuoka et al., 2015;Danquah et al., 2015). Indeed, we did not observe neither any upregulation of MAP3K17/18 or other clade-III MAP3Ks nor the increase of MPK7 activity in dormant seeds transferred in germination conditions. This suggests that MAP3K promoters are specifically recognized by ABA-responsive transcription factors which are not recruited by ABA in seeds or not even expressed. Because ABA and nitrate/light acts in an opposite way to promote seed germination, it makes sense that both signals are not able to activate the same module. We also tested the activation by GA or the importance of GA in MPK7 activation by light/nitrate but did not find any effects of GA or paclobutrazol. This rather suggests that the module integrates environmental signals to modulate cellular mechanism controlling 

Materiel and methods

Biological material and growth production

mkk3-1, mkk3-2, map3k19-1 (), map3k20-3, mpk7, map3K13CR, map3K14CR as well as lines expression HA-tagged MPK1/2/7 loci were described previously. To produce 35S::MAP3K19-MYC lines,

we first amplified open reading frames (ORFs) from Col-0 genomic DNA using appropriate primers (XXX) and cloned the PCR products in pDONR207 using Gateway technology (Invitrogen). Sequenced

ORFs were then LR-recombined into pC2N1 (Bigeard et al., 2014;Berriri et al., 2012). The resulting construct, pC2N1-MAP3K19 was introduced into Agrobacterium tumefaciens strain C58C1 and used to transform Arabidopsis thaliana Col-0 plants by the floral-dipping method (Clough and Bent, 1998). We selected few independent transgenic lines carrying a single insertion at the homozygous state.

MAP3K19-MYC expression was assessed using western blot.

Seeds were produced in "low-nitrogen" conditions (Alboresi et al., 2005). Seeds were germinated on Agar media ½ MS plates in a growth chamber in long day conditions and plantlets were transferred on "Spezialsubstrat" from Stender containing low Nitrate amounts (Ref: 19002774-A204

sans NPK, Stender) soil. Plants were further grown in an Aralab® growth cabinet maintained in long day conditions (16h of 80-100 μE.m-2.s-1 light at 20°C and 8h of darkness at 18°C) with a 60%

Hygrometry. Pots were watered three times per week (Monday, Wednesday and Friday), using a lownitrogen solution containing 1mM NO3-(Annexes XXX for composition), by filling the containing plateau with 2 cm of solution. After 1-2 hours, remaining liquid was removed by draining. In these growth conditions, plantlets exhibit smaller rosettes and complete their life cycle after 3 to 4 months.

When about two thirds of the siliques started to turn yellow, watering was stopped and plants dried.

The inflorescence was cut, enclosed in paper bags and further dry 2 weeks. Seeds were then harvested and stored at room temperature in Eppendorf tubes.

Dormancy induction and germination test

Appropriate amounts of seeds were sterilized (15' in (50% EtOH, 0.5% Triton 100X), 2x 5' in 96% Typically, 50-150 seeds were sown on each plate. Plates were sealed with micropore chirurgical tape.

To induce secondary dormancy, plates were wrapped in aluminum foils and incubated at 30°C in a Memmert cabinet for 1 to 15 days. To evaluate dormancy through the ability to germinate, plates were shifted in a growth room in long-day conditions (16h light (80-100μE.m-2.s-1) at 22°C and 8h dark at 18°C). To evaluate the ability of anions or hormones to release dormancy, dormant seeds were first delicately transferred on new media with appropriate supplementation. Germination rate is the percentage of seeds with radicle protrusion after 7 days.

Gene expression

For gene expression analysis, seeds were collected, frozen in liquid nitrogen and grinded using plastic pestle. RNA was extracted using NucleoSpin® RNA Plant kit (Macherey-Nagel) according to the manufacturer's instructions and quantified with a Nanodrop spectrophotometer. Typically, 2-5µg of total RNA was used to perform RT, using Transcriptase inverse SuperScript™ II (Thermofisher) and following manufacturer's instructions. 10ng of cDNA was used for qPCR CFX384 Touch real-time PCR detection system (Bio-Rad) with ONEGreen® Fast qPCR Premix (Ozyme). and following the manufacturer's standard instructions. ACT2 (AT3G18780) was used as an internal reference to calculate relative expression. RT-qPCR primers are listed in Supplemental Table 1.

Kinase assay and western blot

For biochemistry, 50-150 seeds were collected, frozen in liquid nitrogen and grinded using plastic pestle. A detailed kinase assay protocol for plant samples has been provided in a previous publication (Sözen et al., 2020). The notable change necessary for protein extraction from seeds is that triton was added at 1% in the extraction buffer. A new batch of rabbit α-MPK7 antibody was also prepared for this study, raised against the LYYHPEAEISNA epitope. For kinase assays, immunoprecipitated kinases were resuspended in 15µl of kinase buffer containing 0.1mM ATP, 1mg.ml-1 MBP and 2µCi ATP [γ-33P]. After 30min of reaction at room temperature, samples were loaded and run on a 15% SDS-PAGE gel. MBP was stained with Coomassie Blue. Then the gels were dried and revealed on a STORM scanner (GE healthcare).

Protein levels were monitored by immunoblotting following Bio-Rad recommendations.

Proteins were separated in 10% (w/v) SDS-PAGE gels and transferred onto polyvinylidene fluoride membranes (Bio-Rad). Membranes were blocked in 5% (w/v) nonfat dry milk. The following primary and secondary antibodies were used: a-HA (Roche 11867431001; 1: 10,000 dilution), a-Myc (Sigma- 
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that MAP3K19 expression is sufficient to activate the MKK3 module and control dormancy.

These 35S::MAP3Ks lines also provide a nice tool to investigate whether the expression of any of the clade-III MAP3Ks are able to activate the module. In the above article, I showed that, whereas MAP3K17 and MAP3K18 are expressed in seedlings in response to ABA (Danquah et al., 2015), they are not responding to ABA in seeds (Article, Figure 16). These experiments indicate that, in at least one line, MPK7 activation does not dependently only on MAP3K accumulation and suggest that MAP3K17 needs also to be activated itself, may be through phosphorylation by a kinase, which is not present/active in seeds. Wisely, it is necessary to confirm these results with an other independent line.

Jean Colcombet also initiated the creation of MAP3K inducible lines and I selected, among the primary transformants, the ones having a single insertion and a nice transgene expression in presence of Dexamethasone. The Figure 2.1 gives an example of the first round of selection. Overall, I obtained 7 MAP3K19-HA and 6 MAP3K20-HA inducible lines. We did not characterize them further, waiting to have seeds produced in the low-nitrate conditions. These inducible lines provide a very promising tool to address various questions and initiate complementary approaches. They will be notably used to confirm results obtained with 35S::MAP3K lines and loss-of-function mutants: by measuring MPK7 activity and dormancy in response to dexamethasone in dormant seeds kept in dark without nitrate, I will confirm whether MAP3K expression is sufficient to activate MKK3 module and to break dormancy. These lines will also provide additional information on the timing of events controlling dormancy.

With the constitutive expressing lines or loss-of function mutants, there is always a possibility that the characterized phenotype is triggered by transgene/mutation effects early in the chain of event of seed production. For example, it is possible that the nitrate insensitivity of secondary dormancy in mkk3 mutant is caused by a deeper dormancy acquired during the 10-days heat treatment rather than by the impairment of MKK3 signaling when seeds are transferred on nitrate. The use of inducible lines can bypass this limitation as seeds are considered as WT, as long as DEX has not been added in the medium. Last, the laboratory is planning to use omics to identify what could be downstream events controlled by MKK3 module. For example, a transcriptomic experiment will allow to identify genes which are regulated by the artificial activation of the pathway. Additionally, a phosphoproteom study could provide direct substrates of the C-clade MAPKs as well as more indirect targets, consequences of kinase-based cascade events controlled by MKK3 module.

II.A. Are NLPs transcription factor involved in the nitrate-dependent MKK3 module activation?

In the article manuscript, I identified and characterized a whole MKK3 module regulating dormancy in response to nitrate and light. Because NLP7 was involved in the nitrate-dependant activation of MAP3K13/14-MKK3-MPK7 module in Arabidopsis seedlings (Colcombet and Krapp, unpublished), I hypothesized that NLP transcription factors could also be involved in its activation in seeds by nitrate. Interestingly, Yan and co-workers provided evidence that NLP8, an NLP7 homolog, controlled primary dormancy in Arabidopsis through the transcriptional regulation of CYP707A genes C.
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Col-0 nlp8 nlp7/8 nlp8/9 D. (Yan et al., 2016). In order to determine whether NLP8 was responsible for the MKK3 expressions were not impacted by the addition of ABA or GA (Article, Figure S12).

Another hypothesis could be that nitrate/light-activated MKK3 signalling pathway targets ABA/GA balance, for example by controlling their relative amounts or by I found that genes involved in ABA synthesis (NCEDs, ABA1 and ABA2, AAO3 in Figure 2.6) are rather detected in dry seeds and after acquisition of dormancy (0').

Their expression appears to decrease after seed transfer in germination conditions.

This effect is independent of the presence of nitrate (with a possible exception for NCED5), or of MKK3, as these genes do not seem to be differentially expressed in mkk3-1. Overall, these results suggest that the module do not act as a regulator of the ABA metabolism pathway to promote dormancy. Genes involved in ABA catabolism appear to be expressed with various patterns.

CYP707A1 and A3 follow the same pattern than the biosynthetic genes (Figure 2.6):

they decrease rapidly in germination conditions; independently of nitrate. CYP707A4 is barely detectable. CYP707A2 is expressed at least until 24 hours and, consistent with literature, its expression is strongly promoted by nitrate (Yan et al., 2016). This nitrate-dependent expression was shown to induce ABA degradation and promote dormancy emergence (Yan et al., 2016). The mutation of MKK3 does not, however, affect CYP707As expression patterns, although we have shown that the module activity correlates with the dormancy lift by nitrate. This suggest that MKK3 modulates another process. Seed dormancy release is also controlled by GA metabolism. We found that genes involved in GA synthesis are rather not expressed in dry seeds and with the exception of Ga20ox3, however not expressed after 10 days of secondary dormancy induction ("0') (Figure 2.7). Ga20ox3 expression behaves similarly to ABA biosynthetic genes.

ABA

Ga20ox1 and Ga20ox2 are positively regulated in the early hours of dormancy emergence, regardless of the presence of nitrate. On the other hand, there is a different dynamic regarding the expression of Ga3oxs. Both Ga3ox1 and Ga3ox2 are expressed with a different time pattern and more importantly their expressions strongly depend on nitrate. Interestingly, MKK3 mutation seem to affect Ga3ox2 expression pattern. Last, we noticed that Ga2ox2, involved in GA catabolism, was upregulated during the induction of secondary dormancy (by comparing "DS" to "0") suggesting that our protocol triggers GA catabolism. Its expression quickly decreases when seeds are transferred in germination conditions, coherently with the fact that GA need to be produced in this condition. Nevertheless, MKK3 did not seem to be involved in this regulation.

