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La symbiose mycorhizienne à arbuscules (MA) est une association symbiotique entre les racines de la majorité des espèces végétales terrestres et des champignons du sol du sousphylum Glomeromycotina. Tandis que le champignon fournit à la plante de l'eau et des minéraux, la plante lui apporte du carbone sous forme de lipides et de glucides. L'initiation de la symbiose MA implique des molécules diffusibles sécrétées par les deux partenaires. Les strigolactones (SLs) sont des dérivés de caroténoïdes produits par les plantes et exsudés dans le sol. Elles sont nécessaires lors de l'initiation de la symbiose et déclenchent chez les champignons MA des réponses cellulaires, métaboliques et développementales telles que la ramification des hyphes. En plus de leur bioactivité sur les champignons MA, les SLs induisent la germination des graines de plantes parasites et jouent un rôle hormonal dans le développement des plantes.

Les diverses SLs naturelles identifiées à ce jour sont composées d'un cycle méthylbuténolide (D) invariable, lié à une partie lactone tricyclique (ABC) variable. Les mécanismes de perception des SLs sont bien documentés chez les plantes : ils impliquent des récepteurs de la famille des alpha/bêta-hydrolases, qui ont la particularité de cliver les SLs et de former une liaison covalente avec le cycle D. L'objectif principal de ma thèse était de mieux comprendre la perception des SLs chez les champignons MA.

Dans une première partie de mon travail, j'ai utilisé des analogues de SLs portant un cycle D modifié. J'ai évalué leurs impacts sur le développement du champignon MA Rhizophagus irregularis cultivé in vitro, ainsi que leurs capacités à favoriser l'initiation de la symbiose. Un résultat marquant a été qu'un analogue de SL avec un cycle D non méthylé pouvait inhiber la ramification des hyphes tout en augmentant la capacité de R. irregularis à coloniser les racines d'une plante hôte. Cette observation a montré pour la première fois que l'initiation de la symbiose MA peut être découplée de la ramification du champignon.

Dans la deuxième partie de mon projet, j'ai cherché à aborder la nature des récepteurs des SLs chez les champignons MA. J'ai observé que deux inhibiteurs connus pour cibler les récepteurs des SLs chez les plantes suppriment également les réponses de R. irregularis aux SLs. Cela suggère que les récepteurs fongiques partagent des caractéristiques structurals avec ceux des plantes. Par une approche de modélisation, nous avons identifié huit protéines fongiques de la famille des alpha/bêta-hydrolases présentant une structure tridimensionnelle proche de celle d'un récepteur végétal de SLs. L'analyse phylogénétique a révélé une expansion des gènes codant pour ces protéines et des protéines apparentées chez les Glomeromycotina. La caractérisation in vitro de ces protéines a révélé que deux d'entre elles étaient capables de cliver des analogues synthétiques de SL, et que les deux inhibiteurs des récepteurs des SLs de plantes interféraient avec leur activité enzymatique. Collectivement, ces observations soutiennent l'hypothèse selon laquelle les champignons MA ont évolué la capacité de percevoir les SLs par expansion et néo-fonctionnalisation d'alpha/bêta-hydrolases, de façon comparable aux plantes parasites et aux mousses.

Un dernier objectif était d'étudier le transfert de phytohormones d'une plante à une autre via des réseaux mycorhiziens communs. Des protocoles expérimentaux ont été conçus et mis en oeuvre, mais les analyses biochimiques n'ont pas permis de fournir des preuves concluantes d'un tel transfert. Néanmoins, il reste important de garder à l'esprit la contribution de ces réseaux aux interactions plante-champignon et plante-plante dans les environnements naturels. L'ensemble de mon projet de thèse met également en évidence le fait que des signaux moléculaires tels que les SL peuvent être perçus, modifiés ou transportés par un certain nombre d'organismes vivants, et peuvent donc jouer des rôles complexes dans les écosystèmes au-delà de leur classification en tant que phytohormones.
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General Introduction

The following introduction is divided into three parts. The first part is focused on the description of mycorrhizal fungi and on the process of arbuscular mycorrhizal symbiosis. The second part is devoted to strigolactones, a class of molecules that regulate the arbuscular mycorrhizal symbiosis. Finally, the third part will give an overview of the current state of knowledge regarding the mechanisms of strigolactone perception.

I) The arbuscular mycorrhizal symbiosis I-1) General information about arbuscular mycorrhizal fungi I-1-A) Classification and origin of the arbuscular mycorrhizal symbiosis

The arbuscular mycorrhizal (AM) symbiosis between most terrestrial plant species and fungi from the Glomeromycotina subphylum of the phylum Mucuromycota is one of the most widespread beneficial associations [START_REF] Brundrett | Fossils of arbuscular mycorrhizal fungi give insights into the history of a successful partnership with plants[END_REF]. AM fungi (AMF) exhibit low host specificity [START_REF] Klironomos | The influence of arbuscular mycorrhizae on the relationship between plant diversity and productivity[END_REF]. They provide water and minerals such as phosphate, nitrate and ammonium ions (Smith & Read, 2008), in exchange for carbon in the form of lipids and carbohydrates from the plant [START_REF] Luginbuehl | Fatty acids in arbuscular mycorrhizal fungi are synthesized by the host plant[END_REF]. Several lines of evidence indicate that AM symbiosis is a very ancient interaction, present since the colonization of the terrestrial environment by plants. The first indication is that some fossils of early land plants dating from about 450 million years ago contain in their cells fungal structures sharing morphological similarities to the current AMF [START_REF] Redecker | Glomalean fungi from the Ordovician[END_REF][START_REF] Remy | Four hundred-million-year-old vesicular arbuscular mycorrhizae[END_REF][START_REF] Van Der Heijden | Mycorrhizal ecology and evolution: The past, the present, and the future[END_REF]. The second line of evidence is the identification of genes required for AM symbiosis in the algae closest to terrestrial plants. The function of the associated proteins is also conserved, suggesting that the most recent ancestor of land plants was pre-adapted for AM symbiosis [START_REF] Delaux | Algal ancestor of land plants was preadapted for symbiosis[END_REF]. Finally, a large diversity of early diverging land plants are able to interact with AMF (liverworts, hornworts and lycophytes) [START_REF] Brundrett | Fossils of arbuscular mycorrhizal fungi give insights into the history of a successful partnership with plants[END_REF].

Based on these observations, it has been speculated that AMF have helped plants to adapt to the terrestrial environment, which was challenging with regards to the restricted availability of water and nutrients [START_REF] Bonfante | Mechanisms underlying beneficial plant -Fungus interactions in mycorrhizal symbiosis[END_REF][START_REF] Humphreys | Mutualistic mycorrhiza-like symbiosis in the most ancient group of land plants[END_REF][START_REF] Malloch | Ecological and evolutionary significance of mycorrhizal symbioses in vascular plants (A Review)[END_REF][START_REF] Raven | Evolution and palaeophysiology of the vascular system and other means of long-distance transport[END_REF]. Recently, [START_REF] Rich | Lipid exchanges drove the evolution of mutualism during plant terrestrialization[END_REF] reported that like angiosperms, the bryophyte Marchantia paleacea is able to biosynthesize lipids and transfer them to AMF during symbiosis. The lipid transfer is regulated by orthologous genetic pathways in bryophytes and in angiosperms, and this pathway is not present in algae. This shows that mutualism with AMF was present in the most recent ancestor of bryophytes and angiosperms, but not in algae.

Thus, the authors conclude that arbuscular mycorrhizal symbiosis is a trait that evolved in the first land plants, and facilitated plant terrestrialization.

I-1-B) Arbuscular mycorrhizal fungi are obligate biotrophs

It is generally considered that arbuscular mycorrhizal fungi cannot complete their life cycle without interacting with a host plant. This obligate biotrophy could be due to the dependency of AMF on some essential nutrients, like vitamins and carbon provided by the host plant. In particular, AMF do not possess genes encoding a fatty acid synthase (Kamel et al., 2017;[START_REF] Wewer | Fatty acid synthesis and lipid metabolism in the obligate biotrophic fungus Rhizophagus irregularis during mycorrhization of Lotus japonicus[END_REF], which could prevent them from synthesizing some of their lipids. As a result AMF fully rely on carbon supply by their host plants to complete their life cycle. This characteristic makes their study difficult, because the fungus cannot be analyzed independently of its host plant.

I-1-C) Laboratory production of arbuscular mycorrhizal fungi

In order to study AMF, it is necessary to produce sufficient amounts of biological material. Two culture systems have been implemented over the years to produce fungal material and in particular spores. The first method consists of inoculating host plants with AMF to establish symbiosis. After several weeks, the fungus forms new spores which are collected from the substrate. Yet the obtained spores are not exempt of root fragments and other microorganisms. The second method has been developed in axenic conditions. For this purpose, carrot roots were genetically transformed with Agrobacterium rhizogenes to allow them to grow indefinitely in the absence of aerial parts. These so-called hairy roots are grown in vitro and inoculated with AMF [START_REF] Bécard | Fungal growth stimulation by co 2 and root exudates in vesicular-arbuscular mycorrhizal symbiosis[END_REF][START_REF] St-Arnaud | Enhanced hyphal growth and spore production of the arbuscular mycorrhizal fungus Glomus intraradices in an in vitro system in the absence of host roots[END_REF]. The inoculated roots are grown in a two-compartment system that allows the fungus only to develop in the second compartment. In these conditions, the fungus produces spores free of any contamination. Recently, major advances have been achieved in the axenic culture of AMF.

When fatty acids (palmitoleate or myristate) and a source of organic nitrogen were added to Nucleus the culture medium, AMF could complete a full developmental cycle in the absence of host roots, and produce numerous infectious spores [START_REF] Kameoka | Stimulation of asymbiotic sporulation in arbuscular mycorrhizal fungi by fatty acids[END_REF][START_REF] Sugiura | Myristate can be used as a carbon and energy source for the asymbiotic growth of arbuscular mycorrhizal fungi[END_REF][START_REF] Tanaka | Asymbiotic mass production of the arbuscular mycorrhizal fungus Rhizophagus clarus[END_REF].

I-1-D) Arbuscular mycorrhizal fungi are coenocytic

Arbuscular mycorrhizal fungi are coenocytic organisms, meaning that there is no separation between fungal cells. This cellular organization allows a rapid flow through the hyphae, facilitating the rapid migration of various molecules and organelles. Because of this coenocytic cell organization, AM spores and hyphae contain up to several thousand nuclei (Fig. 1), sharing the same cytoplasm. For example, a unicellular spore can contain up to 35,000 nuclei [START_REF] Hosny | Nuclear DNA content of 11 fungal species in Glomales[END_REF]. The different nuclei contained in a spore do not result from the division of one or few founder nuclei during the development of the spore, but rather come from the previous mycelium [START_REF] Jany | Multinucleate spores contribute to evolutionary longevity of asexual glomeromycota[END_REF].

I-1-E) Genetic transformation of arbuscular mycorrhizal fungi

In addition to the difficulties to study AMF because of their obligate biotrophy, several of their characteristics (for which I will not go into details) have prevented the development of stable genetic transformation methods. Nevertheless, fungal genes can be silenced using the Host-Induced Gene Silencing (HIGS) technique. This consists in introducing an RNAi construct targeting a fungal gene of interest into a host plant via genetic transformation. During the symbiotic interaction, intermediate molecules of the RNA interference process can be transferred to the fungal cells, resulting in the silencing of the gene of interest [START_REF] Helber | a versatile monosaccharide transporter that operates in the arbuscular mycorrhizal fungus Glomus sp Is crucial for the symbiotic relationship with plants[END_REF].

I-2) Establishment of the arbuscular mycorrhizal symbiosis

The establishment of AM symbiosis follows a defined sequence of events which will be detailed later in this introduction. To give a brief overview (Fig. 2), after spore germination the pre-symbiotic phase takes place and involves mutual recognition between the host plant and the fungus. This is mediated by diffusible molecules secreted by both partners. Then, the symbiotic phase starts with the contact between fungal hyphae and the plant root epidermis.

Through intracellular accommodation structures made by plant cells, the fungus is guided across root cells. Reaching the cortical cells, the fungus forms specific intracellular exchange structures, referred to as arbuscules. The arbuscules are where nutrients, water and carbon are exchanged between the host plant and the fungus. As root colonization develops, extraradical hyphae explore the soil from the plant root in search for nutrients and other plant hosts to interact with. Moreover, from the extraradical mycelium AMF develop a new generation of spores, allowing AMF to complete their life cycle. These different steps, well established in time and space, require a fine communication between both partners using a specific molecular dialogue.

In both laboratory and ecological contexts, AM symbiosis can be initiated through different propagules including spores, extra-radical mycelium and living or dead mycorrhizal root fragments [START_REF] Pepe | Lifespan and functionality of mycorrhizal fungal mycelium are uncoupled from host plant lifespan[END_REF]Smith & Read, 2008). Depending on AMF taxa, one type of propagule is preferentially used to infect a new plant. For example, Glomus spp. preferentially initiate colonization from AM root fragments [START_REF] Schalamuk | Arbuscular mycorrhizal fungal propagules from tillage and no-tillage systems: Possible effects on Glomeromycota diversity[END_REF], while Gigaspora (Gi) species preferentially colonize from spores [START_REF] Klironomos | Colonization of roots by arbuscular mycorrhizal fungi using different sources of inoculum[END_REF]. In laboratory studies, plant inoculations are predominantly performed using spore-based inoculum.

I-2-A) Spore germination

From their previous symbiotic cycle, AMF spores store large amounts of carbon, mainly in the form of lipids which enable them to germinate and to grow for a few days until they can colonize a host plant [START_REF] Sancholle | Lipids of Mycorrhizae[END_REF]. Spores of AMF are able to germinate in the absence of a host plant in response to favorable environmental conditions such as temperature, moisture, pH, and the presence of nutrients. The spore germination process is activated through several chains of events which lead to the development of the germ tube.

Plastid reorganization, cytoskeleton remodeling and biochemical changes have been observed

in different AMF species. At the molecular level, the activation of metabolism is reflected by an increase in the synthesis of RNA, proteins, amino acids, mitochondrial DNA, lipids and polysaccharides. Just before germination, nuclei were reported to migrate near the place where the germ tube will emerge [START_REF] Giovannetti | Spore germination and pre-symbiotic mycelial growth[END_REF][START_REF] Souza | AMF's Main Structures[END_REF]. Germ tubes are described as straight, aseptate hyphae with a strong apical dominance. From these germ tubes, rightangled ramifications emerge (Fig. 3). These ramifications are thinner and often translucent compared to germ tubes. In the absence of a host plant, hyphal growth from spores can only be maintained for a few days. After this period, retraction of hyphal cytoplasm and hyphal septation from the tips to the spore are observed [START_REF] Mosse | Some studies relating to "independent" growth of vesicular-arbuscular endophytes[END_REF]. Then, the spore can switch back to a dormancy state and wait for optimal conditions to germinate again [START_REF] Logi | Cellular events involved in survival of individual arbuscular mycorrhizal symbionts growing in the absence of the host[END_REF]; 4) As hyphae approach the root, a fan-like structure is formed with small, often septate hyphal clusters. Straight, white, unseptate hyphae, called runner hyphae, also develop. ( 5) During the pre-symbiotic process, the fungus releases molecular signals.

(6) Fungal exudates are perceived by roots, activating the common symbiotic signaling pathway. Both fan-like structures and runner hyphae can colonize the root system through the formation of a particular fungal structure, called the hyphopodium. Created with BioRender.com. Oehl, 2008). This is considered to be a survival strategy in the absence of a host plant to colonize. On the contrary, in the presence of a host plant, the germinating spore moves on to the pre-symbiotic stage.

I-2-B) Pre-symbiotic stage I-2-B-a) Plant exudates [START_REF] Mosse | Vesicular-arbuscular mycorrhizal infections in root organ cultures[END_REF] were the first to report that AMF show extensive hyphal ramifications (later referred to as branching) in the vicinity of host roots (Fig. 4). From the spore, the authors described a straight growth of the germ tube exploring the soil, referred to as a runner hypha. When they get closer to the root of a host plant, runner hyphae develop fan-like structures characterized by the formation of small hyphal clusters that are often septate (Fig. 4) [START_REF] Mosse | Vesicular-arbuscular mycorrhizal infections in root organ cultures[END_REF]. Using a system of membranes that physically separate AM hyphae from the plant root but allow molecules to pass through, [START_REF] Giovannetti | Differential hyphal morphogenesis in arbuscular mycorrhizal fungi during pre-infection stages[END_REF] were able to observe such fan-like structures. This demonstrated that contact with the host root is not necessary to induce hyphal branching, and highlights the importance of root exudates during the initiation of the symbiotic interaction [START_REF] Giovannetti | Differential hyphal morphogenesis in arbuscular mycorrhizal fungi during pre-infection stages[END_REF].

Following this study, some degree of hyphal branching was observed in the absence of host roots in isolated AMF grown in vitro and treated with root exudates. It was hypothesized that hyphal branching reflected a metabolic switch of AMF prior to the establishment of AM symbiosis (Buée et al., 2000;Nagahashi et al., 1996;Nagahashi & Douds, 1999). Buée et al. (2000) observed a hyphal branching pattern similar to that reported by [START_REF] Mosse | Vesicular-arbuscular mycorrhizal infections in root organ cultures[END_REF] after application of root exudates, and added that hyphae closest to the site of application were twisted and curled. Hyphae located more than 30 mm away from the site of application exhibited a distinct phenotype with fewer, longer and less twisted/curled branches (Fig. 4) (Buée et al., 2000).

Root-exuded flavonoids have long been known to initiate the symbiotic interaction between rhizobia and legumes, so their effect on AM fungal development was investigated. Application of several flavonoids was shown to enhance germination, hyphal growth or hyphal branching depending on the AMF species used. Thus, they were hypothesized to favor the development of AMF prior contact with a host plant [START_REF] Vierheilig | Signalling in arbuscular mycorrhiza: Facts and hypotheses[END_REF]. Nevertheless, maize mutants impacted in flavonoid synthesis were normally colonized by AMF, demonstrating that flavonoids are not essential to establish AM symbiosis [START_REF] Bécard | Flavonoids are not necessary plant signal compounds in arbuscular mycorrhizal symbioses[END_REF].

Root exudates from host plant species, but not from non-host plants, were shown to induce hyphal branching of three species of AMF. The compound(s) contained in active fractions of root exudates and responsible for this effect were referred to as branching factors (BFs) (Buée et al., 2000;[START_REF] Nagahashi | Partial separation of root exudate components and their effects upon the growth of germinated spores of AM fungi[END_REF]. Root exudates of flavonoid-deficient maize plants could still induce hyphal branching, confirming that flavonoids are not essential for this activity (Buée et al., 2000). [START_REF] Tamasloukht | Root factors induce mitochondrial-related gene expression and fungal respiration during the developmental switch from asymbiosis to presymbiosis in the arbuscular mycorrhizal fungus Gigaspora rosea[END_REF] investigated the metabolic events associated with hyphal ramification in response to BFs. Within a few hours after BF application, the authors reported an induction of the expression of genes related to mitochondrial activity, an increase in respiration rate, and a mitochondrial multiplication and reorganization [START_REF] Tamasloukht | Root factors induce mitochondrial-related gene expression and fungal respiration during the developmental switch from asymbiosis to presymbiosis in the arbuscular mycorrhizal fungus Gigaspora rosea[END_REF]. This suggested that BFs trigger a metabolic switch in AMF prior to the development of hyphal branching, which was supposed to be required for AM symbiosis.

Thus, the identification of BFs became a major interest.

In 2005, Akiyama et al. succeeded in isolating a BF from a root exudate fraction of Lotus japonicus displaying BF activity. The authors demonstrated that strigolactones (SLs): 5-deoxystrigol (5DS), sorgolactone and the SL analog (±)-GR24 stimulate hyphal branching of the AM fungus Gigaspora margarita at subnanomolar concentrations. A year later, SL branching activity was confirmed on other species of AMF by Besserer et al. (2006) who also investigated the associated cellular responses. The physiological responses of AMF triggered by SL applications will be further detailed later in this introduction.

Hyphal branching has been suggested to increase the chances for the fungus to encounter a host root, although this idea has not been supported by experimental evidence. For instance, it is noteworthy that although hyphal branching was observed in the majority of cases before fungal penetration into the host root, direct colonization through runner hyphae without the formation of ramifications was also described (Fig. 4) (Bécard & Fortin, 1988). This suggests that the symbiotic ability of AMF could be uncoupled from hyphal branching.

Strigolactones are not the only signals produced by plants that are perceived by AMF prior to root colonization. Highly diverse signals such as flavonoids [START_REF] Bécard | Flavonoids are not necessary plant signal compounds in arbuscular mycorrhizal symbioses[END_REF][START_REF] Chabot | Hyphal growth promotion in vitro of the VA mycorrhizal fungus, Gigaspora margarita Becker & Hall, by the activity of structurally specific flavonoid compounds under CO2-enriched conditions[END_REF]Siquiera et al., 1991), hydroxy fatty acids [START_REF] Nagahashi | The effects of hydroxy fatty acids on the hyphal branching of germinated spores of AM fungi[END_REF], phytohormones and N-acetylglucosamine [START_REF] Nadal | An N-acetylglucosamine transporter required for arbuscular mycorrhizal symbioses in rice and maize[END_REF] have been reported to stimulate AMF either physiologically or at the transcriptomic level. In parallel, application of AMF spore exudates on roots also induces physiological and transcriptomic modifications in the host plant.

I-2-B-b) Fungal exudates

The perception of root exudates by the fungus increases the release of signal molecules that in turn trigger plant responses. Upon application of AM fungal spore exudates, oscillations of Ca 2+ [START_REF] Chabaud | Arbuscular mycorrhizal hyphopodia and germinated spore exudates trigger Ca 2+ spiking in the legume and nonlegume root epidermis[END_REF] and upregulation of the expression of early symbiotic genes have been reported in root epidermal cells [START_REF] Kosuta | A diffusible factor from arbuscular mycorrhizal fungi induces symbiosis-specific MtENOD11 expression in roots of Medicago truncatula[END_REF]. Some of the molecules responsible for these effects have been identified. Chitin oligomers (CO) (Genre et al., 2013) and lipochitooligosaccharides (LCO) [START_REF] Maillet | Fungal lipochitooligosaccharide symbiotic signals in arbuscular mycorrhiza[END_REF] were demonstrated to stimulate root development in Medicago truncatula and rice, as well as to induce the expression of several genes involved in AM symbiosis [START_REF] Sun | Activation of symbiosis signaling by arbuscular mycorrhizal fungi in legumes and riceopen[END_REF]. Moreover, application of COs and LCOs induced oscillations of Ca 2+ (Genre et al., 2013;[START_REF] Sun | Activation of symbiosis signaling by arbuscular mycorrhizal fungi in legumes and riceopen[END_REF] and decreased plant immunity [START_REF] Feng | A combination of chitooligosaccharide and lipochitooligosaccharide recognition promotes arbuscular mycorrhizal associations in Medicago truncatula[END_REF]. In addition, AMF produce a set of small secreted proteins during root colonization (Kamel et al., 2017) which can decrease plant immunity responses allowing the establishment of the interaction [START_REF] Schmitz | A short LysM protein with high molecular diversity from an arbuscular mycorrhizal fungus, Rhizophagus irregularis[END_REF]. I-2-B-c) Activation of the common symbiotic signaling pathway Upon perception of signals from AMF, plant responses are mediated by the activation of the common symbiotic signaling pathway (CSSP). This pathway prepares the plant to be colonized at the cellular level by a foreign organism (AMF or rhizobia). Genes associated with the CSSP were primarily associated with nitrogen-fixing symbiosis. Later, it was reported that plants mutated for CSSP genes were also affected in AM symbiosis. Thus, the idea of a common signaling pathway for both symbiotic interactions emerged [START_REF] Oldroyd | Speak, friend, and enter: Signalling systems that promote beneficial symbiotic associations in plants[END_REF][START_REF] Parniske | Arbuscular mycorrhiza: The mother of plant root endosymbioses[END_REF]. A core set of genes are involved in both interactions, and specific sets of genes allow the development of each symbiosis (for review see [START_REF] Maclean | Plant signaling and metabolic pathways enabling arbuscular mycorrhizal symbiosis[END_REF][START_REF] Pimprikar | Transcriptional regulation of arbuscular mycorrhiza development[END_REF]. Recently, the common symbiosis signaling pathway has been demonstrated to be conserved in all plants forming intracellular endosymbioses, but lost by species forming exclusively extracellular symbioses [START_REF] Radhakrishnan | An ancestral signalling pathway is conserved in intracellular symbioses-forming plant lineages[END_REF]. 

I-2-C) Symbiotic stages

I-2-C-a) Root colonization Activation of the CSSP prepares the root to be penetrated by the fungus. The contact and recognition between the hyphae and the root surface lead to the formation of a particular fungal structure, called the hyphopodium, preparing the fungus to penetrate the root (Fig. 5A). The penetration into root epidermal cells is facilitated by the plant through the formation of a pre-penetration apparatus (PPA), which guides the fungus through the cell. The formation of the PPA requires an important reprogramming of epidermal cells to undergo a series of events such as a restructuring of nuclei, microtubules and endoplasmic reticulum [START_REF] Genre | Arbuscular mycorrhizal fungi elicit a novel intracellular apparatus in Medicago truncatula root epidermal cells before infection[END_REF][START_REF] Genre | Prepenetration apparatus assembly precedes and predicts the colonization patterns of arbuscular mycorrhizal fungi within the root cortex of both Medicago truncatula and Daucus carota[END_REF]. Observations of fungal development in the root cortex led to distinguish two morphological patterns. The most studied is known as Arum-type AM symbiosis, in which intraradical hyphae reach root cortical cells via intercellular spaces to form highly branched fungal structures known as arbuscules (Fig. 5B) [START_REF] Smith | Structural diversity in (vesicular)-arbuscular mycorrhizal symbioses[END_REF]. Whereas during Paristype AM symbiosis, intracellular hyphae develop from one cell to another and form arbusculelike coiled structures. A given AM fungus can form both types of symbiosis depending on the host plant species [START_REF] Hong | Diversity of morphology and function in arbuscular mycorrhizal symbioses in Brachypodium distachyon[END_REF]. Conversely, a single host plant species can host both types of AM symbiosis [START_REF] Cavagnaro | Morphology of arbuscular mycorrhizas is influenced by fungal identity[END_REF].

I-2-C-b) Arbuscule formation

The cortical cells that will host arbuscules undergo a cellular reprogramming similar to the epidermal pre-penetration apparatus [START_REF] Genre | Prepenetration apparatus assembly precedes and predicts the colonization patterns of arbuscular mycorrhizal fungi within the root cortex of both Medicago truncatula and Daucus carota[END_REF]. The fungal hyphae penetrate the cell wall of the cortical cells but do not cross the plasma membrane of the host cell. The plant plasma membrane extends to envelop the hyphae forming the arbuscules (Fig. 5B) and becomes the peri-arbuscular membrane (PAM) that delimits the symbiotic interface (Paszkowski, 2006;[START_REF] Harrison | Cellular programs for arbuscular mycorrhizal symbiosis[END_REF]. This interface is the main site of nutrient exchange between the two symbionts. Arbuscules can fill the majority of the cell space and can last several days in a cell before degenerating. The plant cell then returns to its previous cell organization, while other arbuscules emerge in the neighboring cells (Kobae & Hata, 2010).

I-2-C-c) Nutrient exchange

The peri-arbuscular membrane harbors a set of specific proteins that ensure exchanges between the plant and the fungus [START_REF] Banasiak | A roadmap of plant membrane transporters in arbuscular mycorrhizal and legume-rhizobium symbioses[END_REF]Wipf et al., 2019). The fungus provides water and mineral nutrients such as phosphate (Pi), nitrogen (NH4 + /NO3 -) and micronutrients (Lanfranco et al., 2018).

Water transfer during AM symbiosis is thought to be mediated by both plant and fungal aquaporins [START_REF] Cheng | Elucidating the mechanisms underlying enhanced drought tolerance in plants mediated by arbuscular mycorrhizal fungi[END_REF]. Plant aquaporin gene expression during mycorrhizal interaction is complex and highly dependent on environmental conditions. In maize, up to 16 out of 36 aquaporins are differentially expressed during AM symbiosis [START_REF] Bárzana | New insights into the regulation of aquaporins by the arbuscular mycorrhizal symbiosis in maize plants under drought stress and possible implications for plant performance[END_REF].

Due to the low availability of phosphate to roots, symbiotic phosphate supply plays an important role in plant development. Phosphate is taken up from the soil by the fungal hyphae and transferred into the peri-arbuscular space putatively through Na+/Pi transporters [START_REF] Garcia | Take a Trip Through the Plant and Fungal Transportome of Mycorrhiza[END_REF]. The uptake of phosphate from the fungus is mediated by specific members of the plant PHOSPHATE TRANSPORTER (PT) family. For exemple, the MtPT4 transporter [START_REF] Harrison | A phosphate transporter from Medicago truncatula involved in the acquisition of phosphate released by arbuscular mycorrhizal fungi[END_REF] and its homolog OsPT11 in rice (Orysa sativa) [START_REF] Paszkowski | Rice phosphate transporters include an evolutionarily divergent gene specifically activated in arbuscular mycorrhizal symbiosis[END_REF] are located at the peri-arbuscular membrane. Mtpt4 mutants show premature arbuscular degeneration resulting in the loss of symbiosis [START_REF] Harrison | A phosphate transporter from Medicago truncatula involved in the acquisition of phosphate released by arbuscular mycorrhizal fungi[END_REF].

Several studies have pointed out the importance of nitrogen transfer during AM symbiosis. Ammonium seems to be the form of nitrogen transferred from the fungus to the plant. Several ammonim transporters have been identified in R. irregularis [START_REF] Calabrese | GintAMT3-a low-affinity ammonium transporter of the arbuscular mycorrhizal Rhizophagus irregularis[END_REF][START_REF] López-Pedrosa | GintAMT1 encodes a functional high-affinity ammonium transporter that is expressed in the extraradical mycelium of Glomus intraradices[END_REF][START_REF] Pérez-Tienda | GintAMT2, a new member of the ammonium transporter family in the arbuscular mycorrhizal fungus Glomus intraradices[END_REF] and in host plants [START_REF] Guether | A mycorrhizal-specific ammonium transporter from lotus japonicus acquires nitrogen released by Arbuscular Mycorrhizal Fungi[END_REF]Koegel et al., 2013 ) where they belong to the AMMONIUM TRANSPORTER (AMT) family. In several plant species, the expression of some members of this family is increased during AM symbiosis [START_REF] Guether | A mycorrhizal-specific ammonium transporter from lotus japonicus acquires nitrogen released by Arbuscular Mycorrhizal Fungi[END_REF]Kobae et al., 2010). These are located at the peri-arbuscular membrane suggesting their implication during AM symbiosis (Kobae et al., 2010). Yet plants mutated for these genes did not show any alteration in their ability to establish or maintain the symbiotic interaction. Nevertheless, premature arbuscular degeneration observed in Mtpt4 mutants could be completely suppressed under nitrogen deficiency in M. truncatula [START_REF] Javot | Medicago truncatula mtpt4 mutants reveal a role for nitrogen in the regulation of arbuscule degeneration in arbuscular mycorrhizal symbiosis[END_REF] and this phenomenon is dependent on MtAMT2 [START_REF] Breuillin-Sessoms | Suppression of Arbuscule Degeneration in Medicago truncatula phosphate transporter4 Mutants Is Dependent on the Ammonium Transporter 2 Family Protein AMT2;3[END_REF]. This demonstrates the importance of ammonium transfer during AMF and its relation with phosphate uptake. In addition, a recent study shows that ammonium is not the only form of nitrogen transferred during AM symbiosis. The authors identified a mycorrhiza-specific nitrate transporter in rice, maize and sorghum, named NPF4. Loss-of-function Osnpf4 mutants are slightly affected in AM colonization and nitrogen content. However, well-developed arbuscules were observed in these mutants suggesting that nitrate transport might not be an essential requirement for arbuscule development [START_REF] Wang | Functional analysis of the OsNPF4.5 nitrate transporter reveals a conserved mycorrhizal pathway of nitrogen acquisition in plants[END_REF].

In exchange for the minerals provided by the fungus, the plant provides carbon in different forms [START_REF] Banasiak | A roadmap of plant membrane transporters in arbuscular mycorrhizal and legume-rhizobium symbioses[END_REF]. For a long time carbohydrates were considered as the main source of carbon delivered to the fungus during AM symbiosis. The fungal monosaccharide transporter RiMST2 is expressed in arbuscules and was suggested to uptake sugar from the plant [START_REF] Helber | a versatile monosaccharide transporter that operates in the arbuscular mycorrhizal fungus Glomus sp Is crucial for the symbiotic relationship with plants[END_REF]. From a plant point of view several transporters belonging to the SUGARS WILL EVENTUALLY BE EXPORTED TRANSPORTER (SWEET) and SUCROSE TRANSPORTER (SUT) have been proposed as good candidates for symbiotic sugar transfer [START_REF] Banasiak | A roadmap of plant membrane transporters in arbuscular mycorrhizal and legume-rhizobium symbioses[END_REF].

More recently, lipids were shown to be an additional and perhaps most important source of carbon supplied by the host plant. Several studies have reported that mutants in AM-induced lipid biosynthesis plant genes such as DIS, FATM and RAM2 harbored stunted arbuscules with reduced colonization. Plants deficient in a half-size ABC transporter gene (STR) displayed the same phenotype, thus STR was proposed to mediate lipid transfer at the peri-arbuscular membrane. More importantly, evidence for direct lipid transfer from the plant to the fungus through the PAM was reported [START_REF] Jiang | Plants transfer lipids to sustain colonization by mutualistic mycorrhizal and parasitic fungi[END_REF][START_REF] Keymer | Lipid transfer from plants to arbuscular mycorrhiza fungi[END_REF][START_REF] Luginbuehl | Fatty acids in arbuscular mycorrhizal fungi are synthesized by the host plant[END_REF]. A recent study demonstrated that lipid transfer during AM symbiosis is mediated by the same pathway across land plants [START_REF] Rich | Lipid exchanges drove the evolution of mutualism during plant terrestrialization[END_REF], which suggests that it is an ancient trait closely related to the appearance of AM symbiosis.

I-2-D) Development of the extraradical mycelium

Following successful root colonization, AMF develop an extraradical hyphal network serving several functions. First, extraradical hyphae contribute to the extension of host root colonization. They can spread in the soil along the host root to establish new infection points on the same root system (Fig. 6). In addition, hyphae harboring a similar morphology to that of pre-symbiotic runner hyphae can explore the soil to infect new plants. Another role of extraradical hyphae is the uptake of soil nutrients. Some hyphae develop branched absorptive structures which are characterized by small clusters of dichotomous hyphae and are thought to increase hyphal contact surface to enhance soil nutrient uptake [START_REF] Bago | Branched absorbing structures (BAS): a feature of the extraradical mycelium of symbiotic arbuscular mycorrhizal fungi[END_REF]. Finally, spore formation has been observed emerging from extracellular and extraradical hyphae (Fig. 6). Spore formation usually occurs 3 to 4 weeks after colonization of the host plant, although this depends on the fungal species [START_REF] Souza | AMF's Main Structures[END_REF].

Throughout the symbiotic process, each organism produces and perceives signals allowing the initiation, regulation and maintenance of the interaction. Among these signals,

phytohormones play an essential role.

I-3) Arbuscular mycorrhizal symbiosis and phytohormone signaling

The content of phytohormones, their biosynthesis and their perception in the host plant are modified throughout the interaction. In addition, exogenous application of phytohormones strongly influences the symbiosis. Nevertheless, different studies have reported contrasting results regarding the role of each class of phytohormones. Several factors may explain these differences: for example, the combination of plant and fungal species, the concentration and the form of hormone that is applied, the method of application or the use of mutants affected at different levels of the hormonal pathways. Moreover, it seems that the regulation of AM symbiosis is very sensitive to a defined spatiotemporal status that may also vary between studies. Thus, apart from a few, it is difficult to clearly define a role for each hormone during AM symbiosis [START_REF] Das | Role of phytohormones in arbuscular mycorrhiza development[END_REF][START_REF] Bedini | Unraveling the initial plant hormone signaling, metabolic mechanisms and plant defense triggering the endomycorrhizal symbiosis behavior[END_REF]. Broadly speaking, strigolactones, auxin (AUX), abscisic acid (ABA) and brassinosteroids (BR) are considered as positive regulators of the AM symbiosis while gibberellins (GA) and salicylic acid (SA) are considered as negative regulators. The effects of cytokinins (CK), ethylene (ET) or jasmonic acid (JA) are less clear.

Briefly, the contents of auxin [START_REF] Etemadi | Auxin perception is required for arbuscule development in arbuscular mycorrhizal symbiosis[END_REF], ABA (Ludwig-Müller, 2010), GA [START_REF] Martín-Rodríguez | Role of gibberellins during arbuscular mycorrhizal formation in tomato: New insights revealed by endogenous quantification and genetic analysis of their metabolism in mycorrhizal roots[END_REF], SA [START_REF] Blilou | Induction of LTP (lipid transfer protein) and Pal (phenylalanine ammonia-lyase) gene expression in rice roots colonized by the arbuscular mycorrhizal fungus Glomus mosseae[END_REF], JA [START_REF] Song | Priming and filtering of antiherbivore defences among Nicotiana attenuata plants connected by mycorrhizal networks[END_REF] and CKs [START_REF] Cosme | Shoot-and root-borne cytokinin influences arbuscular mycorrhizal symbiosis[END_REF] increase in mycorrhizal roots. Exogenous application of AUX, ABA or BR promotes root colonization whereas application of GA, SA or ET precursors decreases root colonization.

Application of JA or CK has been reported to either enhance or reduce AM fungal colonization.