This large number of qPCR was supposed to help us to define experimental conditions to perform ABA and GA dosages, comparing Col-0 with seeds impaired in MKK3 module. As they did not allow us to identify major differences between Col-0 and mkk3, we put aside this dosage experiment.

Dormancy is known to be controlled by the modulation of ABA and GA signaling pathways. Consequently, we hypothesize that MKK3 might regulate these pathways in seeds and test whether genes known to be involved in such processes are transcriptionally miss-regulated in mkk3 (Figure 2.8). I selected genes from [START_REF] Footitt | Dormancy cycling in Arabidopsis seeds is controlled by seasonally distinct hormone-signaling pathways[END_REF]. These results having been obtained only once have to be taken with cautious. We included ABA signaling related genes. 35S::MAP3K19-MYC lines are unable to establish secondary dormancy (Article, Figure 7). However, MPK7 activity decreases during the induction of secondary dormancy in these lines as rapidly as in WT seeds (Figure 2.9). This result is questioning, as I expected a stronger MPK7 activation if the module prevents the acquisition of dormancy and is activated by constitutive expression of MAP3Ks. On the other hand, the residual MPK7 activity at late time points seems to be higher in the overexpressing lines. These experiments need to be repeated and a systematic quantification will have to be performed to objectivize MPK7 activity variability in both lines. But it is possible that this residual MPK7 activity is sufficient to counteract the establishment of secondary dormancy induced by heat.

Furthermore, these lines also give information about MAP3K regulation at the protein level. Indeed, despite MAP3K expression under a strong 35S promoter, there is a transient accumulation of MAP3K19 proteins occurring between 3h and 24h, then its disappearance (Figure 2.9). Interestingly, MAP3K18, a close homologues of MAP3K19, has been shown to be modulated through phosphorylation and stability (Mitula et al., 2015). This variation in MAP3K19 level in overexpression lines suggests that MAP3K19 could be also controlled at the protein level, for example by kinase/phosphatase and/or proteasome.

II.C.2. Does MKK3 module regulate the establishment of secondary dormancy through a modulation of ABA/GA hormonal balance?

In order to determine whether the module is responsible the regulation dormancy induction through ABA and GA pathways, the expression of genes involved in their metabolism and signalling was measured, by comparing Col-0 and mkk3-1. The presented qPCRs correspond to a first experiment which will need to be repeated.

(Protocol detailed in figure 4.4).

During secondary dormancy induction, the expression of genes involved in ABA synthesis increased to reach a peak at 48h (Figure 2.10). At the opposite, genes involved in ABA catabolism (CYP707As) are regulated according to different kinetics:

CYP707A1 and CYP707A3 are positively regulated at 48 hours and their expression gradually decreases during the rest of the kinetics. Coherently, Toh and co-workers found that the same genes were similarly regulated during imbibition at supraoptimal temperature conditions [START_REF] Toh | High temperature-induced abscisic acid biosynthesis and its role in the inhibition of gibberellin action in Arabidopsis seeds[END_REF]. Furthermore, genes involved in GA synthesis were expressed from 3 hours to 4 days while Ga2ox2, involved in the catabolism of GAs is expressed later (Figure 2.11). Suppression of GA3ox1 and GA3ox2 expression can be critical for the induction of secondary dormancy in Arabidopsis seeds, as it was for thermoimbibition [START_REF] Toh | High temperature-induced abscisic acid biosynthesis and its role in the inhibition of gibberellin action in Arabidopsis seeds[END_REF]. Overall, on ABA and GA related genes I did not see major changes in the 2 genotypes, although Ga20ox2, Ga20ox3, and Ga3ox1 might appear to be less expressed in mkk3-1. However, these results are still very preliminary and need to be repeated.

The expression of dormancy markers was also studied during dormancy induction following the same protocol (Figure 2.12). Here again, the results have to be considered with a lot of reservations as the experiment was only been performed once and have to be repeated. 
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DOG1 expression is more strongly induced during the first hours (up to 3h) of dormancy induction seems stronger in mkk3-1 than in Col-0, which could indicate that this master regulator of primary dormancy could also be regulated by an MKK3 module during secondary dormancy induction.

II.D. Is dormancy level priming MKK3 module activation?

I mainly focused my work on the characterization of MKK3 module in dormant seeds, assuming it helps seeds to emerge from the dormant state. In my working model, the environment (in my case nitrate and light) promotes through the activation of MKK3 module the release of secondary dormancy. My results also suggest that this phenomenon is rather independent of ABA/GA hormonal balance. Consequently, I assumed that the module activation by nitrate/light would be independent of the seed dormancy statue. However, in this paragraph, I report a preliminary experiment which clearly question our working model and suggest that its regulation might be complex (Figure 2.13). In this experiment, I wondered whether the module activation, triggered by nitrate, was dependant of seed physiological state. I compared MPK7 activation, after seed transfer on NO3 -media of (1) dormant seeds, which were incubated at 30°C in the dark for 10 days following the classical protocol described above, (referred as condition 1) (2) non-dormant seeds, which were just kept on my bench for few months, (condition 2) and (3) seeds which were incubated at 4°C for 10 days (condition 3). This last treatment is a classical protocol conveniently used in laboratories to break residual primary dormancy in Arabidopsis.

First, MPK7 activity was evaluated using our release of dormancy protocol (+/-NO3 -after induction of secondary dormancy, ffigure 4.5).). I observed in condition 1 a typical activation of MPK7 during the release of dormancy by nitrate with a peak at 8h. Nevertheless, by comparison with MPK7 activity obtained in condition 3, the activity is rather low. MPK7 in non-treated seeds (condition 2) was activated at 3h and 24h, seemingly independently of the presence of nitrate. I have been surprised by MPK7 activity kinetic which suggests a circadian rhythm. Finally, in condition 3, I measured a far stronger MPK7 activation, which occurred seemingly independently of nitrate and peaked at 8h. This experiment raised several interesting points/questions.

The first one is to know if light is involved in the module activation in conditions 2 and 3. This preliminary experiment aimed to see nitrate effect in seeds shifted in germination conditions after various treatment modulating dormancy. I did not see nitrate triggered differences in conditions 2 and 3. Light has not been considered here.

Consequently, I wonder what signal is responsible for the activation of MKK3 module, notably after a cold treatment. Light is obviously a candidate. But it could also be the temperature transition from 4°C to 22°C or the seed handling.

The second one is this putative circadian rhythm suggested by condition 2. It has never been observed before. The fact that we are doing germination experiments in long day conditions adds complexity in our experimental system but also pointed here a putative interesting new mechanism for MKK3 module regulation. Obviously, day length, as an indicator of the time of year, is an important parameter that seeds has to integrate in order to decide to germinate or not. It is also known that phytochromes are involved in the measurement of photoperiodic regimes [START_REF] Lin | Update on Development Photoreceptors and Regulation of Flowering Time 1[END_REF] and I showed that they are important players in the activation of MKK3 module by light (Article, Figure 14).

The third one is obviously in these conditions to decipher which MAP3Ks are expressed and are responsible of MKK3 module activation. MAP3K19/20 are good candidates but some other clade-III MAP3Ks are still seeking a function… Last this experiment suggests, because MPK7 activity in seeds after 4°C treatment was barely detectable but becomes very strong in germination conditions, that seed physiological state affect the module "activability". Something in the physiological state of the seed is "kept in memory" to mediate the following germination response.

Obviously, the dormancy statue is a good candidate. Treatment at 4°C could be the

CHAPTER 3. SUMMARY, PERSPECTIVES AND CONCLUSION

Several studies had provided genetic evidence that MKK3 was involved in the regulation of dormancy in wheat and barley (Torada et al., 2016;Nakamura et al., 2016) and in the case of rice a whole module composed of a clade-III MAP3K, MKK3 and 2 clade-C MAPKs had been identified (Mao et al., 2019). Because, MKK3 module was published to be activated by ABA (Matsuoka et al., 2015;Danquah et al., 2015), and that loss of function mutations in MKK3 were triggering an increase of dormancy, the authors publishing on crop had difficulties to reconciliate phenotype and activities.

At the same time, in a collaboration with the group of Anne Krapp, the Stress Signaling group demonstrated that MKK3 module can be activated also by nitrate in plantlets, a signal known to release dormancy (Chardin, Colcombet, Krapp and Schenk, unpublished). It has been the starting point of the ANR MAPKSEED which funded my work.

My work provides evidence that such MKK3 module is also functioning to regulate dormancy in Arabidopsis seeds (Figure 3.1). This module is composed of (Danquah et al., 2015b;Sözen et al., 2020). I intended to show that it was also the case in seeds. Interestingly, I found that MAP3K13 and MAP3K14

were upregulated quickly after 45' in response to nitrate, independently of the light. 

WHAT MY THESIS WORK BRINGS TO OUR KNOWLEDGE OF MKK3 MODULES AND WHAT ARE REMAINING QUESTIONS TO ADDRESS

MKK3 module is known since years. This strong clade-III MAP3K transcriptional regulation hides the fact that MAP3Ks might have been also regulated post-translationally. Some studies indeed suggested that MAP3K18 is regulated by phosphorylation and ubiquitination (Mitula et al., 2015).

During my thesis, I found that MAP3K19 protein level varies in 35S::MAP3K19 lines, strongly suggesting the existence of such post-translational regulations on other MAP3Ks. It would be interesting to purify theses tagged kinases and send them for mass-spectrometry identification of PTMs, which would be further characterized.

Another intriguing feature has been also solved during my thesis with its quite efficient AlphaFold software, able to predict protein structure from the sequence [START_REF] Jumper | Highly accurate protein structure prediction with AlphaFold[END_REF]. MKK3 is the only MAP2K to have an NTF2-like domain [START_REF] Shibata | A tobacco protein kinase, NPK2, has a domain homologous to a domain found in activators of mitogen-activated protein kinases (MAPKKs)[END_REF]. NTF2-containing proteins are small proteins involved in complex import in nucleus [START_REF] Moore | Purification of a ran-interacting protein that is required for protein import into the nucleus[END_REF]. There are thought also to interact with RNAs to strictly depending on MKK3 (Lee, 2015;Sethi et al., 2014;[START_REF] Takahashi | The mitogen-activated protein kinase cascade MKK3-MPK6 is an important part of the jasmonate signal transduction pathway in Arabidopsis[END_REF]Takahashi et al., , 2011)).

Nevertheless, the lab failed, using the transient expression system of Arabidopsis mesophyll protoplast, to show MKK3-triggered activation of MPK3 and MPK8 (Danquah et al., 2015a). Additionally, in the context of wounding, MKK3-MPK1/2/7/14 and MKK4/5-MPK3/6 were shown to work independently (Sözen et al., 2020). The case of MPK8 is particularly interesting though as it both plays a role in the release of dormancy (Zhang et al., 2019) and was proposed to work downstream of MKK3 (Takahashi et al., 2011). Even if the lab has a doubt that this MAPK could function downstream of MKK3, it would be interesting to confirm or not this possibility in seed conditions, by simply testing MPK8 activity in our map3ks and mkk3 mutant lines.

WHAT MY THESIS WORK BRINGS TO OUR UNDERSTANDING OF SEED DORMANCY CONTROL

The module I described is activated by nitrate and light through at least NLPs and PhyA/B proteins, both having been clearly involved in the control of dormancy. Nitrate was shown to modulate dormancy by modulation of GA/ABA balance, largely through the transcriptional regulation of metabolic enzymes [START_REF] Matakiadis | The Arabidopsis abscisic acid catabolic gene CYP707A2 plays a key role in nitrate control of seed dormancy[END_REF]Yan et al., 2016). A first molecular mechanism involved in this regulation has been reported recently (Yan et al., 2016). NLP8, which belongs to transcription factor family involved in PNR, was shown to be responsible of the nitrate-triggered strong CYP707A2 upregulation, the consequent degradation of ABA into Phaseic acid and the release of primary dormancy. Because NLPs have been recently shown to be direct nitrate sensors [START_REF] Konishi | Nitrate-responsive NIN-like protein transcription factors perform unique and redundant roles in Arabidopsis[END_REF], it is possible that a whole linear pathway between nitrate and ABA is now known. My work complexifies nevertheless this model, as it suggests another parallel pathway to the CYP707A2-dependent ABA catabolism, consisting in the NLP-dependent activation of an MKK3 module. Indeed, I found that the activity of the MKK3 module was impaired in the nlp8/9 mutant but not in the simple mutants, suggesting a redundant role of NPLs in the regulation of the MKK3 module.

Surprisingly, I found that the level of expression of clade-III MAP3Ks and notably MAP3K19 and MAP3K20 which are largely responsible for MPK7 activity at 8h were unchanged. Based on these results, it seems that NLP8/9 can regulate the activity of the MKK3 module rather by controlling directly the MAP3K activation. This surprising result needs to be confirmed. Because, MKK3 module would represent a CYP707A2parallel pathway, the MKK3-related mutants have a shift in the nitrate sensitivity modulating dormancy but not a complete block of the nitrate effect.

In a parallel way, my work complexifies the light-triggered signaling network modulating dormancy [START_REF] Kristie | Factors Affecting the Induction of Secondary Dormancy in Lettuce[END_REF][START_REF] Stawska | Phyb and hy5 are involved in the blue light-mediated alleviation of dormancy of arabidopsis seeds possibly via the modulation of expression of genes related to light, ga, and aba[END_REF][START_REF] Jiang | Phytochrome B and REVEILLE1/2-mediated signalling controls seed dormancy and germination in Arabidopsis[END_REF].

PHYA and PHYB were notably found to regulate dormancy [START_REF] Stawska | Phyb and hy5 are involved in the blue light-mediated alleviation of dormancy of arabidopsis seeds possibly via the modulation of expression of genes related to light, ga, and aba[END_REF].

In my hand, phyA/B seeds were very dormant and MPK7 activity was dramatically impaired in phyA/B (Article, Figure 14). Yet, these experiments need to be repeated We do not know yet how MKK3 module connection regulates dormancy and our preliminary gene expression study suggests that it does not go through the modulation of enzyme genes involved in ABA/GA metabolisms. This obviously is a weakness of my work and, in fact, of the whole MKK3 field. I will come back a bit letter on this aspect.

My work as largely focused on secondary dormancy. This choice is in fact methodological: I did not succeed at first to produce seeds with strong reproducible primary dormancy and rather to explore the production conditions to find better one, a rather tedious and time-consuming work, we decided to rather find a way to induce secondary dormancy, following the conseils of Loic Rajjou and Annie Marion-Poll, our colleagues from Versailles. This has been successful and the protocol allowed to induce reproducibly secondary dormancy (with the notable exception of seed batches which had been kept at low temperature (8°C)). The question of knowing if MKK3 module plays a role in the modulation of primary dormancy is very important and the answer is yes. This is supported by lab data, showing that after-ripening is longer in mkk3 seeds produced in the greenhouse, suggesting a deeper primary dormancy (Colcombet, personal communication). This is also supported by the fact that MKK3 loss-of-function forms in cereals abolish viviparity which is a strong lack of primary dormancy (Nakamura et al., 2016;Torada et al., 2016); and that a clade-III MAP3K overexpressing triggers vivipary (Mao et al., 2019). Last, my thesis has been done in the context of a collaboration with Professor Naoto Kawakami (Meiji University, Kawasaki, Japan) who characterized the module in the context of primary dormancy.

Professor Naoto Kawakami who is a famous physiologist and geneticist of seed dormancy, shared with us mutants that I used in my work and I am supposed to perform some kinase assays in his conditions, with the objective to published backto-back papers on MKK3 role in the control of both primary and secondary dormancy.

Finally, I assumed that MKK3 module activity was independent of the seed dormancy status but one of the last experiments I performed before to start writing this manuscript complexified the working model, by suggesting that seed physiological state could be an input parameter of the module (Figure 2.13). Our experiment consisted to incubate seeds in cold conditions during 10 days, which is a treatment triggering dormancy decrease. The fact that MPK7 was far more activated after transfer in germination conditions and became nitrate insensitive, after this cold treatment, suggests that the physiological state of the seeds is able to change the MKK3 module "activability". One possibility is that the nitrate/light responsiveness of the module is changed depending on dormancy depth. These data suggest unknown mechanisms and actors responsible for the activation of the module in response to new signals. This is in favour of the hypothesis that MKK3 could act as an integrator of multiple signals.

WHAT COULD BE THE DOWNSTREAM EVENTS CONTROLLED BY MKK3 MODULE IN DORMANCY? AND MORE GENERALLY?

Another side objective of the MAPKSEED ANR and consequently of my PHD project was to identify downstream events controlled by the module to provide insights about the tight dormancy regulation by light and Nitrate.

Some studies pointed already putative substrates of clade-C MAPKs. For example, Popescu and co-corkers systematically co-expressed MAPKs and constitutively active MAP2Ks in tobacco leaves, which were immunoprecipitated and used to phosphorylate a protein array with 2158 Arabidopsis proteins [START_REF] Popescu | MAPK target networks in Arabidopsis thaliana revealed using functional protein microarrays[END_REF].

Three clade-C MAPKs -MPK1, MPK2 and MPK7-were integrated to this study, giving more than 100-150 substrates for each. A rapid extrapolation of this number would suggest that about 5% of Arabidopsis proteome would be target of clade-C MAPKs which is obviously difficult to accept given the discretion of observed phenotypes.

The lab is in fact very sceptical generally on these in vitro approaches. In vitro, MAPKs are able to phosphorylate synthetic peptides as soon as a serine/threonine is followed by a proline, suggesting that many false positives might be found. This is also why, the ROP BINDING PROTEIN KINASE 1 (RBK1) has net been consider very seriously, proof coming only from in vitro data [START_REF] Enders | An Arabidopsis kinase cascade influences auxinresponsive cell expansion[END_REF] It contains about 12,000 Arabidopsis proteins (~40%). A last possibility is that the MKK3-depend activation of MAPKs is necessary for their interaction with substrates.

The laboratory did not find time to explore more this hypothesis. It will require to express a constitutively active form of MKK3 in yeast cell, while performing the screen.

Another approach usually used to identify substrates is phosphor-proteomic approach, i.e. the identification of in vivo phosphosites in condition of module activation by comparing WT and module mutants. It has been very successful in the case of MPK3/4/6 [START_REF] Rayapuram | Chromatin phosphoproteomics unravels a function for AT-hook motif nuclear localized protein AHL13 in PAMP-triggered immunity[END_REF][START_REF] Abulfaraj | The Arabidopsis homolog of human G3BP1 is a key regulator of stomatal and apoplastic immunity[END_REF][START_REF] Rayapuram | Quantitative phosphoproteomic analysis reveals shared and specific targets of Arabidopsis mitogen-activated protein kinases (MAPKs) MPK3, MPK4, and MPK6[END_REF]Bigeard et al., 2014b) and it would be an objective of the 2023 year for MKK3 module using activating conditions (+/-Light, +/-Nitrate) and genetic material characterized during my thesis. Notably, the inducible lines could be very useful.

Recently, a study has highlighted an interaction between SNRK1 and some clade-C MAPKs [START_REF] Van Leene | Mapping of the plant SnRK1 kinase signalling network reveals a key regulatory role for the class II T6P synthase-like proteins[END_REF]. SNRK1 (for SNF1-related kinase 1) is a kinase involved in the regulation of processes related to energy needs of plant (switch metabolic out of catabolism) and coordinating cellular adaptations to changes in nutrient and energy status in relation with TOR. SnRK1 is actually a complex heterotrimeric possessing a catalytic α-subunit (SnRK1α1 or SnRK1α2 in Arabidopsis)

and two regulatory (β and γ) subunits 1. Its subunit SnRK1β2 has been shown to interact with MPK1/2/7. Potential collaborators also have unravelled the existence of a MAPK phosphosite on SNRK1. I would like to address the hypothesis in the month to come that SNRK1 is a target of MKK3 module. I will directly test SnRK1 activity, thanks to an antibody raised against a phosphosite of SnRK1 which is used as a proxy for kinase activation. The role of SnRK1 in the control of dormancy is not very well established. Nevertheless, SnRK1 seems to function in interaction with ABA for example during seed maturation and germination [START_REF] Radchuk | Sucrose non-fermenting kinase 1 (SnRK1) coordinates metabolic and hormonal signals during pea cotyledon growth and differentiation[END_REF][START_REF] Lu | The SnRK1A protein kinase plays a key role in sugar signaling during germination and seedling growth of rice[END_REF][START_REF] Tsai | AKIN10 and FUSCA3 interact to control lateral organ development and phase transitions in Arabidopsis[END_REF]. (Clough and Bent, 1998). 20 to 30 primary transformants were selected for each construct based on resistance to hygromycin. Its resistance was assessed as plantlet capacity to conserve their ability to elongate an etiolated hypocotyl on ½MS + 15µg.mL -1 hygromycin after 5 days in darkness, sensitive plantlets remaining very small. These fragile etiolated plantlets were delicately transferred on soil, and kept at high humidity by covering during few days. About 50-70% of them survived to this transfer and produced seeds. The number of inserts was assessed based on the hygromycin resistant segregation in T1 seeds. Homozygous plants were selected in T2. Lines expressing the transgene either constitutively of after dexamethasone (10 µM) treatment were selected at the T1 seed level by western-blot and confirmed in the T2 seeds in order to sort out the silenced ones.

PRODUCTION OF SEEDS IN CONTROLLED CONDITIONS

In order to reduced variability in seed sets, seeds were produced in control conditions. We adapted a protocol provided by Anne Krapp requiring to grow plants light at 20°C and 8h of darkness at 18°C). Hygrometry was clamped at 60%. Plants were watered three times per week (Monday, Wednesday and Friday), using a lownitrogen solution containing 1mM NO3 -(Annexes III.A), by filling the containing plateau with 2 cm of solution. After 2 hours, remaining liquid was removed. In these growth conditions, plants exhibit smaller rosettes and complete their life cycle in 3 to 4 months. At some time during my PhD, I lost the "small rosette" phenotype. A discussion with Anne Krapp suggested that it could come from a too high nitrogen content in the soil furnished by the retailer. To get pass this problem, I decided to "wash" the soil with milliQ water in order to remove residual soluble nitrogen sources contaminating the substrate. To do so, "Spezialsubstrat" soil was washed 3 times is 2 volumes of milli-Q water. Excess water was removed by overnight draining and soil used to prepare 7cm square pots.