The phenotypes displayed by hormone perception or biosynthesis mutants point in the same direction. For example, exogenous application of auxin increases arbuscule abundance and fungal spread [START_REF] Dutra | Auxin interaction with the vesicular-arbuscular mycorrhizal fungus Glomus intraradices Schenck and Smith improves vegetative growth of two citrus rootstocks[END_REF] while auxin biosynthesis or perception mutants show a reduced AM colonization and arbuscule abundance in several plant species [START_REF] Etemadi | Auxin perception is required for arbuscule development in arbuscular mycorrhizal symbiosis[END_REF][START_REF] Foo | Something old, something new: Auxin and strigolactone interact in the ancient mycorrhizal symbiosis[END_REF]. 

I-4) Objectives of the Mycormones project

I-4-A) Do AM fungi produce phytohormones?

Different species of bacteria and fungi are able to produce phytohormones [START_REF] Chanclud | Plant hormones: a fungal point of view[END_REF][START_REF] Egamberdieva | Phytohormones and beneficial microbes: Essential components for plants to balance stress and fitness[END_REF]. Over the past decades, several studies have reported the presence of phytohormones in spores and hyphae of the AM fungus R. irregularis. There is indirect evidence that R. irregularis produces molecules with auxin-like and cytokinin-like activity [START_REF] Barea | Production of plant growth-regulating substances by the vesiculararbuscular mycorrhizal fungus Glomus mosseae[END_REF]. In addition, ELISA tests have detected the presence of ABA in spores and hyphae [START_REF] Esch | Demonstration of abscisic acid in spores and hyphae of the arbuscular-mycorrhizal fungus Glomus and in the N2-fixing cyanobacterium Anabaena variabilis[END_REF]. Finally, using mass spectrometry, a small amount of auxin was measured in spores of R. irregularis [START_REF] Ludwig-Müller | Indole-3-butyric acid (IBA) is enhanced in young maize (Zea mays L.) roots colonized with the arbuscular mycorrhizal fungus Glomus intraradices[END_REF]. Recently, using mass spectrometry, a PhD student from the team has detected one cytokinin (isopentenyl adenosine) and one auxin (indole-acetic acid) in R. irregularis spore exudates, and one gibberellin (GA4) in spore extracts [START_REF] Pons | Phytohormone production by the arbuscular mycorrhizal fungus Rhizophagus irregularis[END_REF]. Thus, AMF are able to release phytohormones. However, because AMF always develop in connection with a host plant, it is possible that these phytohormones have been taken up from the host plant. In the case of ethylene, de novo production by germinating spores of R. irregularis has been shown using gas chromatography [START_REF] Pons | Phytohormone production by the arbuscular mycorrhizal fungus Rhizophagus irregularis[END_REF].

I-4-B) Do AM fungi respond to phytohormones?

One of the challenges in investigating the effects of phytohormones on AMF is that from the early symbiotic stages it is difficult to treat the fungal partner without also affecting the plant.

Therefore, it is impossible to distinguish between effects exerted on the fungus, on the plant or on the interaction between them. It is however possible to assess the effect of phytohormones in asymbiotic conditions using isolated AM fungal spores grown in vitro. A second possibility is to use double compartment culture systems, where roots colonized by AMF are maintained on one side and the fungal mycelium alone can reach the other compartment. In asymbiotic conditions, application of JA slightly stimulates hyphal growth of R. irregularis (Nagata et al., 2016). Exogenous application of ethylene stimulates hyphal growth and spore germination at low concentrations but inhibits them at high concentrations [START_REF] Ishii | Effect of ethylene on the growth of vesiculararbuscular mycorrhizal fungi and on the mycorrhizal formation of trifoliate orange roots[END_REF]. Last, ABA stimulates sporulation of R. irregularis in asymbiotic and presymbiotic conditions [START_REF] Liu | Exogenous abscisic acid and root volatiles increase sporulation of Rhizophagus irregularis DAOM 197198 in asymbiotic and pre-symbiotic status[END_REF]. The response of AMF to strigolactones will be detailed later in this introduction.

The Mycormones project aims to pursue the characterization of effects of the main classes of phytohormones on AM fungal biology, and to describe the underlying molecular and cellular mechanisms.

I-4-C) How do AM fungi perceive phytohormones ?

In a study focused on histidine kinases [START_REF] Hérivaux | The identification of phytohormone receptor homologs in early diverging fungi suggests a role for plant sensing in land colonization by fungi[END_REF], homologs of plant cytokinin and ethylene receptors have been identified in AMF genomes. These homologs bear the canonical domains and conserved amino acids required for receptor function, which makes them good candidates for the perception of CK and ethylene. Their characterization will be performed by another student in the group.

The main part of my PhD aims to investigate the perception mechanisms that allow AMF to respond to strigolactones. In the following part of this introduction, I will give an overview of the current state of knowledge regarding these compounds.

II) Strigolactones

II-1) Discovery of strigolactones

Strigolactones (SLs) were discovered over 50 years ago, but many questions remain unanswered. To fully understand the complexity of SLs, it is important to take into consideration that SLs are perceived by at least three different kinds of organisms: parasitic weeds, mycorrhizal fungi, and plants. Discoveries of such broad functions result from investigations in historically distinct research fields. In the following part, I will try to provide an overview of the discoveries of SL activities as a germination stimulant, a hyphal branching factor, and an endogenous plant hormone.

II-1-A) Strigolactones as germination stimulants of parasitic weeds

Parasitic weeds are angiosperms that grow at the expense of other plants by attaching themselves to a host and taking up a variable range of resources from this host. There are two main strategies of parasitism. Holoparasitic plants have lost their photosynthetic abilities, so they cannot assimilate carbon on their own. These plants acquire all the nutrients, water and carbon from their host plants to complete their life cycle. This is in contrast to hemiparasitic plants that acquire mineral nutrients and water from their host plant, but have retained the photosynthetic abilities providing them with most of the carbon needed for growth. Both holoparasitic and hemiparasitic plants are obligate biotrophs. In addition, two major groups of parasitic weeds have been distinguished depending on their strategy to infect their host: stem parasites and root parasites. For instance, Cuscuta spp known as dodders are part of the stem parasitic weeds. One important group of root parasites is the Orobanchaceae family, which is the largest family of parasitic plants [START_REF] Heide-Jørgensen | Parasitic flowering plants[END_REF]. Within this family the most studied species belong to the genera Orobanche and Phelipanche (known as broomrapes) or Striga (witchweeds). These pests have the ability to affect a wide spectrum of hosts and present a certain degree of host specificity. Hereafter I will use the term "parasitic weeds" to refer to Orobanchaceae.

After germination and contact with a host plant, parasitic weeds are able to penetrate the host root system and to form a physiological bridge between their vasculature and that of their host, through an organ named haustorium. Using this interconnection, parasitic weeds Stereochemical center take up from nutrients from their host. While witchweeds only connect their xylem to that of their host, broomrapes establish connections for both the xylem and phloem [START_REF] Westwood | The physiology of the established parasite-host association[END_REF]. Parasitic weeds then develop an aboveground inflorescence within a few weeks. This inflorescence produces up to several thousands of seeds, that can remain dormant and viable in soil for many years [START_REF] Joel | Parasitic Orobanchaceae: Parasitic mechanisms and control strategies[END_REF]. These seeds contain just enough reserves to survive for a few days after germination and to search for a host plant to parasite. Similar to the germination of non-parasitic plants, germination of parasitic weed relies on the environmental conditions such as light, temperature or humidity. However, their germination has evolved to also rely on plant-derived signals to ensure the proximity of a host plant [START_REF] Matusova | Changes in the sensitivity of parasitic weed seeds to germination stimulants[END_REF].

Investigations that aimed to identify plant-derived germination stimulants suggested that these molecules were unstable and produced at very low concentrations. In 1966, by using concentrated root exudates from a large number of cotton plants, Cook et al. (1966) isolated a germination stimulant. The first SL was thus identified and designated as strigol. A first strigol structure was proposed from spectral data analysis [START_REF] Cook | Germination Stimulants. II. The structure of strigol-a potent seed germination stimulant for witchweed (Striga lutea Lour.)1,2[END_REF], and was later corrected by X-ray diffraction analysis (Fig. 7) [START_REF] Brooks | The absolute structure of ( + )-Strigol[END_REF]. Ironically, Cook et al. (1966) pointed out that strigol was biologically active at hormonal concentrations, but its hormonal activity in plants was revealed only forty years later.

By that time, various SLs differing in structure were identified from several plant species, based on their activities as germination stimulants of parasitic weeds [START_REF] Hauck | A Germination Stimulant for Parasitic Flowering Plants from Sorghum bicolor, a Genuine Host Plant[END_REF][START_REF] Yokota | Alectrol and orobanchol, germination stimulants for Orobanche minor, from its host red clover[END_REF]. Given the worldwide emergence of parasitic weeds as a cause of severe crop losses, elucidation of SL biosynthesis became a subject of concern. Strigolactones were first hypothesized to be sesquiterpene lactones. However, in 2005 Matusova et al.

hypothesized that SLs derived from the carotenoid pathway, based on their structural resemblance with ABA and other carotenoid-derived compounds. They observed that root exudates of maize carotenoid-deficient mutants and of plants treated with carotenoid biosynthesis inhibitors exhibited impaired germination-stimulant activities. This was consistent with their hypothesis and led the authors to propose that SLs were biosynthesized from the carotenoid pathway and produced by the cleavage of β-carotene [START_REF] Matusova | The strigolactone germination stimulants of the plant-parasitic Striga and Orobanche spp. are derived from the carotenoid pathway[END_REF]. As will be detailed below, this assumption was an essential premise to help the discovery of SL hormonal activities in plants (Fig. 8). In parallel, Besserer et al. (2006) hypothesized that BFs were SLs based on two arguments.

First, like SLs, BFs were known to be lipophilic molecules with a low molecular weight (Buée et al., 2000) and to be exuded at very low concentrations. Second, similar to parasitic plants, mycorrhizal fungi were described as obligate biotrophs. The authors thus tested the activity of SLs on AM fungal germinated spores. In 2006 they were able to extend the results of Akiyama et al. (2005) by showing SL branching activity on different species of AMF (Fig. 8).

II-1-C) Strigolactones as plant hormones

Meanwhile, plant biologists were looking for a new class of molecules involved in the control of shoot branching. Forward genetic approaches had identified a series of mutants with enhanced shoot branching in several species including pea (Pisum Sativum (Ps)), Arabidopsis thaliana (At), rice (Oryza Sativa (Os)) and Petunia hybrida (Ph). Grafting experiments using pea and Petunia mutants named RMS and DAD respectively, revealed the existence of a root-toshoot mobile signal that was responsible for shoot branching inhibition [START_REF] Beveridge | The rms1 mutant of pea has elevated indole-3-acetic acid levels and reduced root-sap zeatin riboside content but increased branching controlled by graft-transmissible signal(s)[END_REF][START_REF] Napoli | Highly branched phenotype of the petunia dad1-1 mutant is reversed by grafting[END_REF]. This signal was termed SMS (shoot multiplication signal, [START_REF] Beveridge | Axillary bud outgrowth: Sending a message[END_REF].

Similar graft experiments were performed in Arabidopsis with mutants of the max series.

Together with the previous observations, they allowed to distinguish two groups of highly branched mutants: some seemed to be deficient in the production of SMS, while others appeared to be SMS-insensitive [START_REF] Booker | MAX1 encodes a cytochrome P450 family member that acts downstream of MAX3/4 to produce a carotenoid-derived branch-inhibiting hormone[END_REF]. The mobility of SMS through plants led these authors to propose that it was a plant hormone [START_REF] Beveridge | The rms1 mutant of pea has elevated indole-3-acetic acid levels and reduced root-sap zeatin riboside content but increased branching controlled by graft-transmissible signal(s)[END_REF][START_REF] Morris | Mutational Analysis of Branching in Pea. Evidence That Rms1 and Rms5 Regulate the Same Novel Signal[END_REF]. Moreover, analysis of the hormonal content of shoot branching mutants suggested that SMS was different from auxin and cytokinin [START_REF] Beveridge | Auxin inhibition of decapitation-induced branching is dependent on graft-transmissible signals regulated by genes rms1 and rms2[END_REF][START_REF] Foo | Long-distance signaling and the control of branching in the rms1 mutant of Pea[END_REF]. The chemical nature of SMS thus remained to be identified.

Genes involved in the regulation of shoot branching were identified by positional cloning using Arabidopsis max mutants. Two mutations underlying SMS deficiency, max4 [START_REF] Sorefan | MAX4 and RMS1 are ortholosgous dioxygenase-like genes that regulate shoot branching in Arabidopsis and pea[END_REF] and max3 [START_REF] Booker | MAX3/CCD7 is a carotenoid cleavage dioxygenase required for the synthesis of a novel plant signaling molecule[END_REF] affect genes encoding CAROTENOID CLEAVAGE DIOXYGENASES (CCD). MAX4 and MAX3 are referenced as CCD8 and CCD7, respectively. They were reported to be the respective orthologs of RMS1 and RMS5 in pea [START_REF] Johnson | Branching genes are conserved across species. genes controlling a novel signal in pea are coregulated by other longdistance signals[END_REF][START_REF] Sorefan | MAX4 and RMS1 are ortholosgous dioxygenase-like genes that regulate shoot branching in Arabidopsis and pea[END_REF] and D10 and D17 in rice [START_REF] Arite | DWARF10, an RMS1/MAX4/DAD1 ortholog, controls lateral bud outgrowth in rice[END_REF][START_REF] Zou | The rice HIGH-TILLERING DWARF1 encoding an ortholog of Arabidopsis MAX3 is required for negative regulation of the outgrowth of axillary buds[END_REF]. AtCCD7 and AtCCD8 were shown to cleave β-carotene and hypothesized to carry out the initial steps of SMS biosynthesis [START_REF] Schwartz | The biochemical characterization of two carotenoid cleavage enzymes from Arabidopsis indicates that a carotenoid-derived compound inhibits lateral branching[END_REF]. Arabidopsis mutants affected in SMS perception carry a mutation in a gene called MAX2 encoding an F-box-LRR protein [START_REF] Stirnberg | MAX1 and MAX2 control shoot lateral branching in Arabidopsis[END_REF].

Its orthologs in pea and rice are named RMS4 and D3, respectively [START_REF] Ishikawa | Suppression of tiller bud activity in tillering dwarf mutants of rice[END_REF][START_REF] Johnson | Branching genes are conserved across species. genes controlling a novel signal in pea are coregulated by other longdistance signals[END_REF].

To summarize, in 2008 SLs were known to induce parasitic weed germination and to act as branching factors on AMF (Fig. 8). Interestingly, SLs were detected in both roots and aerial parts of several plant species, including some that do not interact with AMF [START_REF] Goldwasser | Production of strigolactones by Arabidopsis thaliana responsible for Orobanche aegyptiaca seed germination[END_REF][START_REF] Yoneyama | Nitrogen deficiency as well as phosphorus deficiency in sorghum promotes the production and exudation of 5deoxystrigol, the host recognition signal for arbuscular mycorrhizal fungi and root parasites[END_REF]. These observations suggested another role for SLs, independent from AM symbiosis or parasitic weed interactions. In parallel, plant biologists were working on a new putative plant hormone named SMS, which inhibits shoot branching.

The key findings that brought these different stories together were linked to biosynthetic pathways: two enzymes belonging to the CCD family were shown to be involved in the production of SMS from carotenoids [START_REF] Booker | MAX3/CCD7 is a carotenoid cleavage dioxygenase required for the synthesis of a novel plant signaling molecule[END_REF][START_REF] Sorefan | MAX4 and RMS1 are ortholosgous dioxygenase-like genes that regulate shoot branching in Arabidopsis and pea[END_REF], and SLs were proposed to be formed from β-carotene cleavage [START_REF] Matusova | The strigolactone germination stimulants of the plant-parasitic Striga and Orobanche spp. are derived from the carotenoid pathway[END_REF]. Together, these findings led two teams in 2008 to hypothesize that the SMS was a SL or closely related compound. Their studies were published in the same issue of Nature (Gomez-Roldan et al., 2008;Umehara et al., 2008). Gomez-Roldan et al. (2008) were looking for mutants in SL synthesis in order to assess the importance of SLs in mycorrhizal symbiosis. Since SLs were supposed to derive from carotenoid cleavage [START_REF] Matusova | The strigolactone germination stimulants of the plant-parasitic Striga and Orobanche spp. are derived from the carotenoid pathway[END_REF], they started with two available pea mutants that were affected in carotenoid cleavage enzymes, CCD7 and CCD8. They showed that root exudates of ccd7 and ccd8 mutants were less active on AM hyphal branching and parasitic weed germination, as compared with wild-type exudates. In addition, a lower level of AM fungal colonization was reported in ccd8 mutants. This encouraged them to investigate whether SL production was reduced in these mutants. Using mass spectrometry, they gathered biochemical evidence that this was the case. Both ccd7 and ccd8 mutants were SLdeficient, while rms4 SMS-insensitive mutants with a similar shoot branching phenotype were able to produce SLs. These observations supported the hypothesis of a tight link between SLs and SMS. To further investigate this possibility, the authors attempted to rescue the shoot branching phenotypes of pea rms mutants through exogenous application of SLs. Because SMS Natural 2'R configuration Non-natural 2'S configuration Non-canonical SLs lack an intact A-, B-, or C-ring. Four stereoisomers of the widely used synthetic SL analog GR24 exist. GR24 is mostly used as a racemic mixture named rac-GR24 or (±)-GR24.

GR24 5DS (+)-GR24 GR24 ent-5DS (-)-GR24 GR24 4DO (-)-2'-epi-GR24 GR24 ent-4DO (+)-2'-epi-GR24 rac-GR24 (±)-GR24 Strigol Orobanchol
was described as a mobile root-to-shoot signal, SLs were applied to the shoot vascular stream.

Application of 10 nM of (±)-GR24 was sufficient to partially restore wild-type shoot branching in ccd8 and ccd7 mutants, but not in rms4 mutants. Similar observations of (±)-GR24 effects were made in Arabidopsis using max4 and max2 mutants. Using rice as a model, Umehara et al. (2008) also observed a reduced level of SLs in ccd7 and ccd8 mutants. The germinationstimulant activity of their root exudates was severely reduced compared to wild-type root exudates. Moreover, ccd8 roots were infected by fewer Striga plants. Exogenous application of SLs was able to inhibit tillering in these rice mutants but not in d3 mutants affected in signaling. Accordingly, application of (±)-GR24 to A. thaliana ccd7 and ccd8 mutants but not to the signaling mutant max2 rescued the shoot branching phenotype. Finally, SL production in Arabidopsis mutants was estimated indirectly through the ability of root exudates to stimulate Striga seed germination. This activity was reduced in ccd7 and ccd8 mutants, but not in max2 mutants.

From these two articles and further analyses, SLs are now widely recognized as a new class of plant hormones. Since then, considerable progress in the understanding of SLs has been accomplished through the use of a combination of various models and methods.

II-2) Strigolactone structure and nomenclature

Structures of the first identified SLs, strigol and oranbanchol, were used as references to search for additional SLs. Later, other compounds displaying SL biological activities but differing in their structures were discovered. Strigolactones referred to as canonical SLs are composed of four carbon rings named A to D. The ABC tricyclic lactone is linked by an enolether bridge to an invariable methylbutenolide D-ring (Fig. 8). Two stereochemical centers exist in SLs. The first one is located at the junction of the B-and C-rings, and determines the classification of SLs between strigol and oranbanchol types. The second one is located at the junction of the D-ring and the enol-ether bridge, giving rise to the 2'S and 2'R configurations.

All natural SLs produced in plants share the same 2'R configuration (Fig. 89) (Seto et al., 2014;[START_REF] Zhang | Rice cytochrome P450 MAX1 homologs catalyze distinct steps in strigolactone biosynthesis[END_REF]. Non-canonical SLs also possess a D-ring, but are linked to diverse moieties that approximate the ABC-ring of canonical SLs (Fig. 9).

Natural SLs are produced in very low quantities in plants and their isolation is difficult.

Therefore, several synthetic SL analogs have been developed over the years. The most II) Strigolactones -19 -commonly used analog is called GR24. It is important to note that GR24 was selected on the basis of its activity on parasitic weeds. Its structure may not be optimal for activity on other plants and on AMF. Nonetheless, GR24 remains the most commonly used analog in SL studies.

During GR24 synthesis, four stereoisomers are produced: two exhibit a natural 2'R configuration and are designated (-)-2'-epi-GR24 (GR24 4DO ) and (+)-GR24 (GR24 5DS ), while the other two have a non-natural 2'S configuration and are referred to as (+)-2'-epi-GR24 (GR24 ent- 4DO ) and (-)-GR24 (GR24 ent-5DS ) (Fig. 9). In the literature, the widely used rac-GR24 is composed of an equimolar mix of (+)-GR24 and (-)-GR24. For more accuracy, in the following work, I will refer to rac-GR24 as (±)-GR24. The generic name GR24 will be used when the mix of stereoisomers used in the different studies is not known.

Chemical synthesis of GR24 and related compounds forms a by-product called contalactone, which has been shown to be active on parasitic weeds, AMF and plants albeit at higher concentrations than (±)-GR24 [START_REF] De Saint Germain | Contalactone, a contaminant formed during chemical synthesis of the strigolactone reference GR24 is also a strigolactone mimic[END_REF]. The possible presence of such contaminants, together with the frequent use of mixes of stereoisomers, means that results obtained with synthetic products should be interpreted with caution. Such products proved however extremely useful for SL research. Many synthetic analogs have been produced to date, with variations on the core structure or addition of a fluorescent moiety. Several studies have taken this opportunity to perform structure-activity relationship (SAR) assays (which I will describe later in the introduction) and to test the different stereoisomers separately.

The name strigolactone was first given to compounds harboring a similar structure to strigol.

Subsequently, compounds harboring the conserved D-ring but lacking the A-, B-or C-ring and exhibiting activities similar to those of SLs were also named SLs, but referred to as noncanonical. Broadly speaking, SLs described to date contain the D-ring and enol-ether bridge, and exhibit SL-like activity on at least one of the three target organisms (i.e. AMF, parasitic weeds and other plants). There is increasing evidence of a wide diversity of structures within non-canonical SLs, as will be described later in the introduction (Fig. 9). In addition, most SLs have been identified on the basis of their activity on parasitic weeds and AMF but not their hormonal activity in plants. New molecules exhibiting SL-like hormonal activities have probably not been identified yet, and their structure may differ from known SLs. As a result of this complexity, it is difficult to propose a definition of SLs that encompasses all situations and matches all purposes. It is likely that more precision will arise as further knowledge becomes available. 

II-3) Strigolactone biosynthesis II-3-A) Strigolactone biosynthetic pathway

Analyses of shoot branching mutants led to the identification of CCD7, CCD8, DWARF27 (D27)

and MORE AXILLARY GROWTH1 (MAX1) genes encoding enzymes, which allowed rapid progress in the understanding of SL biosynthesis. To determine the biochemical function of AtCCD7 and AtCCD8, the proteins were expressed in a heterologous system consisting in carotenoid-accumulating strains of E. coli. AtCCD7 and AtCCD8 were shown to cleave βcarotene sequentially [START_REF] Schwartz | The biochemical characterization of two carotenoid cleavage enzymes from Arabidopsis indicates that a carotenoid-derived compound inhibits lateral branching[END_REF]. Later, Alder et al. (2012) characterized the biochemical function of D27 and proposed a core SL biosynthetic pathway (Fig. 10). This starts from trans-β-carotene which is isomerized from a trans to a cis configuration by the isomerase D27. Then CCD7 cleaves cis-β-carotene to yield 9-cis-β-apo-10-carotenal, which is then converted into carlactone by CCD8 (Alder et al., 2012;Jia et al., 2018). Carlactone harbors the A-and D-rings of SLs and the 2'R configuration. It is considered as the precursor of all natural SLs, canonical or not.

Different molecules are produced by oxidation of carlactone (CL) through enzymes belonging to the cytochrome P450 family, named MAX1 in Arabidopsis [START_REF] Booker | MAX1 encodes a cytochrome P450 family member that acts downstream of MAX3/4 to produce a carotenoid-derived branch-inhibiting hormone[END_REF][START_REF] Stirnberg | MAX1 and MAX2 control shoot lateral branching in Arabidopsis[END_REF]. AtMAX1 was reported to catalyze the oxidation of CL to produce carlactonoic acid (CLA) [START_REF] Abe | Carlactone is converted to carlactonoic acid by MAX1 in Arabidopsis and its methyl ester can directly interact with AtD14 in vitro[END_REF]. The presence of canonical SLs such as orobanchol has been reported

in Arabidopsis [START_REF] Gholamhoseini | Effects of arbuscular mycorrhizal inoculation on growth, yield, nutrient uptake and irrigation water productivity of sunflowers grown under drought stress[END_REF][START_REF] Kohlen | Strigolactones are transported through the xylem and play a key role in shoot architectural response to phosphate deficiency in nonarbuscular mycorrhizal host Arabidopsis[END_REF]. However, more recent mass spectrometry analyses failed to detect orobanchol or any known canonical SLs in Arabidopsis root exudates or root tissues (Yoneyama et al., 2018b(Yoneyama et al., , 2020a)). It is currently assumed that Arabidopsis does not produce canonical SLs.

MAX1 is conserved in a number of plant species and has many homologs, for example the rice genome encodes five MAX1 homologs. Using heterologous systems like yeast or Nicotiana benthamiana, one homolog, Os900, was characterized to convert CL to 4-deoxyorobanchol (4DO). Another homolog, Os1400, was shown to convert 4DO to orobanchol [START_REF] Zhang | Rice cytochrome P450 MAX1 homologs catalyze distinct steps in strigolactone biosynthesis[END_REF]. Analysis of the enzymatic functions of MAX1 homologs across the plant kingdom led Yoneyama et al. (2020a) to classify MAX1 function into three types: A1-type, converting CL to CLA; A2-type, converting CL to 4DO via CLA; and A3-type, converting CL to CLA and 4DO to orobanchol (Yoneyama et al., 2018a). Screening cytochrome P450 genes, other P450 enzymes outside the MAX1 clade were shown to be involved in canonical SL biosynthesis. [START_REF] Wakabayashi | Direct conversion of carlactonoic acid to orobanchol by cytochrome P450 CYP722C in strigolactone biosynthesis[END_REF] identified P450 enzymes that convert CLA directly into orobanchol downstream of MAX1 [START_REF] Wakabayashi | Direct conversion of carlactonoic acid to orobanchol by cytochrome P450 CYP722C in strigolactone biosynthesis[END_REF], and CLA to 5DS (Wakabayashi et al., 2020). The same group demonstrated that another P450 enzyme from sorghum was able to convert 5DS into sorgomol [START_REF] Wakabayashi | Identification and characterization of sorgomol synthase in sorghum strigolactone biosynthesis[END_REF].

In addition, feeding experiments demonstrated that an undescribed methyltransferase was able to convert CLA into methyl carlactonoate (MeCLA) in planta [START_REF] Abe | Carlactone is converted to carlactonoic acid by MAX1 in Arabidopsis and its methyl ester can directly interact with AtD14 in vitro[END_REF].

Interestingly, application of MeCLA on max1 mutants was able to rescue their shoot branching phenotype and MeCLA was demonstrated to bind the Arabidopsis SL receptor. This suggested that MeCLA could act as a non-canonical SL. Further analyses suggested that MeCLA was probably an intermediate to other non-canonical SLs.

An alternative approach to genetic analysis of SL-deficient mutants has allowed the discovery of a new enzyme involving MeCLA. The authors analyzed the expression pattern of known SLbiosynthesis genes and found an unknown gene sharing the same expression pattern across diverse conditions. This gene was named LATERAL BRANCHING OXIDOREDUCTASE (LBO). LBO was shown to encode an enzyme belonging to the 2OGD family. Recombinant LBO produces CLA and hydroxymethyl carlactonoate (1′-OH-MeCLA) from MeCLA [START_REF] Brewer | Lateral branching oxidoreductase acts in the final stages of strigolactone biosynthesis in Arabidopsis[END_REF]Yoneyama et al., 2020a). In addition, lotuslactone was shown to be produced from MeCLA through the LOTUSLACTONE-DEFECTIVE (LLD) enzyme, a 2-oxoglutarate-dependent dioxygenase (2OGD), yet the catalytic function of LLD was not characterized (Mori et al., 2020).

Finally, MeCLA can be converted into heliolactone (Wakabayashi et al., 2020). Thus, MeCLA does seem to be a common intermediate in the biosynthesis of non-canonical SLs.

To date, a wide diversity of SL structures has been described in the plant kingdom, and a given species usually produces a few different SLs. However, the evolutionary and biological relevance of this diversity remains unclear. One hypothesis is that this diversity could be linked to the multiple effects of SLs as rhizospheric signals and as endogenous plant hormones.

II-3-B) Evolution of strigolactone biosynthesis

The evolutionary origin of SL biosynthesis has long been debated in the literature. [START_REF] Delaux | Origin of strigolactones in the green lineage[END_REF] reported the presence of sorgolactone in Charales, a sister group of the land plants.

Nevertheless, these results were questioned with regards to the failure to detect SLs in other charophyte algae [START_REF] Delaux | Origin of strigolactones in the green lineage[END_REF]. It has been suggested that the detection of sorgolactone in Charales could have been a false positive due to prior SL contamination of the mass spectrometer [START_REF] Walker | Strigolactone synthesis is ancestral in land plants, but canonical strigolactone signalling is a flowering plant innovation[END_REF]. Similarly, the production of SLs was detected in the moss Physcomitrium patens [START_REF] Proust | Strigolactones regulate protonema branching and act as a quorum sensing-like signal in the moss Physcomitrella patens[END_REF] but this result was questioned in the literature since orthologs of MAX1 in this species are missing [START_REF] Walker | Strigolactone synthesis is ancestral in land plants, but canonical strigolactone signalling is a flowering plant innovation[END_REF]. It was demonstrated that PpCCD8 could produce carlactone in vitro and that application of either (±)-GR24 or carlactone could restore the Ppccd8 phenotype [START_REF] Decker | Strigolactone biosynthesis is evolutionarily conserved, regulated by phosphate starvation and contributes to resistance against phytopathogenic fungi in a moss, Physcomitrella patens[END_REF]. Later, carlactone was detected in P. patens gametophores (Yoneyama et al., 2018a(Yoneyama et al., , 2018b)). In addition, P. patens exudates but not Ppccd8 exudates could trigger germination of parasitic seeds, suggesting the presence of SLs in P. patens exudates [START_REF] Decker | Strigolactone biosynthesis is evolutionarily conserved, regulated by phosphate starvation and contributes to resistance against phytopathogenic fungi in a moss, Physcomitrella patens[END_REF][START_REF] Lopez-Obando | The Physcomitrium ( Physcomitrella ) patens PpKAI2L receptors for strigolactones and related compounds function via MAX2dependent and -independent pathways[END_REF]. However, the nature of molecules derived from PpCCD8 other than carlactone is still unknown and other compounds with SL-like activity could be produced by P. patens.

Two recent studies have shed light on the origin of SLs. First, phylogenetic studies and genome sequences have revealed that the core genes of the SL-biosynthesis pathway D27, CCD7 and CCD8 were found in land plants but not in algae [START_REF] Walker | Strigolactone synthesis is ancestral in land plants, but canonical strigolactone signalling is a flowering plant innovation[END_REF]. Second, further analyses of SL contents in diverse bryophytes have allowed the identification of an ancestral SL, named bryosymbiol (BSB). This non-canonical SL (Fig. 9), was also detected in some vascular plants and the authors suggested that BSB was likely present in the most recent common ancestor of land plants [START_REF] Kodama | An ancestral function of strigolactones as symbiotic rhizosphere signals[END_REF].

II-3-C) Localization of strigolactone biosynthesis

One of the main challenges regarding the characterization of SLs is their extremely low abundance in plants. The amount of SLs fluctuates depending on plant growth conditions such as nutrient availability [START_REF] Yoneyama | Nitrogen deficiency as well as phosphorus deficiency in sorghum promotes the production and exudation of 5deoxystrigol, the host recognition signal for arbuscular mycorrhizal fungi and root parasites[END_REF]. Regardless, to give an idea, about 100 pg (g root FW) -1 of 5DS were found in the roots of sorghum and rice, whereas in shoots, 1 to 10 pg (g shoot FW) -1 were detected [START_REF] Yoneyama | Nitrogen deficiency as well as phosphorus deficiency in sorghum promotes the production and exudation of 5deoxystrigol, the host recognition signal for arbuscular mycorrhizal fungi and root parasites[END_REF][START_REF] Umehara | Contribution of strigolactones to the inhibition of tiller bud outgrowth under phosphate deficiency in rice[END_REF]. Analysis of the expression of SL biosynthetic genes is unable to explain such differences. While some studies have reported a higher level of expression of SL biosynthetic genes in roots, others have found that their expression was similar between roots and shoots (reviewed in Kameoka & Kyozuka, 2018). Using grafting experiments of WT plant scions onto SL-deficient mutant rootstocks, it has been shown that SLs produced in the aerial part were sufficient to suppress shoot branching [START_REF] Beveridge | Auxin inhibition of decapitation-induced branching is dependent on graft-transmissible signals regulated by genes rms1 and rms2[END_REF].

II-3-D) Regulation of strigolactone biosynthesis

II-3-D-a) Strigolactone biosynthesis is regulated by AM symbiosis The expression of SL biosynthesis genes during AM symbiosis has been studied in several plant species. In response to Myc-LCO treatment, the expression of D27 was up-regulated suggesting that SL biosynthesis was enhanced prior to contact between AMF and host plants [START_REF] Hohnjec | Pre-announcement of symbiotic guests: Transcriptional reprogramming by mycorrhizal lipochitooligosaccharides shows a strict co-dependency on the GRAS transcription factors NSP1 and RAM1[END_REF]. The content of SLs in roots was increased in the early stages of the interaction, while at later stages when the fungus profusely colonized the plant the level of SLs decreased (Lanfranco et al., 2018). Nevertheless, the expression of SL-biosynthesis genes could not fully explain this variation. The expression of CCD7, CCD8 and MAX1 is spatially regulated within the root system in response to AMF [START_REF] Fiorilli | Host and non-host roots in rice: cellular and molecular approaches reveal differential responses to arbuscular mycorrhizal fungi[END_REF]. Despite the heterogeneous results found in the literature, the expression of CCD7 seems to be upregulated during AM interaction, more specifically in cells containing arbuscules (Lanfranco, et al., 2018). It is important to note that CCD7 is also involved in the production of other apocarotenoids involved in AM symbiosis, such as mycorradicin (Walter et al., 2007;López-Ráez et al., 2015). In some studies the expression of CCD8, which is more specific to SL synthesis, was not modified, while other studies have reported a positive regulation of CCD8 expression during AM symbiosis. Nevertheless, the expression of SL-biosynthesis genes may not reflect the amount of SLs produced, as translational and post-translational levels of regulation could also be involved.

II-3-D-b) Strigolactone biosynthesis is regulated by plant hormones

It is well known that phytohormones interact with one another affecting their respective biosyntheses, signaling and transport. SL contents in root exudates and root tissues of rice plants were strongly reduced after application of cytokinins (Yoneyama et al., 2020b) and one gibberellin [START_REF] Ito | Regulation of strigolactone biosynthesis by gibberellin signaling[END_REF]. In contrast, auxin application increased root contents of 5DS in sorghum plants [START_REF] Yoneyama | Shoot-derived signals other than auxin are involved in systemic regulation of strigolactone production in roots[END_REF]. Using genetic approaches and chemical inhibitors, ABA was suggested to up-regulate the production of SLs, even if ABA application did not result in an increase of SL content [START_REF] López-Ráez | Does abscisic acid affect strigolactone biosynthesis?[END_REF].

In several plant species, higher expression of SL-biosynthesis genes such as D27, CCD7, CCD8 and MAX1 was observed in different SL biosynthesis and perception mutants (for review see [START_REF] Jia | Strigolactone biosynthesis and signal transduction[END_REF]. This observation was consistent with the fact that exogenous application of (±)-GR24 decreased the expression of these genes [START_REF] Mashiguchi | Feedback-regulation of strigolactone biosynthetic genes and strigolactone-regulated genes in Arabidopsis[END_REF]. These results highlighted a negative feedback of SLs on their own biosynthesis. II-3-D-c) Strigolactone biosynthesis is regulated by nutrients Phosphate supply has long been known to decrease the susceptibility of crops to parasitic weeds, and low phosphate availability is a key factor in the establishment of AM symbiosis (Elias & Safir, 1987). In several plant species deprivation of inorganic phosphate increased the expression of SL biosynthetic genes such as D27, CCD7, CCD8, MAX1 and LBO. This was consistent with an increase of SL content in root exudates [START_REF] Andreo-Jimenez | Ecological relevance of strigolactones in nutrient uptake and other abiotic stresses, and in plant-microbe interactions belowground[END_REF][START_REF] Gamir | Exogenous strigolactones impact metabolic profiles and phosphate starvation signalling in roots[END_REF][START_REF] Umehara | Contribution of strigolactones to the inhibition of tiller bud outgrowth under phosphate deficiency in rice[END_REF]Yoneyama et al., 2020b). In agreement, a high phosphate concentration led to down-regulation of SL biosynthesis genes and reduction of SL content in root exudates (Müller & Harrison, 2019). Moreover, using split-root experiments with root systems divided into two parts exposed to different concentrations of phosphate, a systemic downregulation of SL exudation by phosphate supply was reported [START_REF] Balzergue | The regulation of arbuscular mycorrhizal symbiosis by phosphate in pea involves early and systemic signalling events[END_REF].

Possible regulatory mechanisms have been proposed. In Medicago truncatula two genes involved in the CSSP: NSP1 and NSP2, were shown to upregulate the expression of MtD27 and MtMAX1 under phosphate starvation. In root extracts and root exudates of nsp1 and nsp1nsp2 double mutants an absence of didehydro-orobanchol and orobanchol was reported.