When about two thirds of the siliques started to turn yellow/brown, the inflorescence was cut, enclosed in paper bags and dried during 1 to 2 weeks at room temperature. Seeds were then harvested and stored at room temperature in Eppendorf tubes.

GERMINATION ASSAY, INDUCTION AND RELEASE OF DORMANCY IV.A. In vitro techniques

Appropriate amounts of seeds were transferred in 2mL Eppendorf tubes using a small calibrated spatula. 750µL of sterilization solution (50% EtOH, 0.5% Triton 100X)

were added and stirred at ambient temperature during 15 minutes on a vortex.

Sterilization solution was then discarded and seeds washed twice with 1mL EtOH 96% 

IV.B. Germination assays

To evaluate germination, plates were placed in a growth room in long-day conditions : 16h of light (80-100 μE .m -2 .s -1 ) at 22°C and 8h of darkness at 18°C. I estimated the germination rate after 7 days. I considered that seeds had germinated when I observed the radicle protrusion. Germination assay allowed estimating the percentage of seed germination using the following calculation: (Number of germinated seeds after 7 days / total number of seeds) x 100. Usually, each point of the germination assays was performed with 50-150 seeds.

IV.C. Induction of secondary dormancy

In order to induce dormancy, sterile seeds were sown on minimal agar media supplemented with 5mM KCl. Plates were sealed with 1.25 cm micropore (Ref: 3M, Surgical tape 1.25cm x 9,1m), wrapped in aluminium foils and incubated in a microbiological Memmert incubator at 30°C in order to induce secondary dormancy, if possible. To characterize the acquisition of secondary dormancy of various genotypes, plates were kept at 30°C from 0 to 15 days. Secondary dormancy acquisition was evaluated using the germination assay described above. The figure 4.4 gives an overview of a typical experiment.

IV.D. Ability of nitrate and other treatments to break secondary dormancy

Once seeds were dormant, using typically a 10-days treatment at 30°C as described above, I transferred them using the Whatman filters on new minimal agar plates, supplemented with various molecules. To evaluate nitrate ability to break dormancy, I transferred seeds on media with 0mM KNO3 (5mM KCl as a Mock), 0.05mM KNO3 (+ 4.95mM KCl), 0.5mM KNO3 (+ 4.5mM KCl) or 5mM KNO3. For some experiments, I also attempted to transfer seeds on ABA 50µM, GA3 50µM, PCB 10µM, alone and in combination, as explained in the text. With these treatments, remaining dormancy was evaluated using the above assay measuring the germination rate. The figure 4.5

gives an overview of a typical experiment.

SEED SAMPLING ; MOLECULAR AND BIOCHEMICAL CHARACTERIZATION

Seeds are harvested in 1,5mL Eppendorf tubes and frozen in liquid nitrogen.

Samples are conserved at -80°C until further experimentation. Grinding was performed manually, using a plastic pestle adapted to 1,5mL Eppendorf conic tubes (Ref: 14155390, USA Scientific Inc).

V.A. Gene expression

RNAs were extracted from grinded seeds or plants using the NucleoSpin® RNA Plant kit (Macherey-Nagel) following to manufacturer instructions. In seeds, final elution in RNAse water was made in 30µL Elution Buffer, due to the small final amount of obtained RNA. RNAs were quantified using a Nanodrop spectrophotometer (ThermoScientific). cDNA synthesis from mRNA was performed following (BioRAD). qPCR analysis requires to obtain the "Cp" ("Crossing point") of each sample.

The "Cp" corresponds to the number of cycles necessary to dissociate the fluorescence level from the background. "Ct" are correlated with the gene expression level, calculated with following calculation: 2 Cp (housekeeping gene) -Cp (target gene). ACTIN2 (AT3G18780) was used as a housekeeping gene for normalization. We used the average of the three technical replicates.

BIOCHEMISTRY METHODS

VI.A. Rough protein extraction for Western blot screening

Grinded frozen biological material was tawed at room temperature in Laemmli buffer 2x (1mL for 1gr), vortexed several times and heated 5 minutes at 95°C. After centrifugation, the supernatant containing unfolded proteins was used to perform western blots, without prior normalization.

VI.B. Immuno-precipitation of native kinases and kinase assay

The complete protocol designed for plant leaves and whole plantlets has been published previously (Sözen et al., 2020). I adapted it for seeds, the major change consisting in increasing to 1% the triton 100x concentration in the extraction buffer. Nonspecific sites were blocked using TBS-T + 5% milk (10 mL/gel) during 1h. PVDF membrane was then briefly washed with TBS-T and incubated over-night with the appropriate primary antibody diluted in TBS-T (cf. dilution antibody). The following day, membranes were washed 3 times during 10 minutes with TBS-T and then incubated with secondary antibody coupled to horseradish peroxidase (HRP) diluted in TBS-T for 1h. After 3 additional washes of 10 minutes with TBS-T, HRP activity on the membrane was revealed using a chemiluminescence reagent kit (Clarity Western ECL Substrate -BioRAD). The chemiluminescent signal was detected using a ChemiDoc imaging system (BioRAD). In order to visualize protein loading, membranes were directly stained with diluted Coomassie blue solution during 1 day and dried at ambient air. Ammonium persulfate (APS) 10% 1 0,01 TEMED 0,1 0,001 **Tris 1.0 M pH 6.8 : Trizma ® base (Sigma Aldrich) -pH adjusted to 8.8 using HCl

Figure 1 .

 1 Figure 1. La Dormance est un phénomène transitoire bloquant la germination de la graine

Figure 2 .

 2 Figure 2. Les modules MAPK sont composés de trois kinases s'activant par phosphorylation (gauche). Celles-ci sont codées par des familles multigéniques comportant de 10 à 21 membres (droite)

Figure 4 .

 4 Figure 4. MKK3 est impliqué dans la levée de dormance par le nitrate.

Figure 6 .

 6 Figure 6. L'activité MPK7 n'est pas affectée par l'ABA. Les graines sont transférées sur milieu avec ou sans nitrate et avec ou sans ABA. Le protocole est décrit plus en détail dans la figure 4.

Figure 7 .

 7 Figure 7. L'activité MPK7 n'est pas affectée par les GAs. Les graines sont transférées sur milieu avec ou sans nitrate et avec ou sans GA3. Le protocole est décrit plus en détail dans la figure 4.

Figure 9 .

 9 Figure 9. Expression de MAP3K19 et MAP3K20 au cours d'une expérience de levée de dormance. Les valeurs représentent la moyenne ± Erreur standard. Les valeurs pour chaque réplicat sont également montrées.

Figure 10 .

 10 Figure 10. L'activation de MPK7 par le nitrate, au cours de la levée de dormance, dépend de la présence de MAP3K19 et MAP3K20. Les graines sont transférées sur milieu avec ou sans nitrate. Le protocole est décrit plus en détail dans la figure 4.

Figure 11 .

 11 Figure 11. L'activité de MPK7 dépend du niveau d'expression de MAP3K19. Les graines sont transférées sur milieu avec ou sans nitrate. Le protocole est décrit plus en détail dans la figure 4.

  /19/20, MKK3 et les MAPKs du clade-C constituent un module de signalisation MAPK fonctionnel impliqué dans la régulation de la dormance chez Arabidopsis thaliana. Il est activé en réponse au nitrate et à la lumière au cours de la levée de dormance. L'activation par le nitrate du module dépend de la présence de lumière. Ensuite, je discute les nombreuses questions que mon travail soulève et ce qu'il faudrait faire pour y répondre. De mon point de vue, la principale question à trancher est l'identification des substrats des MAPKs du clade-C. Les approches d'identification de protéines interagissant avec MPK1/2/7/14 se sont révélées infructueuses pour l'instant et nous envisageons de réaliser un phospho-protéome comparatif de Col0 versus mkk3 en conditions de germination. La dernière partie de ma thèse, assez courte, décrit les techniques que j'ai mises au point et utilisées pour répondre à mes questions scientifiques. Il s'agit notamment de la technique d'activité kinase pour MPK7, des tests de germination et des mesures d'expression de gènes d'intérêt.

  Figure 12. Module MAP3K13/14/19/20 -MKK3 -MPK1/2/7/14 régulant la levée de dormance en réponse à la perception de lumière et de Nitrate

  produced during sexual reproduction, enclosed in a protective outer covering, often containing reserves to maximize survival. Appearing during the Devonian, it improved dispersion and long-lasting survival, and constituted an evolutionary turning point in the green lineage, defining the very successful branch of spermaphytes. Nowadays, human food largely relies on seed production. Whereas plant vegetative structures are largely composed of indigestible organic matter, such as cellulose and lignin, seeds often contain large amounts of interesting compounds such as oil, starch, carbohydrates and proteins. Crop domestication largely contributed to improve seed contents, qualitatively and quantitatively. Seeds also provide an important source of molecules for industry. Therefore, seed production constitutes one of the key pillars of food security and more largely human society. The physiological processes controlling seed biology have long been a major research topic in the plant biology community. Dormancy, vigor and longevity in interaction with environmental input are key parameters for seeds used to initiate a culture cycle. Seeds are expected to germinate rapidly and homogeneously. The use of model plant species and the development of molecular biology, biochemistry, genetics and more recently omics approaches largely contributed to unveil the molecular determinant of these physiological mechanisms.
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 11 Figure 1.1. Schematic representation of Arabidopsis thaliana seeds

Figure 1 . 2 .

 12 Figure 1.2. Seed germination and post germination kinetics occur in three distinct phases (adapted from[START_REF] Bewley | Seed Germination and Dormancy J[END_REF] 

Figure 1 . 3 .

 13 Figure 1.3. Schematic overview of Arabidopsis dormancies under environmental conditions

Figure

  Figure 1.4. ABA metabolism and signalling pathway (adapted from Sano, N., & Marion-Poll, A. (2021))

Figure

  Figure 1.5. GA metabolism and signalling pathway (adapted from Yamagutchi et al., 2008)

  These factors negatively influence seed dormancy through the modulation of inner hormonal balance while others promote dormancy breaking once seeds are released from the mother plant. I have been particularly interested in light, temperature and nitrogen during my Ph.D., I will first give an overview of their signaling before discussing how they affect dormancy and what we know on the signaling modulation of the ABA/GA balance. I.D.1. Time and after-ripening Dormancy is a transient state intended which is spontaneously alleviated with time

Figure 6 .

 6 Figure 6. Nitrate signalling in plants (adapted from Toh et al., 2008; Fang et al., 2021; Colcombet and Krapp, unpublished)

Figure 1 . 7 .

 17 Figure 1.7. PIL5 modulates dormancy thought the ABA/GA synthetic pathways (adapted figure from[START_REF] Oh | PIL5, a phytochrome-interacting bHLH protein, regulates gibberellin responsiveness by binding directly to the GAI and RGA promoters in Arabidopsis seeds[END_REF][START_REF] Oh | Light activates the degradation of PIL5 protein to promote seed germination through gibberellin in Arabidopsis[END_REF] Gabriele et al., 2010;[START_REF] Dong | SOMNUS, a CCCH-type zinc finger protein in Arabidopsis, negatively regulates light-dependent seed germination downstream of PIL5[END_REF] 

Figure 1 .

 1 Figure 1.8. phyB -RVE12 pathway participates to dormancy modulation (adapted figure fromYang et al., 2020) 

Figure 1

 1 Figure 1.9. MAPK module in plants A. Schematic representation of a MAPK cascade B. Phylogenic classification of Arabidopsis MAP3K (I-III), MAP2K (A-D) and MAPK (A-D) groups. Kinases of interest for my work are coloured in the phylogenetic tree.

  as MAPKKK or MAP2K Kinase), initiating the dual phosphorylation of a MAP2K (MAPK kinase or MKK) on a conserved S/T-X3-5 S/T motif located in their activation loop. Activated MAP2K then phosphorylates a serine/threonine kinase named MAPKs (MPK), on the threonine and tyrosine of a very conserved T-E/D-Y motif of the activation loop. Last, activated MAPKs phosphorylate various substrates in order to transduce received signals as intracellular responses.II.A. MAPK modules are versatile signaling cascades in plantsLarge multigenic families putatively code for MAPK module-related kinases. In Arabidopsis, approximatively 80 MAP3Ks, 10 MAP2Ks and 20 MAPKs were identified based on their homology with corresponding animal/fungi kinases(Ichimaru and MAPK., 2002). These numbers support the idea that a large range of combinations to form functional MAPK modules is possible. It can ensure adequate and tailored biological responses as a reflection of processes that a sessile organism must rise to respond to the various environmental constraints and stimuli. Nevertheless, the lab works, the curated literature and, in some extend, my own Ph.D. work reinforce the idea that all interactions are not possible and that subclades of each kinase have likely specificity of interaction.

  following part. It is the focus of my work. Based on phylogenetic studies and sequence comparisons, MAPKs were classified in four groups (Figure 1.9). MAPK proteins, clearly identified by their T-E/D-Y domain which is dually phosphorylated in their activation loop were allocated to four groups, referred as A to D. The D group encompasses 8 MAPKs which can be phosphorylated on a specific T-D-Y motif and which are characterized by a long well-conserved but poorly characterized C-terminal tail. Today, the proofs that group-D MAPKs are involved in functional MAPK modules and activated by MAP2Ks are rather scarce and questionable. Group A and B notably contain the three iconic MAPKs, MPK3, MPK4 and MPK6 which were largely characterized in the literature and further describe below, being involved, among other things, in plant immune responses but also in seeds development and dormancy (Asai, 2002; Suarez-Rodriguez et al., 2007). Finally, group-C MAPKs include MPK1, MPK2, MPK7 and MPK14 and is the focus of my PhD. II.B. The still developing story of the iconic MPK3/4/6 exemplifies the complexity of plant MAPK signaling pathways Plants are subjected to numerous stimuli through their life cycles and are notably threatened by microorganisms. Several decades ago, plant MAPKs were identified in the context of pathogen infection. Studies on plant-pathogen warfare progressively led to the "zigzag" model which encompasses the two branches of the plant immune system (Jones Dangl. J.L., 2006). Its first branch is initiated by the perception of MAMPs (Microbe-Associated Molecular Patterns) by Pattern Recognition Receptors (PRRs), triggering a rapid set of defenses named MAMP-Triggered Immunity (MTI) (Bigeard et al., 2015). To bypass this first immune defense line, pathogens inject effectors in host cytoplasm, targeting various immunity actors with the aim to suppress MTI. This action restoring pathogen virulence is called Effector-Triggered Susceptibility (ETS). The second branch of immunity model is triggered by the direct or indirect recognition of pathogen effectors by plant NLR (Nucleotide-Binding Leucine-Rich Repeat Receptors) proteins.This recognition controls a second set of defenses called Effector-Triggered Immunity (ETI). The similarities and specificities of PTI and ETI suggest that there is a strong overlap in the response and recent data of the laboratory and others confirmed that

Figure 1 .

 1 Figure 1.10. The iconic MPK3/4/6 modules are involved in plant immunity

MPK3/ 4

 4 /6 pathways have critical regulatory functions in plant. Because of its variety and quick reversibility, protein phosphorylation corresponds to an important transduction signal. MAPK signaling outputs are specified by the protein targets phosphorylated by MAPKs. The wide variety of known MAPK substrates reflects their participation in many different processes in plants. Because MAPKs are prolineguided serine/threonine protein kinases, their substrates frequently bind to this unique pattern found on their docking sites. Nonetheless, there are several other ways for recognizing a substrate in the absence of docking sites such as the use of scaffolds, adaptors, recruitment to protein complexes, and cellular compartmentalization substrates. During the past decades, some studies provided a large range of MAPK substrate, in majority targeted by MPK3/4/6. However, new targets discovery remains hazardous due to MAPKs high degree of similarity. Some of them share a wide spectrum of common substrates, such as MPK3 and MPK6 targets, with more than 30% similarity. Furthermore, protein interactions may be transient, and just a few obvious examples of an MAPK substrate interaction in plants have probably been reported. As a result, developing an adequate method for identifying novel substrates is definitely critical for bringing new MAPK signaling insights.

Figure

  Figure 1.11. Overview of MKK3 modules in plants, acting as central integrators of multiple signals

  is a surprising feature, which was probably ignored because people always looked for very rapid regulations when coming to MAPKs. At this step, the laboratory wondered is this surprising regulation was specific of ABA or also shared by other cues, as suggested by the fact that other signals are able to activated MPK1/2[START_REF] Ortiz-Masia | Diverse stress signals activate the C1 subgroup MAP kinases of Arabidopsis[END_REF].To address this question, Cecile Sözen focused her thesis work on the wounding activation of MPK1/2 and characterized an MKK3 module involved in wounding responses (Figure1.11)(Sözen et al., 2020). MPK1/2/7 are activated after one hour in an MKK3-dependent way by wound. RT-qPCR analysis identified several clade-III MAP3Ks as strongly transcriptionally regulated: MAP3K14, MAP3K15, MAP3K17, MAP3K18 and MAP3K19. They are good candidates to work upstream in the module.MAP3K14 was particularly strongly induced, with a peak at 30 min whereas others MAP3Ks were moderately up-regulated over a longer time course. Coherently, two map3k14 lines, created by CRISPR-CAS9 technology, showed a reduced activation of MPK2 at early time point, confirming that the clade-III MAP3K MAP3K14 plays an important role in the module activation by wound. Interestingly, JA, a major phytohormone produced upon wounding, also activates the module, suggesting that JA could be a link between wounding and module activation. It was confirmed by the fact that coi1 and opr3 mutants, which are mutants impaired in a JA receptor and a JA

Figure

  Figure 1.12. MKK3 module is activated by nitrate in plantlets (Chardin, Colcombet, Krapp and Schenk, unpublished) MPK7 activation is triggered by Nitrate in plantlets in an MKK3-(A), MAP3K13/14-(B) and NLP7dependant (C) ways. MPK7 activation is evaluated through MBP phosphorylation level in response to NO3 -in map3k13/14 MPK7-HA, nlp7 MPK7-HA, mkk3-1 MPK7-HA. MPK7 protein level was measured using an anti-HA antibody. One representative Kinase Assay is presented.

  These three examples of activation by nitrate, ABA/drought and JA/wounding, which have been very well characterized in term of biochemistry, indicate that MKK3 modules are composed of clade-III MAP3Ks, MKK3 and clade-C MAPKs. They could act as central integrator of multiple signals. The transcriptional regulation of MAP3Ks which are not expressed without activating signals is a very strong feature of this module and the question of an additional MAP3K activation remains largely unsolved.

Figure 1 .

 1 Figure 1.13. MKK3 module modulates primary dormancy in monocotyledons A. PHS phenotype of WT and overexpressing-MKKK62 lines in rice at 30 DAH (Mao et al., 2019)B. PHS phenotype of Az and KNG spikes soaked with distilled water and incubated in the dark at 15°C for 5 days under saturated humidity conditions. QTL analysis reveals that Az carries an MKK3 mutation(Nakamura et al., 2016) 

  Nevertheless, dormancy control by MKK3 remained unclear at the beginning of my thesis. The first general objective of my thesis has been to (1) confirm that MKK3 is also involved in the regulation of dormancy in Arabidopsis. I also worked at (2) identifying the other kinase actors involved in the MKK3 modules. Although there is discrepancy in the literature about MKK3 module composition, the work of the Stress Signaling team strongly converges towards the idea that MKK3 modules are composed specifically of one or several clade-III MAP3Ks, MKK3 and on or several clade-C MAPKs. My last objective was to (3) decipher which known molecular mechanisms controlling seed dormancy which would be targeted by this MKK3 module, by identifying the upstream actors and its direct and/or indirect targets of the module.

Figure 1 -Figure 2 -

 12 Figure 1 -mkk3-1 seeds have a faster secondary dormancy acquisition and a reduced nitrate-triggered dormancy releaseA. Col0 and mkk3-1 seeds were imbibed at 30°C in the dark for the indicated time to induce secondary dormancy. Germination ability was assessed after 7 days in long day conditions. Values are mean ± SE of seven to ten biological replicates from seed batches produced independently. Values for each replicate are also shown. B. Col0 and mkk3-1 seeds were imbibed at 30°C in the dark for 10 days to induce secondary dormancy and tranfered on medium containing indicated NO3-concentration. Germination ability was assessed after 7 days in long day conditions. Values are mean ± SE of three biological replicates from seed batches produced independently. Values for each replicate are also shown.

Figure 3 -Figure 4 -

 34 Figure 3 -MPK7 activity in dormant seeds transferred on nitrate depends on MKK3.Kinase activity of MPK7 after immunoprecipitation with an anti-MPK7 antibody from Col-0 and mkk3-1 seeds, either dry (DS), after acquisition of secondary dormancy (0') and after transfer on either 5mM KCl (-) or KNO3. MPK7 amount was monitored by immunoblot using an anti-MPK7 antibody. Equal loading was controlled by Coomassie staining of the membrane. LEAp, Late Embryogenesis Abundant proteins. Results were repeated two to six times depending on the time points, the quantification of these replicates being gathered in figureS3.

Figure 5 -Figure 6 -

 56 Figure 5 -MPK7 activity in dormant seeds transferred on nitrate depends on MAP3K19/20. Kinase activity of MPK7 after immunoprecipitation with an anti-MPK7 antibody from Col-0, map3k19-1, map3k20-3 and map3k19-1/20-3 seeds, either dry (DS), after acquisition of secondary dormancy (0') and after transfer on either 5mM KCl (-) or KNO3 (+). MPK7 amount was monitored by immunoblot using an anti-MPK7 antibody. Equal loading was controlled by Coomassie staining of the membrane. LEAp, Late Embryogenesis Abundant proteins. Results were repeated two to three times depending on the time points, the quantification of these replicates being gathered in figure S7.