In contrast, an accumulation of orobanchol was detected in root exudates of the nsp2 mutant.

The authors obtained similar results in rice [START_REF] Liu | Strigolactone biosynthesis in Medicago truncatula and rice requires the symbiotic GRAS-type transcription factors NSP1 and NSP2[END_REF]. Later, [START_REF] Guillotin | Sl-IAA27 regulates strigolactone biosynthesis and mycorrhization in tomato (var. MicroTom)[END_REF] showed that a repressor of auxin signaling in tomato, SlAA27, positively regulated the expression of NSP1, D27 and MAX1 under low phosphate conditions. Silencing the expression of SlAA27 decreased the amount of SLs exuded into soil and the establishment of AM symbiosis. The authors proposed that SL biosynthesis was controlled by SlAA27 via the upregulation of SlNSP1 [START_REF] Guillotin | Sl-IAA27 regulates strigolactone biosynthesis and mycorrhization in tomato (var. MicroTom)[END_REF].

In addition to phosphate, nitrogen and sulfate deficiency were shown to increase SL levels through the up-regulation of D27 in some plant species [START_REF] Andreo-Jimenez | Ecological relevance of strigolactones in nutrient uptake and other abiotic stresses, and in plant-microbe interactions belowground[END_REF][START_REF] Yoneyama | How do nitrogen and phosphorus deficiencies affect strigolactone production and exudation?[END_REF].

II-3-D-e) Additional regulators of strigolactone biosynthesis

Other factors have been shown to regulate SL content and SL biosynthesis, for review see Mashiguchi et al. (2020). Briefly, CLE peptides regulate SL content in M. truncatula root exudates (Müller et al., 2019). Nitric oxide negatively regulates SL biosynthesis depending on nutrient content [START_REF] Oláh | Strigolactones interact with nitric oxide in regulating root system architecture of Arabidopsis thaliana[END_REF]. Studies reported either a negative or a positive effect of zaxinone, a new apocarotenoid, on SL biosynthesis depending on plant species (Ablazov et al., II) Strigolactones -25 -2020; [START_REF] Wang | The apocarotenoid metabolite zaxinone regulates growth and strigolactone biosynthesis in rice[END_REF]. Last, abiotic stresses such as drought also regulate SL biosynthesis [START_REF] Haider | The interaction of strigolactones with abscisic acid during the drought response in rice[END_REF].

II-4) Transport of strigolactones

Roots and aerial parts from different genetic backgrounds (i.e. SL-biosynthesis and SLperception mutants) were grafted in order to investigate the transport of SLs between plant organs (for review see Kameoka & Kyozuka, 2018). The first observation was that wild-type roots were able to rescue the hyperbranching phenotype of aerial parts mutated in the SL biosynthetic pathway. This result suggested the transport of SLs or their precursors from roots to shoots. Indeed, graft experiments combined with biochemical analysis allowed to demonstrate that SLs, CL, CLA, MeCLA, 1'-OH-MeCLA or derivatives [START_REF] Brewer | Lateral branching oxidoreductase acts in the final stages of strigolactone biosynthesis in Arabidopsis[END_REF]Yoneyama et al., 2020a) are mobile signals from roots to shoots, but not 9-cis-β-carotene or 9-cis-β-apo-10'-carotenal (Waters et al., 2012). Nevertheless, CL, CLA, MeCLA and orobanchol were not detected in the xylem [START_REF] Xie | Strigolactones are transported from roots to shoots, although not through the xylem[END_REF]. Isotope-labeled orobanchol and 4deoxyorobanchol applied to rice roots were not detected in the xylem but were found in the aerial part [START_REF] Xie | Strigolactones are transported from roots to shoots, although not through the xylem[END_REF]. Taken together, these results suggest that some SL forms or precursors and/or other unknown intermediates are transferred from the roots to the aerial part through cell-to-cell transport, but not likely through the xylem.

Using a reverse genetic approach, a transporter of SLs belonging to the ABC transporter family was described in Petunia. PLEIOTROPIC DRUG RESISTANCE 1 (PDR1) was first described as an SL exporter from roots to soil (Kretzschmar et al., 2012). Expression of PDR1 in Petunia roots was localized in the root tips, the cortex and the hypodermis. In the latter cell layer, PDR1 expression exhibited a cell-type specific localization corresponding to non-suberized hypodermal passage cells (HPCs) (Kretzschmar et al., 2012;[START_REF] Sasse | Asymmetric localizations of the ABC transporter PaPDR1 trace paths of directional strigolactone transport[END_REF]. HPCs have been described in the hypodermis of some plant species and have been hypothesized to facilitate nutrient uptake. Moreover, in these species, mycorrhizal fungal penetration of the root cortex occurred exclusively through HPCs [START_REF] Sharda | Can hypodermal passage cell distribution limit root penetration by mycorrhizal fungi?[END_REF]. In response to phosphate starvation, the expression profile of PhPDR1 was correlated with the amount of SLs exuded by roots. Smaller amounts of SLs were detected in the root exudates of Phpdr1 mutants, while overexpression of PDR1 increased the exudation of SLs (Kretzschmar et al., 2012). In addition, PhPDR1 has been proposed to be involved in SL root-to-shoot transport. First, pdr1 mutants displayed a hyper-branching phenotype suggesting a role other than SL exudation. Then, application of isotope-labeled GR24 ( [3H] GR24) to the root tips of Phpdr1 mutants resulted in lower levels of [3H] GR24 in shoots than in wild-type plants. PhPDR1 displayed a cell-typespecific asymmetric subcellular localization in different root tissues. It was localized at the apical membrane of hypodermal cells in root tips. Above the root tip, it was observed at the outer-lateral membrane of HPCs. Together, these results suggest that PhPDR1 intracellular localization mediates shoot-ward SL transport as well as SL exudation into the soil.

Nevertheless, the presence of [3H] GR24 was still detected in shoots of Phpdr1 mutants, suggesting another mechanism independent of PDR1 involved in SL long-distance transport [START_REF] Sasse | Asymmetric localizations of the ABC transporter PaPDR1 trace paths of directional strigolactone transport[END_REF].

In another plant species, Medicago truncatula, differing by the absence of HPCs, three homologs of PhPDR1 were identified. The expression of one of these genes, MtABCG59, was up-regulated in response to phosphate starvation and upon SL treatment. Expression of MtABCG59 was observed in cortical cells and root tips using a promoter-GUS fusion. A mutant for this gene displayed a reduced level of colonization by AMF, and its root exudates exhibited a reduced ability to promote germination of parasitic weeds. Even if the content of SL in Mtabcg59 root exudates was not directly investigated, the authors proposed that SLs were exuded into the soil through MtABCG59 to attract AMF [START_REF] Banasiak | The full-size abcg transporter of Medicago truncatula is involved in strigolactone secretion, affecting arbuscular mycorrhiza[END_REF]. This does not exclude the existence of additional SL transporters.

II-5) Strigolactone and karrikin signaling II-5-A) Strigolactone signaling

Genes involved in the SL signaling pathway were identified by analyzing shoot branching mutants of four plant species: Arabidopsis, rice, pea and Petunia. They will always be named in the following order: At/Os/Ps/Ph.

Strigolactone

signaling begins with their perception by the receptor AtD14/OsD14/PsRMS3/PhDAD2 which belongs to the alpha/beta-hydrolase fold family (Arite et al., 2009;de Saint Germain et al., 2016;Hamiaux et al., 2012;Nakamura et al., 2013;[START_REF] Waters | Specialisation within the DWARF14 protein family confers distinct responses to karrikins and strigolactones in Arabidopsis[END_REF]. Strigolactone receptors have the particularity to be receptor-enzyme proteins (Janssen & Snowden, 2012). Despite intensive research by several teams, their mechanisms of action are still debated and several models of SL perception have been proposed (Bürger & Chory, 2020a). The third part of this introduction will be entirely devoted to SL receptors. Thus, in the following paragraph, I will not go into details of SL perception.

Upon binding to their receptor, SLs undergo a cleavage between the ABC lactone and the butenolide D-ring (Hamiaux et al., 2012). The latter remains covalently attached to a conserved catalytic histidine residue (de Saint Germain et al., 2016;Yao et al. 2016). This leads to a conformational change of the receptor and the recruitment of an F-box protein, AtMAX2/OsD3/PsRMS4/PaMAX2A [START_REF] Shabek | Structural plasticity of D3-D14 ubiquitin ligase in strigolactone signalling[END_REF][START_REF] Stirnberg | MAX2 participates in an SCF complex which acts locally at the node to suppress shoot branching[END_REF]. MAX2 forms a part of the Skp-Cullin-F-box containing E3 ubiquitin ligase complex [START_REF] Stirnberg | MAX2 participates in an SCF complex which acts locally at the node to suppress shoot branching[END_REF][START_REF] Zhao | DWARF3 participates in an SCF complex and associates with DWARF14 to suppress rice shoot branching[END_REF]. The interaction between the SL receptor and SCF MAX2 leads to the ubiquitination of repressor proteins, named SUPPRESSOR OF MAX2 (SMAX1) / SUPPRESSOR OF MAX2-LIKE (SMXL), which causes their degradation by the 26S proteasome (Fig. 11) [START_REF] Jiang | DWARF 53 acts as a repressor of strigolactone signalling in rice[END_REF][START_REF] Soundappan | SMAX1-LIKE/D53 family members enable distinct MAX2-dependent responses to strigolactones and karrikins in Arabidopsis[END_REF]Wang et al., 2020c;[START_REF] Zhou | D14-SCF D3 -dependent degradation of D53 regulates strigolactone signalling[END_REF]. The SMXL family in Arabidopsis comprises eight members: SMAX1 and SMXL2/3/4/5/6/7/8 [START_REF] Stanga | SUPPRESSOR OF MORE AXILLARY GROWTH2 1 controls seed germination and seedling development in Arabidopsis[END_REF], displaying distinct expression patterns and regulating different developmental processes. Arabidopsis SMXL6, SMXL7 and SMXL8 and their orthologs OsD53 [START_REF] Jiang | DWARF 53 acts as a repressor of strigolactone signalling in rice[END_REF][START_REF] Zhou | D14-SCF D3 -dependent degradation of D53 regulates strigolactone signalling[END_REF] and PsSMXL7 [START_REF] Kerr | Integration of the SMXL/D53 strigolactone signalling repressors in the model of shoot branching regulation in Pisum sativum[END_REF] were proposed to be transcriptional repressors regulating SL responses. In agreement, loss-of-function of these genes suppresses SL-related max2 phenotypes [START_REF] Soundappan | SMAX1-LIKE/D53 family members enable distinct MAX2-dependent responses to strigolactones and karrikins in Arabidopsis[END_REF][START_REF] Wang | Strigolactone signaling in Arabidopsis regulates shoot development by targeting D53-like SMXL repressor proteins for ubiquitination and degradation[END_REF]. The degradation of the corresponding proteins through AtD14-SCF MAX2 leads to the relief of the transcriptional repression of their target genes. As a result, these target genes can be expressed and trigger SL-associated responses [START_REF] Jiang | DWARF 53 acts as a repressor of strigolactone signalling in rice[END_REF][START_REF] Soundappan | SMAX1-LIKE/D53 family members enable distinct MAX2-dependent responses to strigolactones and karrikins in Arabidopsis[END_REF][START_REF] Wang | Strigolactone signaling in Arabidopsis regulates shoot development by targeting D53-like SMXL repressor proteins for ubiquitination and degradation[END_REF]. D53 directly interacts with transcription factors such as SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL) in wheat and IDEAL PLANT ARCHITECTURE 1 (IPA1) in rice, enabling transcriptional control of downstream genes [START_REF] Liu | miR156-targeted SBP-box transcription factors interact with DWARF53 to regulate teosinte branched1 and barren STALK1 expression in bread wheat[END_REF][START_REF] Song | IPA1 functions as a downstream transcription factor repressed by D53 in strigolactone signaling in rice[END_REF]. Besides, SMXL6/7/8 interact with the family of corepressor proteins TOPLESS (TPL) and TOPLESS-RELATED (TPR). This interaction is thought to inhibit the expression of SL-responsive genes including BRANCHED 1 (BRC1), TCP DOMAIN PROTEIN 1 (TCP1) and PRODUCTION OF ANTHOCYANIN PIGMENT (PAP) [START_REF] Jiang | DWARF 53 acts as a repressor of strigolactone signalling in rice[END_REF][START_REF] Soundappan | SMAX1-LIKE/D53 family members enable distinct MAX2-dependent responses to strigolactones and karrikins in Arabidopsis[END_REF][START_REF] Wang | Strigolactone signaling in Arabidopsis regulates shoot development by targeting D53-like SMXL repressor proteins for ubiquitination and degradation[END_REF].

Recently, a major breakthrough was achieved using RNA sequencing by [START_REF] Wang | Transcriptional regulation of strigolactone signalling in Arabidopsis[END_REF].

The authors identified more than 400 SL-responsive genes in Arabidopsis mainly regulated by BRC1, TCP1 and PAP1 after SMXL6/7/8 degradation. More importantly, they showed that SMXL6/7 could directly bind DNA to function as transcription factors regulating their own transcription and that SMXL6 could bind to the promoter of AtBRC1, probably by forming a complex with other proteins.

Nevertheless, the transcriptional regulation of genes cannot fully explain all observed effects of SLs. For example, a fast relocalization of PIN proteins was shown to occur after SL application even in the presence of protein synthesis inhibitors [START_REF] Shinohara | Strigolactone Can Promote or Inhibit Shoot Branching by Triggering Rapid Depletion of the Auxin Efflux Protein PIN1 from the Plasma Membrane[END_REF], indicating that SL signaling can act through other mechanisms. Some protein members of the SMXL family have been shown to act independently of SLs. SMXL3/4/5 were shown to control phloem formation independently of SLs and of MAX2 [START_REF] Wallner | Strigolactone-and karrikin-independent smxl proteins are central regulators of phloem formation[END_REF], while SMAX1 and SMXL2 were shown to act through MAX2 but independently of SLs [START_REF] Soundappan | SMAX1-LIKE/D53 family members enable distinct MAX2-dependent responses to strigolactones and karrikins in Arabidopsis[END_REF][START_REF] Stanga | SUPPRESSOR OF MORE AXILLARY GROWTH2 1 controls seed germination and seedling development in Arabidopsis[END_REF]. Consistent with such observations, some phenotypes exhibited in max2 mutants were not observed in SL-biosynthesis and SL-perception mutants, supporting the implication of MAX2 in another signaling pathway.

II-5-B) MAX2 at the interface between strigolactone and karrikin signaling pathways Karrikins (KARs) are a set of small butenolide compounds produced upon combustion of plant material, but there are no endogenous karrikins in plants. In an ecological context, karrikins stimulate seed germination of some plant species following wildfires. Interestingly, even plants from environments with low fire frequencies such as Arabidopsis can respond to KAR. This has allowed to use genetic tools to study the KAR signaling pathway [START_REF] Nelson | -148 -Karrikins discovered in smoke trigger Arabidopsis seed germination by a mechanism requiring gibberellic acid synthesis and light[END_REF].

A first study used a genetic screen to identify two KARRIKIN-INSENSITIVE (KAI) allelic mutants named kai1-1 and kai1-2, which were shown to correspond to two new max2 alleles. This finding connected KARs to the SL signaling pathway [START_REF] Nelson | F-box protein MAX2 has dual roles in karrikin and strigolactone signaling in Arabidopsis thaliana[END_REF]. A second study revealed that KARs and SLs have related signaling components in addition to MAX2 (Waters et al., 2012). AtKAI2 was identified as a paralog of AtD14. While AtD14 mediated SL-specific responses, AtKAI2 mediated KAR responses (Waters et al., 2012) and both proteins were proposed to signal through AtMAX2. Shortly afterwards, the ortholog of AtD14 in Petunia PhDAD2, and AtKAI2, were demonstrated to encode SL and KAR receptors respectively [START_REF] Guo | Smoke-derived karrikin perception by the α/βhydrolase KAI2 from Arabidopsis[END_REF]Hamiaux et al., 2012). As KARs are not endogenous compounds in plants, they were proposed to mimic an endogenous signal that acts through KAI2 and MAX2 [START_REF] Nelson | Karrikins enhance light responses during germination and seedling development in Arabidopsis thaliana[END_REF][START_REF] Nelson | F-box protein MAX2 has dual roles in karrikin and strigolactone signaling in Arabidopsis thaliana[END_REF][START_REF] Waters | Smoke signals and seed dormancy: Where next for MAX2?[END_REF]. This yet unknown signal is now referred to as the KAI2-ligand (KL) (Conn & Nelson, 2016). Two additional observations connect KARs to SLs. First, they share a structural similarity as they both possess a butenolide moiety (Fig. 12) [START_REF] Flematti | A compound from smoke that promotes seed germination[END_REF]. Second, phylogenetic analyses revealed that SL signaling originates from the KAI2 signaling pathway [START_REF] Bythell-Douglas | Evolution of strigolactone receptors by gradual neo-functionalization of KAI2 paralogues[END_REF][START_REF] Walker | Strigolactone synthesis is ancestral in land plants, but canonical strigolactone signalling is a flowering plant innovation[END_REF]Waters et al., 2012). SL receptors seem to have evolved through gradual neo-functionalization of KAR receptors, and some proteins belonging to the SMXL family were supposed to be part of KAR signaling [START_REF] Soundappan | SMAX1-LIKE/D53 family members enable distinct MAX2-dependent responses to strigolactones and karrikins in Arabidopsis[END_REF][START_REF] Stanga | SUPPRESSOR OF MORE AXILLARY GROWTH2 1 controls seed germination and seedling development in Arabidopsis[END_REF][START_REF] Stanga | Functional redundancy in the control of seedling growth by the karrikin signaling pathway[END_REF].

The tight links between SL and KAR signaling pathways have created confusion at two levels.

First, before these links were revealed some max2 phenotypes were incorrectly attributed to defects in SL signaling. For instance, photomorphogenesis in Arabidopsis was thought to be promoted by SLs based on max2 phenotypes, but was later shown to be rather associated with KL signaling [START_REF] Waters | Strigolactone Signaling and Evolution[END_REF]. Second, the widely used SL analog rac-GR24 is a mixture of two stereoisomers, namely (+)-GR24 and (-)-GR24 (Scaffidi et al., 2014). While (+)-GR24

triggers typical SL responses mediated by SL receptors, (-)-GR24 triggers KAR-like responses through KAI2 (Scaffidi et al., 2014). The common use of rac-GR24 ((±)-GR24) has therefore added to the confusion by activating both pathways simultaneously. More recently, the use of pure stereoisomers and of mutants in receptors rather than max2 has allowed to clarify many issues.

II-5-C) The karrikin signaling pathway

The proposed model for KAR signaling is similar to that of SL signaling (Fig. 13): the perception of KARs or KL by KAI2 triggers the recruitment of MAX2 [START_REF] Toh | Detection of parasitic plant suicide germination compounds using a high-throughput Arabidopsis HTL/KAI2 strigolactone perception system[END_REF], which leads to the polyubiquitination of SMAX1 and SMXL2 resulting in their proteolysis. Using coimmunoprecipitation assays in Arabidopsis protoplasts, Wang et al. (2020c) demonstrated that AtKAI2 and AtMAX2 interact in the presence of (-)-GR24, which mimics the KAI2 ligand.

Moreover, KAI2 directly interacts with SMAX1 and SMXL2 independently of MAX2. Further, Khosla et al. (2020) presented evidence that AtSMAX1/SMXL2 degradation occurs through MAX2 and KAI2 after perception of appropriate ligands (i.e.. KARs, (±)-GR24).

The division between the developmental processes controlled by either KAI2 or D14 is not so clear-cut. While SMXL6/7/8 were considered to be specific of the SL pathway and SMAX1/SMXL2 to be specific of the KAR pathway, it was recently reported that application of (+)-GR24 can trigger degradation of SMXL2 by activating D14 (Wang et al., 2020c), and that rice mesocotyl elongation was regulated by both D14 and KAI2 through the degradation of OsSMAX1 [START_REF] Zheng | Karrikin signaling acts parallel to and additively with strigolactone signaling to regulate rice mesocotyl elongation in darkness[END_REF]. These observations show for the first time that KAR and SL signaling pathways can act additively to regulate plant development and that a given SMXL protein might be degraded through both pathways. This makes deciphering the mechanism of action of SLs and KARs even more complex. In addition, a recent study has pointed out that plants responded to (±)-GR24 applications independently of MAX2 and KAI2 in Lotus, suggesting the existence of an additional signaling pathway [START_REF] Carbonnel | MAX2-independent transcriptional responses to rac-GR24 in Lotus japonicus roots[END_REF].

II-5-D) Strigolactone signaling in parasitic weeds

SL signaling downstream of the receptors is still not fully understood in parasitic weeds. MAX2

and SMAX1-like genes were found in several parasitic species, and their functions were shown to be conserved as Striga ShMAX2 could restore most defects of Arabidopsis max2 mutants [START_REF] Zhao | DWARF3 participates in an SCF complex and associates with DWARF14 to suppress rice shoot branching[END_REF]. Paralogs of D14 were identified in several parasitic weed species, and referred to as HTLs/KAI2 (HYPO-SENSITIVE TO LIGHT/KARRIKIN INSENSITIVE2 proteins). These proteins hydrolyse SLs and mediate SL-induced seed germination (Conn et al., 2015;Tsuchiya et al., 2015;Toh et al., 2015). An interaction between ShMAX2 and ShHTL7, the most active SL receptor in S. hermonthica, was demonstrated in vitro (Yao et al., 2017). The current model is that SLs bind KAI2/HTL proteins, which allows the recruitment of MAX2. This would lead to the proteasome-mediated degradation of the repressor SMAX1, and thus de-repress gene expression and allow seed germination [START_REF] Bunsick | SMAX1-dependent seed germination bypasses GA signalling in Arabidopsis and Striga[END_REF].

II-6) Diverse roles of strigolactones II-6-A) Strigolactones modulate the development of aerial plant organs

Many roles have been reported for SLs in the regulation of plant architecture and in developmental processes. This topic is covered by numerous recent reviews [START_REF] Bhatt | Strigolactones in overcoming environmental stresses. Protective chemical agents in the amelioration of plant abiotic stress[END_REF][START_REF] De Cuyper | Strigolactones, karrikins and beyond[END_REF][START_REF] Moreno | Plant apocarotenoids: from retrograde signaling to interspecific communication[END_REF][START_REF] Rameau | Strigolactones as Plant Hormones[END_REF]. Here, I will only give a brief overview of these hormonal functions.

The first characterized hormonal role of SLs is their ability to inhibit shoot branching. Plants mutated in the SL biosynthetic pathway exhibit a hyper-branched phenotype that can be restored by applying exogenous SLs (Gomez-Roldan et al., 2008;Umehara et al., 2008). SLs do not regulate these processes alone, but other hormones such as auxin and cytokinins act either antagonistically or synergistically with SLs to regulate shoot architecture. Possible mechanisms of shoot branching control via SL signaling have been proposed, but are still debated in the literature (for review see [START_REF] Barbier | An update on the signals controlling shoot branching[END_REF]. Two major models which do not exclude one another have been proposed [START_REF] Rameau | Multiple Pathways Regulate Shoot Branching[END_REF]. In the first model, SLs act at a systemic level by regulating the localization of auxin transporters. This modifies the auxin flow between the axillary buds and the main stem, increasing the level of competition between buds [START_REF] Shinohara | Strigolactone Can Promote or Inhibit Shoot Branching by Triggering Rapid Depletion of the Auxin Efflux Protein PIN1 from the Plasma Membrane[END_REF]. Thus, rather than directly inhibiting the growth of axillary buds, SLs are supposed to focus growth into a single branch, resulting in an inhibition of shoot branching [START_REF] Van Rongen | Connective auxin transport contributes to strigolactone-mediated shoot branching control independent of the transcription factor BRC1[END_REF].

In the other model, SLs act locally in buds and downstream of auxin by modulating gene expression. SLs promote the expression of the BRANCHED1 (BRC1) gene, a transcription factor known to be a growth suppressor [START_REF] Brewer | Strigolactone inhibition of branching independent of polar auxin transport[END_REF]. More recently, sucrose signaling has also been connected to the bud outgrowth regulatory network involving auxin, CKs and SLs [START_REF] Bertheloot | Sugar availability suppresses the auxin-induced strigolactone pathway to promote bud outgrowth[END_REF]Wang et al., 2020a).

SLs play several other roles in plant aerial organs. Before their enumeration, it is important to note that different effects of SLs have been described using different plant models, and have not always been confirmed across a wide range of plant species. Thus, it is sometimes difficult to distinguish between SL functions conserved among land plants and functions that can be species-specific. SLs promote internode elongation via cell division in pea [START_REF] De Saint Germain | Strigolactones stimulate internode elongation independently of gibberellins[END_REF], inhibit hypocotyl growth (Scaffidi et al., 2014), affect leaf shape in Arabidopsis [START_REF] Stirnberg | MAX1 and MAX2 control shoot lateral branching in Arabidopsis[END_REF] and Medicago truncatula (Lauressergues et al., 2015) and control leaf angle in rice [START_REF] Shindo | Strigolactones decrease leaf angle in response to nutrient deficiencies in rice[END_REF]. Moreover SLs control vascular secondary growth in Arabidopsis [START_REF] Agusti | Strigolactone signaling is required for auxin-dependent stimulation of secondary growth in plants[END_REF], induce leaf senescence in different plant species [START_REF] Takahashi | Counteractive Effects of Sugar and Strigolactone on Leaf Senescence of Rice in Darkness[END_REF][START_REF] Ueda | Strigolactone regulates leaf senescence in concert with ethylene in Arabidopsis[END_REF][START_REF] Yamada | Strigolactone signaling regulates rice leaf senescence in response to a phosphate deficiency[END_REF] and affect fruit development (Wu et al., 2019).

As mentioned earlier, some max2 phenotypes were incorrectly attributed to defects in SL signaling but were later shown to depend on the karrikin pathway. The analysis of kai2 mutants and the use of KARs and (-)-GR24 mimicking the KAI2-Ligand has allowed to identify the phenotypes associated to the KAR signaling pathway: seed germination [START_REF] Nelson | Regulation of seed germination and seedling growth by chemical signals from burning vegetation[END_REF], seedling photomorphogenesis and leaf shape (Waters et al., 2012), leaf cuticle development [START_REF] Li | The karrikin receptor KAI2 promotes drought resistance in Arabidopsis thaliana[END_REF], root skewing and density of root hairs in Arabidopsis [START_REF] Swarbreck | Impairment in karrikin but not strigolactone sensing enhances root skewing in Arabidopsis thaliana[END_REF][START_REF] Villaécija-Aguilar | SMAX1/SMXL2 regulate root and root hair development downstream of KAI2-mediated signaling in Arabidopsis[END_REF].

Figure 14. Development of Physcomitrium patens

A haploid spore or protoplast germinates to form primary chloronema which subsequently differentiate into more rapidly growing primary caulonema. Caulonemal cells divide to produce initials cells, which develop into lateral secondary choloronemata, secondary caulonemata or buds. Then, buds develop into leafy gametophores. 

II-6-B) Strigolactones and plant root architecture

In addition to their developmental phenotypes in aerial parts, SL-deficient and SL-insensitive mutants exhibit an abnormal development of the root system. Nevertheless the effect of SLs on root development is not that clear. Depending on plant species, different studies reported opposite root phenotypes in SL-biosynthesis and SL-perception mutants. Furthermore, the growing conditions such as the availability of phosphate and nitrogen affect the root phenotype of SL mutants or the effects of SL application [START_REF] Marzec | Regulation of root development and architecture by strigolactones under optimal and nutrient deficiency conditions[END_REF][START_REF] Rameau | Strigolactones as Plant Hormones[END_REF].

II-6-C) Do strigolactones have a hormonal activity in bryophytes?

In addition to all these studies carried out in angiosperms, hormonal functions of SLs have also been investigated in bryophytes. In particular, they play essential roles in the development of the moss Physcomitrium patens (Guillory & Bonhomme, 2021;[START_REF] Hoffmann | Strigolactones inhibit caulonema elongation and cell division in the moss Physcomitrella patens[END_REF][START_REF] Proust | Strigolactones regulate protonema branching and act as a quorum sensing-like signal in the moss Physcomitrella patens[END_REF]. The different developmental structures of P. patens are shown in Figure 14. Using SL-deficient mutants and exogenous application of (±)-GR24, two studies reported that SLs repress P. patens spore germination [START_REF] Proust | Strigolactones regulate protonema branching and act as a quorum sensing-like signal in the moss Physcomitrella patens[END_REF][START_REF] Vesty | The decision to germinate is regulated by divergent molecular networks in spores and seeds[END_REF] and increase rhizoid length [START_REF] Delaux | Origin of strigolactones in the green lineage[END_REF]. Ppccd7 and Ppccd8 mutants displayed enhanced caulomena growth, which could be restored upon application of (±)-GR24. This resulted from a decreased cell division rate and possibly an inhibition of cell elongation [START_REF] Decker | Strigolactone biosynthesis is evolutionarily conserved, regulated by phosphate starvation and contributes to resistance against phytopathogenic fungi in a moss, Physcomitrella patens[END_REF][START_REF] Hoffmann | Strigolactones inhibit caulonema elongation and cell division in the moss Physcomitrella patens[END_REF]. Moreover, Ppccd8 mutants display a strong increase of branches at the base of gametophores and this phenotype was supressed upon (±)-GR24 application [START_REF] Coudert | Three ancient hormonal cues co-ordinate shoot branching in a moss[END_REF]. In addition, It has been suggested that PpCCD8-derived compounds could act as quorum sensing molecules recruited to reflect plant density [START_REF] Proust | Strigolactones regulate protonema branching and act as a quorum sensing-like signal in the moss Physcomitrella patens[END_REF]. [START_REF] Vesty | The decision to germinate is regulated by divergent molecular networks in spores and seeds[END_REF] suggested that this quorum sensing mechanisms could prevent spore germination in order to reduce competition for resources. Last, SLs were demonstrated to enhance the resistance of P. patens against fungal pathogens [START_REF] Decker | Strigolactone biosynthesis is evolutionarily conserved, regulated by phosphate starvation and contributes to resistance against phytopathogenic fungi in a moss, Physcomitrella patens[END_REF].

In liverwort, the absence of BSB in Marchantia paleacea mutants had almost no effect on development or gene expression. In agreement, a small number of genes were differentially regulated upon BSB application [START_REF] Kodama | An ancestral function of strigolactones as symbiotic rhizosphere signals[END_REF]. With regards to the endogenous action of SLs in P. patens, it has been proposed that P. patens evolved a hormonal role for SLs independently from other bryophytes [START_REF] Lopez-Obando | The Physcomitrium ( Physcomitrella ) patens PpKAI2L receptors for strigolactones and related compounds function via MAX2dependent and -independent pathways[END_REF][START_REF] Kodama | An ancestral function of strigolactones as symbiotic rhizosphere signals[END_REF].

II-6-D) Roles of Strigolactones in biotic interactions

II-6-D-a) Effect of strigolactones on parasitic weeds To investigate the mechanisms behind the SL-induced germination of parasitic weeds, Tsuchiya et al (2015) designed a fluorogenic SL analog, named Yoshimulactone Green (YLG).

This compound has the particularity to generate a fluorescent product upon cleavage, allowing the detection of YLG cleavage in planta. First, the authors demonstrated that YLG could activate SL signaling through the SL receptor. Then, they observed the kinetics of YLG cleavage upon application on S. hermonthica seeds. Fluorescence was detected in the embryonic root tip within minutes after YLG applications, and then the signal diffused apically over several hours during what they called the "wake-up" phase. Finally, they observed the initiation of germination. This probe has allowed to observe for the first time the dynamics of SL perception in Striga seeds (Tsuchiya et al., 2015).

Several studies have investigated the connections between SL-dependent germination of parasitic weeds and ABA, GA and ET signaling. Transcriptomic analysis of P. aegyptica has revealed that 48h after (±)-GR24 application, the expression of ABA biosynthetic genes decreased while the expression of GA biosynthetic genes was upregulated [START_REF] Bao | Transcriptome analysis of Phelipanche aegyptiaca seed germination mechanisms stimulated by fluridone, TIS108, and GR24[END_REF].

In agreement, exogenous application of (±)-GR24 decreased ABA contents and increased GA levels in S. hermonthica, P. ramosa and P. aegyptiaca [START_REF] Lechat | PrCYP707A1, an ABA catabolic gene, is a key component of Phelipanche ramosa seed germination in response to the strigolactone analogue GR24[END_REF][START_REF] Toh | Thermoinhibition uncovers a role for strigolactones in Arabidopsis seed germination[END_REF], suggesting that SL-dependent germination occurs via ABA and GA. Nevertheless, application of SL was able to induce germination of S. hermonthica seeds even in the presence of GA biosynthesis inhibitors, suggesting a mechanism of germination independent from GA [START_REF] Bunsick | SMAX1-dependent seed germination bypasses GA signalling in Arabidopsis and Striga[END_REF]. Ethylene has been known for a long time as a germination stimulant of Striga seeds and has been used in the field to trigger suicidal germination of witchweeds. Tsuchiya et al. (2015) showed that ethylene mediated SL-dependent germination by using an inhibitor of ethylene biosynthesis which was sufficient to block GR24-stimulated germination of S. hermonthica.

In addition to their effect on parasitic weed germination, SLs are important during the infection of the host plant. The infection process of Phelipanche aegyptiaca was affected after silencing of PaCCD8 and PaCCD7. These observations support the possibility that parasitic weeds might also use SLs as endogenous signals [START_REF] Das | Parasitic plants striga and phelipanche dependent upon exogenous strigolactones for germination have retained genes for strigolactone biosynthesis[END_REF].

II-6-D-b) Nitrogen-fixing symbiosis

Given the importance of SLs as signaling molecules in the rhizosphere, their effects during the nitrogen-fixing symbiosis was studied. It is important to note that the effects of SLs during biotic interactions can result from the combination of the effects on the host plant, on the microorganisms and on the interaction between both organisms. To determine if SLs can be perceived by rhizobia, application of SLs on these organisms grown in vitro has been tested. GR24 application did not affect the growth nor the expression of nod genes of Sinorhizobium meliloti [START_REF] Soto | First indications for the involvement of strigolactones on nodule formation in alfalfa (Medicago sativa)[END_REF]. Later, a study conducted by [START_REF] Tambalo | Legume seed exudates and Physcomitrella patens extracts influence swarming behavior in Rhizobium leguminosarum[END_REF] revealed that bacterial swarming was positively affected by legume seed exudates and crude extracts of P.

patens. This effect was reduced when extracts of Ppccd8 mutants were used. Subsequently, application of (-)-2'-epi-GR24 was found to increase swarming motility in S. meliloti in a dosedependent manner [START_REF] Peláez-Vico | Strigolactones in the Rhizobium-legume symbiosis: Stimulatory effect on bacterial surface motility and down-regulation of their levels in nodulated plants[END_REF].

Regarding the role of SLs during the symbiotic phase of nitrogen-fixing symbiosis, contrasting results were reported (Lanfranco et al., 2018;[START_REF] López-Ráez | Strigolactones in plant interactions with beneficial and detrimental organisms: the yin and yang[END_REF][START_REF] Rochange | The Role of Strigolactones in Plant-Microbe Interactions[END_REF].

SLs were first proposed to act as a positive regulators during nitrogen-fixing symbiosis [START_REF] Foo | Strigolactones promote nodulation in pea[END_REF][START_REF] Soto | First indications for the involvement of strigolactones on nodule formation in alfalfa (Medicago sativa)[END_REF]. For instance, application of (±)-GR24 positively affects the nodule number for several plant species such as soybean, pea and Medicago sativa.

Additionally, plants mutated for SL-biosynthesis genes produced lower number of nodules [START_REF] López-Ráez | Strigolactones in plant interactions with beneficial and detrimental organisms: the yin and yang[END_REF]. Nevertheless, other studies reported an increased nodule number of SL-insensitive pea mutants, and application of (±)-GR24 decreased the nodule number in concentration-dependent manner in M. truncatula [START_REF] De Cuyper | From lateral root density to nodule number, the strigolactone analogue GR24 shapes the root architecture of Medicago truncatula[END_REF]. It is thus difficult to conclude about the effects of SLs on nodulation.

II-6-D-c) Strigolactones modulate pathogenic interactions

The role of SLs in pathogenic interactions with either fungi or bacteria has not been thoroughly investigated (Lanfranco et al., 2018;[START_REF] López-Ráez | Strigolactones in plant interactions with beneficial and detrimental organisms: the yin and yang[END_REF][START_REF] Rochange | The Role of Strigolactones in Plant-Microbe Interactions[END_REF]. Different studies reported contrasting results regarding the effects of SL application on the growth of different pathogenic fungi. However, the effects of SLs are observed at very high concentrations, in the order of 10 µM. An increase of hyphal branching has been reported by several studies [START_REF] López-Ráez | Strigolactones in plant interactions with beneficial and detrimental organisms: the yin and yang[END_REF]). Yet, the biological significance of this branching pattern has not been investigated. The induction of fungal branching in pathogenic fungi and in symbiotic fungi may reflect distinct physiological processes.

Figure 15. Effect of GR24 on mitochondrial shape and density in hyphae of Rhizophagus irregularis

Hyphae were stained with MitoTracker™ Green FM and treated with 100nM (±)-GR24 (top) or mock-treated (bottom) for 6 h. Scale bar = 5 μm. Credit: Auréile Le Ru. (Besserer et al., 2006).
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Regarding the role of SLs during pathogenic interactions, a few studies reported a positive effect of SLs against pathogens such as the air-borne necrotrophic fungi Botrytis cinerea and Sclerotinia sclerotiorum [START_REF] Decker | Strigolactone biosynthesis is evolutionarily conserved, regulated by phosphate starvation and contributes to resistance against phytopathogenic fungi in a moss, Physcomitrella patens[END_REF][START_REF] López-Ráez | Strigolactones in plant interactions with beneficial and detrimental organisms: the yin and yang[END_REF][START_REF] Torres-Vera | Do strigolactones contribute to plant -153 -defence[END_REF].

In contrast, no differences in disease development caused by the soilborne fungus Fusarium oxysporum were observed between SL-deficient pea mutants and wild type plants (Foo et al., 2016).

II-6-D-d) Roles of strigolactones during AM symbiosis Strigolactones stimulate hyphal branching of several species of the AMF at subnanomolar concentrations. Using Mitotracker, a fluorescent vital stain specific for mitochondria, Besserer et al. (2006) reported that the density, movement and shape of mitochondria in the AM fungus Gigaspora rosea were altered in response to SL applications. An increase of about 30% of mitochondrial density in SL-treated hyphae was reported. Moreover, in response to SL the mitochondria moved faster and in an oriented fashion, as compared to the control hyphae.

Upon SL application, the mitochondria adopted a thread-like structure oriented parallel to the hyphal axis, while in the absence of SL they were spherical and randomly distributed in the cytoplasm. This was also observed in Glomus intraradices (later renamed Rhizophagus irregularis) (Fig. 15). An increased germination rate in the presence of SLs was also reported in R. irregularis [START_REF] Besserer | GR24, a synthetic analog of strigolactones, stimulates the mitosis and growth of the arbuscular mycorrhizal fungus Gigaspora rosea by boosting its energy metabolism[END_REF]. From these observations the authors proposed that SLs induce a metabolic switch reflected by a mitochondrial reorganization, allowing the germinating spore to fully use its energy potential to initiate AM symbiosis (Besserer et al., 2006). To further investigate this hypothesis the associated molecular responses were examined. Application of (±)-GR24 was shown to elicit a fast synthesis and utilization of NADH by fungal mitochondria, which was correlated with an increase of ATP production. In agreement, application of pharmacological inhibitors of ATP synthesis inhibited hyphal ramifications upon SL application, and suppression of mitochondrial biogenesis abolished branching [START_REF] Besserer | Role of mitochondria in the response of arbuscular mycorrhizal fungi to strigolactones[END_REF]. The fast activation of oxidative metabolism upon GR24 treatment suggested that the regulation of this initial boost was mostly post-transcriptional. Indeed, the expression of genes involved in mitochondrial metabolism and hyphal growth was not induced during the initial phase, but was only observed several days later. This late upregulation of gene expression was correlated with an increase of nuclear division 5 days after treatment with (±)-GR24 or root exudates [START_REF] Besserer | GR24, a synthetic analog of strigolactones, stimulates the mitosis and growth of the arbuscular mycorrhizal fungus Gigaspora rosea by boosting its energy metabolism[END_REF]Buée et al., 2000).

The level of AM fungal colonization in plants deficient in SLs is severely decreased in several plant species (Gomez-Roldan et al., 2008;[START_REF] Vogel | SlCCD7 controls strigolactone biosynthesis, shoot branching and mycorrhiza-induced apocarotenoid formation in tomato[END_REF]. Addition of (±)-GR24 restores the colonization rate of these plants (Gomez-Roldan et al., 2008). Further investigation showed that in SL-deficient plants the level of fungal colonization is affected through a diminution of the number of infection units resulting from a decrease in the number of hyphopodia (Kobae et al., 2018). Nevertheless, no alterations of the symbiotic structures such as truncated arbuscules were observed in these SL-deficient plants. This shows that SLs are not required for hyphal penetration into the roots or for arbuscule formation, but rather for efficient hyphopodium formation (Kobae et al., 2018). Similar observations were made for plants mutated in the SL transporter which mediates SL exudation into the soil. In these mutants, the amount of SLs synthesized by the plants is similar to wild-type plants but the quantity of SLs exuded into the soil is severely decreased (Kretzschmar et al., 2012). This suggests that during AM symbiosis the endogenous role of SLs is not important, but rather that SLs act as rhizospheric signals triggering physiological modifications in the fungal partner.

In agreement, plants mutated for the SL receptor do not show a decrease of the level of colonization but rather show a slight increase of fungal colonization. This could be explained by a higher amount of SL biosynthesized by the plants, and therefore an increased quantity of SLs exuded into the rhizosphere (Yoshida et al., 2012).

Bryosymbiol (BSB) is present in several Marchantia species which are able to interact with AMF, but not found in those that do not establish AM symbiosis. Marchantia mutants affected in BSB synthesis were not colonized by AM fungi. In particular, the pre-symbiotic phase was altered as very few infection points were observed. Treatment of BSB-deficient plants with (±)-GR24 restored a similar colonization level to the control lines. Moreover, application of BSB triggered hyphal branching of an AM fungus grown in vitro. These observations showed that in bryophytes, BSB plays a similar role in AM symbiosis as other SLs found in angiosperms.

A reduction in root colonization and arbuscule formation has been observed in rice and pea plants mutated in signaling components downstream of SL receptors, like d3/rms4 (max2) (Yoshida et al., 2012;Foo et al., 2013). Yet, these phenotypes did not seem to be associated with the SL signaling pathway, because AM symbiosis was not negatively impacted in plants mutated for the SL receptor. In 2015, Gutjahr et al. demonstrated that the symbiotic interaction was completely abolished in rice Oskai2 mutants. A complete absence of hyphopodia and intraradical colonization was observed. In addition, induction of marker gene expression after application of fungal germinated spore exudates was defective in the Oskai2 line. In addition, Oskai2 mutants were normally susceptible to colonization by the root pathogen Magnaporthe oryzae and by the root endophyte Piriformospora indica. This suggested that OsKAI2 may be specifically involved in AM symbiosis and not in interactions with other microorganisms (Gutjahr et al., 2015).

In 2020, Choi et al. investigated the molecular components recruited in response to AMF downstream of the KAI2 receptor. They characterized OsSMAX1, the ortholog of the Arabidopsis SMAX1, as a negative regulator of AM symbiosis. Ossmax1 mutants exhibited an increased number of hyphopodia, intraradical hyphae and arbuscules compared to the wildtype line. This indicated that SMAX1 negatively regulates the AM symbiosis. In addition, mutation of SMAX1 fully suppressed the phenotypes of kai2 and d3 mutants, demonstrating that OsSMAX1 operates downstream of OsKAI2 and OsD3. Transcriptional responses in the smax1 background revealed that SMAX1 negatively regulates several members of the common symbiotic signaling pathway. Interestingly, SMAX1 also negatively controls the expression of SL biosynthesis genes, highlighting a new crosstalk between the SL and KAR pathways. The authors concluded that activation of the KAI2 signaling pathway results in the removal of SMAX1 (which is further supported by the detection of SMAX1 protein in kai2 and d3 mutants but not in wild-type plants) to de-repress critical symbiosis programs [START_REF] Choi | The negative regulator SMAX1 controls mycorrhizal symbiosis and strigolactone biosynthesis in rice[END_REF]. Interestingly, AM symbiosis was not affected in kai2 or max2 mutants of the bryophyte M. paleacea, suggesting that the function of KAI2 during AM symbiosis evolved in vascular plant lineages [START_REF] Kodama | An ancestral function of strigolactones as symbiotic rhizosphere signals[END_REF]. 

II-7) Structure-activity relationship studies

Structure-activity relationship (SAR) studies aim to establish a link between the structural characteristics of a family of compounds and their respective bioactivities. SAR studies on SLs have first been carried out with the aim of managing parasitic weed infections. Several approaches for parasitic weed management have been proposed over the years. One method referred to as the "suicide germination" strategy consists in inducing the germination of parasitic weeds in the absence of host crops, in order to reduce the parasitic seed pool in infected fields. Therefore, SAR studies have aimed to identify synthetic SL analogs that are able to induce parasitic weed germination and that could be produced simply and on a large scale. Subsequently, SARs studies were also performed on plants to take advantage of the ability of SLs to control plant aerial architecture. Because SLs are active on diverse organisms, it was important to search for compounds that are active on some but not on others. In addition, SAR studies were used in fundamental research to unravel the core structure of SLs required for activity on the three kinds of target organisms, as well as the structural characteristics required for specific action on plants, parasitic weeds and AMF. Each study used a different set of SL analogs and measured effects associated with the target organism such as shoot branching, germination or hyphal branching respectively. From these assays, conclusions have been drawn about the minimal structure required for bioactivity on each organism, and this structure is referred to as the SL bioactiphore.

Two types of data can be obtained in SAR studies. The first one is obtained by quantitatively measuring the activity of the different analogs at a given concentration: the potency of each analog is assessed. The second one is obtained by determining qualitatively whether an analog is active at various concentration: the minimum effective concentration (MEC) of each compound is determined. This allows to rank the different analogs according to the minimum concentration required for bioactivity. Both types of data were acquired for SAR studies conducted on plants and parasitic weeds, but generally only the MEC was determined for AMF.

II-7-A) Structure-activity relationship studies on plants

The structural requirements of SLs for hormonal activity were determined by measuring the inhibition of shoot branching/tillering in pea, Arabidopsis and rice mutants affected in SL biosynthesis (Fig. 16). Both the MEC and the potency of the compounds were estimated.

D-ring

Carlactone

Carlactonoic acid For example by measuring the number of outgrowing tillers per rice plant at several concentrations, Umehara et al. (2015) were able to compare the MEC required for bioactivity as well as the potency of the different analogs.

Methyl carlactonoate 3'-methyl-GR24 4'-desmethyl-GR24 MeAc-GR5 GR24 GR7 GR5 ABC-GR24
The synthetic SL analog GR24 is a canonical strigol-type analog with a modified aromatic Aring, and is used as a reference in SL research. GR7 and GR5 harbor a simpler structure lacking the A-or AB-rings of GR24, respectively (Fig. 16). Because SLs were shown to be cleaved upon perception by their receptor, the ABC scaffold of GR24 and the D-ring alone were tested. Both were inactive in pea even at very high concentrations (100 µM) (Fig. 16) (de Saint Germain et al., 2021). Nevertheless, at a very high concentration (50 µM) the D-ring alone was bioactive in rice (Nakamura et al., 2013). All four stereoisomers of GR24, GR7 and the two stereoisomers of GR5 are active in rice (Umehara et al., 2015). In pea, the MEC and the potency of GR5 were similar compared to GR24 (Boyer et al., 2012). This indicates that the AB part of the GR24 backbone can be removed in both plant species without losing bioactivity (Boyer et al., 2012;Umehara et al., 2015).

GR5 analogs whose C-ring is not closed, for instance MeAc-GR5 (Fig. 16) were nearly as active as GR5 indicating that the C-ring does not have to be intact to exhibit activity in rice (Umehara et al., 2015). Carlactone, a precursor of SLs in which the B-and C-rings are modified into a carbon chain, is active in rice (Alder et al., 2014) and in Arabidopsis [START_REF] Abe | Carlactone is converted to carlactonoic acid by MAX1 in Arabidopsis and its methyl ester can directly interact with AtD14 in vitro[END_REF] but with a lower potency compared to GR24. Nevertheless, the carlactone derivatives carlactonoid acid (CLA) and methyl carlactonoate (MeCLA) (Fig. 16) are equally active compared to GR24 in Arabidopsis [START_REF] Abe | Carlactone is converted to carlactonoic acid by MAX1 in Arabidopsis and its methyl ester can directly interact with AtD14 in vitro[END_REF]. This suggests that the non-canonical CLA and MeCLA can function as active hormones for shoot branching inhibition.

The enol-ether bridge connecting the C-and D-rings is a common feature in all natural SLs. In pea and rice, modifications of the enol-ether bridge strongly suppress bioactivity. As the Dring is also invariable in all SLs identified to date, its importance for bioactivity has been investigated. The methylbutenolide D-ring connected with an enol-ether unit is essential for bioactivity in pea (Boyer et al., 2012) and the replacement of the D-ring lactone group by lactams leads to much weaker activity in Arabidopsis [START_REF] Sanchez | Structure-activity relationships of strigolactones via a novel, quantitative in planta bioassay[END_REF]. Besides, suppression of the methyl group at position C4' of the D-ring of GR24 suppresses its activity in pea (Boyer et al., 2012) while addition of a methyl group at the C3' position (3'-methyl-GR24) enhances GR24 bioactivity in pea (Boyer et al., 2014). Furthermore, reduction of the D-ring double bond severely reduces bioactivity (Boyer et al., 2012;Umehara et al., 2015).

Interestingly, a recent study pointed out that root exudates of cowpea and sorghum plants can reduce the double bond between C3' and C4'. It was postulated that this reduction could represent a new mechanism of SL inactivation (Yamauchi et al., 2018).

Finally, SAR studies pointed out the importance of SL stereochemistry [START_REF] Flematti | Stereospecificity in strigolactone biosynthesis and perception[END_REF].

In Arabidopsis and in rice, analogs with the natural 2'R configuration are more active compared to those with a 2'S configurations (Scaffidi et al., 2014;Umehara et al., 2015), but this was not observed in pea where 2'S and 2'R SL analogs showed similar activities (F. D. Boyer et al., 2012).

To sum up the results of all these studies, it seems difficult to conclude on a single bioactiphore that would be required for shoot branching inhibition, but it appears that the structure of SL precursors (CLA, MeCLA) is a good start.

II-7-B) Structure-activity relationship study on parasitic weeds

To identify the structural features of SLs necessary to induce parasitic weed germination, various natural SLs and SL analogs have been tested. Both the MEC and the potency of the compounds were determined. The MEC was estimated based on the minimum concentration required to trigger germination of parasitic weeds. The potency of each analog was calculated based on the maximum rate of germination induced by each analog at a given concentration.

The potency and the MEC are combined in the EC50 which corresponds to the half maximal effective concentration.

By gathering the different studies conducted on parasitic weeds, it appears that Striga, Orobanche and Phelipanche spp. do not respond in a similar way to SLs. Most broomrapes were more responsive to orobanchol-type SLs, whereas most witchweeds were more responsive to strigol-type SLs [START_REF] Bouwmeester | Adaptation of the parasitic plant lifecycle: Germination is controlled by essential host signaling molecules[END_REF]. For instance the MEC of sorgomol is up to 1000 times higher on O. minor compared to S. hermonthica [START_REF] Xie | Sorgomol, germination stimulant for root parasitic plants, produced by Sorghum bicolor[END_REF]. Among the different orobanchol-type or strigol-type SLs, several compounds exhibited different activities depending on the parasitic weed species. For instance, O. Cumana was shown to preferentially germinate upon strigol application compared to fabacyl acetate. In contrast, O.

hedera was more reactive to fabacyl acetate [START_REF] Fernández-Aparicio | The role of strigolactones in host specificity of Orobanche and Phelipanche seed germination[END_REF]. Furthermore, different sensitivities to SLs were observed within species. For instance, variants of S.

hermonthica collected from different host plants (maize, sorghum and millet) responded Zwanenburg, 1992;[START_REF] Zwanenburg | Structure and function of natural and synthetic signalling molecules in parasitic weed germination[END_REF].

Parasitic plants

ABC-GR24

differentially both to plant exudates and to GR24 [START_REF] Bouwmeester | Adaptation of the parasitic plant lifecycle: Germination is controlled by essential host signaling molecules[END_REF]. Interestingly a Sorghum genotype producing orobanchol instead of 5-deoxystrigol was more resistant against Striga [START_REF] Mohemed | Evaluation of field resistance to Striga hermonthica (Del.) Benth. in Sorghum bicolor (L.) Moench. The relationship with strigolactones[END_REF][START_REF] Mohemed | Genetic variation in Sorghum bicolor strigolactones and their role in resistance against Striga hermonthica[END_REF]. Therefore, the differential sensitivity of parasitic plants to different SLs may contribute to their host specificity. Nevertheless, from the studies summarized below a general conclusion about the SL bioactiphore required to induce parasitic weed germination has been drawn (Fig. 17).

GR24 induces germination of several parasitic weed species. Nevertheless, its potency is lower than that of natural SLs such as strigol [START_REF] Zwanenburg | Structure and function of natural and synthetic signalling molecules in parasitic weed germination[END_REF]. The ABC scaffold of GR24 was inactive. In contrast, the D-ring alone was able to induce germination of P. ramosa and S.

hermonthica at high concentrations [START_REF] De Saint Germain | A Phelipanche ramosa KAI2 protein perceives strigolactones and isothiocyanates enzymatically[END_REF]. However, because D-OH is about 10,000 times less potent than (±)-GR24 at activating Striga hermonthica germination, this may not represent a biologically relevant response.

Using GR7 and GR5, the A-and B-rings were shown to be dispensable for bioactivity on S.

hermonthica and O. crenata (Fig. 17) (Mangnus & Zwanenburg, 1992;[START_REF] Zwanenburg | Structure and function of natural and synthetic signalling molecules in parasitic weed germination[END_REF]. However, the EC50 of GR7 and GR5 were 100-fold higher than that of GR24 in S. hermonthica and 10-fold higher in O. crenata.

The SL precursor carlactone exhibits a similar germination-inducing activity compared to GR24

on O. minor. CLA was less active, but MeCLA was highly active compared to GR24 (Fig. 17) [START_REF] Abe | Carlactone is converted to carlactonoic acid by MAX1 in Arabidopsis and its methyl ester can directly interact with AtD14 in vitro[END_REF]. The activity of analogs with a modified D-ring has been tested. Addition of a methyl group at the C3' position of the D-ring or suppression of the methyl at the C4' position (Fig. 17) decreased GR24 bioactivity on P. ramosa and S. hermonthica [START_REF] De Saint Germain | A Phelipanche ramosa KAI2 protein perceives strigolactones and isothiocyanates enzymatically[END_REF]Mangnus et al., 1992). However, 3'-methyl-GR24 remains as active as GR24 on O. minor (Boyer et al., 2014).

Stereochemistry also modulates germination-inducing activity. The GR24 stereoisomers with a 2'R configuration displayed the highest activity, whereas those with a 2'S configuration, and in particular (-)-GR24, were poorly active on S. hermontica and P. ramosa [START_REF] De Saint Germain | A Phelipanche ramosa KAI2 protein perceives strigolactones and isothiocyanates enzymatically[END_REF]Mangnus et al., 1992;[START_REF] Thuring | Synthesis and biological evaluation of potential substrates for the isolation of the strigol receptor[END_REF].

From these SAR studies the major bioactiphore required to induce parasitic weed germination at low concentrations was proposed to be the D-ring linked to an enol-ether bridge conjugated to a carbonyl group (Takahashi & Asami, 2018). 

II-7-C) Structure-activity relationship studies on AM fungi

The structural requirements for SL activity on AMF were mainly determined by observing hyphal branching activity in germinating spores of the AM fungus Gigaspora margarita. To determine their MEC, SL analogs were loaded onto a paper disk placed in front of the tips of secondary hyphae, and were considered active if new hyphal branches developed in the vicinity of the paper disk. The observations were qualitative and the number of new hyphal branches was not counted (Akiyama et al., 2010;[START_REF] Kodama | An ancestral function of strigolactones as symbiotic rhizosphere signals[END_REF]Mori et al., 2016;[START_REF] Tokunaga | Medicaol, a strigolactone identified as a putative didehydroorobanchol isomer, from Medicago truncatula[END_REF]Xie et al., 2019).

Gi. margarita responded differentially to natural SLs. For instance, the MEC of (+)-orobanchol was a 100-fold lower compared to that of (+)-strigol (Akiyama et al., 2010). Similarly, the MEC of medicaol was lower than that of heliolactone [START_REF] Tokunaga | Medicaol, a strigolactone identified as a putative didehydroorobanchol isomer, from Medicago truncatula[END_REF]. Even if the MEC of canonical SLs was generally lower, some non-canonical SLs exhibited a low MEC, for instance this was the case of medicaol and carlactonoic acid (Mori et al., 2016;[START_REF] Tokunaga | Medicaol, a strigolactone identified as a putative didehydroorobanchol isomer, from Medicago truncatula[END_REF].

Stereochemistry also modulates hyphal branching activity (Akiyama et al., 2010). The 2'S and 2'R configurations do not affect the activity of 4DO stereoisomers (i.e. (+)-2'-epi-GR24 vs (-)-2'-epi-GR24), whereas 2'S configuration considerably decreases bioactivity of 5DS stereoisomers (i.e. (+)-GR24 vs (-)-GR24). This shows that the activities of the different stereoisomers rely on the combination of the B-C and the C-D stereochemistries.

To investigate the SL bioactiphore required for branching activity, analogs of the GR series were used. The ABC scaffold of GR24 was inactive, and so was the D-ring alone (Fig. 18). The enol-ether bridge between the C-and D-rings could be replaced by alkoxy or imino ethers without suppressing activity, even if the MEC was much higher (Akiyama et al., 2010). GR7

was active at high concentration (Akiyama et al., 2010;Besserer et al., 2006). Suppression of the A-and B-rings (GR5) of GR24 suppressed branching activity (Fig. 18). In addition, the importance of the D-ring was assessed in a recent study. Addition of a methyl group at the C3' position of the D-ring suppressed GR24 bioactivity [START_REF] Borghi | Efficiency and bioavailability of new synthetic strigolactone mimics with potential for sustainable agronomical applications[END_REF]Boyer et al., 2014).

In order to investigate the importance of the B-and C-rings, the activity of carlactone and carlactone derivatives was assessed. The MEC of carlactone was very high whereas that of its derivatives, carlactonoic acid and methyl-carlactonoate (Fig. 18), was low (Mori et al., 2016).

Thus, substitutions on C19' modulates the MEC required for branching activity. these analogs is composed of the D-ring connected to an enol-ether moiety that is conjugated with a carbonyl group. They differ in what connects the carbonyl group to the A ring. Two families of analogs were synthesized, the first carrying the A-ring of GR24 while the second carried the A-ring of 5-deoxystrigol. All these analogs were active and some of them exhibited a low MEC. In addition, the MEC of the recently discovered non-canonical SL bryosymbiol, which harbors an unclosed B-ring, was very low (Fig. 18) [START_REF] Kodama | An ancestral function of strigolactones as symbiotic rhizosphere signals[END_REF] and other noncanonical SLs harboring modified A-, B-or C-rings were active such as medicaol, a noncanonical SL harboring an extra carbon on the A-ring [START_REF] Tokunaga | Medicaol, a strigolactone identified as a putative didehydroorobanchol isomer, from Medicago truncatula[END_REF]Xie et al., 2019).

Together, these studies suggest that the B-and C-rings are dispensable and that variations on the A-ring can be tolerated (Mori et al., 2016).

In addition to the MEC, different patterns of hyphal branching induced by SL applications have been reported by several studies. The formation of low-order branches composed of long tertiary hyphae was observed after application of 5DS, orobanchol, deoxyorobanchol, while short tertiary hyphae were observed after treatment with GR24, GR7, and medicaol (Akiyama et al., 2010;[START_REF] Tokunaga | Medicaol, a strigolactone identified as a putative didehydroorobanchol isomer, from Medicago truncatula[END_REF]. [START_REF] Tokunaga | Medicaol, a strigolactone identified as a putative didehydroorobanchol isomer, from Medicago truncatula[END_REF] suggested that the structure of the A-ring determines the hyphal branching pattern. Nevertheless, the more recently characterized non-canonical lotuslactone which possesses a similar A-ring as medicaol triggered a long tertiary hyphal branching pattern, invalidating this hypothesis (Xie et al., 2019). Consistent with this observation, carlactone derivatives differing only in C-19 hydroxylation triggered different branching patterns (Mori et al., 2016).

In conclusion, individual SAR studies reveal the importance of some SL structural features for bioactivity on a range of target organisms. They represent an important first step to understand the biological relevance of the structural diversity of SLs produced by plants.

Collectively, these studies carried out on plants, parasitic weeds and AMF have led to suggest a shared bioactiphore composed of the D-ring connected to an enol-ether bridge conjugated with a carbonyl group (Fig. 19). The closest chemical structures found in natural SLs are those of carlactonoic acid and methyl carlactonoate. Both are highly active and are considered to be precursors of natural canonical and non-canonical SLs.

II-7-D) Limitations of SAR studies

The first limitation of SAR studies is that the activity of each SL analog is generally evaluated on a single effect for each organism. On the plant hormonal side, bioactivity is measured as the ability to complement the hyper-branched shoot phenotype of SL-deficient plants. Several observations show that depending on the effect measured, the activity of some compounds may vary. For instance, solanacyl acetate was reported as equally active compared to GR24 in shoot branching assays but was less able to induce SL-associated gene expression (Boyer at al., 2012). Therefore, the bioactiphore for a biological activity such as shoot branching inhibition might differ from that necessary for another activity, for instance fruit development.

In addition, a given visible effect does not necessarily always reflect the same underlying cellular processes. For instance, SAR studies performed on AMF measured the ability of SL analogs to induce hyphal branching as described for natural SLs. Nevertheless, hyphal branching can also be triggered by stresses, hence this response is not specific to SL-like activity. Besides, it is also conceivable that an SL analog activates the fungus to favor the symbiosis independently of hyphal branching. It would thus be interesting to complement hyphal branching tests with assays that evaluate more directly the fungal ability to initiate a symbiotic interaction.

The second limitation is that each SAR study is conducted on one or two species. Thus, one should avoid to draw general conclusions. This is particularly important in situations where differential responses to SL analogs across species are biologically relevant, like in the case of parasitic weeds where they likely contribute to host specificity.

The third limitation concerns the comparison of SAR studies which can involve different experimental designs. Umehara et al. (2015) have shown that SL activity could vary depending of the method of application. For example, when applied hydroponically GR5 was found to be more active than GR24, while when directly applied to axillary buds, the activity of GR5 was weaker. The authors suggested that the uptake of GR5 by the plant was not so efficient when applied on the buds. These observations raise interesting questions about the importance of the physicochemical properties of SL analogs. Properties such as volume, molecular polarity and stability might affect their uptake and transport. For example, Umehara et al. (2015) showed that 5-deoxystrigol was much less stable than GR5. Thus, the lack of effect observed in an experiment could reflect the inactivity of the compound, but also its instability or inability to penetrate into target cells.

III) Strigolactone perception III-1) First identification of plant strigolactone receptors

Characterization of SLs as plant hormones was achieved by analyzing plant mutants exhibiting a hyper-branched phenotype (Gomez-Roldan et al., 2008;Umehara et al., 2008). Several genes responsible for this phenotype were characterized as genes encoding proteins associated with SL biosynthesis. Other genes were associated with the signaling pathway. The mechanism behind SL perception was first described in 2012 with the identification of the SL plant receptor in Petunia, DAD2 (Hamiaux et al., 2012). Two studies in particular had paved the way to the identification of the plant SL receptor.

The first study [START_REF] Simons | Analysis of the DECREASED APICAL DOMINANCE genes of petunia in the control of axillary branching[END_REF], published before the identification of SLs as a plant hormone, was focused on the characterization of dwarf and hyper-branched mutants in Petunia. Using graft experiments with different combinations of mutants, two genes named DAD1 and DAD3 were shown to be affected in the production of a mobile signal in the plant (later identified as SLs). A third gene, named DAD2, was described to act in the perception or in the transduction of the branch-inhibiting signal produced by DAD1 and DAD3 [START_REF] Simons | Analysis of the DECREASED APICAL DOMINANCE genes of petunia in the control of axillary branching[END_REF]. Preliminary results indicated that DAD2 was not an ortholog of MAX2, which had been previously identified in Arabidopsis and in pea. Thus, they suggested that both genes were signaling components for the branch-inhibiting-signal [START_REF] Simons | Analysis of the DECREASED APICAL DOMINANCE genes of petunia in the control of axillary branching[END_REF]. Later the same group characterized DAD2 as the SL receptor of Petunia, as will be detailed below.

The second study (Arite et al., 2009) focused on a previously uncharacterized high-tillering dwarf mutant in rice, named d14-1 [START_REF] Ishikawa | Suppression of tiller bud activity in tillering dwarf mutants of rice[END_REF]. In order to determine whether the gene associated with the phenotype of d14-1 played a role in the SL pathway, they produced double mutants of d14-1 and d10, an SL-deficient mutant. The double mutants exhibited the same phenotype as the single mutants. However, while the phenotype of d10 could be complemented by exogenous treatment with GR24, the phenotype of d14 and the double mutants could not. Therefore, the D14 gene played a role in SL signaling rather than in SL biosynthesis. This was supported by an increased amount of SLs in root exudates of d14-1 mutants compared to root exudates of wild-type plants. The OsD14 gene was identified by map-based cloning as encoding a protein of the alpha/beta-hydrolase fold family.

III-1-A) The alpha/beta-hydrolase fold family

Alpha/beta-hydrolases (ABHs) are a large family of proteins found in bacteria, animals, plants and fungi (for review see [START_REF] Holmquist | Alpha beta-hydrolase fold enzymes structures, functions and mechanisms[END_REF][START_REF] Mindrebo | Unveiling the functional diversity of the alpha/beta hydrolase superfamily in the plant kingdom[END_REF] mention that ABHs share a highly conserved three-dimensional core architecture but their protein sequences are highly variable. For example, some ABHs have less than 10% sequence similarity but share very similar three-dimensional structures.

In plants, some ABHs have been recruited in hormonal pathways [START_REF] Mindrebo | Unveiling the functional diversity of the alpha/beta hydrolase superfamily in the plant kingdom[END_REF]. For example, salicylic acid binding protein (SABP2) is an esterase that regulates the level of free salicylic acid in plants. Surprisingly, a similar enzyme is present in bacteria of the genus Paenibacillus, named PnbE [START_REF] Wilkinson | Extracellular alpha/betahydrolase from Paenibacillus species shares structural and functional homology to tobacco salicylic acid binding protein 2[END_REF]. PnbE shares only 25% sequence homology with SABP2. Nevertheless, comparison of the two proteins showed that their core structure and the position of catalytic residues were similar. In vitro characterization of PnbE demonstrated that the enzyme could bind salicylic acid and exhibited a methyl salicylate esterase activity similar to that of SABP2 [START_REF] Wilkinson | Extracellular alpha/betahydrolase from Paenibacillus species shares structural and functional homology to tobacco salicylic acid binding protein 2[END_REF]. Although the origin of PnbE has not been studied, it is interesting to note that some microorganisms that interact with plants have acquired the ability to metabolize plant hormones by recruiting enzymes belonging to the ABH family. More surprisingly in a family of enzymes, the gibberellin receptor GID1 has been characterized as an ABH in the lipase subfamily (Ueguchi- [START_REF] Ueguchi-Tanaka | GIBBERELLIN INSENSITIVE DWARF1 encodes a soluble receptor for gibberellin[END_REF]. GID1 has lost its enzymatic function due to the loss of the catalytic histidine residue, and is able to bind GA [START_REF] Davière | Gibberellin signaling in plants[END_REF][START_REF] Ueguchi-Tanaka | GIBBERELLIN INSENSITIVE DWARF1 encodes a soluble receptor for gibberellin[END_REF]. This triggers a conformational change in GID1 allowing the GID1-GA complex to recruit an SCF-E3-ubiquitin-ligase-complex through the F-BOX protein SLY1. Then, the complex interacts with DELLA proteins, ubiquitinating them and causing their degradation by the 26S proteasome. The destruction of DELLA proteins allows the release of transcriptional repression, thereby inducing the expression of GA-responsive genes.

III-1-B) Identification of DA2, a plant strigolactone receptor

In 2012, Hamiaux et al. identified DAD2 as an ortholog of rice D14. Plants mutated for dad2

were insensitive to (±)-GR24, confirming that DAD2 was involved in the perception of SLs [START_REF] Simons | Analysis of the DECREASED APICAL DOMINANCE genes of petunia in the control of axillary branching[END_REF]. The ability of recombinant DAD2 to bind SLs was first investigated using differential scanning fluorimetry (DSF) assay. In these tests, the melting temperature (Tm) of a target protein in presence or absence of a putative substrate is measured. The interaction between a protein and a compound is reflected by a shift in the melting temperature of the protein in the presence of the compound. This assay has since become a standard reference method to study the interaction between SLs and their receptors. In the presence of (±)-GR24, the Tm of DAD2 was significantly decreased. The authors were the first to establish that DAD2 could bind SLs, and proposed that the destabilization of DAD2 in presence of (±)-GR24 was due to conformational changes, possibly through movement of the lid. The crystal structure of DAD2 was solved revealing that its three-dimensional structure is composed of a 7-stranded β-sheet "core" domain flanked by seven α-helices and a lid composed of four α-helices and connected to the core by a short β-hairpin (Fig. 20). A large hydrophobic cavity lined by seven phenylalanine residues was described between the core and the lid domain and the size of the cavity, named binding pocket, was sufficient to accommodate SL molecules. By comparing the structure of DAD2 with that of GID1, the canonical ABH catalytic triad was identified as the set of S96, H246 and D217 residues. Unexpectedly, the structure of DAD2 and the presence of these three amino acids prompted the authors to suspect that DAD2 may have retained catalytic activity. Using thin layer chromatography and LC-MS analysis, they showed that DAD2 catalyzed the hydrolysis of (±)-GR24 to yield the ABC tricyclic lactone of GR24. To investigate the possibility that DAD2 produced bioactive compounds from SLs, they tested the effect of the hydrolysis products on bud growth in planta, and found that these products were inactive. Interestingly, the Tm shift in DSF assays was no longer observed with two catalytic triad mutants: DAD2 S96A and DAD2 H246A , both of which exhibited a strongly decreased hydrolase activity. This suggested that the conformational change of DAD2 might be induced by SL degradation. In addition, DAD2 S96A was no longer able to complement the phenotype of dad2 mutants, suggesting that the hydrolase activity of DAD2 was required to trigger the SL signaling pathway in planta. Finally, DAD2 interacted with MAX2 in an SL-dependent manner (Hamiaux et al., 2012). Taken together, the results presented in this study highlighted a very particular mechanism of SL perception, in which the DAD2 receptor has retained an enzymatic activity that appears to be essential to activate the SL signaling pathway.

A year later, three different groups reported the crystal structure of rice and Arabidopsis D14 [START_REF] Kagiyama | Structures of D14 and D14L in the strigolactone and karrikin signaling pathways[END_REF]Nakamura et al., 2013;Zhao et al., 2013). Nakamura et al. (2013) obtained the crystal structure of AtD14 in the presence or absence of GR7. They revealed that the D-ring was trapped inside the binding pocket of D14. Surprisingly, they did not observe large structural changes between the SL-free and the D-OH-bound D14 crystal structures.

Mutation of the catalytic histidine residue abolished the capacity of D14 to interact with SLR1, a component of the SCF complex and decreased the hydrolase activity of the protein. The authors suggested that the hydrolysis of SLs led to the formation of the D-OH-bound-D14 complex, allowing its interaction with signaling proteins and the transduction of the SL signal (Nakamura et al., 2013). In parallel, Zhao et al. (2013) obtained the crystal structure of both OsD14 and AtD14 covalently bound to a GR24-degradation intermediate. They reported that a nucleophilic attack of the catalytic serine on GR24 leads to the hydrolysis of GR24 and the release of the ABC moiety, while the intermediate D-ring product remains bound to the catalytic serine (Zhao et al., 2013). At the same time, two studies identified the SL repressor D53 which interacts with D14 in an SL-dependent manner. In the presence of SL, the D53 protein is degraded by the 26S proteasome via MAX2 [START_REF] Jiang | DWARF 53 acts as a repressor of strigolactone signalling in rice[END_REF][START_REF] Zhou | D14-SCF D3 -dependent degradation of D53 regulates strigolactone signalling[END_REF].

Mutation at any site of the catalytic triad of D14 weakens the interaction between D53 and D14 and results in less degradation of D53 [START_REF] Jiang | DWARF 53 acts as a repressor of strigolactone signalling in rice[END_REF]. The methyl-butenolide moiety of GC240 (orange) is identical to the conserved D-ring of SLs. GC242 harbors an extra methyl at the C3' position of the D-ring (green), while GC486 lacks the methyl at the C4' position (grey). In planta, GC240 and GC242 are active on shoot branching in pea (green dots) while GC486 is inactive (red dot).

III-2) Different models of plant strigolactone perception III-2-A) The hydrolysis-dependent model of strigolactone perception

In 2016, two studies made major advances in deciphering the mechanism of SL perception. de Saint Germain et al. ( 2016) identified the ortholog of AtD14 in pea, named RMS3. Using DSF assays they observed that RMS3 was destabilized in the presence of (±)-GR24 and that RMS3 hydrolyzed (±)-GR24. In addition, mutation of the catalytic serine or histidine residue abolished the ability of the receptor to be destabilized by SLs and to hydrolyze them. To investigate the kinetics of RMS3 enzymatic activity, the authors designed profluorescent SL analogs, referred to as the GC series (Fig. 21). GC240 is composed of a 6,8-difluoro-7-hydroxy-4-methylcoumarin26 (DiFMU) linked to the D-ring. Upon hydrolysis the fluorophore (DiFMU) is released, allowing to quantify the receptor hydrolytic activity through the increase of fluorescence. They observed a biphasic time course of fluorescence increase, consisting of a burst phase followed by a plateau phase that was reached within 5 min of incubation. Thus, they hypothesized that the turnover to release the D-ring was extremely slow, suggesting a strong interaction between the D-ring and RMS3. Using mass spectrometry, they detected a mass shift corresponding to the D-ring covalently bound to RMS3 and more specifically to the catalytic histidine (de Saint Germain et al., 2016). The same authors designed two GC analogs exhibiting either an extra methyl at the C3' position of the D-ring (named GC242) or the suppression of the methyl group at the C4' of the D-ring (named GC486) (Fig. 21). Interestingly, they demonstrated that GC486 which did not have biological activity on pea was cleaved by RMS3 significantly more rapidly compared to GC240 and GC242 which were active on pea.