Figure 7 -

 7 Figure 7 -Constitutive expression of MAP3K19 triggers a strong MPK7 activation and reduces the acquisition of secondary dormancy A. Kinase activity of MPK7 after immunoprecipitation with an anti-MPK7 antibody from Col-0 and 35S::MAP3K19-MYC seeds, either dry (DS), after acquisition of secondary dormancy (0') and after transfer on either 5mM KCl (-) or KNO3 (+). MPK7 amount was monitored by immunoblot using an anti-MPK7 antibody. Equal loading was controlled by Coomassie staining of the membrane. LEAp, Late Embryogenesis Abundant proteins. Results were repeated two to three times depending on the time points, the quantification of these replicates being gathered in figure S7. B. Col0 and 35S::MAP3K19-MYC seeds were imbibed at 30°C in the dark for the indicated time to induce secondary dormancy. Germination ability was assessed after 7 days in long day conditions. Values are mean ± SE of three to four biological replicates from seed batches produced independently. Values for each replicate are also shown.

Figure 8 -

 8 Figure 8 -MAP3K19-triggered MPK7 activation by nitrate depend on MKK3 Kinase activity of MPK7 after immunoprecipitation with an anti-MPK7 antibody from Col0, mkk3-1, 35S::MAP3K19-MYC#1 and mkk3-1 35S::MAP3K19-MYC#1 seeds, either dry (DS), after acquisition of secondary dormancy (0') and after transfer on either 5mM KCl (-) or KNO3 (+). MPK7 amount was monitored by immunoblot using an anti-MPK7 antibody. Equal loading was controlled by Coomassie staining of the membrane. LEAp, Late Embryogenesis Abundant proteins. Results were repeated two times depending on the time points. PROVIDED A TITRE INDICATIF XXX

Figure 9 -

 9 Figure9-The reduced acquisition of dormancy triggered by the constitutive expression of MAP3K19 depends on MKK3 Col0, mkk3-1, 35S::MAP3K19-MYC#1 and mkk3-1 35S::MAP3K19-MYC#1 seeds were imbibed at 30°C in the dark for the indicated time to induce secondary dormancy. Germination ability was assessed after 7 days in long day conditions. Values are mean ± SE of three to four biological replicates from seed batches produced independently. Values for each replicate are also shown.

Figure 10 -

 10 Figure10-The residual MPK7 activity in map3k19/20 dormant seeds transferred on nitrate depends on MAP3K13/14. Kinase activity of MPK7 after immunoprecipitation with an anti-MPK7 antibody from Col-0, map3k13/14CR, map3k19/20 and map3k13/14CR/19-1/20-3 seeds, either dry (DS), after acquisition of secondary dormancy (0') and after transfer on either 5mM KCl or KNO3. MPK7 amount was monitored by immunoblot using an anti-MPK7 antibody. Equal loading was controlled by Coomassie staining of the membrane. LEAp, Late Embryogenesis Abundant proteins. Results were repeated two to three times depending on the time points, the quantification of these replicates being gathered in figure S7.

Figure 11 -

 11 Figure11-map3k13/14/19/20 seeds have a reduced nitratetriggered dormancy release Col0, map3k13CR/14CR, map3k19-1/20-3 and map3k13CR/14CR/19-1/20-3 seeds were imbibed at 30°C in the dark for 10 days to induce secondary dormancy and transferred on medium containing indicated NO3 concentration. Germination ability was assessed after 7 days in long day conditions. Values are mean ± SE of three biological replicates from seed batches produced independently. Values for each replicate are also shown.

Figure 12 -

 12 Figure 12 -MPK7 activity in dormant seeds is also triggered by light Kinase activity of MPK7 after immunoprecipitation with an anti-MPK7 antibody from Col-0 seeds, either dry (DS), after acquisition of secondary dormancy (0') and after transfer on either 5mM KCl or KNO3 with and without whit light. MPK7 amount was monitored by immunoblot using an anti-MPK7 antibody. Equal loading was controlled by Coomassie staining of the membrane. LEAp, Late Embryogenesis Abundant proteins. Results were repeated two to three times depending on the time points, the quantification of these replicates being gathered in figure S7.

  EtOH). Seeds were then dried on sterile Whatman papier (Ref: GE Healthcare Life Science » ME 25/31 ST, Whatman). 5cm round plates were filled with 8mL minimal medium (MES hydrate (M8250, Sigma Aldrich) 0.58%, Agar (HP696, Kalys) 0,7%, pH adjusted to 5,75 with NaOH). Depending of the type of experiments performed, the minimal medium was supplemented with KNO3, KCl, 50µM ABA (Sigma Aldrich -Ref: A1049 -in ethanol), 50µM GA3 (Sigma Aldrich -ref: G7645) or 10µM Paclobutrazol

Figure 13 -

 13 Figure 13 -MAP3K19 and MAP3K20, but not MAP3K13 and MAP3K14, are differentially regulated by light RT-qPCR analysis of MAP3K13, MAP3K14, MAP3K19 and MAP3K20 genes expression. Transcript levels are expressed relative to ACTIN2 as reference gene. Values are mean ± SE of three biological replicates from seed batches produced independently. Values for each replicate are also shown. ND, not determined.

Figure 15 -Figure 16 -

 1516 Figure 15 -MPK7 activity in dormant seeds is not modulated by GAsA and B. Kinase activity of MPK7 after immunoprecipitation with an anti-MPK7 antibody from Col-0 seeds, either dry (DS), after acquisition of secondary dormancy (0') and after transfer on either 5mM KCl or KNO3 with and without white light with and without Paclobutrazol (PBZ) 10µM (A) or with and without GA3 50µM (B). MPK7 amount was monitored by immunoblot using an anti-MPK7 antibody. Equal loading was controlled by Coomassie staining of the membrane. LEAp, Late Embryogenesis Abundant proteins. Results were repeated two to three times depending on the time points, the quantification of these replicates being gathered in figure S11.

  35S::MAP3K17-MYC and 35S::MAP3K18-MYC lines were used to test whether the constitutive expression of these MAP3Ks in seeds could be both responsible for the MKK3 module activation and prevent the dormancy establishment as 35S::MAP3K19-MYC lines do. A kinase assay conducted during nitrate-triggered release of dormancy (protocol detailed in figure 4.5) showed that MPK7 activity was not affected in the 35S::MAP3K17-MYC line whereas it was overactivated in 35S::MAP3K19-MYC and 35S::MAP3K18-MYC lines. Nevertheless, both MAP3K18 and MAP3K17 were accumulated during the release of dormancy as monitored by western-blot. Coherently, I found that 35S::MAP3K17-PC2 tends to acquire secondary dormancy upon heat treatment at the same speed than the associated WT. 35S::MAP3K18-MYC, on the other hand, does not acquire dormancy, and behave rather like MAP3K19 overexpressing lines (Article, Figure 9 + Figure 2.2).

Figure

  Figure 2.4. NLP transcription factors are involved in the NO3-dependant MKK3 module activation A. MPK7 activation in nlp7/8 and nlp8/9 during dormancy release (n=2) MPK7 activation is evaluated through MBP phosphorylation level during dormancy release in response to NO3 -in indicated mutants (nlp8-2, nlp7-1/nlp8-2, nlp8-2/ nlp9-1). MPK7 protein level was measured using an anti-MPK7 antibody B. Clade-III MAP3K expression in nlp7/8 and nlp8/9 during dormancy release (n=1)

Figure 2 . 5 .

 25 Figure 2.5. Seeds impaired in NLPs acquire more rapidly secondary dormancyDormancy acquisition of nlp8-2, nlp7-1/nlp8-2, nlp8-2/ nlp9-1, nlp7-1/nlp8-2/ nlp9-1 (n=1)

Figure 2 . 6 .Figure 2 . 6 .AFigure 2 . 7 .

 262627 Figure 2.6. Expression of ABA metabolic genes during the release of dormancy (n=3)

Figure 2 . 8 .

 28 Figure 2.8. Expression of dormancy marker genes expression during the release of dormancy (selected from Finch-Savage and Footit., 2017) (n=1)

  Figure 2.10. Expression of ABA metabolic genes during the induction of dormancy (n=1)

  Figure 2.10. Expression of ABA metabolic genes during the induction of dormancy (n=1)

Figure 2 .Figure 2

 22 Figure 2.12. RT-qPCR analysis of dormancy marker genes during the induction of secondary dormancy (selected from Finch-Savage and Footit 2017) during the induction of dormancy

MAP3K19

  and MAP3K20 were expressed in response to both light ad nitrate, from 45' to 8h (their peak of expression) and decrease afterward. The expression of these MAP3K genes correlated with MPK7 activation in similar conditions. Interestingly, MAP3K13 as well as MAP3K19 were also highly expressed in dry seeds before the induction of secondary dormancy, their expressions disappearing afterward. As a result, I concluded on the existence of two distinct signals, modulating the activation of the MKK3-MPK7 module: nitrate, triggering MAP3K13 and MAP3K14 expression, and the combination effect of nitrate and light, which regulates MAP3K19 and MAP3K20 expression.

  regulate their cellular trafficking (seeColcombet et al 2016 for discussion). There has been in our laboratory long discussion on the role of this fused domain and lines expressing truncated forms of MKK3 have been generated and characterized when I arrived in the team. AlphaFold clearly shows that in MKK3 both the kinase and the NTF2 domains are combined in a single globular protein. Likely, NTF2-like prediction is an annotation artefact. This hypothesis would obviously deserve some further attention and bench confirmations but here probably is answered one of the main questions concerning MKK3.During my thesis, I focused on clade-C MAPK, acting downstream of MKK3 in the regulation of seeds. Because in all cases, clade-C MAPKs were not activated anymore in plants impaired for MKK3, there is no doubt that these MAPKs work downstream of MKK3. But many articles in the literature suggested that others MAPKs could be downstream of MKK3 and this hypothesis is not incompatible with MPK1/2/7/14

Figure 4 . 4 .