This faster hydrolysis was correlated with the absence of covalent binding between RMS3 and GC486 probe. Thus, the methyl group at the C4' of the D-ring, conserved in all natural SLs, is essential for the formation of the covalent complex between the catalytic histidine and the D- Covalently-Linked Intermediate Molecule: CLIM). The authors suggested that CLIM represents a novel active hormone related to SLs, that is generated by AtD14-mediated SL hydrolysis and sealed inside AtD14 through covalent binding with the catalytic histidine and probably also with the catalytic serine (Yao et al., 2016).

The model emerging from these two studies has since been challenged and other models independent of SL hydrolysis have been proposed. of D14, allowing it to hydrolyze SLs. Then, upon SL cleavage the SL receptor can in turn be polyubiquitinated by the SCF -D3 complex and degraded by the proteasome. In this model, the hydrolysis of SL is not required for signal transduction but occurs afterwards, to regulate homeostasis of the substrate [START_REF] Shabek | Structural plasticity of D3-D14 ubiquitin ligase in strigolactone signalling[END_REF].

III-2-B) The hydrolysis-independent model

The second study (Seto et al., 2019) established a link between the ability of SL analogs to be active in plants and their ability to induce a melting temperature shift of AtD14 in DSF assays.

This correlation is in line with the hypothesis that SLs induce conformational changes of SL receptors to allow the recruitment of partner proteins. However, this correlation is no longer found when it comes to link the biological activity of SL analogs to their capacity to be cleaved by SL plant receptors. Indeed, the SL analogs debranones are bioactive on plants and can induce a conformational change of AtD14, but are only poorly hydrolyzed by AtD14. From this observation, the authors raised the question of whether receptor-mediated SL hydrolysis is required for signal transduction, challenging the SL hydrolysis-dependent model.

To Next, they evaluated the correlation between the hydrolytic activities of recombinant AtD14 mutated for one of the three catalytic residues (AtD14 S97A , AtD14 D218A , and AtD14 H247A ) and the capacity of the corresponding genes to restore responses to SLs in Atd14 mutants. The hydrolase activity of the three recombinant proteins in vitro was drastically reduced (Seto et al., 2019) and Atd14 mutants expressing AtD14 S97A or AtD14 H247A were deficient for SL

responses. Yet, the most striking result of this study was that expression of AtD14 D218A fully restored responses to SLs in Atd14 mutants. Thus, despite lacking hydrolase activity, AtD14 D218A was still able to trigger SL signaling in planta. The activity of AtD14 D218A was confirmed by the capacity of this protein to interact with SMXL7 in an SL-dependent manner in yeast two-hybrid assays, and with MAX2 in yeast three hybrid. Moreover, plants expressing AtD14 D218A were more sensitive to GR24 treatment, which may be explained by the accumulation of GR24 due to the lack of hydrolytic degradation of GR24 by AtD14 D218A . Thus, they proposed that the hydrolytic degradation of SLs by D14 would only serve to deactivate bioactive SL to prevent an excessive SL response. In addition, another Arabidopsis mutant, AtD14 R183H , could not complement the phenotype of Atd14 mutants which was confirmed by the incapacity of AtD14 R183H proteins to interact with SMXL7 protein. Yet AtD14 R183H protein could still exhibited similar hydrolase activity compared to AtD14 (Seto et al., 2019).

In Arabidopsis, AtD14 has been shown to undergo 26S proteasome-dependent degradation [START_REF] Chevalier | Strigolactone promotes degradation of DWARF14, an α/β hydrolase essential for strigolactone signaling in Arabidopsis[END_REF]. mutants exhibited developmental phenotypes such as reduced growth of the thallus, which could not be restored upon (+)-GR24 application. Biochemical analysis showed that MpKAI2

was not able to bind SLs harboring a 2'R configuration but rather could bind to 2'S stereoisomers, similarly to the KAI2 receptor in angiosperms. This suggested that MpKAI2

does not mediate the perception of SLs but rather has a similar function to that of the angiosperm KAI2 proteins [START_REF] Kodama | An ancestral function of strigolactones as symbiotic rhizosphere signals[END_REF]. Because M. paleacea SL-deficient mutants did not show any developmental phenotypes, the authors hypothesized that SL does not function as an endogenous hormone in bryophytes, as these lack of a receptor capable of perceiving SLs. To test their hypothesis, the authors expressed an angiosperm SL receptor, III) Strigolactone perception -53 -AtD14, in Mpkai2 mutants. In these transgenic lines, treatment with GR24 stereoisomers harboring the 2'R configuration was able to rescue the developmental phenotype. This showed that M. paleacea was not able to respond to SLs due to the lack of a cognate SL receptor.

A recent study examined the taxonomic distribution of the KAI2 gene family outside the plant kingdom using BLAST searches. Significant homologs were found in bacteria and streptophytes and annotated as RsbQ proteins. Phylogenetic analyses suggested that the plant KAI2 gene family was acquired from bacteria by horizontal gene transfer, probably before the emergence of streptophyte algae [START_REF] Wang | Origins of strigolactone and karrikin signaling in plants[END_REF].

III-4) Strigolactone perception in mosses

In the genome of the moss Physcomitrium patens, 13 KAI2-LIKE (PpKAI2L) genes were and the biological role of these proteins remains to be discovered. Unfortunately, the authors were unable to produce recombinant proteins in the clade (JGM). Nevertheless, in the dark the caulonema number in the triple mutants no longer decreased in presence of (+)-GR24, suggesting that PpKAI2L (JGM) might act as SL receptors.

To conclude, it can be proposed that SL perception arose in P. patens through neofunctionalization of some KAI2-like paralogs, resulting in convergent evolution with regards to D14-mediated SL perception in angiosperms. Nevertheless, differences exist between the moss and angiosperm pathways since P. patens seems to respond to SLs independently of PpMAX2, and none of the PpKAI2L genes could significantly rescue the branching phenotype of the Arabidopsis d14 kai2 double mutant [START_REF] Lopez-Obando | The Physcomitrium ( Physcomitrella ) patens PpKAI2L receptors for strigolactones and related compounds function via MAX2dependent and -independent pathways[END_REF].

III-5) Strigolactone perception in parasitic weeds

Parasitic weeds use a very sensitive mechanism to detect SLs, at concentrations as low as picomolar, as an indication of the proximity of a host plant. By searching homologs of SL and KAR plant receptors in the genome of parasitic weeds, two major studies have shed light on the evolutionary process that gave rise to the SL dependency of germination in these species.

Gene sequence analysis revealed a large expansion of KAI2/ HYPOSENSITIVE TO LIGHT (HTL) copy number in parasitic weed species (Conn et al., 2015;Toh et al., 2015), while a single homologous copy of D14 was found in different species of parasitic and non-parasitic plants belonging to the Lamiidae clade. The number of KAI2/HTL copies depends on the parasitic weed species: for example, S. hermonthica has 13 KAI2 paralogs, while S. asiatica has 21 (Conn et al., 2015;[START_REF] Yoshida | Genome Sequence of Striga asiatica Provides Insight into the Evolution of Plant Parasitism[END_REF] KARs but not to SLs, while KAI2d binds to SLs but not to KARs [START_REF] Nelson | The mechanism of host-induced germination in root parasitic plants[END_REF]. In agreement, the latter proteins harbor binding pockets which resemble that of AtD14 (Conn et al., 2015;Toh et al., 2015;[START_REF] Xu | Structural basis of unique ligand specificity of KAI2-like protein from parasitic weed Striga hermonthica[END_REF].

In order to investigate whether KAI2d proteins are SL receptors or simply SL-binding proteins, several approaches have been used. Briefly, in vitro characterization showed that KAI2d proteins were able to hydrolyze SLs (Xu et al., 2018). In addition, calorimetry assay, differential scanning fluorimetry (DSF) and nano-DSF showed that KAI2d proteins have a high affinity for several SLs [START_REF] De Saint Germain | A Phelipanche ramosa KAI2 protein perceives strigolactones and isothiocyanates enzymatically[END_REF]Wang et al., 2021c). Last, in cross-species complementation experiments, KAI2d genes from S. hermonthica and P. ramosa were able to restore responses to SLs in Atd14 mutants [START_REF] De Saint Germain | A Phelipanche ramosa KAI2 protein perceives strigolactones and isothiocyanates enzymatically[END_REF][START_REF] Nelson | The mechanism of host-induced germination in root parasitic plants[END_REF]Toh et al., 2015). Together, these results demonstrated that KAI2d proteins are SL receptors.

One of the proteins of Striga hermonthica, ShHTL7, has received a lot of interest due to its high sensitivity to SLs. The mechanisms of SL perception and signal transduction of ShHTL are similar to those of SL receptors in non-parasitic plants. Upon hydrolysis of SLs, a covalent binding to the D-ring occurs. The complex ShHTL7-CLIM is formed and allows the recruitment of ShMAX2 (Yao et al., 2017). Using molecular dynamics simulations, Burger et al. (2020) suggested that SLs could sometimes enter into the plant receptor binding pocket but in the wrong orientation, which prevents their hydrolysis. The binding pockets of SL receptors in parasitic weeds would be flexible enough to allow the reorientation of the SL molecule and its subsequent hydrolysis [START_REF] Bürger | In-silico analysis of the strigolactone ligand-receptor system[END_REF]. [START_REF] Wang | Molecular basis for high ligand sensitivity and selectivity of strigolactone receptors in Striga[END_REF] showed that ShHTL7 was more efficient than AtD14 at positioning (+)-GR24 in the right orientation to be hydrolyzed. In conclusion, it appears that the hypersensitivity of ShHTL7 is the result of its enhanced ability to bind and hydrolyze SLs, and its flexibility to switch from an inactive to an active state (for review, see [START_REF] Nelson | The mechanism of host-induced germination in root parasitic plants[END_REF].

Parasitic weed germination can also be triggered by other compounds that have no common structural features with SLs, such as ITCs (isothiocyanates). Interestingly, ITCs are perceived by the same receptors as SLs [START_REF] De Saint Germain | A Phelipanche ramosa KAI2 protein perceives strigolactones and isothiocyanates enzymatically[END_REF]. This shows the high flexibility of these receptors to perceive a wide range of molecules.

III-6) Strigolactone perception in AM fungi

Mycorrhizal fungi respond to a wide variety of SLs at very low concentrations, however the mechanisms of SL perception remain unknown. To date, there is no hint available in the literature as to the nature of fungal SL receptors. No strong homologs of plant SL receptors have been identified so far in AM fungal genomes using sequence alignments (BLAST). To overcome the lack of mutants in AMF, [START_REF] Fiorilli | A structural homologue of the plant receptor D14 mediates responses to strigolactones in the fungal phytopathogen Cryphonectria parasitica[END_REF] searched for fungal SL receptors in the plant pathogenic fungus Cryphonectria parasitica, for which mutants can be generated.

They identified a structural homologue of D14, which could covalently bind and cleave (+)-GR24 in vitro [START_REF] Fiorilli | A structural homologue of the plant receptor D14 mediates responses to strigolactones in the fungal phytopathogen Cryphonectria parasitica[END_REF]. The weakness of the C. parasita model is that this fungus only responds to SLs at high concentrations (in the range of 10 to 100 µM). Furthermore, the observed response is a reduction of fungal colony diameter. The sensitivity and developmental responses triggered by SLs are quite different inAM fungi, suggesting that the associated perception and signaling mechanisms are also different. In my PhD project, we took a more directapproach to gain insight into the nature of SL receptors in AM fung

Thesis outline

The Mycormones project aims to study the importance of phytohormones in the biology of mycorrhizal fungi. My contribution concerns more specifically the perception and responses to SLs in these fungi.

The first chapter aims to enrich the SAR studies regarding SLs and AMF. The use of SL analogs bearing variations on the D-ring has improved the understanding of SL perception in plants.

However, activities on AMF of these analogs have not yet been tested. We thus decided to use such analogs in a SAR study based on two different bioassays.

The second chapter focuses on the characterization of SL perception mechanisms in AMF.

Prior the beginning of my thesis, preliminary data obtained by the team suggested that AM fungal SL receptor shared structural and functional features with plant SL receptors. Following this hypothesis, eight putative SL receptors were identified in the genome of the AM fungus Rhizophagus irregularis. One of the major goals of my thesis was to characterize these proteins. Their capacities to bind and to cleave SL analogs were evaluated in vitro. To investigate their biological function, the results of the SAR study (chapter 1) were compared with the ability of these SL analogs to bind and/or to be cleaved by the candidate proteins, and the activity of inhibitors known to target SL plant receptors was assessed.

The third chapter aims to investigate whether phytohormones could be transferred between plants connected by a common mycorrhizal network (CMN). Experimental setups were designed and implemented to address the transport of hormones between Medicago or tomato plants connected by a CMN. I will briefly report the results of this part of my PhD project.

Finally, I will propose a general discussion of my results as well as perspectives for future developments of this work. 

Experimental procedures I) Strigolactone activity in a context of symbiotic interaction

To investigate the bioactivity of SL analogs in a context of interaction with a host plant, the team developed a dedicated bioassay. This bioassay investigates the capacity of SL analogs to restore root colonization in plant mutants affected in SL biosynthesis. M. truncatula ccd8 mutants (Lauressergues et al., 2015) were inoculated with spores of R. irregularis, and the number of infection units was assessed at an early stage of the symbiotic interaction. Infection units were defined as areas of the root cortex that host fungal structures (arbuscules, vesicles or intraradical hyphae), and derive from a single epidermal penetration event [START_REF] Kobae | The infection unit: an overlooked conceptual unit for arbuscular mycorrhizal function[END_REF].

Detailed methods are described in [START_REF] Taulera | Initiation of arbuscular mycorrhizal symbiosis involves a novel pathway independent from hyphal branching[END_REF]. It is important to note that the capacity of SL analogs to restore root colonization in the mutants can result from their activity on the AM fungus, on the host plant or on the interaction itself.

In the second year of my thesis, we observed in these assays the colonization of Mtccd8 roots by an unidentified fungus. In addition to its potential effects on the symbiosis, its presence prevented an accurate assessment of root colonization. After many attempts to perform this bioassay in different growth rooms and conditions, we could not eliminate this unwanted fungus. Consequently, some experiments could not be repeated, and some compounds could not be tested at all.

II) Hyphal branching bioassay II-1) Remarks about experimental designs used in the literature

Assays described in the literature to measure the bioactivity of SLs on AMF usually document hyphal branching of germinated spores of Gigaspora margarita treated with SLs, following the protocol of Akiyama et al. (2005) (Akiyama et al., 2010;[START_REF] Kodama | An ancestral function of strigolactones as symbiotic rhizosphere signals[END_REF]Mori et al., 2016;[START_REF] Tokunaga | Medicaol, a strigolactone identified as a putative didehydroorobanchol isomer, from Medicago truncatula[END_REF]Xie et al., 2019), with the exception of a few studies on R. irregularis (Besserer et al., 2006;[START_REF] Cohen | Structure-Function Relations of Strigolactone Analogs: Activity as Plant Hormones and Plant Interactions[END_REF]. Although the protocol of Akiyama et al. (2005) was helpful to test a large number of compounds at various concentrations, it suffers from several limitations.

Figure 22. Experimental setup to study the activity of SL analogs on the hyphal development of R. irregularis in vitro

SL analogs were diluted into the medium. One to three spores of R. irregularis were deposited per droplet, and each Petri dish contained 20 deposits. After 12 days of incubation, the length of germ tube and number of 1 st -and higher-order branches were determined using a dissecting microscope.

Chapter 1 Structure-activity relationships of strigolactones on R. irregularis -59 -First, the SL analogs are loaded onto a paper disk placed in front of hyphal tips. Therefore, the exact concentration of SL analogs to which the fungus is exposed is not known.

A second limitation relates to the evaluation of branching activity. SL analogs are considered active if new ramifications are observed in the vicinity of the paper disk, and the minimum effective concentration (MEC) is derived from these observations. The number of new hyphal branches is not counted, hence this test does not quantitatively estimate the level of activity.

A third limitation is the number of spores analyzed. Only three to five spores are analyzed per treatment. The protocol does not specify how many treated spores should display enhanced branching for an SL analog to be considered bioactive. This is an important question as the authors report that hyphal branching is occasionally observed in negative control treatments.

Finally, the MECs of different SL analogs determined in separate studies are often compared with one another (for example, the activity of a compound tested in Xie et al., 2019 can be compared with the activity of another compound reported in Akiyama et al., 2005).

This can be questioned since experimental conditions may vary slightly, and more importantly the behavior of the biological material fluctuates over time. In our group we have experienced some versatility in the response of Gigaspora rosea to SLs. This fungus does not display a clearcut branching/no branching response, but variable numbers of new hyphal branches.

Similarly, we observed variations in the behavior of R. irregularis, even in the mock treatment.

This makes it necessary to include negative and positive controls in each experiment, and to avoid comparisons of compounds tested in separate experiments.

II-2) Development of a new bioassay

Rhizophagus irregularis as a model For many years Rhizophagus irregularis has been used as a model species to study AMF.

Considerable knowledge, including genomic and transcriptomic data, has been accumulated during this time. In addition, we have a partnership with the company Agronutrition which can supply us with large amounts of R. irregularis spores obtained in axenic conditions and free of plant contaminants. For these reasons, R. irregularis was chosen as model species for my PhD, although its hyphal branching responses to SLs are not as easily visible as in Gigaspora spp. Another reason to use R. irregularis is that it allows to extend the data available in the literature to a different species of AMF, and thus to evaluate the diversity of SL responses across distant AMF species. 

Methods

Spores purchased from AgroNutrition (strain DAOM197198) are packaged in a long-term storage buffer. In order to eliminate this buffer and allow germination, the spore suspension was diluted in sterile water for two days, then washed with a large volume of sterile water on a 40 µm sieve before use.

Tested compounds were directly diluted into the medium after autoclaving to expose the fungus to known concentrations of SL analogs. All compounds were tested at a concentration of 100 nM. Droplets of 10 µL of spore suspension were laid down on the surface of the medium, to get an average of three to five spores per droplet. After 12 days of incubation, the length of the germ tube and the number of branches were recorded for each germinated spore (Fig. 22). Each treatment was applied to 200 to 400 spores distributed in 6 to 10 plates.

For statistical analyses, each plate was treated as a replication unit, represented by its mean values.

I defined several rules to ensure a consistent counting of hyphal branches. For most spores, a single germ tube emerged out of the suspensor hypha (Fig. 23A). The branches emerging from this germ tube were counted as 1 st -order branches (Fig. 23D,E,F), and those emerging from 1 st -order branches were recorded as higher-order branches (Fig. 23E,F). There were however a few exceptions to this standard behavior:

• Two or even three hyphae could emerge from the same suspensor hypha (Fig. 23B). In this case, the germ tube was defined as the longest of these hyphae.

• In the case of anastomosis (Fig. 23H), all branches were counted and the mean number of branches was assigned to both spores.

• Occasional contact of hyphae with the Petri dish induced the emergence of 1 st -order branches. As this was unrelated to SL responses, these branches were not counted.

• Finally, two situations were excluded from analysis: when two or more spores shared the same suspensor hypha (Fig. 23C), and when spores exhibited ultra-ramified septated hyphae close to the spore.

On average, in addition to the controls, four compounds were tested per experiment. The data presented in figures correspond to a representative experiment. The statement "the experiment was performed twice" refers to two experiments testing the same compounds. In some cases, two compounds were tested together in one experiment and then a second time Chapter 1 Structure-activity relationships of strigolactones on R. irregularis -61 -in separate experiments. This situation is reported as "the compound was tested twice", to indicate that the comparison between this compound and the positive and negative controls has been validated, but that the comparison between the different compounds has not been repeated.

Two modifications were made to the protocol described in [START_REF] Taulera | Initiation of arbuscular mycorrhizal symbiosis involves a novel pathway independent from hyphal branching[END_REF] for the experiments that followed:

• Some batches of spores contained a significant amount of residual dead hyphae that could interfere with fungal development or its observation. To remove these dead hyphae, the spore suspension was diluted in sterile water in a Petri dish and left to sediment for 3 minutes. The spores sank to the bottom of the Petri dish, while residual hyphae remained close to the surface and could be removed by pipetting.

• I noticed a cooperative effect between spores, which could be assimilated to quorum sensing. When more than five spores were laid down together, a significant increase in spore germination and hyphal branching was observed. To avoid any impact on the results, deposits containing more than five spores were excluded from analysis in the experiments described in the published article. In subsequent experiments I used a dissecting microscope to lay down a maximum of three spores per droplet (Fig. 22).

R. irregularis spore germination

Dedicated experiments were carried out to monitor spore germination over time in the presence of SL analogs. These experiments were performed in 96-well plates, in liquid M medium (Bécard & Fortin, 1988) supplemented with one of the tested compounds at 100 nM or the solvent alone (mock). A single spore was added into each well. The plates were sealed using micropore tape and incubated at 30 °C under 2% CO2. The germination rate was recorded after 5, 7, 9 and 12 days. For each treatment 5 to 8 rows of 12 spores were analyzed.

For statistical analysis, each row was treated as a replication unit (represented by its germination rate).

Statistical analyses

Datasets were analysed using one-way ANOVA followed by Fisher's least significant difference (LSD) test when they met normality or homoscedasticity criteria. Otherwise, non-parametric tests were used: Kruskal-Wallis test was followed by pairwise comparisons with Mann and Whitney's test. Data were analysed using Statgraphics Centurion software (SigmaPlus). 

Abstract

The arbuscular mycorrhizal symbiosis is a very common association between plant roots and soil fungi, which greatly contributes to plant nutrition. Root-exuded compounds known as strigolactones act as symbiotic signals stimulating the fungus prior to root colonization.

Strigolactones also play an endogenous role in planta as phytohormones and contribute to the regulation of various developmental traits. Structure-activity relationship studies have revealed both similarities and differences between the structural features required for bioactivity in plants and arbuscular mycorrhizal fungi. In the latter case, bioassays usually measured a stimulation of hyphal branching on isolated fungi of the Gigaspora genus, grown in vitro. Here, we extended these investigations with a bioassay that evaluates the bioactivity of strigolactone analogs in a symbiotic situation, and the use of the model mycorrhizal fungus Rhizophagus irregularis. Some general structural requirements for bioactivity reported previously for Gigaspora were confirmed. We also tested additional strigolactone analogs bearing modifications on the conserved methylbutenolide ring, a key element of strigolactone perception by plants. A strigolactone analog with an unmethylated butenolide ring could enhance the ability of R. irregularis to colonize host roots. Surprisingly, when applied to the isolated fungus in vitro, this compound stimulated germ tube elongation but inhibited hyphal branching. Therefore, this compound was able to act on the fungal and/or plant partner to facilitate initiation of the arbuscular mycorrhizal symbiosis, independently from hyphal branching and possibly from the strigolactone pathway. 
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Introduction

Strigolactones (SLs) are carotenoid-derived compounds produced by plants and exuded by roots into the rhizosphere. They were first characterized as germination stimulants for seeds of the parasitic weeds Striga and Orobanche (Cook et al., 1966). It was later discovered that SLs also stimulate arbuscular mycorrhizal (AM) fungi (Akiyama et al., 2005;Besserer et al., 2006), Carotenoid Cleavage Dioxygenase (CCD) enzymes. CCD7 carries out a first cleavage step yielding 9-cis-β-apo-10′-carotenal, which is processed by CCD8 into the common SL precursor carlactone (Alder et al., 2012;[START_REF] Bruno | Insights into the formation of carlactone from in-depth analysis of the CCD8-catalyzed reactions[END_REF]. From that step the pathway diverges among plant species to afford a diversity of SL forms (Jia et al., 2018).

which
Over 30 different natural SLs have been described to date (Yoneyama et al., 2018;Xie et al., 2019;Mori et al., 2020), and numerous chemically synthesized analogs are available (Takahashi & Asami 2018). Canonical SLs comprise four carbon rings named A to D. This general structure is mimicked in GR24 (Fig. 1a), a synthetic compound used as a universal analog in SL studies [START_REF] Johnson | The preparation of synthetic analogues of strigol[END_REF]Zwanenburg & Pospisil 2013). In known natural SLs, the ABC tricyclic lactone is linked by an enol ether bridge to an invariable methylbutenolide D ring. While the C ring can adopt a β-or an α-orientation, all natural SLs have the same R-configuration at the C-2' position, which corresponds to the configuration of their common precursor carlactone [START_REF] Flematti | Stereospecificity in strigolactone biosynthesis and perception[END_REF]. Non-canonical SLs comprise an enolether-D-ring moiety but lack the A, B or C rings, and include carlactone as their simplest form (Yoneyama et al., 2018).

Chapter 1 Structure-activity relationships of strigolactones on R. irregularis -66 -Structure-Activity Relationship studies have been carried out to link SL structural features with their bioactivity on different organisms. Each study used a different set of SL analogs and measured particular biological responses on a given species. Still, some general conclusions can be drawn from these data. Hormonal activities in pea, rice and Arabidopsis have generally been measured on SL-deficient ccd8 mutants (rms1, d10 and max4, respectively). In all three plant species, bioactivity largely depends on the methylbutenolide D ring associated with an enol ether unit. At the other end of this enol ether bridge, the C ring can be replaced by an acyclic moiety without substantial loss of activity (Boyer et al., 2012;Boyer et al., 2014;Umehara et al., 2015). The importance of stereochemistry varies among plant species [START_REF] Flematti | Stereospecificity in strigolactone biosynthesis and perception[END_REF]. As for variations on the D ring, the conserved methyl group at C4' is absolutely required to suppress outgrowth of pea buds (Boyer et al., 2012). The importance of the D ring has been further supported by recent studies on plant SL receptors (de Saint-Germain et al., 2016;Yao et al., 2016). These receptors, called D14 in rice and Arabidopsis, DAD2 in Petunia and RMS3 in pea, belong to the alpha/beta-hydrolase fold family of proteins (Arite et al., 2009;Hamiaux et al., 2012;Nakamura et al., 2013;Zhao et al., 2013). In a proposed mode of action of these receptors, a nucleophilic attack on the D ring results in the cleavage of SLs and the release of the ABC moiety. The D ring forms a transient covalent linkage with the receptor and is later released as hydroxymethylbutenolide (de Saint Germain et al., 2016;Yao et al., 2016;Seto et al., 2019). The use of profluorescent SL analogs has revealed that the conserved methyl at position C4' on the D ring strongly influences this hydrolytic process (de Saint Germain et al., 2016;Yao et al., 2018). SL receptors of root parasitic weeds seem to share their general properties, including hydrolytic activity, with SL receptors from other plants (Yao et al., 2017;Xu et al., 2018).

Ancient paralogs of SL receptors are involved in the perception of chemically related signals called karrikins (Bythell-Douglas et al., 2013). Karrikins are produced upon combustion of plant material and possess like SLs a butenolide moiety. In an ecological context, karrikins stimulate seed germination of some plant species and thereby facilitate vegetation recovery following wildfires. They turned out to be of broader interest when it was discovered that Arabidopsis mutants in the karrikin receptor KAI2 exhibit germination and seedling development phenotypes, suggesting that a yet unidentified signal (termed karrikin-like or KAI2 ligand, KL) exists in plants to regulate these developmental steps (Conn and Nelson 2016). Interestingly, in addition to the perception of karrikins and KL, KAI2 is involved in the response to a subset of SL stereoisomers (namely those with a 2'S configuration, Scaffidi et al., Chapter 1 Structure-activity relationships of strigolactones on R. irregularis -67 -2014). A final and very intriguing observation is that rice mutants in the karrikin receptor KAI2 are unable to develop AM symbiosis (Gutjahr et al., 2015). At this stage it remains unclear whether the cause of this phenotype is the absence of the protein itself, or a defect in the perception of a fungus-or plant-derived signal.

The discovery of a role for SLs in AM symbiotic signaling stemmed from the observation that AM fungi grown in vitro exhibit profuse hyphal branching in the vicinity of host roots. This morphological response can be reproduced to some extent in isolated fungi grown in vitro and treated with root exudates mixed into the medium or applied locally near hyphal tips (Nagahashi et al., 1996;Nagahashi & Douds 1999;Buée et al., 2003). SLs were later identified as essential components of the so-called "branching factor" responsible for this effect (Akiyama et al., 2005;Besserer et al., 2006). Other fungal responses to SLs have been reported, such as increased spore germination (Besserer et al., 2006;[START_REF] Kountche | Effect of the strigolactone analogs methyl phenlactonoates on spore germination and root colonization of arbuscular mycorrhizal fungi[END_REF] or the production of chito-oligosaccacharides (Genre et al., 2013). Nevertheless, hyphal branching remains the classical bioassay to measure SL activity on AM fungi. It is mainly carried out on species of the genus Gigaspora, although hyphal branching induction by GR24 has also been documented in the model AM fungus Rhizophagus irregularis [START_REF] Cohen | Structure-Function Relations of Strigolactone Analogs: Activity as Plant Hormones and Plant Interactions[END_REF]. Structure-activity relationship studies on Gigaspora margarita have highlighted that linked ABC and D moieties were necessary for bioactivity, although the enol ether bridge between the C and D rings could be replaced by alkoxy or imino ethers (Akiyama et al., 2010a). Truncation of the A ring markedly reduced hyphal branching activity (Akiyama et al., 2010a). In contrast, the B and C rings appear partially dispensable, as attested by the activity of some carlactone derivatives (Mori et al., 2016) and other non-canonical strigolactones (Xie et al., 2019). Although canonical SLs are generally more active, some non-canonical SL forms can reach high levels of activity on AM fungi. For example, carlactonoic acid, which is exuded by a wide range of plant species, has been proposed to be a common inducer of hyphal branching (Yoneyama et al., 2018). It is also noteworthy that active SL analogs can trigger different hyphal branching patterns, stimulating the formation of short or long hyphae of different orders (Akiyama et al., 2010;Mori et al., 2016;Xie et al., 2019).

In addition to this morphological response of AM fungi to SLs in vitro, the importance of SLs in AM symbiosis was first shown through the analysis of SL-deficient pea mutants. AM fungi displayed a reduced ability to colonize these mutants, reaching a level of root colonization of only one third of the level observed in WT plants (Gomez-Roldan et al., 2008). Therefore, in addition to their visible effects on fungal development in vitro, SLs are important for the symbiotic interaction to take place.

In this article, we focus on SL bioactivity on the AM fungus R. irregularis. We report the development of a novel bioassay to measure the activity of SL analogs in symbiotic conditions.

We also extend previous structure-activity relationship studies by testing two new SL analogs bearing modifications on the D ring.
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Materials and Methods

Biological material

The study was carried out on Medicago truncatula Gaertn. transposon insertional mutants of the R108 genotype: ccd8-1, ccd7-1 and d14-1 (Lauressergues et al., 2015). Backcrossed homozygous ccd8-1 and ccd7-1 mutants were compared to their wild-type siblings.

Homozygous d14-1 mutants were compared to wild-type R108. Seeds were sterilized and allowed to germinate for 24 h as described in Lauressergues et al., (2015).

Rhizophagus irregularis spores (strain DAOM197198) were purchased from Agronutrition (France). They were rinsed twice with sterile water before use. Chemicals (±)-GR24 was purchased from Chiralix (The Netherlands), and corresponding enantiopure stereoisomers were purchased from StrigoLab (Italy). The two other SL analogs (Fig. 1b) were synthesized as described in Boyer et al. (2012). All SL analogs were dissolved in acetone and stored at 20 °C. Freshly prepared 1000X stock solutions in acetone were added to the nutrient solution. An identical volume of acetone was added to nutrient solution for the mock treatments.

Plant growth and AM inoculation

Seedlings were transferred to 50 mL Falcon tubes pierced at the bottom (three holes in the conical part of the tubes) and containing sterilized substrate (OilDri UK) inoculated with 150 spores of R. irregularis per plant: 75 spores mixed with the substrate and 75 spores added halfway up the Falcon tube. Each tube was inserted through the lid, pierced to the diameter of the Falcon tube, of a 150 mL pot containing 85 mL of nutrient solution. This volume was sufficient for the duration of the experiments (three weeks). At the start of experiments, the nutrient solution level in pots reached roughly the lower 20 mL mark of the Falcon tubes, then it decreased gradually due to evaporation and plant growth. Throughout the experiments, the substrate acted as a coarse wick to keep all the tube content wet but aerated. At the time of harvest, the holes at the bottom of the tubes were still under the nutrient solution surface. The nutrient solution was a modified half-strength low-phosphate and low-nitrogen Long Ashton solution [START_REF] Hewitt | Sand and water culture methods used in the study of plant nutrition[END_REF], containing 7.5 µM Na2HPO4, 750 µM KNO3, 400 µM Ca(NO3)2, 200 mg/L MES buffer, pH 6.5. Treatments were applied by adding the tested compounds to the nutrient solution at the beginning of the experiment. The concentration of the tested compounds was 100 nM unless otherwise stated. Plants were kept in a growth chamber under a 16 h photoperiod (light intensity: 300 µmol•m -2 •s -1 ). The temperature was set to 22 °C day and 20°C night, with 70% humidity. They were cleared in 10% KOH (w/v) for three days at room temperature and stained with Schaeffer black ink (Vierheilig et al., 1998) for 8 min at 95 °C. Whole root systems were examined under a Leica RZ75 stereomicroscope, and the total number of AM infection units was counted for each plant. Infection units were defined as areas of the root cortex that host fungal structures (arbuscules, but also vesicles and intraradical hyphae), and derive from a single epidermal penetration event [START_REF] Kobae | The infection unit: an overlooked conceptual unit for arbuscular mycorrhizal function[END_REF].

Analysis of AM fungal development in vitro

Experiments were carried out in plates containing M medium [START_REF] Bécard | Early events of vesicular-arbuscular mycorrhiza formation on Ri T-DNA transformed roots[END_REF] without sucrose and solidified with 0.4% (w/v) phytagel. SL analogs (100 nM), or the solvent alone for mock treatments, were added to the medium after autoclaving. Spores of R. irregularis were suspended in sterile water and 10 µL droplets containing 1 to 5 spores were placed on the medium. Plates were incubated horizontally at 30 °C under 2% CO2 for 12 days. Germ tubes could easily be identified as the longest hypha coming out of each spore. Their length, from spore to tip and excluding any branches, was measured using ImageJ software after scanning the plates. The number of hyphal branches of the 1 st order (growing from the germ tube) and 2 nd order (growing from 1 st -order branches) was determined using a dissecting microscope for each germinated spore. The average length of germ tubes, and average number of branches of each order were calculated for all the germinated spores on a plate (typically 30 to 40 spores).

For statistical analysis, each plate was treated as a replication unit (represented by the plate mean) and 11 plates were analysed for each treatment.

Statistical analyses

Data were analysed using Statgraphics Centurion software (SigmaPlus). Non-parametric tests were used because normality or homoscedasticity criteria were not met. Datasets were analysed using the Kruskal-Wallis test, followed by pairwise comparisons with Dunn's test. 

Results

A novel bioassay to measure the effect of SLs on symbiosis initiation We aimed to assess the bioactivity of SL analogs in a context of interaction with a host plant.

To avoid any interference with endogenous SLs, we used as hosts M. truncatula mutants affected in the SL biosynthetic pathway. We have previously described ccd7-1 and ccd8-1 mutants of this species, which are affected in genes encoding two key enzymes in SL biosynthesis (D. Lauressergues et al., 2015). On average, Mtccd8-1 mutants inoculated with spores of R. irregularis exhibited after three weeks of co-culture only 2 root colonization events per plant, vs 21.7 in wild-type plants. Exogenous treatment with the SL analog (±)-GR24 supplied in the nutrient solution restored normal levels of root colonization (Fig. 2a). A similar defect in root colonization was observed with Mtccd7-1 mutants (Supp. Fig. 1a). In contrast, mutants carrying a mutation in the SL receptor D14 were normally colonized (Supp. Fig. 1b).

Bioactivity of SL analogs on symbiosis initiation: a structure-activity relationship study

The ability of (±)-GR24 to favour symbiosis initiation, i.e. to enhance root colonization of Mtccd8-1 mutants by R. irregularis (Fig. 2a), allowed us to use this experimental set-up as a bioassay to test the activity of other SL analogs. The first tested compounds were the ABC and D moieties of GR24, which can be generated by the hydrolase activity of plant SL receptors (Hamiaux et al., 2012). We observed that the tricyclic ABC lactone or the hydroxymethylbutenolide D-ring supplied individually, or as an equimolar mix, were unable to restore R. irregularis ability to colonize roots of Mtccd8-1 mutants (Supp. Fig. 2).

We next tested the importance of SL stereochemistry. Synthetic SL analogs exist in four stereochemical configurations (Fig. 1a). We compared the biological activities of the four enantiopure stereoisomers of GR24. Three of them were highly active in symbiotic conditions, while (-)-GR24 was not significantly active as compared with the mock treatment (Fig. 2b).

We then evaluated two compounds bearing modifications on the conserved D ring part of SLs.

A GR24 analog with a reduced C3'-C4' bond, (±)-H2-2'-epi-GR24 (Fig. 1b; compound 35 in Boyer et al., 2012), was able to restore symbiosis initiation in Mtccd8-1 mutants inoculated with R. irregularis (Fig. 3a). Like (±)-GR24, (±)-H2-2'-epi-GR24 exhibited significant activity at the standard concentration of 100 nM (Dunn's test vs mock treatment, P=0.017). However, its activity was not statistically significant at 10 nM (P=0.052).

Finally, we evaluated an analog lacking the conserved methyl group at C4': (±)-4'-desmethyl-2'-epi-GR24 (Fig. 1b). This compound efficiently promoted the symbiosis between R. Chapter 1 Structure-activity relationships of strigolactones on R. irregularis -72 -irregularis and M. truncatula (Fig. 3b). To compare the bioactivity of (±)-4'-desmethyl-2'-epi-GR24 to that of (±)-GR24, we used a dilution series of the two compounds. (±)-4'-desmethyl-2'-epi-GR24 was significantly active at concentrations down to 10 nM (Dunn's test, P=0.003).

Contrary to (±)-GR24, however, it failed to exhibit significant activity at 1 nM (Fig. 3b).

Activity of (±)-4'-desmethyl-2'-epi-GR24 on fungal development in vitro To investigate the effects of (±)-4'-desmethyl-2'-epi-GR24 on R. irregularis in terms of presymbiotic growth and hyphal morphology, we recorded fungal development from spores laid on solid medium and exposed to (±)-GR24, (±)-4'-desmethyl-2'-epi-GR24 or a mock treatment. The SL analogs were diluted into the medium rather than applied locally, which ensures uniform treatment of all spores and allows knowing precisely the SL concentration to which the fungus is exposed. After 12 days of incubation the germ tube was measured, and the number of 1 st -order and 2 nd -order hyphal branches was determined (Fig. 4). Treatment with (±)-GR24 increased the number of 1 st -and 2 nd -order branches (Fig. 4a). Germ tubes were shorter in R. irregularis treated with (±)-GR24 than in control fungi (Fig. 4b). In contrast, (±)-4'desmethyl-2'-epi-GR24 stimulated the elongation of the germ tube (Fig. 4b), while the number of 1 st -order and 2 nd -order branches was lower than in the control treatment (Fig. 4a). On average across three repeats of the experiment shown in Fig. 4, (±)-4'-desmethyl-2'-epi-GR24 increased germ tube length by 23 %. It triggered 2.1-fold and 6.5 fold reductions of the number of 1 storder and 2 nd -order branches, respectively. Together, results presented in Fig. 4a and Fig. 3b indicate that this compound markedly inhibits hyphal branching, while it can efficiently restore fungal colonization of Mtccd8 mutant roots. 

Supplementary data (±)-ABC=CHOH (±)-D-OH
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Discussion

In the present work, we aimed to extend previous structure-activity relationship studies for SL activity on AM fungi. These studies have essentially been based on in vitro hyphal branching assays. Although such tests are extremely sensitive to SLs and informative from the point of view of fungal development, the relevance of hyphal branching to the symbiosis has not yet been firmly established. It is therefore of interest to supplement these observations with an assessment of SL bioactivity in a context of interaction with a host plant. An obvious obstacle to this in wild-type plants is the presence of endogenous SLs that could mask the activity of added compounds. We thus took advantage of M. truncatula mutants affected in the SL biosynthesis pathway. Consistent with the fact that the CCD7 and CCD8 enzymes act consecutively in this pathway (Alder et al., 2012), Mtccd7-1 and Mtccd8-1 mutants display similar defects in mycorrhizal root colonization. Mtccd8 mutants were preferred for the rest of the study because CCD8 is to the best of our knowledge specifically involved in SL biosynthesis, while CCD7 activity can also lead to the formation of C14 and C13 apocarotenoids which could be involved in the progression of AM intraradical colonization [START_REF] Vogel | SlCCD7 controls strigolactone biosynthesis, shoot branching and mycorrhiza-induced apocarotenoid formation in tomato[END_REF][START_REF] Andreo-Jimenez | Ecological relevance of strigolactones in nutrient uptake and other abiotic stresses, and in plant-microbe interactions belowground[END_REF]Walter et al., 2007;[START_REF] Stauder | Strigolactone Levels in Dicot Roots Are Determined by an Ancestral Symbiosis-Regulated Clade of the PHYTOENE SYNTHASE Gene Family[END_REF]. Unlike mutants in the SL biosynthesis pathway, mutants affected in the SL receptor D14 were not hampered in their ability to host mycorrhizal interactions (Supp. Fig. 1). This observation is consistent with the analysis of corresponding mutants in rice (Yoshida et al., 2012) and indicates that hormonal effects of SLs in planta are not required for the symbiosis to take place. Therefore, defective mycorrhizal colonization of Mtccd8-1 and Mtccd7-1 mutants can be attributed to insufficient stimulation of the fungal partner.

The reduced mycorrhizal capacity we observed in M. truncatula ccd8-1 mutants is more severe than that reported in corresponding mutants of other species like pea (Foo, et al., 2013;Gomez-Roldan et al., 2008), rice (Kobae et al., 2018;Yoshida et al., 2012) or Petunia (Kretzschmar et al., 2012). One hypothesis to explain this discrepancy could be the presence of biochemically undetectable residual SLs in some of those other mutants, or alternatively the production in these species of other compounds able to stimulate AM fungi. In any case, the very strong defect in mycorrhizal colonization observed with Mtccd8-1 mutants, together with the complete restoration of root colonization upon treatment with exogenous SLs (Fig. 2a), allowed the development of a reliable bioassay to assess the bioactivity of SL analogs in symbiotic conditions. Importantly, since the read-out is the number of root colonization sites, bioactivity Chapter 1 Structure-activity relationships of strigolactones on R. irregularis -74 -encompasses the stimulation of any biological process allowing the fungus to progress from spore germination to successful root colonization.

A structure-activity relationship study was undertaken using this bioassay. All tested compounds were variations of the widely used SL analog GR24. In the first part of this study, we evaluated compounds that have already been tested for hyphal branching activity on G. margarita (Akiyama et al., 2010a). The ABC and D moieties, supplied individually or as an equimolar mix, were inactive (Supp. Fig. 2). Thus, SL cleavage products released upon SL perception by the host plant (and possibly by the fungus) do not by themselves stimulate the interaction between R. irregularis and M. truncatula. Among stereoisomers of GR24, (+)-GR24, (+)-2'-epi-GR24 and (-)-2'-epi-GR24 exhibited similar levels of bioactivity, while (-)-GR24 was inactive (Fig. 2b). These observations show consistency between hyphal branching tests (Akiyama et al., 2010a;[START_REF] Artuso | Stereochemical Assignment of Strigolactone Analogues Confirms Their Selective Biological Activity[END_REF] and our root colonization-based bioassay.

They also indicate that the corresponding structural requirements are shared between R. irregularis and G. margarita. Preferences for SL stereochemical configurations vary across plant species (Boyer et al., 2012;Scaffidi et al., 2014;Umehara et al., 2015, Flematti et al., 2016). We did not observe such discrepancies among the two distant AM fungus species that have been considered so far, although available data are insufficient to conclude that stereochemical requirements are broadly conserved among AM fungi.

In the second part of the structure-activity relationship study, we included compounds bearing modifications on the methylbutenolide D ring. This invariable component of all known natural SLs is of utmost importance for SL perception by plants, but analogs with variations on this part of the molecule have not yet been tested on AM fungi. We first investigated the importance of the C3'-C4' double bond of the D ring. Analysis of (±)-H2-2'-epi-GR24 revealed that reduction of the double bond resulted in a moderate decrease of bioactivity on R. irregularis (Fig. 3a). This effect was comparable to that observed on pea bud elongation (Boyer et al., 2012), while the loss of activity on rice tillering and on Striga and Orobanche seed germination was more pronounced (Umehara et al., 2015;Yamauchi et al., 2018). It was recently shown that the C3'-C4' double bond could be reduced to a single bond in the presence of root exudates (Yamauchi et al., 2018). Because this yielded compounds with limited activity on shoot branching and parasitic seed germination (Boyer et al., 2012;Umehara et al., 2015;Yamauchi et al., 2018), it was postulated that this modification could represent a biochemical pathway to inactivate SLs. Given that the biological reduction of this double bond is less effective on natural SL forms (Yamauchi et al., 2018), and that the resulting compounds retain some activity Chapter 1 Structure-activity relationships of strigolactones on R. irregularis -75 -on R. irregularis, this reduction process seems unlikely to interfere significantly with AM symbiotic signaling.

We then focused on the conserved methyl group at C4' of the butenolide D ring. Based on the current understanding of the SL biosynthetic pathway, this methyl group comes from the SL precursor 9-cis-β-carotene [START_REF] Bruno | Insights into the formation of carlactone from in-depth analysis of the CCD8-catalyzed reactions[END_REF]. Studying the effects of (±)-4'-desmethyl-2'epi-GR24, which lacks this methyl group, led to the most striking observations in our study.

Indeed, this compound retains high activity to promote the initiation of symbiosis, as well as on the isolated fungus. These results contrast with observations made on pea: removal of the methyl group at C4' resulted in a complete loss of ability to suppress shoot branching in planta (Boyer et al., 2012), and altered the binding and hydrolytic properties of SL analogs with the pea SL receptor RMS3 (de Saint-Germain et al., 2016).

Our observations of R. irregularis development in vitro raised interesting questions about the relevance of pre-symbiotic fungal development to the initiation of symbiosis. As expected, (±)-GR24 stimulated 1 st -and 2 nd -order branching (Fig. 4). This confirmed previous observations [START_REF] Cohen | Structure-Function Relations of Strigolactone Analogs: Activity as Plant Hormones and Plant Interactions[END_REF] and showed that the experimental conditions were adequate to detect positive effects of SL analogs on hyphal branching. Interestingly, germ tubes were shorter in R. irregularis treated with (±)-GR24 than in control fungi, a response that to our knowledge has not been reported previously. In contrast, (±)-4'-desmethyl-2'-epi-GR24 stimulated elongation of the germ tube and inhibited the formation of new hyphal branches, which to our knowledge is a novel combination of effects. This complete contrast with the effects of (±)-GR24 may reflect a trade-off between hyphal branching and extension growth. Still, although some SL analogs stimulate the formation of long branches of low order rather than the formation of many short high-order branches (Akiyama et al., 2010a;Mori et al., 2016;Xie et al., 2019), an inhibition of branching is quite unusual. Such effects have been reported in root-exuded compounds from non-host species and were accompanied by a similar inhibition of hyphal growth (Akiyama et al., 2010b). In our case, the branching inhibition cannot be attributed to toxicity because treatment with the same compound stimulated germ tube elongation and enhanced fungal ability to colonize roots. Positive effects on hyphal elongation are common: root exudates and a number of compounds therein, like flavonoids, polyamines or jasmonate, trigger this response in Rhizophagus or Gigaspora species (Elias & Safir 1987;[START_REF] Scervino | Flavonoids exhibit fungal species and genus specific effects on the presymbiotic growth of Gigaspora and Glomus[END_REF][START_REF] Chen | Polyamines stimulate hyphal branching and infection in the early stage of Glomus etunicatum colonization[END_REF]Nagata et al., 2016). Over the years, such effects have however not attracted as much attention as hyphal branching, which is considered a hallmark of fungal stimulation by its host. It is commonly assumed that hyphal branching itself is important to Chapter 1 Structure-activity relationships of strigolactones on R. irregularis -76 -increase the chances for the fungus to encounter a host root, although this idea has not been supported by experimental evidence. Alternatively, hyphal branching could be a mere sideeffect of important physiological or metabolic changes induced by SLs. Our observations challenge both hypotheses, as they indicate that hyphal branching and root colonization capacity can be uncoupled. Another implication is that important bioactive compounds may have escaped identification due to the focus on hyphal branching in previous studies. That (±)-4'-desmethyl-2'-epi-GR24 was active on isolated R. irregularis (Fig. 4) indicates the existence of a fungal signaling pathway for this compound. Furthermore, the effects are the opposite of those observed upon treatment with (±)-GR24. This rules out the possibility that the fungal SL receptor is simply permissive to the absence of the methyl group at C4'. Rather, it points towards a perception system that allows discriminating between C4'-methylated and unmethylated forms of GR24, activating two different pathways to trigger different biological responses. This situation brings to mind an interesting parallel with the activation of homologous, yet distinct pathways by SLs and karrikins in plants. The main active karrikin form in Arabidopsis, KAR2, is likely structurally similar to endogenous plant compounds such as the elusive KL. Its unmethylated butenolide moiety is identical to the D-ring of (±)-4'desmethyl-2'-epi-GR24, and the absence of a methyl group at C4' is important to activate the KL rather than SL pathway in Arabidopsis (Yao et al., 2018). Like plants, AM fungi could possess two pathways to deal with methylated and unmethylated butenolides. If the ability of (±)-4'-desmethyl-2'-epi-GR24 to restore the symbiosis in Mtccd8 mutants is to be explained by effects on the fungus alone, this hypothesis implies that activation of the "unmethylated butenolide" pathway somehow makes the SL pathway dispensable.

An alternative and non-exclusive possibility is that in addition to stimulating the fungus, (±)-4'-desmethyl-2'-epi-GR24 acts on the plant host to facilitate fungal entry into roots. This hypothesis is consistent with the importance of the receptor protein KAI2 for AM symbiosis in rice (Gutjahr et al., 2015). Its ortholog in Arabidopsis seems strongly involved in the perception of C4'-unmethylated butenolides such as KAR2 [START_REF] Villaécija-Aguilar | SMAX1/SMXL2 regulate root and root hair development downstream of KAI2-mediated signaling in Arabidopsis[END_REF]. Therefore, it can be envisaged that a KAI2 protein in M. truncatula responds to unmethylated butenolides in a way that favours root colonization by AM fungi. Such unmethylated butenolides would comprise (±)-4'-desmethyl-2'-epi-GR24 as well as potential plant-or fungus-derived signals.

At this stage, we do not have data to either support or rule out this possibility.

Interestingly, untreated Mtccd8-1/R. irregularis co-cultures failed to establish a successful interaction, but the exogenous supply of either (±)-GR24 or (±)-4'-desmethyl-2'-epi-GR24 was Chapter 1 Structure-activity relationships of strigolactones on R. irregularis -77 -sufficient to restore the symbiosis. This suggests that, in addition to the expected absence of SLs, natural equivalents of (±)-4'-desmethyl-2'-epi-GR24 or their receptors are absent or inactive in these co-cultures. Further investigations will be needed to understand how the two fungal pathways, and possibly a plant pathway responding to (±)-4'-desmethyl-2'-epi-GR24, interplay to allow the initiation of symbiosis.

In conclusion, our structure-activity relationship analysis on the broad requirements for SL structure and stereochemical configuration was congruent with previous hyphal branching assays. A focus on D-ring modifications, however, revealed that hyphal branching is not always a good proxy to estimate symbiosis-relevant bioactivity. This study also highlighted the importance of the methyl group on the D-ring, and the ability of methylated and unmethylated variants to trigger differential developmental responses in the fungus. Once again, as in many key studies on SL perception by plants, synthetic analogs were instrumental to unravel new biological events. Ultimately, deciphering the perception of SLs and other butenolides by AM fungi should shed light on how these compounds evolved to become both important regulators of plant development and interkingdom mediators. 

II) Additional SAR studies on R. irregularis

Results reported in [START_REF] Taulera | Initiation of arbuscular mycorrhizal symbiosis involves a novel pathway independent from hyphal branching[END_REF] were complemented by hyphal branching tests with the following compounds: ABC lactone and the hydroxymethylbutenolide D-ring, stereoisomers of GR24 and 4'-desmethyl-GR24, two karrikins, and 3'-methyl-GR24. Spore germination assays were also carried out.

II-2) ABC lactone and D-ring moieties

ABC lactone or the hydroxymethylbutenolide D-ring supplied individually were unable to induce hyphal branching (Fig. 24). Treatment with an equimolar mix of these two compounds did not affect the formation of 1 st -order branches, and led to a modest but significant increase of higher-order branches (Fig. 24).

II-3) GR24 stereoisomers

The activities of the four enantiopure stereoisomers of GR24 were tested. In line with their activity in Mtccd8 bioassays [START_REF] Taulera | Initiation of arbuscular mycorrhizal symbiosis involves a novel pathway independent from hyphal branching[END_REF], (-)-GR24 did not show significant activity on hyphal branching, while the other three stereoisomers increased the number of 1 st -and higher-order branches. A reduction of germ tube length was only observed in the (+)-GR24 treatment (Fig. 25).

II-4) 4'-desmethyl-GR24 stereoisomers

We aimed to evaluate the effect of 4'-desmethyl-GR24 stereochemistry on R. irregularis development. Racemic mixes of two stereoisomers were available (Fig. 26A). Both (±)-4'desmethyl-2'-epi-GR24 and (±)-4'-desmethyl-GR24 treatments decreased the number of 1 stand higher-order branches (Fig. 26B). However, in contrast to (±)-4'-desmethyl-2'-epi-GR24, (±)-4'-desmethyl-GR24 did not increase germ tube length.

II-5) Karrikins

The activity of both 4'-desmethyl-GR24 stereoisomer mixes on R. irregularis indicates the existence of a fungal signaling pathway for these compounds. Their opposite effects to those of (±)-GR24 suggest a perception system that allows the fungus to discriminate between methylated and unmethylated butenolides. This pattern is reminiscent of the situation Unmethylated butenolides like (±)-4'-desmethyl-GR24 or KAR2 preferentially activate KARrelated responses, whereas methylbutenolides such as (±)-GR24 or KAR1 preferentially induce SL-related responses [START_REF] Villaécija-Aguilar | SMAX1/SMXL2 regulate root and root hair development downstream of KAI2-mediated signaling in Arabidopsis[END_REF][START_REF] Yao | Desmethyl butenolides are optimal ligands for karrikin receptor proteins[END_REF].

The ability of R. irregularis spores to respond to KAR1 and KAR2 was evaluated. Exposition to KAR1 did not trigger R. irregularis branching responses, but the length of the germ tube was slightly reduced (Fig. 27). Unexpectedly, an increase of the number of 1 st -and higher-order branches and a reduction of germ tube length were observed in response to KAR2, similarly to (±)-GR24 treatment (Fig. 27).

We next tested whether the application of KAR1 or KAR2 was able to restore the symbiotic deficiency of Mtccd8 mutants. Preliminary observations suggested that both KARs were inactive (data not shown).

II-6) 3'-methyl-GR24

To further extend structure-activity relationship studies on SL analogs bearing modifications on the D-ring, we tested GR24 analogs with an additional methyl at the C3' position. Two stereoisomer mixes were tested. (±)-3'-methyl-2'-epi-GR24 increased the number of 1 st -and higher-order branches and decreased germ tube length, while (±)-3'-methyl-GR24 had no effect (Fig. 28). In line with these observations, (±)-3'-methyl-2'-epi-GR24 could restore the ability of R. irregularis to colonize roots of Mtccd8 mutants, while (±)-3'-methyl-GR24 could not (Fig. 29).

II-7) Effect of SL analogs on hyphal morphology

We observed that the architecture and the aspect of hyphae were quite different in spores treated with the different analogs. Spores in the mock condition showed mostly white hyphae growing regularly on the medium. Spores exposed to SL analogs that induce increased hyphal branching (i.e. the three active stereoisomers of GR24, (±)-3'-methyl-2'-epi-GR24 and KAR2) showed thinner and transparent hyphae compared to the mock condition. Instead of showing a straight and regular development, the hyphae were curled and grew more angularly (Fig. 2E-G). In contrast, hyphae exposed to (±)-4'-desmethyl-2'-epi-GR24 were whiter, longer and straighter compared to the mock condition. 

Activity of (±)-3'-methyl-GR24 and (±)-3'-methyl-2'-epi-GR24 on symbiosis initiation

Mtccd8-1 mutants were inoculated with R. irregularis and watered with a nutrient solution supplemented with 100 nM (±)-GR24, (±)-3'-methyl-GR24, (±)-3'-methyl-2'-epi GR24, or the solvent alone (mock). Root colonization was assessed 3 weeks post inoculation. Bars represent the mean number of infection units per plant ± s.e.m. n = 10-12 plants per condition. Each compound was tested three times. A representative experiment is shown. Means topped by the same letter do not differ significantly according to Mann and Whitney's test (P > 0.05). 

II-8) Effect of SL analogs on R. irregularis spore germination

Aside from hyphal growth and branching, spore germination is another parameter of presymbiotic development that can be observed in response to SLs. I thus carried out timecourse experiments on R. irregularis spore germination (Fig. 30).

Treatment with ABC lactone, the hydroxymethylbutenolide D-ring or an equimolar mix did not affect spore germination (data not shown). (±)-GR24 treatment increased the germination rate significantly at the late time point (12 days). Likewise, the germination rate of spores exposed to (±)-3'-methyl-2'-epi-GR24 and (±)-3'-methyl-GR24 was significantly increased after 12 days. In contrast, (±)-4'-desmethyl-2'-epi-GR24 and (±)-4'-desmethyl-GR24 decreased the germination rate.

In addition, all four individual stereoisomers of GR24 increased the germination rate significantly after 5 days (Fig. 31). In this particular experiment, the germination rate was already high after 5 days and very few new germinating spores were observed after 7 days.

III) Effect of a newly discovered strigolactone on R. irregularis

During my thesis, I was involved in a side project to characterize a non-canonical SL newly identified by our colleagues Jean-Bernard Pouvreau and Philippe Delavault at the University of Nantes, and François-Didier Boyer at the ICSN of Gif-sur-Yvette. This work will be the focus of two articles which are currently being written. I will briefly summarize my involvement in this project.

Phelipanche ramosa is a parasitic weed that attacks among others rapeseed and hemp plants.

Two genotypes of P. ramosa show different host specificities. While the first genotype, P. ramosa 1 attacks rapeseed, the second genotype P. ramosa 2a preferentially attacks hemp.

Our colleagues were interested in identifying the molecular actors responsible for this host selectivity. They identified a seed germination stimulant of P. ramosa 2a in hemp root exudates, named cannalactone or HGS (hemp germination stimulant). Characterization of its structure revealed that cannalactone was a non-canonical SL. In vitro germination assays confirmed that seed germination of P. ramosa 2a but not P. ramosa 1 was induced by cannalactone. The minimal structure required for host selectivity was further investigated using synthetic cannalactone analogs. My contribution to this project was to test the activity on AMF of cannalactone and (±)-SdL19, the most active synthetic cannalactone analog on P. ramosa 2a germination. Both molecules were able to restore symbiosis initation in Mtccd8 mutants, in a similar manner to GR24 (Fig. 32A). Next, I investigated the activity of (±)-SdL19 on the development of R. irregularis in vitro. The presence of (±)-SdL19 increased the number of 1 st -and higher-order branches compared to the mock treatment (Fig. 32B). 

Discussion

Initiation of AM symbiosis can occur independently of hyphal branching

In the present work, we aimed to extend previous structure-activity relationship studies for SL activity on AM fungi. To this end, we developed two different bioassays. The first one was designed to study the bioactivity of SL analogs in a context of interaction with a host plant.

The second one was designed to study hyphal development of R. irregularis grown in vitro.

Using these two bioassays, we investigated the importance of the SL D-ring. One of the most unexpected observations of our study was that an SL analog lacking the methyl at the C4' position of the D-ring, (±)-4'-desmethyl-2'-epi-GR24, could restore the symbiotic defect in Mtccd8 mutants while inhibiting hyphal branching of R. irregularis. These observations challenge the widespread idea that hyphal branching reflects the ability of AM fungi to initiate root colonization. Hyphal branching has been proposed to increase the chances for the fungus to encounter a host root (Buée et al., 2020;[START_REF] Mosse | Vesicular-arbuscular mycorrhizal infections in root organ cultures[END_REF], but this idea has not been supported by experimental evidence. This visible effect of SLs may only be distantly related to their truly important impacts. In addition, hyphal branching is also observed in branched absorbing structures specialized in nutrient absorption [START_REF] Bago | Branched absorbing structures (BAS): a feature of the extraradical mycelium of symbiotic arbuscular mycorrhizal fungi[END_REF]. The fact that hyphal branching occurs in such different physiological contexts is another indication that it is not directly related to the ability of the fungus to infect a host plant.

There is little information in the literature regarding the biological significance of hyphal morphological traits (transparency, straightness etc). However, the germ tube elongation and inhibition of hyphal branching triggered by (±)-4'-desmethyl-2'-epi-GR24 could be associated with the hyphal morphology described for runner hyphae (long, white, straight hyphae without branches, Bécard & Fortin, 1988). These were first considered as exploratory hyphae, but have later been reported to be able to infect host roots (Bécard & Fortin, 1988;Frieze & Allen, 1991). Development of such hyphae could be the means by which (±)-4'-desmethyl-2'epi-GR24 stimulates symbiosis initiation in SL-deficient mutants. Does (±)-4′-desmethyl-2′-epi-GR24 create a permissive state in the plant root? An alternative, non-exclusive hypothesis to explain the ability of (±)-4′-desmethyl-2′-epi-GR24 to restore root colonization in SL-deficient plants is that this compound creates a permissive state in the root, enabling fungal entry. This hypothesis is consistent with the facts that AM symbiosis is completely abolished in kai2 mutants (Gutjahr et al., 2015[START_REF] Yao | Desmethyl butenolides are optimal ligands for karrikin receptor proteins[END_REF] and

Figure 33. Overview of the activity of the different SL analogs

The activity is similar (blue), higher (green) or lower (red) compared to the mock condition. In grey, activities that have not been tested.
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Chapter 1 Structure-activity relationships of strigolactones on R. irregularis -88 -that (±)-4'-desmethyl-2'epi-GR24 activates preferentially the KAR-related pathway through KAI2 [START_REF] Villaécija-Aguilar | SMAX1/SMXL2 regulate root and root hair development downstream of KAI2-mediated signaling in Arabidopsis[END_REF][START_REF] Yao | Desmethyl butenolides are optimal ligands for karrikin receptor proteins[END_REF]. Therefore, (±)-4'-desmethyl-2'epi-GR24 could activate the KAR pathway in plants in a way that favors root colonization. However, the fact that KAR2 (perceived in plants by KAI2 similarly to (±)-4'-desmethyl-2'-epi-GR24) is not able to restore root colonization in Mtccd8 mutants suggests that activation of the KAR pathway is no sufficient to enable root colonization. Based on these observations, it appears that the ability of (±)-4'-desmethyl-2'-epi-GR24 to restore symbiosis in Mtccd8 mutants could reflect its effects on both the fungus and the plant.

Do effects of SL analogs on spore germination have an impact on symbiosis initiation?

In previous experiments (data not shown) we observed that the number of infection units depended on the number of spores in the inoculum, and therefore indirectly on the number of germinated spores. Thus, restoration of symbiosis in Mtccd8 mutants may simply result from an increased number of germinated spores triggered by (±)-GR24. We cannot formally rule out this hypothesis. Nevertheless, (-)-GR24 increased spore germination but failed to restore symbiosis in Mtccd8 mutants, showing that a stimulation of spore germination is not sufficient. Moreover, (±)-4'-desmethyl-2'-epi-GR24 inhibited spore germination but was able to restore symbiosis in Mtccd8 mutants. Collectively, these results suggest that effects of SL analogs on spore germination have a minor impact, if any, on symbiosis initiation in our bioassays.

Importance of stereochemistry for bioactivity on R. irregularis Preferences for SL stereochemical configurations have been described in the various SAR studies performed on plants, parasitic weeds and AMF. Here we reported that among the four stereoisomers of GR24 only (-)-GR24 was inactive, indicating similar stereochemical preferences in R. irregularis and Gi. margarita (Akiyama et al., 2010).

Perception of karrikins by R. irregularis KAR1 did not show any hyphal branching activity on R. irregularis, consistent with assays performed on Gi. margarita (Akiyama et al., 2010). Because (±)-4'-desmethyl-2'-epi-GR24 and KAR2 share the unmethylated butenolide moiety, and both compounds can be perceived by the same receptor in plants and activate the KARrelated pathway, we investigated whether the fungus could respond to KAR2 similarly to (±)-4'-desmethyl-2'-epi-GR24. We observed an opposite effect to that expected. In contrast to (±)-4'-desmethyl-2'-epi-GR24, KAR2 triggered hyphal branching similarly to (±)-GR24. This Chapter 1 Structure-activity relationships of strigolactones on R. irregularis -89 -suggests that the mechanisms of (±)-4'-desmethyl-2'-epi-GR24 and KAR2 perception differ between plants and AM fungi. Spore germination, hyphal branching and germ tube elongation are regulated through different pathways The tested compounds exhibited differential abilities to affect (positively or negatively) the examined aspects of fungal development in vitro: hyphal branching, germ tube elongation and spore germination (Fig. 33). This strongly suggests that these developmental responses can be triggered by at least partly separate signaling pathways involving distinct receptors. In a natural soil environment, AM fungi are exposed to a range of (methyl)butenolide compounds released by different plant species and possibly other microbes, and their development is likely regulated through a complex interplay of such molecular signals. In addition to its activity on R. irregularis reported here, 3'-methyl-GR24 was shown to be active as a shoot branching inhibitor in pea and to induce parasitic weed germination (Boyer et al., 2014;[START_REF] De Saint Germain | A Phelipanche ramosa KAI2 protein perceives strigolactones and isothiocyanates enzymatically[END_REF].

Perspectives

Recent articles have reported major advances in the culture of AM fungi in vitro, as novel methods allowing the completion of a full developmental cycle from spores to spores have been established [START_REF] Kameoka | Stimulation of asymbiotic sporulation in arbuscular mycorrhizal fungi by fatty acids[END_REF][START_REF] Sugiura | Myristate can be used as a carbon and energy source for the asymbiotic growth of arbuscular mycorrhizal fungi[END_REF][START_REF] Tanaka | Asymbiotic mass production of the arbuscular mycorrhizal fungus Rhizophagus clarus[END_REF]. These methods rely on the supply of lipids in the form of palmitoleate or myristate, as well as organic nitrogen. [START_REF] Tanaka | Asymbiotic mass production of the arbuscular mycorrhizal fungus Rhizophagus clarus[END_REF] have reported the production of large numbers of infectious secondary spores of Rhizophagus clarus, and a positive effect of added GR24 on sporulation.

In addition to this new response to SLs, the culture system allows the continuous observation of the different stages of fungal development in vitro: germ tubes, runner hyphae, branched structures, secondary spores. It also allows to grossly monitor lipid consumption: myristate is insoluble and makes the culture medium opaque, and clear zones appear as it is taken up and used by the fungus. It would be of great interest to test additional SL analogs in this system, such as (±)-4'-desmethyl-2'-epi-GR24, to further document their effects on fungal development and physiology. Gi. rosea was grown from spores on solid M medium. Six days after, small wells were made with the tip of a Pasteur pipette at a distance of 5mm of the tip of each germ tube; 5 μl of 100 nM (±)-GR24, TFA, an equimolar mix of (±)-GR24 and TFA or the solvent alone was applied. Newly formed apices were counted 36h after molecule application. Conditions topped with the same letter do not differ significantly by Mann and Whitney's test (P > 0.05).

Chapter 2 Towards identification of strigolactone receptor(s) in R. irregularis -90 -Chapter 2 Towards identification of strigolactone receptor(s) in R. irregularis Background This second chapter focuses on the identification and characterization of putative SL receptors in AMF. Prior the beginning of my thesis, indirect evidence obtained by the team suggested structural similarities between plant and fungal SL receptors. In particular, AMF spores were able to cleave SLs into their ABC and D moieties, and an inhibitor of the Petunia SL receptor DAD2 was also able to inhibit the effect of SLs on hyphal branching in the AM fungus Gigaspora rosea (Fig. 34). Our working hypothesis was thus that like plant SL receptors, fungal receptors of SLs could also belong to the α/β-fold hydrolase family. The project developed in the following sequence of events:

• A collaboration was established with the group of Kim Snowden at Plant & Food Research, Auckland, New Zealand (notably involving Bart Janssen and Cyril Hamiaux). This group was the first to report the identification and characterization of a plant SL receptor (Petunia DAD2, Hamiaux et al. 2012). Using 3D modeling, they identified several AM fungal proteins that shared strong structural similarities with PhDAD2.

• I joined the group and focused on one of these proteins, BJ318. I obtained a corresponding recombinant protein and carried out preliminary experiments to investigate its capacities to bind and cleave SLs.

• Our long-standing collaboration with colleagues at INRAE Versailles and ICSN Gif-sur-Yvette extended to work on additional proteins with Alexandre de Saint Germain and François-Didier Boyer. They also have a great expertise in the production and characterization of plant SL receptors [START_REF] De Saint Germain | A Phelipanche ramosa KAI2 protein perceives strigolactones and isothiocyanates enzymatically[END_REF]de Saint Germain et al., 2016;Fiorilli et Chapter 2 Towards identification of strigolactone receptor(s) in R. irregularis -91 -al., 2022;[START_REF] Lopez-Obando | The Physcomitrium ( Physcomitrella ) patens PpKAI2L receptors for strigolactones and related compounds function via MAX2dependent and -independent pathways[END_REF]. I visited the Versailles lab twice during my PhD to carry out experimental work with Alexandre and François-Didier. In parallel, I carried out bioassays on R. irregularis as well as additional biochemistry experiments in our lab.

Early work on BJ318 carried out in Toulouse will be described first. The rationale used for the identification of candidate proteins, a phylogenetic analysis of the corresponding sequences and the bulk of experimental results will be presented in the form of an independent article, to be submitted soon. Finally, I will report additional results related to the characterization of candidate protein Prior the beginning of my thesis, Bart Janssen had started to produce recombinant proteins for some of the candidates in Escherichia coli. One of these candidates, named BJ318, was obtained in relatively large quantities. In our laboratory some colleagues also tried to produce BJ318 in E. coli, but with little success. Therefore, at the beginning of my thesis, my first goal was to obtain sufficient quantities of pure BJ318 protein to be able to characterize it in vitro.

To this end, I continued the production trials using two heterologous protein expression systems: E. coli and Nicotiana benthamiana.

Despite several attempts and an optimization of the experimental procedure, we were not able to sufficiently purify BJ318 produced in E. coli. Production in N. benthamiana allowed to obtain pure protein, but the quantity produced was too low to perform a complete series of in vitro experiments (Fig. 35). Nevertheless, in order to gain insight into the enzymatic activity of BJ318 and to make a decision on whether to pursue work on this protein, we used the small amount of pure BJ318 produced in N. benthamiana to study its ability to cleave SLs.

I-2) Preliminary characterization of BJ318

We performed a thin layer chromatography (TLC) experiment to observe the hydrolysis of SLs, as described by Hamiaux et al. (2012). We observed the cleavage of (±)-GR24 upon incubation with BJ318 (Fig. 35B). This encouraged us to pursue the characterization of this protein, and to this end we had BJ318 protein produced by the company Genscript.

I-3) Binding assays

In order to investigate the ability of BJ318 to bind SLs, we carried out thermal shift assays (DSF = Differential Scanning Fluorimetry, described in the Introduction) as well as thermophoresis experiments. Thermophoresis was performed in collaboration with Jean-Jacques Bono and Virginie Gasciolli (LIPME, Toulouse). This method is based on the differential mobilities of a protein vs a protein-ligand complex in a temperature gradient. In addition to giving indications Chapter 2 Towards identification of strigolactone receptor(s) in R. irregularis Chapter 2 Towards identification of strigolactone receptor(s) in R. irregularis -93 -of protein-ligand binding, it allows to estimate a binding affinity by using titration series of the ligand. If there is an interaction, the thermophoresis profile changes for each concentration of the ligand due to a change in the ratio between unbound and bound proteins. After several attempts and an optimization of buffer composition, of the BJ318/GR24 ratio and of incubation time, we were able to observe small differences of thermophoresis signals in the presence of (±)-GR24. These observations seemed promising but the differences were too small and too fluctuant to conclude (data not shown).

Using DSF, we were able to observe a shift in the Tm of the protein in the presence of the nonnatural SL (±)-3'-methyl-GR24, but not with (±)-GR24 (Fig. 35C). Together, these data suggested that BJ318 could bind SL analogs, but in the case of (±)-GR24 a robust demonstration of binding was difficult to obtain.

I-4) Cleavage assays

In parallel, we investigated the ability of BJ318 to cleave (±)-GR24 using LC-MS analysis. The concentrations of intact (±)-GR24 as well as of the ABC moiety produced upon cleavage were monitored over time as the protein was incubated with its potential substrate. This experiment showed a very fast cleavage: 1µM BJ318 could hydrolyse 5 µM of (±)-GR24 within 5 minutes (Fig. 35D). This observation could explain why we were not able to obtain clear results in thermophoresis and DSF assays: most SLs were probably cleaved at the time of measurements because of the time needed to prepare samples and to start the analysis.

Later, we ordered three additional protein candidates from Genscript. Regrettably, only BJ309 seemed to be folded correctly. BJ309 did not exhibit a typical DSF profile, preventing us from testing its ability to bind SLs. Nevertheless, using mass spectrometry, we showed that BJ309 was able to cleave (±)-GR24 (data not shown). At this point, we had two fungal proteins that were able to cleave SLs. In view of those results, during the last year of my thesis, we decided to pursue the characterization of these two proteins and other candidates. Most of this work is presented in the form of an article as follows.

Introduction

Arbuscular mycorrhizal (AM) symbiosis is an ancient root endosymbiosis associating the vast majority of land plant species with AM fungi from the Glomeromycotina subphylum. This interaction represents the most common situation of plants in all kinds of terrestrial ecosystems and agrosystems, where it greatly contributes to carbon cycling as well as plant nutrition and health. During symbiosis, the fungus provides water and nutrients such as nitrogen and phosphate to the plant (Smith & Read, 2008), while the plant supplies carbon in the form of lipids and carbohydrates to the fungus [START_REF] Luginbuehl | Fatty acids in arbuscular mycorrhizal fungi are synthesized by the host plant[END_REF]. The establishment of the AM symbiosis relies on mutual recognition between the host plant and the fungus. This is mediated by diffusible molecules secreted by both partners. One of the key signals produced and exuded by plants to stimulate AM fungi are strigolactones (SLs).

SLs are carotenoid-derived compounds, composed of an invariable methylbutenolide D-ring linked by an enol-ether bridge to a variable ABC tricyclic lactone (Fig. 1; Xie et al., 2019).