 44 Figure 4.4. Experimental plan aiming to estimate the induction of secondary dormancy speed

  Thermofisher instructions(Ref: 18064022 -Thermofisher). Briefly, RNAs in a same experiment were normalized at the same concentration, usually between to 20 to 50 µg.µL -1 . 10 µL of diluted RNA whereas then mixed with 1µL Oligo dT (Invitrogen™ -18418012) and 1µL dNTP (10 mM each) (-Thermo Scientific™ -R1121) and denatured at 70°C during 5 minutes. Back on ice, the RT buffer (4µL of 5X First-TRAND Buffer, 2µL of DTT 0.1M and 0.5µL of SuperScrip, Ref: Transcriptase inverse SuperScript™ II, 18064022, Invitrogen™) was added to the mix. The synthesis was triggered by incubation at 42°C for 1 hour and then stopped by a heat shock at 75°C during 15 minutes. cDNAs were then conserved at -20°C for further experiments.384-wells MicroAmp plates (Thermo-Fisher Scientific) were used to perform qPCR in a final volume of 5µL. First, wells were filled with 2µL of diluted primers (1,25µM each, Annexes II) then with a 3µL mix of 2,5µL Ozyme taq (ONEGreen® Fast qPCR premix, Ozyme) and 0,5µL cDNA per well. Each sample was run in triplicate. Plates were then closed with a transparent adhesive film and briefly centrifuged. qPCRs were then run on a CFX384 Touch Real-Time PCR machine (BioRAD), using the following the program: 95°C for 30 sec; 40 × [95°C for 5 sec and 62°C for 10 sec]. The program ends by a final denaturation step giving rise to melting curves allowing the validation of amplification specificity. Results were analysed with the CFX Manager Software

  Briefly, grinded frozen seeds were tawed on ice in 1mL Laccus Ortiz buffer(LOB) extraction buffer (Annexes III.B.2.b). Tubes were repeatedly vortexed during the process until complete homogenization and then centrifuged at 140 00 rpm at 4°C for during five 5 minutes to pellet the debris. Supernatant containing kinases was transferred in new tube. This step is repeated two more times before protein quantification. Protein quantification was made using Bradford technic. Each protein sample was diluted 10 times in water and 10 µL were mixed with 250 µL Bradford reagent(Coomassie Protein Assay Reagent, Pierce, Ref: 1856209, Thermo Scientific) in 96-wells Elisa plates. Each sample was run in triplicate and their absorbance at 595 nm was measured using a TECAN machine. In parallel, bovine serum albumin (BSA) was used to build a standard curve from 0 to 2 µg/µL and evaluate protein concentrations in samples. Samples were are then normalized at 0.5 µg/µL in extraction buffer and volume adjusted at 650 µL. For immunoprecipitation, 400 µL (200 µg) of normalized proteins, 15-20 µL of washed sepharose A beads (Ref: 10-1042, Invitrogen™) and 0.5-2 µL of appropriate antibody were mixed on ice and incubated during 2-3 hours on a rotating wheel at 4°C. I used two different antibodies for immuno-precipitation: a crude home-made rabbit anti-MPK7 (2µL per IP reaction) or a commercial rabbit anti-HA (0,5µL per reaction). Sepharose beads in complex with antibody and kinase were then washed two times with 1 mL extraction buffer and then with 1mL kinase buffer. Each sample was then dried out using a pipette tip. The kinase reaction was initiated by the addition of 15µL kinase reaction supplemented with 1.5 µL MBP 10 mg.mL -1 (Sigma Aldrich -M1891), 0.15 µL cold ATP 10mM (Sigma -A7699-5G), and 1,5 µCi radioactive ATPgamma ((Ref: SRF301 (3000 Ci/mmol), Hartmann Analytic)). Reaction was stopped after 40 minutes by mixing with 15µL Laemmli 6X and incubation 5 minutes at 95°C. 10 µL of each sample were then run loaded and run in a 15% Sodium Dodecyl Sulfate Polyacrylamide Electrophoresis Gel (SDS-PAGE) freshly prepared following BioRAD recommendations, at constant 20 mA/gel until the blue-stained migration front containing residual radioactive nucleotides run out of the gel. The SDS-PAGE gel was then dried under vacuum at 80°C (BioRAD, Model 583 Gel dryer) and then transferred in an autoradiography cassette (GE Healthcare -GE28-9564-82) for 1 to several days. The phosphorylation signal was revealed using a Typhoon scanner (GE Healthcare).VI.C. Western blotWestern Blot are performed using BioRAD recommendation (Storage phosphor screens, Care of GE Healthcare). Samples (extraction protocol detailed in part 4.VI.A.) are were loaded in a 10% SDS-PAGE gel prepared following BioRAD protocol (Buffer used in Annexes III.B.2.c) and proteins were migrated at a constant speed of 30 mA/gel. A protein transfer was performed at constant 70V for 70 minutes, on an ethanol-activated PVDF membranes (Immun-Blot® PVDF Membrane -Bio-Rad).
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Table 4

 4 

	.1	List of mutant lines used

  . Our work and others suggested that

	Arabidopsis MKK3 is robustly activated by clade-III MAP3Ks (MAP3K13/14/15/16/17/18/20/21) to
	activate clade-C MAPKs (MPK1/2/7/14). Such modules were largely involved in abiotic stress signaling.

. Does MKK3 module control ABA/GA balance or other seed dormancy related molecular mechanisms?

  

	module activation by nitrate, I measured MPK7 activity in nlp8 mutant during nitrate-
	triggered dormancy emergence (protocol detailed in figure 4.5). I found that nlp8
	mutation does not affect MPK7 activation (Figure 2.3). Coherently, the NO3 -regulation
	of clade-III MAP3Ks expression remained unchanged in nlp8 (Figure 2.3). These results,
	rather surprising, suggested that either NLP8 does not act on secondary dormancy or
	that other NLPs play a redundant role. To challenge this last hypothesis, I measured
	MPK7 activity in nlp8, nlp7/8 and nlp8/9 during the nitrate-dependant dormancy
	release. MPK7 activation was unchanged in nlp7/8 but I observed an MPK7 activation
	decrease in nlp8/9 at 8h whereas it was not the case in nlp8 (n=2) (Figure 2.4). This
	result suggests that NLP8 and NLP9 display redundant roles in MKK3 module
	activation. Surprisingly, I did not manage to see coherent differences in clade-III
	MAP3Ks expression in NLP mutants (Figure 2.4). These experiments need to be
	repeated. I finally measured secondary dormancy establishment in nlp8, nlp7/8 and
	nlp8/9, and found that they all acquire more rapidly dormancy than Col-0 (Figure 2.5).
	These first results indicate that NLP transcription factors play a role in the regulation
	of secondary dormancy by nitrate. Nevertheless, these experiments have to be
	considered with cautious without more repetitions. I am also planning to include a
	triple mutant nlp7/8/9 provided by Anne Krapp to complete this data set.
	II.BThe ABA/GA hormonal balance is one of the major mechanisms controlling seed
	dormancy. As presented in the article draft above, one of our first working hypotheses
	was that ABA and/or GA would modulate MKK3 module activity. But, adding
	exogenous GA or ABA did not trigger module activation or did not modulate its
	light/nitrate activation (Article, Figure 15 and 16). Coherently, clade-III MAP3K

  It has been shown for ABA/drought, JA/wounding and more recently for nitrate.My work brings a new example of this MAP3K-transcription-dependent activation as light is also able to activate it. This meaningful regulation in the context of dormancy modulation has also to be considered more generally: light is a major regulator of many aspects and MKK3 module could be also an important actor of light signaling in plant development. But this is probably not the only activating signals. We know, from expression database such as Genevestigator[START_REF] Zimmermann | GENEVESTIGATOR. Arabidopsis microarray database and analysis toolbox[END_REF] Colcombet et al., 2016), that other signals are able to regulate clade-III MAP3K expression, being then very good candidates to be also MKK3 module activators. This is the case notably of PAMPs or IAA. Our laboratory is currently investigating this and recently saw that flg22 is able to activate C-clade MAPKs in an MKK3-dependent way, with the probable redundant help of MAP3K15/19, both being strongly upregulated in response to flg22 (Julian Lang and Erwan le Deunff, unpublished).

Thanks to the lab work and others, it has emerged as important signaling actors showing very specific features. One of them is this surprising activation through the transcriptional regulation of clade-III MAP3K genes.

  , but testing whether the nitrate sensitivity is changed by light is an exciting following up of my work.

	and deepen by looking at MAP3K expressions. We did not test what could be the
	transcription factors modulating the MAP3K19/20 expression in response to lights,
	PIL5 being obviously a very good candidate. Here again, it complexifies the known
	working model for light regulation of dormancy, providing a new parallel signaling
	branch. Interestingly, the module provided a crosstalk between two signals able to

release dormancy, light and nitrate. Given the main role of MAP3K19/20 in the MPK7 activation in our conditions, we think that it provides a conditional molecular switch between nitrate and light. I did not provide any phenotypical evidence of this crosstalk, yet

  Another possibility is that MAPK substrates are not represented in the library.

	. A yeast 2 hybrid screen was
	carried out by InterActomic plateform of IPS2 (D. Monachello) in the laboratory before
	my arrival. The idea was to identify interacting proteins and notably provided new
	substrate candidates to MPK1/2/7/14. Although this experiment revealed many new
	interactors of some MAP3Ks and MKK3, no interaction was identified with clade-C
	MAPKs. Several hypotheses can explain this result. A first possibility, often bolded for
	kinases, is that MAPK-substrate interactions are too labile to be detectable by yeast-
	2-hybrid.

Table 4 .1. List of mutants lines used

 4 

		Ecotype	Mutation	Provided by	Reference
	mkk3-1	Col-0	T-DNA (SALK 051970)	Lab	Doczi et al., 2007
	mkk3-2	Col-0	T-DNA (SALK 208528)	Lab	Doczi et al., 2007
	mpk7-1	Col-0	T-DNA (SALK_113631)	N. Kawakami / Lab	Sözen et al., 2020
			T-DNA		
	mpk1-1/ mpk2-2/ mpk7-1/ mpk14-1	Col-0	(SALK_063847C x SALK_047422C x SALK_113631 x	N. Kawakami	
			SALK_022928C)		
	map3k13/map3k14	Col-0	CRISPER	Lab	Sözen et al., 2020
	map3k19-1C	Nossen, backcrossed with Col-0	Transposon (pst14411) mutagen : pCGN	N. Kawakami	
		Col-0, segregated			
	map3k20-3	sibling from the cross of three	T-DNA (CS443915 (GK-458D07))	N. Kawakami	
		map3k mutants			
		Mutant gene region			
	map3k21-1C	is Nossen, backcrossed with Col-0 (introgerssion	Transposon (psh20310) mutagen pCGN	N. Kawakami	
		line)			
	map3k19-1C/			N.	
	map3k20-3			Kawakami	
	map3k19-1C/ map3k20-3/ map3k21-1C			N. Kawakami	
	nlp8-2	Col-0	T-DNA (SALK_140298)	E. Nambara	Yan et al., 2016
	nlp7-1/nlp8-2	Col-0	SALK_026134 x SALK _031064	A. Krapp	
	nlp8-2/ nlp9-1	Col-0	SALK _031064/ SALK_025839	E. Nambara	Yan et al., 2016

µG.mL -1 . A mix of kanamycin-resistant colonies were used to inoculate overnight larger LB+Kana cultures and used to transform Arabidopsis Col-0 plants by floral dipping

Table 4 .3. Culture media

 4 Agar media contained 0.58% of MES hydrate (Ref: M8250, Sigma Aldrich), 0,7% of Agar (Ref: Agar HP 696, Kalys) and pH was adjusted to 5,75 with NaOH. Depending of the type of experiment performed, this media was complemented with KNO3, KCl, ABA, GA or Paclobutrazol at indicated concentrations. MS agar (Table4.3) in a growth chamber maintained in long day conditions and at 22°C during a week, were transferred on "Spezialsubstrat" from Stender containing low Nitrate amounts(Ref: 19002774-A204 sans NPK, Stender) soil and grown in an Aralab® growth cabinet maintained in long day conditions (16h of 80-100 μE.m -2 .s -1