They were first characterized as germination stimulants for seeds of parasitic weeds (Cook et al., 1966). Later, SLs were demonstrated to stimulate several species of AM fungi at subnanomolar concentrations, triggering a number of cellular, metabolic and developmental responses such as the stimulation of hyphal branching (Akiyama et al., 2005;Besserer et al., 2006[START_REF] Besserer | GR24, a synthetic analog of strigolactones, stimulates the mitosis and growth of the arbuscular mycorrhizal fungus Gigaspora rosea by boosting its energy metabolism[END_REF]. More recently still, SLs were defined as a new class of phytohormones contributing to the regulation of shoot branching (Gomez-Roldan et al., 2008;Umehara et al., 2008) and to the control of other developmental processes in angiosperms [START_REF] Rameau | Strigolactones as Plant Hormones[END_REF].

The level of AM fungal colonization in SL-deficient mutants of several angiosperm species is severely decreased, and addition of SL analogs restores root colonization in these plants (Gomez-Roldan et al., 2008;[START_REF] Taulera | Initiation of arbuscular mycorrhizal symbiosis involves a novel pathway independent from hyphal branching[END_REF]Yoshida et al., 2012). In contrast, plants mutated in their SL receptor are normally colonized by AM fungi [START_REF] Taulera | Initiation of arbuscular mycorrhizal symbiosis involves a novel pathway independent from hyphal branching[END_REF]Yoshida et al., 2012). These observations, together with a fine characterization of the role of SLs in the extension of root colonization (Kobae et al., 2018), indicate that SLs mostly function in the AM symbiosis as fungal stimulants rather than endogenous plant hormones. To try to identify the ancestral function of SLs, [START_REF] Kodama | An ancestral function of strigolactones as symbiotic rhizosphere signals[END_REF] analysed mutants of Marchantia paleacea (a bryophyte), deficient in the production of the newly identified SL bryosymbiol. These mutants could not be colonized by AM fungi. However, in contrast to their angiosperm counterparts, they did not display any developmental phenotypic differences to the wild-type. The authors proposed that SLs originally functioned as signals in the AM symbiosis, and that their hormonal Chapter 2 Towards identification of strigolactone receptor(s) in R. irregularis -96 -roles evolved later [START_REF] Kodama | An ancestral function of strigolactones as symbiotic rhizosphere signals[END_REF]. Although the ability to stimulate AM fungi is by far the most ancient of SL known functions, the mechanisms of SL perception in these fungi remain unknown. In contrast, SL perception and signaling are well documented in plants. Plant SL receptors PhDAD2/OsD14/PsRMS3/AtD14 (de Saint Germain et al., 2016;Hamiaux et al., 2012;Nakamura et al., 2013;Yao et al., 2016) have been identified as alpha/beta-hydrolase fold proteins (ABHs) (Hamiaux et al., 2012). ABHs comprise a large family of proteins found in all kingdoms [START_REF] Mindrebo | Unveiling the functional diversity of the alpha/beta hydrolase superfamily in the plant kingdom[END_REF]. They exhibit a wide range of enzymatic functions including the hydrolysis of ester, peptide and carbon-carbon bonds in a variety of substrates.

Despite low sequence homology, ABHs share a highly conserved three-dimensional core architecture. Their hydrolytic activity relies on a catalytic triad composed of a serine, a histidine and an aspartate or glutamate residue. Uncommonly for receptors, SL receptors identified to date have retained their enzymatic activity through the conservation of the catalytic triad, suggesting that hydrolysis could be important for signaling. In addition to substrate hydrolysis, these receptors can covalently bind to the D-ring of SLs and undergo conformational changes, as reflected by protein melting temperature shifts observed through differential scanning fluorimetry (DSF) (de Saint Germain et al., 2016;Hamiaux et al., 2012).

The sequence of events by which SL receptors are activated to trigger the associated signaling pathway is currently under debate. Two main models have been proposed, contrasting in their requirements for ligand hydrolysis and conformational change of the receptor. The first model suggests that upon binding to their receptor, SLs undergo a cleavage between the ABC lactone and the methylbutenolide D-ring (Hamiaux et al., 2012). The latter remains covalently attached to the conserved catalytic histidine residue of the receptor (de Saint Germain et al., 2016;Yao et al., 2016), resulting in a conformational change of the receptor and the creation of a complex with an F-box protein (OsD3/AtMAX2) which targets proteins for degradation [START_REF] Jiang | DWARF 53 acts as a repressor of strigolactone signalling in rice[END_REF][START_REF] Zhou | D14-SCF D3 -dependent degradation of D53 regulates strigolactone signalling[END_REF]. In contrast, the second model proposes a cleavage-independent SL perception model (Seto et al., 2019;[START_REF] Shabek | Structural plasticity of D3-D14 ubiquitin ligase in strigolactone signalling[END_REF] in which binding to an uncleaved SL molecule triggers the conformational change of the receptor. This leads to activation of the signaling pathway and subsequent hydrolysis of SLs by the receptor, presumably to contribute to the turnover of active SLs.

From an evolutionary perspective, it has been proposed that D14 SL receptors evolved the capacity to perceive SLs through neo-functionalization of KAI2 proteins, which mediate responses to karrikins, and other currently unknown ligands [START_REF] Bythell-Douglas | Evolution of strigolactone receptors by gradual neo-functionalization of KAI2 paralogues[END_REF].

Karrikins are a set of small butenolide compounds produced upon combustion of plant material

Chapter 2 Towards identification of strigolactone receptor(s) in R. irregularis -97 - [START_REF] Flematti | A compound from smoke that promotes seed germination[END_REF]. They are thought to be structurally related to a yet unidentified endogenous plant signal (termed KAI2 ligand). KAI2 proteins cannot perceive natural SLs but respond to SLs harboring the non-natural 2'S configuration between the C-and D-rings, such as the synthetic SL analog (-)-GR24 (Fig. 1) (Scaffidi et al., 2014). Gene sequence analysis revealed a large expansion of KAI2/ HYPOSENSITIVE TO LIGHT (HTL) genes in parasitic weed species (Conn et al., 2015;Toh et al., 2015). For example, Phelipanche aegyptiaca and Striga hermonthica possess 5 and 11 KAI2-LIKE genes, respectively (Conn et al., 2015). Each protein exhibits different capacities to bind and to hydrolyze GR24 stereoisomers with 2'S or 2'R configuration. Cross-species complementation experiments revealed that several KAI2-LIKE genes from S. hermonthica and P. ramosa were able to restore responses to SLs in Atd14 mutants [START_REF] De Saint Germain | A Phelipanche ramosa KAI2 protein perceives strigolactones and isothiocyanates enzymatically[END_REF][START_REF] Nelson | The mechanism of host-induced germination in root parasitic plants[END_REF]Toh et al., 2015). This highlights that SL perception in parasitic and non-parasitic plants arose from convergent evolution of KAI2-LIKE genes (Conn et al., 2015). In addition, SLs trigger developmental responses in the moss Physcomitrium patens (Guillory & Bonhomme, 2021) but not likely in other bryophytes, suggesting that P. patens evolved the capacity to perceive SLs independently from seed plants [START_REF] Walker | Strigolactone synthesis is ancestral in land plants, but canonical strigolactone signalling is a flowering plant innovation[END_REF]. Phylogenetic analysis revealed the existence of 13 KAI2-LIKE genes in P. patens [START_REF] Delaux | Origin of strigolactones in the green lineage[END_REF][START_REF] Lopez-Obando | Structural modelling and transcriptional responses highlight a clade of PpKAI2-LIKE genes as candidate receptors for strigolactones in Physcomitrella patens[END_REF] and some of the associated proteins could bind and cleave SLs in vitro. Further genetic analysis identified two KAI2-LIKE genes involved in P. patens developmental responses to SLs in the dark [START_REF] Lopez-Obando | The Physcomitrium ( Physcomitrella ) patens PpKAI2L receptors for strigolactones and related compounds function via MAX2dependent and -independent pathways[END_REF].

It has thus been proposed that SL perception in P. patens also arose through evolutionary convergence after expansion and diversification of KAI2-LIKE genes. From these observations we hypothesize that the unknown SL receptor(s) in AM fungi may have evolved in a similar fashion.

Forward genetics have been instrumental to uncover the mechanisms of SL perception and signaling in plants. Unfortunately, as coenocytic organisms with hundreds to thousands of nuclei per cell, AM fungi are not amenable to such genetic approaches. Recently, to investigate SL perception in fungi, [START_REF] Fiorilli | A structural homologue of the plant receptor D14 mediates responses to strigolactones in the fungal phytopathogen Cryphonectria parasitica[END_REF] used the plant pathogenic fungus Cryphonectria parasitica for which mutants can be generated. They identified in this species a structural homologue of D14, which could covalently bind and cleave (+)-GR24 in vitro. Cpd14 knockout mutants exhibited a reduced response to (+)-GR24. However, there are important differences in SL responses between AM fungi and C. parasitica. The latter shows a moderate response to 100 µM (+)-GR24, and a weak and transient response to 10 µM (+)-GR24. Furthermore, the measured response is a reduction of fungal colony diameter (Belmondo et al., Chapter 2 Towards identification of strigolactone receptor(s) in R. irregularis -98 -2017; [START_REF] Fiorilli | A structural homologue of the plant receptor D14 mediates responses to strigolactones in the fungal phytopathogen Cryphonectria parasitica[END_REF]. The sensitivity and developmental responses exhibited by AM fungi are quite different (formation of new hyphal branches and enhanced respiratory metabolism are observed in response to SL concentrations in the nanomolar range or below: Akiyama et al., 2005;Besserer et al., 2006[START_REF] Besserer | GR24, a synthetic analog of strigolactones, stimulates the mitosis and growth of the arbuscular mycorrhizal fungus Gigaspora rosea by boosting its energy metabolism[END_REF]. This suggests that AM fungi have evolved receptors and signaling pathways that could be absent in other fungi.

In the present work, we aimed to investigate the mechanisms of SL perception in the model arbuscular mycorrhizal fungus Rhizophagus irregularis. We used pharmacological tools to investigate the possibility that SL perception in AM fungi also involves ABHs. Further, we identified eight ABH proteins in R. irregularis that share structural similarities with plant SL receptors. Their abilities to bind and cleave SL analogs in vitro were examined.

Materials and methods

Chemicals (±)-GR24 used in biological assays was purchased from Chiralix (The Netherlands). For biochemical assays, (±)-GR24, (+)-GR24, (±)-4'-desmethyl-GR24, GC522, (±)-GC240 and (±)-GC486 were synthesized as described in de Saint Germain et al. (2016). Tolfenamic acid [START_REF] Hamiaux | Inhibition of strigolactone receptors by N-phenylanthranilic acid derivatives: Structural and functional insights[END_REF] was purchased from Merck and KK094 [START_REF] Nakamura | Triazole ureas covalently bind to strigolactone receptor and antagonize strigolactone responses[END_REF] was kindly provided by T. Asami. All compounds were dissolved in DMSO or acetone and stored at -20 °C. Freshly prepared 1000X stock solutions in DMSO or acetone were used for each assay.

Biological material

Rhizophagus irregularis spores (strain DAOM197198) were purchased from Agronutrition (France). They were washed three times and left at 4°C in sterile water for 48h, then rinsed using a 40 µM nylon mesh with 800 mL sterile water and resuspended in a small volume of sterile water before use.

Analysis of AM fungal development in vitro

Experiments were carried out in 10 cm square plates containing 25 mL of M medium [START_REF] Bécard | Early events of vesicular-arbuscular mycorrhiza formation on Ri T-DNA transformed roots[END_REF] without sucrose and solidified with 0.4% (w/v) phytagel. Tested compounds were added to the medium after autoclaving at a final concentration of 100 nM. An equivalent concentration of DMSO or acetone (0.1% v:v) was used for mock treatments.

Using a dissecting microscope, 20 droplets of spore suspension, each containing one to three spores of R. irregularis, were placed on each plate. The plates were sealed using micropore film and incubated horizontally at 30 °C under 2% CO2 for 12 days. Germ tubes were identified as the longest hypha coming out of each spore. Their length, from spore to tip and excluding any Chapter 2 Towards identification of strigolactone receptor(s) in R. irregularis -99 -branches, was measured using ImageJ software after scanning the plates. The number of hyphal branches of the 1 st -order (growing from the germ tube) and higher-order (growing from 1 storder branches) was determined for each germinated spore.

The experiments were performed at least twice, and data presented in figures correspond to a representative experiment. For statistical analysis, each plate was treated as a replication unit (represented by the mean germ tube length and mean number of branches), and 6 to 11 plates were analyzed. Data were analyzed using Statgraphics Centurion software (SigmaPlus). Nonparametric tests were used because normality or homoscedasticity criteria were not met.

Datasets were analyzed using the Kruskal-Wallis test, followed by pairwise comparisons with Mann and Whitney's test.

Phylogenetic analysis

Each candidate protein sequence identified in R. irregularis was used as a query for a tBLASTn+ v2. 1.11 analysis (Camacho et al., 2009) using the fungal genomes available at the Joint Genome Institute's MycoCosm website. Ascomycetes and Basidiomycetes are overrepresented in this database compared to other phyla, therefore only one species for each order of these two phyla was randomly chosen. Two species in the subphylum Glomeromycota, Diversispora versicolor and Geosiphon pyriformis (Archaeosporales) were added to represent the basal evolutionary lineages of AMFs (Krüger et al., 2021). Sequences were aligned using MAFFT v7.453 (Katoh & Standley, 2013) and positions with more than 80% of gaps removed with trimAl v1.4 (Capella-Gutierrez et al., 2009). Alignments served as a matrix for tree reconstructions by the maximum likelihood method with IQ-TREE2 v2.1.2 program [START_REF] Minh | IQ-TREE 2: new models and efficient methods for phylogenetic inference in the genomic era[END_REF]. The best-fitting evolutionary model was estimated prior to reconstruction with ModelFinder (Kalyaanamoorthy et al., 2017) and branch supports estimated with 10,000 replicates of both SH-aLRT (Guindon et al., 2010) and UltraFast Bootstraps (Hoang et al., 2018). Trees were visualized and annotated in the iTOL v5 platform (Letunic & Bork, 2021).

Signal peptides were predicted using SignalP v5 (Almagro Armenteros et al., 2019) with default parameters.

3D modeling

Secondary and tertiary structures of R. irregularis ABHs were predicted with the iTasser website. Then the CASTp server was used to estimate pocket sizes for the best 3D model produced by iTasser. Predicted binding pockets were examined using Pymol for their shape, and for the presence of catalytic serine and histidine residues, as well as phenylalanine residues lining the pocket.

Chapter 2 Towards identification of strigolactone receptor(s) in R. irregularis -100 -Recombinant protein expression and purification BJ309 and BJ318 fused to a 6-His tag were produced in E. coli by GenScript Biotech (The Netherlands). The N-terminal sequences encoding predicted signal peptides of BJ309, BJ311 and BJ313 were removed, and coding sequences were optimized for expression in E. coli prior to cloning. Expression of BJ311, BJ313, BJ316, BJ317, BJ318 H208A and BJ318 S122A proteins was performed as described in de Saint Germain et al. (2016) with the following modifications.

Coding sequences were fused to a cleavable N-terminal MBP tag. Following IPTG induction, E. coli was grown at 28°C to optimize protein expression. Protein purification was performed using amylose resin for BJ318 H208A and BJ318 S122A and the MBP tag was cleaved. BJ311, BJ313, BJ316, BJ317 were purified by gel filtration and retained the MBP-tag. The identity of the purified proteins was verified using mass spectrometry.

Enzymatic assays with profluorescent probes Enzymatic assays were performed as previously described (de Saint Germain et al., 2016[START_REF] Nelson | The mechanism of host-induced germination in root parasitic plants[END_REF], using a TriStar LB 941 Multimode Microplate Reader (Berthold Technologies).

Parameters were optimized as follows: protein concentration was set to 1 µM, except for BJ318 (200 nM). For the GC522 assay (A. de Saint Germain, personal communication) the release of fluorescent coumarin was recorded with an excitation filter of 355 ± 14 nm and an emission filter of 460 ± 25 nm. Each experiment included at least two technical replicates per condition.

The enzymatic constants of BJ309 (400 nM) and BJ318 (80 nM) were estimated using a profluorescent probe concentration range of 3.125 µM to 400 µM. For competition and inhibition assays, the initial velocity was determined in the presence of 0, 1, 10 or 50 µM of (+)-GR24, TFA or KK094. Before each assay, the competitor/inhibitor was diluted into the GC522 solution, and measurements were performed as previously described (de Saint Germain et al., 2016). At least two technical replicates were performed for each condition. Data were analyzed using GraphPad Prism 8.0.2 software using non-linear regression.

Enzymatic cleavage of SL analogs Cleavage of GR24 analogs was monitored using UPLC-MS as described previously (de Saint Germain et al., 2021) with the following modifications. Ten μM was incubated with or without 2.5 μM protein for 2 hours at 25ºC. (±)-1-indanol (10 mM) was used as an internal standard.

The experiment included three technical replicates.

The hydrolysis of (±)-GR24 by BJ318 was also analyzed in a shorter time frame as follows.

Ten µM (±)-GR24 was incubated with 5 µM of BJ318, and samples were taken after one or three minutes of incubation at 25°C. Chromatographic separation was performed on a UHPLC system (Ultimate 3000 RSLc, Thermo Scientific) equipped with a phase column (ACQUITY Chapter 2 Towards identification of strigolactone receptor(s) in R. irregularis -101 -UPLC HSS T3, 2.1 x 100 mm, 1.8µm, Waters) heated at 35°C. Five-μL samples were injected.

Separation was performed at a constant flow rate of 0.3 mL.min -1 , in a gradient of solvent A (water + 0.05% formic acid) and B (acetonitrile + 0.05% formic acid): 1 min 5% B; 8 min 5% to 96% B; 1 min 96% B, and re-equilibration to the initial conditions in 3 min.

A Q-Exactive Plus mass spectrometer (ThermoFisher) was used with an electro-spray ionization source H-ESI II (ThermoFisher) operated in the positive ion mode. Full-scan analysis was performed within a mass range of m/z 50-600. Sheath gas was set to 48 psi, sweep gas to 2 psi and auxiliary gas to 11 psi. Capillary (256°C) voltage was set to 3.5 kV on Electrospray Ionization (ESI) source (413°C). Data were acquired in MS-centroid mode at a resolution of 35.000 and analyzed using Tracefinder 3.2 hardware. NanoDSF NanoDSF assays were performed as described previously [START_REF] De Saint Germain | A Phelipanche ramosa KAI2 protein perceives strigolactones and isothiocyanates enzymatically[END_REF].

Ligands were tested at a concentration of 500 μM. One technical replicate was performed for BJ311, BJ313, BJ316 and BJ317 and two replicates were performed for BJ318, BJ318 H208A and BJ318 S122A .

Analysis of protein-ligand covalent binding Detection of covalently bound ligands was performed using direct electrospray ionization (ESI)-MS under denaturing conditions, as previously described [START_REF] De Saint Germain | A Phelipanche ramosa KAI2 protein perceives strigolactones and isothiocyanates enzymatically[END_REF].

Results

Are alpha/beta-hydrolase fold proteins involved in R. irregularis responses to SLs? BLAST searches using plant SL receptors as query sequences did not yield significant homologs in the genomes of AM fungi. We thus took a different approach to try and detect meaningful similarities between fungal ABHs and plant SL receptors. We reasoned that if some fungal ABHs contribute to SL perception, they should bind similar ligands and share structural features with plant SL receptors. If such is the case, their activity may be reduced by inhibitors known to target plant SL receptors and to inhibit plant SL responses.

Two inhibitors were tested: tolfenamic acid, an N-phenylanthranilic acid derivative (Fig. 1), identified using chemical genetics against the Petunia SL receptor PhDAD2 [START_REF] Hamiaux | Inhibition of strigolactone receptors by N-phenylanthranilic acid derivatives: Structural and functional insights[END_REF]; and KK094, a triazole urea compound, synthesized to prevent SL-dependent OsD14-D53 interaction in yeast two-hybrid assays and which covalently binds OsD14 [START_REF] Nakamura | Triazole ureas covalently bind to strigolactone receptor and antagonize strigolactone responses[END_REF]. Both inhibitors were able to supress SL responses in planta [START_REF] Hamiaux | Inhibition of strigolactone receptors by N-phenylanthranilic acid derivatives: Structural and functional insights[END_REF][START_REF] Nakamura | Triazole ureas covalently bind to strigolactone receptor and antagonize strigolactone responses[END_REF]. We used in vitro bioassays to compare the effects on R. irregularis presymbiotic development of (±)-GR24 alone vs an equimolar mix of (±)-GR24 and one of the inhibitors. When exposed to an equimolar mix of TFA and (±)-GR24, R. irregularis germinating spores exhibited a reduced number of 1 st -order and higher-order branches compared to spores exposed to (±)-GR24 alone (Fig. 2A-B). Moreover, the decreased germ tube elongation triggered by (±)-GR24 was suppressed in the presence of TFA (Fig. 2C).

Treatment with TFA alone at the same concentration had no effect on either branching or germ tube growth (Fig. 2A-C). The second inhibitor, KK094, did not exhibit clear effects on hyphal branching. The number of branches was slightly lower in the (±)-GR24/KK094 mix as compared with (±)-GR24 alone, but KK094 alone had similar effects when compared to the mock treatment (Fig. 2D,E). In contrast, KK094 could clearly inhibit the effects of (±)-GR24 on germ tube elongation, but had no effect if its own on this developmental parameter (Fig. 2F).

Together, these findings indicate that chemicals targeting plant SL receptors can also interfere with R. irregularis responses to SLs.

Identification of R. irregularis ABH proteins sharing structural similarities with PhDAD2

To try to reveal structural similarities between fungal ABHs and plant SL receptors, we used 3D modelling. The predicted structures of some R. irregularis ABHs were compared with the structure of the Petunia receptor PhDAD2 determined by crystallography (Hamiaux et al., 2012). A set of fungal ABHs were scored from 0 to 10 based on their overall structure, the presence of the catalytic triad residues, and the characteristics of their binding pocket, such as its size, shape and presence of hydrophobic residues. The highest scores identified eight candidate genes in R. irregularis genome encoding proteins with potential good structural similarity with PhDAD2. These proteins are referred to as BJ309, BJ311, BJ312, BJ313, BJ315, BJ316, BJ317 and BJ318. Despite a predicted shared 3D structure with PhDAD2, the candidate proteins share little amino acid sequence identity (12 to 20%) with the plant SL receptor (Supplementary Fig. 1A). The serine and the histidine of the catalytic triad are present in all the candidate proteins, except for BJ316 in which the serine residue is replaced by an alanine (Supplementary Fig. 1B). The position of the catalytic Asp residue was not determined in the candidate proteins. Intriguingly, an N-terminal signal peptide was predicted using SignalP v5 [START_REF] Almagro Armenteros | SignalP 5.0 improves signal peptide predictions using deep neural networks[END_REF] for four proteins: BJ309, BJ311, BJ313 and BJ315.

Phylogenetic analysis

We examined the evolutionary context of the identified proteins in the fungal kingdom. To this end, each candidate protein sequence was used as a query for a tBLASTn+ analysis using the fungal genomes available at the Joint Genome Institute's MycoCosm website. After identifying 
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Chapter 2 Towards identification of strigolactone receptor(s) in R. irregularis -103 -homologs of each candidate protein, a phylogenetic analysis was performed to uncover its evolution among the fungal kingdom. Based on the phylogeny of the candidate proteins, we observed that BJ309, BJ311, BJ313, and BJ315 share a common ancestor and underwent several rounds of duplication in the Glomeromycota subphylum (Supplementary Fig. 2).

Extensive phylogenomic analysis of the presence of the signal peptide revealed that this signal peptide is more present in the subphylum Glomeromycota than in the other phyla, where only a few proteins possess it (Supplementary Fig. 2). Rare duplicated protein sequences were observed for BJ312 in the fungal kingdom. However, the protein was highly divergent in the subphylum Glomeromycota (data not shown). Homologs of BJ316 were found in most fungal phyla but were likely absent in Geosiphon pyriformis. Moreover, BJ316 underwent an independent duplication event in the Glomeromycota subphylum and its paralog corresponds to BJ317 (Supplementary Fig. 3). Last, homologs of BJ318 were found in all fungal phyla without specificity in the Glomeromycota subphylum (data not shown).

In vitro characterization of six candidate proteins

To investigate the biochemical properties of the candidate proteins, we attempted to produce corresponding recombinant proteins in E. coli. BJ311, BJ313, BJ316 and BJ317 could be produced in a soluble form and were successfully purified. Another two proteins, BJ309 and BJ318, were produced in E. coli by a company. We failed to obtain BJ312 and BJ315.

All six candidate proteins display an esterase activity

We first evaluated the esterase activity of the recombinant fungal proteins using a profluorescent probe named GC522 (A. de Saint Germain, personal communication). This probe is composed of a coumarine moiety linked to an acetate moiety (Fig. 1). Like paranitrophenylacetate, this compound can act as a generic substrate for ABHs. Upon hydrolysis the fluorophore (coumarine) is released, allowing us to evaluate the esterase activity over time as fluorescence increases. All six proteins showed hydrolytic activity towards GC522 (Fig. 3A-F), although BJ316 and BJ317 showed very low activities (Fig. 3D,E). A group composed of BJ309, BJ311 and BJ313 exhibited a higher activity (Fig. 3A,B,C). Among the six proteins BJ318 showed by far the highest esterase activity, as all the substrate was cleaved within the first seconds of incubation with the protein (Fig. 3F).

All six candidate proteins are able to cleave pro-fluorescent SL mimics To further investigate the enzymatic activities of these proteins, we used additional profluorescent molecular probes in the GC series (de Saint Germain et al., 2016). These compounds possess a methylbutenolide moiety similar to the D-ring of SLs, but the ABC moiety is replaced by a coumarine derivative (6,8-difluoro-7-hydroxy-4-methylcoumarin, DiFMU) (Fig. 1C). Because R. irregularis can perceive the unmethylated butenolide (±)-4'desmethyl-2'epi-GR24 which triggers hyphal branching inhibition and germ tube elongation [START_REF] Taulera | Initiation of arbuscular mycorrhizal symbiosis involves a novel pathway independent from hyphal branching[END_REF], we also investigated the capacities of the candidate proteins to bind and to cleave unmethylated butenolides. Two different GC probes were used. The methylbutenolide moiety of (±)-GC240 is similar to the D-ring of (±)-GR24. In contrast, (±)-GC486 lacks the methyl at C4' position like (±)-4'desmethyl-GR24 (Fig. 1C). Both probes display similar biological activities on R. irregularis as their GR24 counterparts (Supplementary Fig. 4): (±)-GC240 induces the formation of hyphal branches similarly to (±)-GR24, while (±)-GC486 decreases the number of branches like (±)-4'-desmethyl-2'epi-GR24 [START_REF] Taulera | Initiation of arbuscular mycorrhizal symbiosis involves a novel pathway independent from hyphal branching[END_REF]. These results indicate that both probes can be perceived by fungal cells despite the absence of a canonical ABC moiety.

No hydrolytic activity was observed for BJ311, BJ313, BJ316 or BJ317 towards (±)-GC240 (Fig. 4B-E). A progressive increase of fluorescence was observed for BJ311, BJ313 and BJ317 proteins incubated with (±)-GC486, showing slow hydrolysis of this unmethylated butenolide substrate. A very low residual activity was observed for BJ316 (Fig. 4B-E). BJ309 and BJ318 cleaved (±)-GC486 much more efficiently than the other candidates (Fig. 4). They displayed a short burst phase quickly followed by a plateau. In addition, low but significant hydrolytic activity was observed for both proteins towards (±)-GC240 (Fig. 4), although this activity was much lower than with (±)-GC486 and GC522. While BJ318 displayed a short burst phase, BJ309 showed progressive hydrolysis toward (±)-GC240 (Fig. 4A,F).

The enzymatic constants of BJ309 and BJ318 toward GC probes were estimated: kcat as the catalytic constant of the pre-steady-state phase (initial phase), and K1/2 as the probe concentration with half-maximal velocity (Vmax). (Supplementary Fig. 5). BJ318 exhibited a sixty-fold higher kcat than BJ309 towards GC522 (3.582 min -1 vs 0.0591 min -1 ). The two proteins exhibited similar activities towards (±)-GC486 (0.0498 min -1 vs 0.0321 min -1 ). K1/2 values of both proteins for GC522 and (±)-GC486 were in the range of 100 µM (Supplementary Fig. 5). The enzymatic parameters could not be calculated for both proteins towards (±)-GC240 because saturating substrate concentrations could not be reached. 

All six candidate proteins are able to cleave SLs analogs

We next characterized the hydrolytic activities of the fungal proteins towards SL analogs using mass spectrometry (MS) analysis. Compared with the previous experiments, this method allows the use of substrates with a typical SL structure, including an ABC moiety similar to those of natural SLs. Its main drawback is that hydrolysis cannot be followed in real time. The proteins were incubated either with a mix of (±)-GR24 and (±)-2'epi-GR24 (hereafter GR24) or with (±)-4'-desmethyl-GR24, with a four-fold excess of substrate (2.5 µM protein and 10 µM substrate). The percentage of hydrolyzed substrate was determined after two hours of incubation (Fig. 5A). AtD14 was used as a control for comparison of the hydrolytic activities of the candidate proteins with those of plant SL receptors.

BJ311 and BJ316 were unable to cleave GR24. BJ313 and BJ317 displayed a low activity towards this substrate, and BJ309 and BJ318 exhibited the highest activities: they cleaved 55% and 100% of GR24 respectively in two hours (Fig. 5A). To further document the speed of hydrolysis by BJ318, we carried out a similar experiment in a shorter time frame. This revealed a very strong hydrolytic activity of BJ318 towards (±)-GR24, with 40% of (±)-GR24 cleaved in the first minute of incubation, and 85% cleaved within 3 min (Fig. 5B).

All six fungal candidate proteins were able to hydrolyze 100% of (±)-4'-desmethyl-GR24, except BJ318 which left 50% of (±)-4'-desmethyl-GR24 intact after two hours (Fig. 5A).

TFA and KK094 interfere with BJ309 and BJ318 hydrolytic activities Our next goal was to investigate whether inhibitors of fungal responses to SLs (TFA and KK094, described above) had an impact on the biochemical properties of candidate proteins.

We took advantage of the capacity of BJ309 and BJ318 to cleave GC522 to carry out enzymatic competition assays with these inhibitors. (+)-GR24 was also used as a competitor for comparative purposes. The initial velocity of the reaction was determined using a constant concentration of protein incubated with different concentrations of GC522 to estimate Vmax and K1/2 values. This was repeated under different concentrations of competitor or inhibitors (Fig. 6). Protein concentrations were adjusted to respect the initial velocity conditions [START_REF] Brooks | Basics of Enzymatic Assays for HTS. Assay Guidance Manual[END_REF].

An increase of the apparent K1/2 and a constant Vmax value with increasing competitor concentration is indicative of a competitive inhibition. In the absence of inhibitors, hydrolysis of GC522 by BJ318 resulted in a plateau representative of a maximum of substrate cleaved. In contrast, BJ309 displayed a linear activity without reaching a plateau. Diminution of the plateau Thermostability of (A) BJ309, BJ311, BJ316 and BJ317 and (B) BJ318, BJ318 H208A and BJ318 S122A proteins in the absence of a ligand or in the presence of (±)-GR24 or (±)-4'desmethyl-GR24. For each protein, changes in fluorescence (ratio F 350nm /F 330nm ) and the first derivative for the F 350nm /F 330nm curve are plotted against the temperature. The apparent melting temperature (T m ) for each sample was determined. The experiment was performed once. The apparent K1/2 and Vmax values of BJ309 did not change with increasing (+)-GR24 concentration (Fig. 6B). When a four-fold increase in TFA-to-substrate ratio is incubated with BJ309, a small shift of the enzymatic activity was observed (Fig. 6A) reflected by an increase of the K1/2 value (Fig. 6B). A stronger increase of the K1/2 value was observed in the presence of an increased concentration of KK094 (Fig. 6B). More relevant, addition of KK094 results in the apparition of a plateau. The enzymatic activity of BJ309 toward GC522 in the presence of a four-fold excess of KK094 is almost supressed as compared to the control condition (without protein) (Fig. 6A). This is indicative of the deactivation of BJ309 by KK094.

An increased concentration of (+)-GR24 increased the K1/2 values of BJ318 (Fig. 6D) but did not change the plateau (Fig. 6C). This is indicative of a competitive inhibition. A decrease in Vmax in the presence of an increased concentration of TFA was observed, while the effect on K1/2 values was not clear. No clear effect of an increased concentration of KK094 on the enzymatic parameters of BJ318 was observed (Fig. 6D). However, the plateau was severely decreased (Fig. 6C). This is indicative of the possible deactivation of BJ318 by both inhibitors.

Thermal shift assays did not reveal conformational changes of the candidate proteins In addition to their hydrolytic properties, we investigated the ability of the recombinant proteins to bind SLs using thermal shift assays (nano differential scanning fluorimetry, or nanoDSF). In these tests, the melting temperature (Tm) of a target protein in the presence or absence of a putative ligand is measured by recording changes in tryptophan fluorescence (tryptophan emission at 330 nm and 350 nm) as the temperature increases. In the presence of a ligand a shift in the melting temperature of the protein indicates a protein-ligand interaction [START_REF] Hamiaux | The Use of Differential Scanning Fluorimetry to Assess Strigolactone Receptor Function[END_REF]. No interaction between BJ311, BJ313, BJ316, BJ317 or BJ318 with either (±)-GR24 or (±)-4'desmethyl-GR24 was recorded (Fig. 7). BJ309 did not exhibit a typical nanoDSF profile, hence this method could not be used to test its ability to bind SLs.

Mutations of the catalytic serine or histidine reduce the enzymatic activity of BJ318 towards (±)-GR24

To investigate the mechanisms of BJ318 enzymatic activity, we produced two BJ318 versions mutated for either the catalytic serine or histidine. The consequences of H208A and S122A substitutions on the catalytic properties of BJ318 were examined. BJ318 H208A and BJ318 S122A were unable to hydrolyze the GC probes, except (±)-GC486 for which a low residual activity was observed (Fig. 3,4). Both substitutions drastically reduced GR24 hydrolysis as shown by Chapter 2 Towards identification of strigolactone receptor(s) in R. irregularis -107 -mass spectrometry: less than 20% of GR24 was cleaved in two hours, vs 80% in 3 min for the WT protein. Surprisingly, both mutated proteins were slightly more efficient at cleaving (±)-4'-desmethyl-GR24 (70% after two hours, compared to 50% for the wild-type BJ318 protein) (Fig 5A). We next investigated their ability to bind SLs. Neither BJ318 H208A nor BJ318 S122A exhibited binding to SL using the nanoDSF assay (Fig. 7B). In addition, there was a significant difference in melting temperature between BJ318 and BJ318 H208A (-10°C) in the absence of any ligand (Fig. 7). This shows that the structure of BJ318 H208A is much less stable compared to the wild-type protein.

KK094 covalently binds BJ318 Tolfenamic acid and KK094 were shown to inhibit the enzymatic activity of plant SL receptors and to induce stabilization of these proteins [START_REF] Hamiaux | Inhibition of strigolactone receptors by N-phenylanthranilic acid derivatives: Structural and functional insights[END_REF][START_REF] Nakamura | Triazole ureas covalently bind to strigolactone receptor and antagonize strigolactone responses[END_REF]. We thus examined the impact of these two inhibitors on BJ318 stability using nanoDSF assays. The presence of TFA did not induce a shift of the melting temperature of BJ318 (Fig. 8A). However, an important decrease of the initial fluorescence was observed, pointing towards an interaction between BJ318 and TFA. KK094 markedly destabilized the protein, as shown by a decrease of 10°C of the melting temperature (Fig. 8A).

Finally, a possible covalent linkage of BJ318 to either (±)-GR24, TFA or KK094 was investigated by recording mass spectrometry spectra under denaturing conditions. These analyses did not reveal a mass shift when BJ318 was incubated with either (±)-GR24 or TFA (Supplementary Fig. 3,4). In contrast, in the presence of KK094 a mass shift of 145.8 m/z (corresponding to the mass of the covalently bound KK094, Nakamura et al., 2019) occurred, showing that BJ318 could covalently bind KK094 (Fig. 8B).

Discussion

Our working hypothesis was that SL receptors in AMF may have evolved in a similar fashion to those in parasitic weeds or mosses, i.e. through expansion and neofunctionalization of ABHs.

Two inhibitors known to target plant SL receptors could also inhibit R. irregularis responses to SLs. This suggests that AMF perceive SLs through ABH proteins which could share structural features with plant SL receptors. We used 3D modelling to identify eight ABH proteins of R.

irregularis showing structural similarities with the plant SL receptor DAD2.

(±)-4'-desmethyl-epi-GR24 triggered opposite developmental responses in R. irregularis compared to (±)-GR24 [START_REF] Taulera | Initiation of arbuscular mycorrhizal symbiosis involves a novel pathway independent from hyphal branching[END_REF], suggesting the existence of fungal receptors mediating responses to unmethylated butenolides. In vitro characterization revealed that (±)-4'-Chapter 2 Towards identification of strigolactone receptor(s) in R. irregularis -108 -desmethyl-GR24 was hydrolysed by all candidate proteins without inducing conformational changes. The lack of conformational changes coupled with a strong enzymatic activity towards desmethylated compounds was previously described for SL receptors such as AtD14 (Yao et al., 2018[START_REF] Nelson | The mechanism of host-induced germination in root parasitic plants[END_REF]) or PsRMS3 (de Saint Germain et al., 2016). In planta, these proteins are not involved in responses to desmethylated butenolides. In contrast AtKAI2, which mediates responses to (±)-4'-desmethyl-GR24 in A. thaliana, exhibited a slower hydrolytic activity and was destabilized by (±)-4'-desmethyl-GR24 [START_REF] Yao | Desmethyl butenolides are optimal ligands for karrikin receptor proteins[END_REF]. In view of these results, the data presented here do not support a role as desmethylated butenolide receptors for the fungal candidate proteins.