	Solution	Reference	Concentration used	Stock solutions	Mock
	KNO3	Sigma Aldrich -P8291	5mM	1M	KCl
	ABA	Sigma Aldrich -A1049	50µM	100mM	EtOH 96%
	GA3	Sigma Aldrich -G7645	50µM	10mM	Water
	Paclobutrazol Sigma Aldrich -43900	10µM	50mM	Water

****Iron solution :

  

	III.B. Buffers and solutions Kinase reaction Buffer			
	III.B.1.	DNA extraction Buffer from plant tissues Solution Per reaction (µL)	Reference
	15 µL Kinase Buffer		15				/
	200 mM Tris-HCl pH 7.5, 250 mM NaCl, 25 mM EDTA, and 0.5% SDS 1.5 µL MBP 10mg/mL 1,5 Sigma Aldrich -M1891
	III.B.2. 0.15 µL ATP 10mM Protein extraction Buffer : 0,15			Sigma Aldrich -A7699
	III.B.2.a. Total protein extraction buffer from biological material (seeds or plants):
	Laemmli 6X : 30% glycerol, 10% SDS, 0.6M DTT, 0.012 Bromophenol III.B.2.c. Western Blot Buffer
	blue, 20% 1.75M Tris-HCl (pH 6.8) Transfer Buffer (10X): 0.25 M Tris and 1.92 M glycine
	III.B.2.b. Buffers for Kinase Assay: Transfer Buffer (1X): 70% H20, 20% of Ethanol 96°, 10% of Transfer Buffer 10X
	TBS Buffer (10X): 1M Tris and 1.5 M NaCl , ph adjusted at 7.5 with HCl
	Extraction Buffer (Laccus Ortiz Buffer adapted from (Ortiz-Masia et al., 2007) TBS-Tween (TBS-T) (1X): 90% H20, 10% TBS 10X and 0.1% Tween-20
		Solution -Resolving gel: Concentration (mM)	For 10 mL in µL	Reference
	Tris HCl pH 7,5			50			500	T1503 -Sigma Aldrich
	EDTA EGTA B-glycerophosphate Solution Percentage 10% 5 5 50 Concentration Components (%) per 5mL (mL)	500 500 2500 Percentage 15% E9884 -Sigma Aldrich E3889 -Sigma Aldrich G9422 -Sigma Aldrich Reference Concentration (%) per 5mL (mL)
	NA3VO4 H20 Acrylamide/Bis-		38	1	1,9		50	22	590088 -Sigma 1,1 Aldrich A3699-
	mini tablets ROCHE cocktail antiprotease acrylamide, 30% solution	34	1 per 10mL 1,7		1 tablet 50	Sigma 4693124001 -Roche 2,5 Aldrich
	DTT Tris 1.5 M pH 8.8		26	2	1,3		50	26	10386833 -VWR 1,3 Catalyst EU0460 -*
	Sequestrene 138 Fe 100 SG Triton X100 SDS 10% Ammonium NaCL persulfate (APS)	1	For 1L (g) Cf : 1% 0,05 10g/L 150		100 300	1	T8787 -Sigma Aldrich 0,05 Euromedex -1112-A -Euromed -1610700 -
		H20 10%		1		0,05		5400 1	0,05	Biorad
								1610801 -
	***Oligo-Kinase Buffer TEMED	Concentration 0,04	For 1L 0,002		0,04	0,002	TEMED
	elements solution *Tris 1.5 M pH 8.8 : Trizma ® base (Sigma Aldrich) -pH adjusted to 8.8 using HCl (mM) (g) (NH4)6Mo7O24 . 0,4 0,05 Solution Concentration For 10 mL (µL) Reference (mM) -Stacking gel: 4H2O H3BO3 243 Tris HCl pH 7,5 30 300 T1503 -Sigma Aldrich 1,5 MnSO4 . 4H2O 118 2 ZnSO₄ . 7H2O 34,8 1 CuSO4 • 5H2O 10 0,25 EGTA 1 20 E3889 -Sigma Aldrich B-glycerophosphate 20 200 Percentage Concentration per 1mL G9422 -Sigma Aldrich DTT 1 10 (%) (mL) 10386833 -VWR H20 68 0,68 Catalyst MgCL2 10 100 Acrylamide/Bis-acrylamide, 30% solution 17 0,17 442615 -Calbiochem Tris 1.0 M pH 6.8** 13 0,13
		SDS 10%				1	0,01
								118

Aldrich C3956; 1:10,000 dilution), a-rat (Sigma-Aldrich A9037, 1:10,000), a-rabbit (Sigma-Aldrich A6154, 1/20,000) and a-mouse (Sigma-Aldrich A5906, 1:10,000). Horseradish peroxidase activity was detected with a Clarity western ECL substrate reaction kit (Bio-Rad) and a ChemiDoc Imagers (Bio-Rad).

Blots were stained with Coomassie Blue for protein visualization.

B.

A.

Figure 2.1. MAP3K level of expression in transgenic lines

A. Example of screening of inducible lines by Western Blot in seeds.

Expression of protein-MYC was evaluated by Western Blot using an anti-HA antibody. DEX 10µM was added for indicated times. 116/117 referred to lab book numbering of independent T1 lines.

B. Transgene expression in a 35S::MAP3K19-MYC lines during dormancy release

MYC and MAP3K19 expression was evaluated by RT-qPCR. Col-0 was used as a negative control. n=1

SUPPLEMENTAL DATA

My results suggest that MAP3K19 and MAP3K20, but also MAP3K13 and MAP3K14 in a less extend, are the major MAP3Ks of MKK3 module in the regulation of seed dormancy. They are strongly transcriptionally regulated during the release of secondary dormancy in response to both light and nitrate (Article, Figure 4). Moreover, I showed that the light-and nitrate-dependent MPK7 activation requires their expression during the dormancy release as MPK7 activity is almost abolished in the double mutant map3k19/20 (Article, Figure 5). We produced the quadruple mutant map3K13/14/19/20 and showed that its seeds have a reduced nitrate-triggered dormancy release than WT and double mutants (Article, Figure 11) and that this dormancy is less sensitive to exogeneous nitrate. I still need to perform a kinase assay to test whether the residual MPK7 activity observed in map3k19/20 is totally abolished in map3K13/14/19/20.

In parallel to this loss-of-function strategy, I adopted a gain-of-function one and created constitutive and inducible overexpressing lines with a tag version of relevant clade-III MAP3Ks. In this part, I bring supplementary data about these lines. 

A.

conditions. Last MFT is an ABA-signaling regulator, playing a role in the control of gemination [START_REF] Xi | MOTHER OF FT and TFL1 regulates seed germination through a negative feedback loop modulating ABA signaling in Arabidopsis[END_REF]. I also tested player on the GA signaling process. GID1 is a major GA receptor. RGL2 and RGA2 are DELLAs proteins involved in the inhibition of GA signaling. Last, I tested NRT1 and NR genes which are involved in nitrate sensitivity [START_REF] Rashid | Feedforward Control of Plant Nitrate Transporter NRT1.1 Biphasic Adaptive Activity[END_REF]Alboresi et al., 2005;[START_REF] Finch-Savage | Seed dormancy cycling and the regulation of dormancy mechanisms to time germination in variable field environments[END_REF]; two members of the phytochrome interacting factor (PIF) family (PIL5 and SPT), the dormancy-associated DOG1 as well as FLC which is a major flowering-time gene involved in germination control [START_REF] Footitt | Trait analysis reveals DOG1 determines initial depth of seed dormancy, but not changes during dormancy cycling that result in seedling emergence timing[END_REF][START_REF] Penfield | Effects of environmental variation during seed production on seed dormancy and germination[END_REF]).

None of these genes shows an obvious miss-regulation in mkk3.

However, I found that those gene expressions have changed during the whole experiment. Very few are regulated by nitrate in the germination step, with the known exception of the nitrate reductase (NR) and the surprising but mild one of RGL2 and PYR1.

Overall, these results suggest that seeds impaired in MKK3 do not have a strong deregulation of genes involved in ABA/GA metabolism and signaling or on major actors or dormancy genes. Obviously, it would be necessary to test more exhaustively the expression of genes. These experiments were also supposed to give us a time point to realize such more exhaustive transcriptomic experiments. It will be likely be done in the coming year.

II.C. How does the module behave during the establishment of dormancy?

The seed dormancy depth is decisive to its ability to subsequently germinate. I

showed that mkk3-1, map3k13/14/19/20 acquire secondary dormancy faster than WT (Article, Figure 1, 6, 11). In addition, I showed that MPK7 activity, which is detectable in dry seeds, completely disappears after dormancy induction ("DS" compared to "0'") (Article, Figure 3). I also found that both MAP3K13 and MAP3K19 genes are expressed in dry seeds but not anymore after the induction of dormancy, suggesting that MAP3K13/19 could play a role in MPK7 activity in dry seeds (Article, Figure 4). Taken together, these results suggest that, beside a positive regulator of the release of A.

B.

priming of MKK3 module activation. These results however strongly complexified our model. 

PLANT MATERIAL

The Columbia (Col-0) ecotype of Arabidopsis thaliana was used for this project.

Mutants were requested from depository sites (NASC, ABRC) or from collaborators.

List of the main mutants are presented in table 4.1.

I participated to the creation of overexpressing and inducible lines during my PhD.

The creation and selection process are detailed in the following part.

CREATION OF TRANSGENIC LINES

Generation of transgenic lines has largely been done by Jean Colcombet. To create overexpressing lines, MAP3K ORFs without stop codon were recombined using Gateway® BP Clonase® II Enzyme mix (Gateway technology -Thermofisher) from the laboratory Kinase Open Reading Frame (ORF) collection (in pDNR207 vectors) into the destination binary vectors pC2N1. This destination vector, which has been initially designed to perform complex purification from plant (Bigeard et al., 2014;Berriri et al., 2012) allows the in frame merging of the protein of interest with a PC2 tag composed of 9xMyc, 8×His and a Strep-tag II peptide. Unfortunately, our laboratory donor collection contains MAP3K13 to MAP3K19 but not MAP3K20 and MAP3K21.

Gateway reactions were then transformed by heat choc in E. coli competent cells [START_REF] Inoue | High efficiency transformation of Escherichia coli with plasmids[END_REF]) and transformants were selected on LB Agar (for lysogeny broth) + kanamycin 50µG.mL -1 . Few clones were selected to produce DNA in minipreps (NucleoSpin Plasmid, Macherey-Nagel) and checked by sequencing (Sanger reaction performed by Eurofins).

To generate inducible lines, we amplified from genomic DNA MAP3K13/14/19/20

ORFs using appropriate primers which includes appropriate restriction sites for cloning (table 4.2), using iProof™ High-Fidelity PCR Kit (BioRAd) and following manufacturer instructions. PCR products were cleaned using a purification kit QIAquick PCR Purification Kit (QIAgen) and digested with Xho1/Pvu2. AvrRPT2 was