Among the candidates, BJ311 and BJ316 were not able to cleave GR24. BJ313 and BJ317 cleaved it with very low efficiency, while BJ309 and BJ318 exhibited a significant hydrolytic activity towards GR24 (Fig. 5). The enzymatic activity of BJ309 towards (±)-GR24 was similar to that of AtD14 (Fig. 5). Unfortunately, we could not investigate conformational changes in BJ309 nor its covalent binding to SLs. Nevertheless, in competition assays (+)-GR24 did not drastically inhibit BJ309 enzymatic activity towards GC522, suggesting that (+)-GR24 could not covalently bind to the protein. Phylogenetic analysis revealed that BJ309, BJ311 and BJ313 arose following a gene expansion from a common ancestor in the Glomeromycota subphylum (Supplementary Fig. 2). The presence of a signal peptide in these proteins raises questions about their potential role as SL receptors. Although their secretion outside of fungal cells needs to be confirmed, their putative secretion rather suggests a biological function distinct from SL perception.

The enzymatic activity of BJ318 towards (±)-GR24 was much higher than that reported for plant SL receptors (Fig. 5B) [START_REF] De Saint Germain | A Phelipanche ramosa KAI2 protein perceives strigolactones and isothiocyanates enzymatically[END_REF]de Saint Germain et al., 2016;Seto et al., 2019). This enzymatic activity could be favored by the apparent lack of covalent linkage to (±)-GR24 (Supplementary Fig. 6). The existence of ABH proteins with high capacities to hydrolyse SLs was recently reported in plants: the carboxyl esterase AtCXE15 cleaved SLs much more efficiently compared to AtD14 [START_REF] Xu | Catabolism of strigolactones by a carboxylesterase[END_REF]. AtCXE15 was not associated with SL signaling since no interaction with SL signaling components such as AtD14, AtMAX2 or AtSMXL was detected. Rather, the authors proposed that the strong hydrolytic activity of AtCXE15 possibly regulates the homeostasis of active SLs in plants [START_REF] Xu | Catabolism of strigolactones by a carboxylesterase[END_REF]. In view of these results, we suggest that BJ318 could act similarly, as an enzyme regulating SL content in AM fungi. The fact that BJ318 homologs were found throughout the fungal kingdom (Supplementary Fig. 3) supports the idea that BJ318 may not be an SL receptor in AMF and Chapter 2 Towards identification of strigolactone receptor(s) in R. irregularis -109 -suggests that its enzymatic activity toward SLs could be conserved among fungi. In line with this idea, other filamentous fungi were able to cleave SLs (including GR24) [START_REF] Boari | Parasitic weed management by using strigolactone-degrading fungi[END_REF] showing that the ability to degrade SLs is more widespread than expected and may involve ABH proteins.

The importance of the catalytic serine or histidine of BJ318 to hydrolyse SL analogs was investigated. The capacity of BJ318 S122A and BJ318 H208A to hydrolyse GR24 was drastically decreased but not suppressed (Fig. 5), as previously described for DAD2 S96A and the Phelipanche ramosa KAI2d3 S98A protein [START_REF] De Saint Germain | A Phelipanche ramosa KAI2 protein perceives strigolactones and isothiocyanates enzymatically[END_REF][START_REF] Lee | Flexibility of the petunia strigolactone receptor DAD2 promotes its interaction with signaling partners[END_REF]. Surprisingly, we observed an increase of the hydrolytic activity of BJ318 S122A and BJ318 H208A towards (±)-4'-desmethyl-GR24 as compared to wild-type BJ318. In contrast, the enzymatic activity of AtKAI2 S95A and PrKAI2d3 S98A towards unmethylated butenolides was significantly decreased [START_REF] De Saint Germain | A Phelipanche ramosa KAI2 protein perceives strigolactones and isothiocyanates enzymatically[END_REF][START_REF] Yao | Desmethyl butenolides are optimal ligands for karrikin receptor proteins[END_REF]. This highlights that the mechanism of (±)-4'desmethyl-GR24 hydrolysis by BJ318 differs from that of these two plant KAI2-LIKE proteins. Interestingly, mutation of the catalytic serine of PrKAI2d3 changed its preferences for the different GR24 stereoisomers [START_REF] De Saint Germain | A Phelipanche ramosa KAI2 protein perceives strigolactones and isothiocyanates enzymatically[END_REF]. This shows that the catalytic serine can determine substrate preferences and is dispensable for the hydrolysis of some substrates.

AM fungi are not amenable to forward genetics, similarly to parasitic weeds. The biological function of putative SL receptors in parasitic weeds was assigned by expressing the candidate proteins in Arabidopsis d14 or kai2 mutants (Conn et al., 2015;Toh et al., 2015). In the case of AM fungi, we believe that such trans-complementation experiments are unlikely to work because of the poor homology between the candidate proteins and plant SL receptors (Supplementary Fig. 1). In particular, fungal proteins are unlikely to interact with the required plant proteins to activate the SL signaling pathway. In line with this concern, SL-related responses in the moss P. patens are independent of PpMAX2 [START_REF] Lopez-Obando | Physcomitrella patens MAX2 characterization suggests an ancient role for this F-box protein in photomorphogenesis rather than strigolactone signalling[END_REF], and the putative SL receptors failed to complement Atd14 mutants [START_REF] Lopez-Obando | The Physcomitrium ( Physcomitrella ) patens PpKAI2L receptors for strigolactones and related compounds function via MAX2dependent and -independent pathways[END_REF].

An alternative possibility to demonstrate biological functions for the fungal candidate proteins is the Host-induced Gene Silencing (HIGS) technique. This consists of introducing an RNAi construct targeting a fungal gene of interest into a host plant via genetic transformation. During the symbiotic interaction, intermediate molecules of the RNA interference process can be transferred to the fungal cells, resulting in the silencing of the gene of interest [START_REF] Helber | a versatile monosaccharide transporter that operates in the arbuscular mycorrhizal fungus Glomus sp Is crucial for the symbiotic relationship with plants[END_REF]. However, although we have identified several SL-cleaving proteins, other unidentified proteins may be involved in SL perception by the fungus. Therefore, HIGS may not be efficient Chapter 2 Towards identification of strigolactone receptor(s) in R. irregularis -110 -as a reverse genetic tool because of functional redundancy. As an alternative approach to investigate the biological function of the candidate proteins in R. irregularis, we aimed to correlate the bioactivity of inhibitors with their ability to inhibit the enzymatic activity of the candidate proteins. In the presence of TFA and KK094, R. irregularis responses to (±)-GR24 were suppressed (Fig. 2). In parallel, TFA and KK094 were able to inhibit the enzymatic activity of at least two candidates: BJ309 and BJ318 (Fig. 6). That plant SL response inhibitors are able to suppress both the effect of SLs on R. irregularis and the enzymatic activity of two fungal ABHs, led us to propose that ABH proteins are part of the signaling pathways regulating R. irregularis responses to SLs, although we cannot exclude the possibility that additional proteins targeted by TFA and KK094 are involved. Phylogenetic analysis revealed an expansion in Glomeromycota of some of the candidate genes. The encoded proteins exhibited different hydrolytic activities toward GR24 (Fig. 5). Taken together, these observations lend support to the hypothesis that like parasitic weeds and mosses, AM fungi evolved the capacity to perceive SLs through expansion and neo-functionalization of ABH proteins. In conclusion, through this study, we have gathered indirect evidence regarding the nature of SL receptors in AMF, which reduces the scope of investigation needed for more precise identification of the SL receptor(s) in these fungi. 

III) Additional experiments

Additional results were obtained regarding the effect of TFA: in a symbiotic context in the presence of (±)-GR24, and on R. irregularis developmental responses to KAR2. The effects of TFA and KK094 on R. irregularis spore germination in response to SL analogs were recorded.

Additional data regarding the biochemical properties of the candidate proteins towards (±)-3'-methyl-GR24 are also presented. Finally, the expression profiles of the genes encoding the candidate proteins are briefly discussed.

III-1) Tolfenamic acid effects in a symbiotic context

We characterized the effect of TFA on the ability of R. irregularis to initiate symbiosis with Mtccd8 mutants in the presence of (±)-GR24. The experiment was performed in poor conditions (presence of an additional endophytic fungus) and could not be repeated. In this experiment, TFA did not reduce the capacity of R. irregularis to colonize Mtccd8 roots in the presence of (±)-GR24 (Fig. 36).

III-2) Tolfenamic acid decreases hyphal branching triggered by KAR2

The similar effects of (±)-GR24 and KAR2 on hyphal branching suggested the existence of a common pathway shared by both compounds. We thus investigated whether TFA could suppress hyphal branching responses triggered by KAR2, as it inhibits hyphal branching triggered by (±)-GR24. TFA alone slightly decreased the number of 1 st -order branches compared to the mock treatment but the number of higher-order branches was similar (Fig. 37). The induction of 1 st -and higher-order branches by KAR2 was suppressed in the presence of TFA (Fig. 37).

III-3) Effects of tolfenamic acid on spore germination in the presence of SL analogs

We aimed to evaluate the activity of TFA on spore germination responses to (±)-GR24. TFA alone, like (±)-GR24, significantly increased the spore germination rate compared to the mock treatment (Fig. 38A). Accordingly, the mix of TFA and (±)-GR24 also stimulated spore germination. It is thus impossible to conclude on any inhibitory action of TFA on this response of R. irregularis to (±)-GR24. We further assessed the capacity of TFA to affect spore 
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Chapter 2 Towards identification of strigolactone receptor(s) in R. irregularis -112 -germination inhibited by (±)-4'-desmethyl-2'-epi-GR24. Because in the presence of (±)-4'desmethyl-2'-epi-GR24 spore germination was already inhibited at 5 days, and that only rare germination events occurred at later time points, we recorded the germination rate at 5 days (Fig. 38B). The germination rate was similar between the mock treatment and TFA. Upon application of an equimolar mix of TFA and (±)-4'-desmethyl-2'-epi-GR24, the inhibition of spore germination induced by (±)-4'-desmethyl-2'-epi-GR24 was suppressed (Fig. 38B).

III-4) Effect of KK094 on spore germination in the presence of (±)-GR24

The presence of KK094 did not suppress the increase of spore germination triggered by (±)-GR24 at 5 days, while the germination of spores exposed to KK094 alone was comparable to that observed in mock conditions (Fig. 39B).

III-5) BJ318 is destabilized by (±)-3'-methyl-GR24

In chapter 1, we showed that (±)-3'-methyl-GR24 stimulated R. irregularis spore germination (Fig. 30). We investigated whether the biological activity of (±)-3'-methyl-GR24 could be correlated with its interaction with the receptor candidates.

We first characterized the hydrolytic activities of the fungal candidate proteins towards (±)-3'methyl-GR24 using mass spectrometry. Only BJ309 and BJ318 were able to hydrolyze this substrate, and their activity was very low (Fig. 39). The enzymatic activity of BJ318 H208A towards (±)-3'-methyl-GR24 was not impaired, while that of BJ318 S122A was suppressed (Fig. 39). A marked shift of BJ318 melting temperature was observed in the presence of (±)-3'methyl-GR24 in DSF assays, indicative of a destabilization of the protein (Fig. 35). We confirmed using nanoDSF the destabilization of BJ318 by (±)-3'-methyl-GR24 (Fig. 40). This destabilization was no longer observed for the mutated proteins BJ318 H208A and BJ318 S122A (Fig. 40).

To further investigate the biochemical properties of BJ309 and BJ318 proteins towards (±)-3'methyl-GR24, we performed competition assays measuring the hydrolytic activity of BJ309 and BJ318 towards GC522 in the presence of (±)-3'-methyl-GR24. The enzymatic activity of both enzymes was reduced (decreased height of the plateau) in the presence of (±)-3'-methyl-GR24 (Fig. 41). This indicated a possible deactivation of the protein, possibly through covalent linkage to the protein as observed for PsRMS3 (de Saint Germain et al., 2016). Unexpectedly, Chapter 2 Towards identification of strigolactone receptor(s) in R. irregularis -113 -we could not observe a covalent linkage of BJ318 to (±)-3'-methyl-GR24 using mass spectrometry under denaturing conditions (Fig. 42).

III-6) Expression profiles of the candidate genes

To further characterize the candidate genes, we examined their expression profiles under different conditions (Fig. 43) using the RhiirExpress RNA-Seq platform. (http://rhiirexpress .gbfwebtools.fr/) [START_REF] Zouine | TomExpress, a unified tomato RNA-Seq platform for visualization of expression data, clustering and correlation networks[END_REF]. First, the expression of the candidate genes was examined in germinating spores grown in vitro in the absence of a host plant, treated or not with GR24.

Overall, their expression was not regulated by GR24 and did not show important variations along the germination process. Among the candidates, BJ309, BJ311, BJ313 and BJ315 were the least expressed in this fungal material. Gene expression was also examined in intra-radical mycelium with different host plants including SL-deficient plants.

With the exception of BJ311, the expression of the candidate genes under symbiotic conditions was quite similar to their expression in germinating spores. In contrast, BJ311 was preferentially expressed under symbiotic conditions. The absence of SLs in Psccd8 plants did not influence the expression of the candidate genes. Finally, we examined gene expression in extracellular hyphae obtained on carrot hairy roots grown in vitro. Only BJ311 was highly expressed in these hyphae. In conclusion, all candidate genes were expressed in germinating spore and during symbiosis. We did not observe any particular expression profile that would lead us to focus on one candidate in particular.

Chapter 2 Towards identification of strigolactone receptor(s) in R. irregularis

Discussion

The branching inhibition caused by TFA (Taulera et al. (in prep) -Fig. 2) cannot be attributed to toxicity because treatment with a mix of (±)-GR24 and TFA was still able to restore symbiosis in Mtccd8 roots. The addition of TFA suppresses the induction of higher-order branches triggered by KAR2, suggesting that KAR2 perception by R. irregularis may involve ABH proteins.

The fact that TFA was able to suppress the inhibition of spore germination caused by (±)-4'desmethyl-2'-epi-GR24 (Fig. 38) also suggests that perception of this compound by R. irregularis involves ABH proteins. This shows consistency with the hypothesis that AM fungi can perceive methylated and unmethylated butenolides through related signaling pathways. KK094 could not suppress the induction of spore germination induced by (±)-GR24. The fact that KK094 could suppress (±)-GR24-induced germ tube elongation (Taulera et al. (in prep) -Fig. 2) but not spore germination (Fig. 38) supports that multiple pathways regulate these developmental responses.

Although (±)-3'methyl-GR24 is inactive on hyphal branching, it is perceived by R. irregularis to induce spore germination (Fig. 30). BJ318 shows a very low hydrolytic activity towards (±)-3'methyl-GR24 and a strong conformational change was observed. This is reminiscent of the characteristics of plant SL receptors (de Saint Germain et al., 2016) although we did not observe a covalent binding to the protein (Fig. 42). In Taulera et al. (in prep), we hypothesized that the high hydrolytic activity of BJ318 towards (±)-GR24 coupled with the absence of conformational change of the protein could correspond to a catabolic activity to regulate the level of SLs in fungal cells. In view of the results obtained with (±)-3'methyl-GR24, we cannot rule out the possibility that a single protein could exhibit a catabolic activity towards one substrate and perceive another ligand to activate the associated signaling pathway. The following work is part of the Mycormones project in which we aimed to investigate the transfer of phytohormones from one plant to another via a mycorrhizal fungus. This question had never been explored in our laboratory, so the associated experimental designs had not been defined. This is why, at the beginning of my thesis, we decided to conduct a few trials to determine if it would be worthwhile to pursue this topic. We set up a culture system to study the transmission of signals between two plants connected through AMF and performed two experiments. The results were not encouraging and we decided not to continue this project during my PhD. Nevertheless, I will present here the outcome of these tests.

Plants are constantly interacting with a multitude of organisms, from microscopic ones such as bacteria and fungi to macroscopic ones such as insects and other plants. Different plantplant interactions have been described to date: interactions such as cooperation or commensalism are beneficial or neutral for each of the plants involved, while parasitism and competition are detrimental for at least one of the two plants [START_REF] Subrahmaniam | The genetics underlying natural variation of plant-plant interactions, a beloved but forgotten member of the family of biotic interactions[END_REF].

Plants can sense many aspects of the environment and modulate these interactions. It has been proposed that unfavorable environmental conditions increase the frequency of positive interactions between plants, leading to better survival (hypothesized by [START_REF] Bertness | Positive interactions in communities[END_REF][START_REF] Bertness | Positive interactions in communities[END_REF]debated in Lortie &[START_REF] Lortie | Re-analysis of meta-analysis: support for the stress-gradient hypothesis[END_REF].

Plant behaviors are now acknowledged as surprisingly complex. One of the most striking examples is the observation of plants adjusting their responses based on the identity of surrounding plants. [START_REF] Dudley | Kin recognition in an annual plant[END_REF] were first to observe that plants grown with close Chapter 3 Transfer of hormones between plants connected by mycorrhizal fungi -116 -genetic relatives (kin) allocated less resources to their fine roots than plants growing with genetically unrelated plants. This provided evidence that plants are capable of discriminating between related and unrelated neighbors, which has since been confirmed in several species (reviewed in [START_REF] Bilas | Friends, neighbours and enemies: an overview of the communal and social biology of plants[END_REF].

Perception of neighboring plants can be mediated through both indirect and direct signals. On the one hand, plants detect changes in resource availability such as light [START_REF] Crepy | Photoreceptor-mediated kin recognition in plants[END_REF], water [START_REF] Casper | Plant competition underground[END_REF] and nutrients [START_REF] Schenk | Root competition: Beyond resource depletion[END_REF] caused by neighboring plants.

On the other hand, plants perceive and communicate with neighboring plants through direct molecular signals occurring above and below-ground.

Aboveground plant communication is essentially mediated by airborne chemicals called volatile organic compounds (VOCs) emitted by plants and perceived by surrounding plants.

VOCs have been shown to convey information between plants in several contexts such as pathogen or insect attack (Fig. 44), and are used for kin recognition (for review see [START_REF] Ninkovic | Plant volatiles as cues and signals in plant communication[END_REF].

Root volatile signals have also been described as belowground signals during plant-plant interactions [START_REF] Schenkel | A meta-analysis approach for assessing the diversity and specificity of belowground root and microbial volatiles[END_REF]. In addition, significant amounts of primary and specialized metabolites (also referred to as secondary metabolites) are exuded into the rhizosphere by plants, mediating their interactions with surrounding organisms. Perception of root exudates drive root behavior, kin recognition, parasitism and shape interactions between plants and soil (micro-)organisms (for review see Wang et al., 2021a[START_REF] Rasmann | Root signals that mediate mutualistic interactions in the rhizosphere[END_REF].

In addition to exchanging diffusible signals, plants can also be directly "wired" together by other organisms with which they form intimate physical connections. For example, parasitic plants of the genus Cuscuta (known as dodders), are devoid of leaves and roots. They develop multiple stems that twist to find host plants to parasitize. Through a specific organ, called haustorium, dodders penetrate host plants to extract water and nutrients. Unlike other species of parasitic plants, they are able to colonize several host plants simultaneously, thereby interconnecting them together. Such a network has long been known to transfer viruses between connected plants [START_REF] Hosford | Transmission of plant viruses by dodder[END_REF], and more recently to transfer mRNAs [START_REF] Kim | Genomic-scale exchange of mRNA between a parasitic plant and its hosts[END_REF], specialized metabolites [START_REF] Smith | Glucosinolates from host plants influence growth of the parasitic plant Cuscuta gronovii and its susceptibilityto aphid feeding[END_REF], and proteins [START_REF] Liu | Extensive interplant protein transfer between Cuscuta parasites and their host plants[END_REF]. The interplant networks that have been best documented are common mycorrhizal networks (CMNs), which consist of two or more plants connected by ectomycorrhizal (EM) or arbuscular mycorrhizal fungi. Common ectomycorrhizal networks (referred to as CeMNs) formed by EM fungi are considered to connect a smaller range of plant species due to high plant host selectivity of EM fungi [START_REF] Tedersoo | Strong host preference of ectomycorrhizal fungi in a Tasmanian wet sclerophyll forest as revealed by DNA barcoding and taxon-specific primers[END_REF] compared to AM fungi, which exhibit low host specificity [START_REF] Klironomos | The influence of arbuscular mycorrhizae on the relationship between plant diversity and productivity[END_REF]. CMNs have been shown to influence their ecosystem by driving plant establishment, growth, defense (for review see [START_REF] Simard | Mycorrhizal networks: Mechanisms, ecology and modelling[END_REF], and plantplant communication through the transfer of molecules between connected plants. Flows through arbuscular and ectomycorrhizal mycorrhizal networks have been found to transfer nutrients such as carbon, nitrogen, phosphorus, and water (for review see [START_REF] Simard | Resource Transfer Between Plants Through Ectomycorrhizal Fungal Networks[END_REF].

In addition, specialized metabolites can be transported along CMNs, for instance to expand the bioactive zone of allelochemicals released by one plant to reduce the growth of neighboring plants [START_REF] Barto | The fungal fast lane: Common mycorrhizal networks extend bioactive zones of allelochemicals in soils[END_REF].

The discoveries of the ability of ectomycorrhizal [START_REF] Song | Defoliation of interior Douglas-fir elicits carbon transfer and stress signalling to ponderosa pine neighbors through ectomycorrhizal networks[END_REF], arbuscular mycorrhizal [START_REF] Song | Defoliation of interior Douglas-fir elicits carbon transfer and stress signalling to ponderosa pine neighbors through ectomycorrhizal networks[END_REF], and endophytic [START_REF] Vahabi | Alternaria Brassicae induces systemic jasmonate responses in Arabidopsis which travel to neighboring plants via a Piriformsopora indica hyphal network and activate abscisic acid responses[END_REF] fungi to convey plant-generated warning signals in response to herbivore or pathogen attack to unchallenged connected plants have been major breakthroughs in plant ecology (Fig. 44) (for review, see [START_REF] Gilbert | Plant-plant communication through common mycorrhizal networks[END_REF]. I will focus here only on signal transfers through CMNs formed by arbuscular mycorrhizal fungi, referred to as CaMNs.

To ensure that there is no confusion in observing true CaMN-mediated transfer, as opposed to diffusion of root exudates through the soil, multiple experimental controls were used in different studies as illustrated in 2010) demonstrated that the connection by CaMNs between a donor plant challenged with the fungus Alternaria solani and a receiver plant, increased defense-related gene expression and activated putative defense enzymes in the receiver plants, increasing plant resistance. This study established for the first time the physiological relevance of CaMN-mediated signaling, in "priming" receiver plants prior to a potential pest attack. Zhang and co-workers observed an increase in salicylic acid (SA) content and the activation of the SA signaling pathway in an un-challenged citrus plant connected by AMF to a donor plant challenged with the bacterium Xanthomonas axonopodi [START_REF] Zhang | Common mycorrhizal networks activate salicylic acid defense responses of trifoliate orange (Poncirus trifoliata)[END_REF].

Using an in vitro experimental setup, Alaux et al. (2020) measured an enhanced expression of four defense genes belonging to the JA and ethylene signaling pathways, in un-challenged potato plants connected by a CaMN to donor plants infected by the oomycete Phytophtora infestans. Last, using donor tomato plants challenged with caterpillars, [START_REF] Song | Hijacking common mycorrhizal networks for herbivore-induced defence signal transfer between tomato plants[END_REF] revealed an increase of insect resistance in un-challenged plants, mediated by the activation of the JA signaling pathway [START_REF] Song | Hijacking common mycorrhizal networks for herbivore-induced defence signal transfer between tomato plants[END_REF]. Donor plants mutated in the JA biosynthesis pathway were no longer able to trigger defense induction in the receiver plants. This led the authors to hypothesize that JA moved from roots of one plant to another via CaMNs. However, no biochemical evidence for a transfer of JA or other phytohormones between plants connected by a CaMN has yet been published.

Both JA and SA can be modified to produce methylated volatile forms. This makes the analysis of direct transfer of these hormones challenging. It also requires additional experimental controls to rule out any air-borne transport of volatile forms from donor to receiver plants.

We thus decided not to study JA or SA. Rather, we attempted to obtain evidence for a putative transfer of other phytohormones (auxin, strigolactones, cytokinins, brassinosteroids and gibberellins) between plants connected by a CaMN. To this end, a set of analogs or labelled phytohormones were injected into a donor plant, and the presence of these hormones in receiver plants connected by CaMNs was assessed by mass spectrometry. In parallel, the transfer of endogenous phytohormones from one plant to another was investigated by studying the ability of wild-type plants to complement the developmental phenotype of hormone-deficient mutants. 

Materials and Methods

Biological materials

The experiments were carried out on Medicago truncatula A17-Jemalong, or tomato (Solanum lycopersicum L.) cultivars Marmande and Micro-Tom. Rhizophagus irregularis spores (strain DAOM197198) were purchased from Agronutrition (France). They were rinsed from their storage buffer using a 40 µM nylon mesh with 750 mL sterile UHQ water. Spores were resuspended in sterile UHQ water and stored at 4 °C for 48 h before use. 

Seed sterilization and germination

Medicago truncatula seeds were chemically scarified using a 7-minute treatment with 98% sulfuric acid (Sigma-Aldrich) followed by three washes in sterile water. They were then surface-sterilized for 2 minutes in 2.4% active chlorine. After five washes in sterile water, and 10 minutes of soaking, the seeds were transferred to 1.5% agar-water plates and incubated at 4 °C in the dark for 72 h. They were then left to germinate overnight at room temperature in the dark.

Tomato seeds were surface-sterilized for 10 minutes in 2.4% active chlorine. After five washes in sterile water, and 30 minutes of soaking, the seeds were transferred to 1.5% agar-water plates and incubated at 4 °C in the dark for 72 h. They were then left to germinate for five days at room temperature in the dark, then under daylight for 3 to 5 days.

Experimental set-up -Medicago truncatula Each system was composed of a rectangular plastic container (length/height/width 16/11/5 cm) filled with about 0.8 L of sterilized substrate (zeolite:sand 1:1 v:v) inoculated with 400 spores of R. irregularis. Two Medicago truncatula plants grown individually in two modified circular pots (diameter 5 cm, height 7 cm) were positioned at opposite sides of the container. A circular slot (3 cm diameter) was cut in each pot and a metal mesh (pore diameter 30 µM) was externally soldered, preventing direct root contact but allowing AMF hyphae to grow freely in the container. The pots were filled with 0.2 L of sterilized substrate (zeolite:sand 1:1 v:v) inoculated with 400 spores of R. irregularis (Fig. 46). Plants were grown for eight weeks in a growth chamber under a 16 h photoperiod (light intensity 300 μmol m -2 .s -1 ). The temperature was set to 22 °C day and 20 °C night, with 70% humidity. Plants were watered with a modified half-strength low-phosphate and low-nitrogen Long Ashton solution [START_REF] Hewitt | Sand and water culture methods used in the study of plant nutrition[END_REF], containing 7.5 μM Na2HPO4, 750 μM KNO3 , 400 μM Ca(NO3)2, 200 mg/L MES buffer, pH 6.5. Two conditions were used (Fig. 46): (a) intact CaMNs and (b) CaMNs severed by rotation of the pots. Two solutions were freshly prepared in water: a mix of phytohormones containing 10 µM each of of 2,4-D, NAA, kinetin and (±)-GR24, or the corresponding volume of solvents for the mock treatment. One plant per system was treated with either the hormone mix or the mock solution. Ten droplets of 20 µL of solution supplemented with 0.05% tween20 were dispatched to several secondary apical meristems. Additionally, a cotton thread immersed in 500 µL of solution was passed through the stem with a needle over the root crown, in order to directly feed the vascular system. Plants that received treatments were referred as donor plants, and untreated plants were termed receiver plants. Roots and aerial parts of donor and receiver plants were harvested 24 h after treatment. After several washes in water, the plant material was chopped in small parts and approximately 1 g was randomly sampled and ground in liquid nitrogen. Two donor and two receiver plants were analyzed for the hormone treatment, and one of each for the mock treatment.

Experimental set-up -Tomato Tomato plants of cultivars Marmande (Mm) and Micro-Tom (MT) were grown in pairs in plastic pots (volume 0.3 L) containing substrate composed of black peat: blond peat: clay (49.5:49.5:1 v:v:v) for seven weeks in a greenhouse. Plants were watered with a modified half-strength low-phosphate and low-nitrogen Long Ashton solution [START_REF] Hewitt | Sand and water culture methods used in the study of plant nutrition[END_REF] Solutions were applied to the vascular system using a cotton thread immersed in 2 mL of hormonal mix, as described above for Medicago plants. After 24 h, a part of the root system located near the root crown and a fraction of the aerial part of one donor and one receiver plant per treatment were harvested. The sampled fraction of the aerial part was composed of approximately five cm of stem and ten leaflets collected at several levels. The plant material was washed with water then chopped in small parts and approximately 1 g was randomly sampled and ground in liquid nitrogen.

Staining and observation of mycorrhizal structures

To verify that the plants were mycorrhized, a small part of the root system was stained to observe mycorrhizal structures. Roots were cleared in 10% KOH (w:v) for three days at room temperature and stained with Schaeffer black ink (Vierheilig et al., 1998) for eight minutes at 95 °C. The mycorrhizal structures were examined under a Leica RZ75 stereomicroscope.

Phytohormone extraction

The protocol of phytohormone extraction and separation by Solid Phase Extraction (SPE) was adapted from [START_REF] Kojima | Highly sensitive and high-throughput analysis of plant hormones using ms-probe modification and liquid chromatography-tandem mass spectrometry: an application for hormone profiling in oryza sativa[END_REF] as follows: 100mg of plant material was hand-ground in liquid nitrogen with a mortar and pestle, then resuspended in 1 mL of cold modified Bieleski's solvent (methanol/water/formic acid 75:20:5, v:v:v) and left overnight at -20°C to achieve complete extraction. The crude extracts were centrifuged for 15 min at 10,000 x g, at 4°C. The pellet was reextracted in 200 μL modified Bieleski's solvent for 30 min at -20°C, centrifuged 15 min at 10,000 x g, and the supernatant was pooled with the first one. Extracts were prepurified on SPE Oasis HBL cartridges (1 mL per 30 mg, Waters). Cartridges were conditioned in 1 mL methanol and equilibrated in 1 mL of 1 M formic acid. Samples were loaded and eluted with 1 mL modified Bieleski's solvent. Eluates containing phytohormones were dried under nitrogen stream and were reconstituted in 100 μL 1 M formic acid and then analyzed by LC-MS.

LC-MS analysis of phytohormones A UHPLC system (Dionex Ultimate 3000, Thermo Scientific) was equipped with a phase column (Kinetex C18, 100 x 2.1mm, 2.6 μm, 100 Å, Phenomenex) heated at 45°C. Five-μL samples were injected. Separation was performed at a constant flow rate of 0.3 mL.min -1 , in a gradient of solvent A (water + 0.05% formic acid) and solvent B (acetonitrile + 0.05% formic acid): 1 min 

Results

I) Transfer of phytohormones in Medicago truncatula

The first experiment was carried out with Medicago truncatula plants. Two plants were grown in two modified circular pots placed on either side of a rectangular container filled with substrate. The substrate in both pots and in the rest of the container was inoculated with AM fungi. A circular slot was cut in each pot and a metal mesh was externally soldered, preventing direct root contact but allowing AMF hyphae to establish CaMNs (Fig. 46). For the purpose of distinguishing between true CaMN-mediated transfer and soil diffusion of root exudates, two conditions were used: (a) CaMN left intact and (b) CaMN disrupted by rotation of the pots. In order to verify that the plants were mycorrhized, a small part of the root system was harvested and stained to observe mycorrhizal structures. All inoculated plants exhibited high levels of mycorrhization, and hyphae of AM fungi were observed throughout the mesh (data not shown). To distinguish applied chemicals from endogenous plant hormones, synthetic analogs

(2,4-D, NAA, (±)-GR24 and kinetin) were injected into one of the two plants, named donor plant. The presence of these phytohormones was analyzed by mass spectrometry in the other plant, termed receiver plant. A first problem during sample analysis was that small amounts of (±)-GR24 and NAA were detected in blank samples, indicating that the mass spectrometry source was contaminated. The results were thus un-interpretable (data not shown). Secondly, a signal corresponding to kinetin was found in the aerial parts of the plant treated with the mock solution (Fig. 46). Finally, 2,4-D was detected in the roots and aerial parts of the donor plant but not in the receiver plant, connected or not with a CaMN (Fig. 46).

II) Transfer of phytohormones in tomato

As an alternative approach, the putative transfer of endogenous phytohormones from one plant to another by a CaMN was investigated by studying the ability of a wild-type plant to complement the phenotype of a dwarf plant. The dwarf tomato cultivar Micro-Tom (MT) contains a mutation in the brassinosteroid (BR) biosynthesis pathway that is partly responsible for its dwarf phenotype. BR acts synergistically with gibberellins (GA), as co-application of GA and BR on MT leaves results in an increase of internode length compared to the single et al., 2006). This also shows that exogenous application of both hormones on leaves is efficient to complement the dwarf phenotype of MT.

Preliminary results in our group have shown that BR application to MT roots is also able to increase MT plant height. Similar results have been observed for GA, which when applied to roots increases the height of a pea GA biosynthesis mutant (data not shown). These findings indicate that BR and GA can be taken up by roots and lead to increase shoot elongation.

Therefore, to investigate the ability of AM fungi to transfer endogenous phytohormones (i.e.

GA and BR), we attempted to complement the dwarf phenotype of MT plant grown with a wild-type tomato plant (cultivar Marmande (Mm)), in the presence or absence of CaMNs. In a preliminary experiment, which did not include all necessary controls, three conditions were used (Fig. 47): (a) one MT plant was grown together with one Mm plant without mycorrhizal fungi, (b) one MT plant was connected to one Mm plant by a CaMN (c) two MT plants were connected together by a CaMN. A small part of the root system was harvested before grinding and stained to observe mycorrhizal structures. No fungal structures (spores, hyphae and arbuscules) were observed in the un-inoculated controls compared to inoculated plants, which exhibited high levels of mycorrhization (data not shown). To monitor the growth phenotype of MT plants, their height was measured at various timepoints (20 to 50 days after germination). No differences were observed between the different conditions for each timepoint (Fig. 47). Last, using the same tomato plants, the transfer of phytohormone analogs and labelled phytohormones between plants connected by a CaMN was investigated. After the last measurement of plant height (50 days after germination), donor tomato plants were infiltrated with one of the following mixes: (i) synthetic analogs containing: 2,4-D, (±)-GR24 and kinetin, (ii) labelled phytohormones containing: [ 2 H6-N 6 ]-iPR and [ 15 N4-N 6 ]-iP or (iii) [ 13 C6]-IAA. Water was infiltrated for mock treatments. The presence of these hormones was analyzed in the receiver plant by mass spectrometry (Fig. 47). [ 13 C6]-IAA was not detected in any sample. Overall, the main observation was that no differences in the presence or absence of these hormones were found between plants connected or not by a CaMN. A signal corresponding to kinetin was found in the roots of plants treated with water and in both parts of the corresponding receiver plant (Fig. 47). (±)-GR24 was detected in the roots of donor plants and in both parts of receiver plants. Last, [ 2 H6-N 6 ]-iPR, [ 15 N4-N 6 ]-iP and 2,4-D were detected in the roots of donor plants but not in the receiver plants.

Discussion

Establishment of a common mycorrhizal network In the present work, we aimed to obtain evidence for the putative transfer of phytohormones between plants connected by AM fungi. CaMNs can be formed from an individual fungus which simultaneously interacts with two plants, connecting them to each other. Alternatively, CaMNs can be formed by fusion of existing mycelial networks through the formation of fusion structures named anastomoses [START_REF] Giovannetti | Anastomosis formation and nuclear and protoplasmic exchange in arbuscular mycorrhizal fungi[END_REF]. The formation of anastomoses was found to be very frequent, approximately every two mm of hyphae [START_REF] Giovannetti | The occurrence of anastomosis formation and nuclear exchange in intact arbuscular mycorrhizal networks[END_REF].

The establishment of CaMNs by inoculating both plants with spores of AM fungi was confirmed by different studies. Thus, CaMNs are expected to have been established in our experiments. In future experiments, this could be confirmed by evaluating the induction of defense genes in the receiver plant after elicitation of the donor plant (as performed in [START_REF] Song | Interplant communication of tomato plants through underground common mycorrhizal networks[END_REF].

Phytohormones are not transferred between plants connected by a CaMN

We failed to obtain biochemical evidence for the transfer of phytohormones between plants connected by a CaMN. Five hypotheses can be considered to explain these results. The first hypothesis is that the phytohormones used in this work are not transported between two plants connected by a CaMN. Several forms of each class of hormones exist, for instance there are more than 130 GAs identified to date [START_REF] Hedden | A Century of Gibberellin Research[END_REF]. These different forms differ in their specificity of action, localization and activity. The forms of phytohormones used in these experiments represent only a fraction of the existing panel of phytohormones and might not be the one transferred between two plants connected by a CaMN.

Alternatively, AMF may convey hormonal information by other means than direct phytohormone transport. They could perceive phytohormones taken up from the donor plant, and respond by producing new molecular signals. These newly synthesized compounds could be perceived by the receiver plant to trigger physiological responses.

The third possibility is that to observe fungus-mediated hormone transfers, the donor plant must be exposed to specific environmental conditions. The involvement of JA, ethylene, and SA during CaMN-mediated signaling has been demonstrated after elicitation of the donor plant by herbivore or pathogen attacks. Their involvement was suspected as these hormones are known to be recruited in response to such stimuli. Therefore, depending of the hormone Chapter 3 Transfer of hormones between plants connected by mycorrhizal fungi -126 -used, it may be necessary to expose the donor plant to particular growth conditions to observe transfers.

Another possibility is that infiltrated hormones have undergone modifications before or during transfer. Hormones can be modified in plants by acetylation, glycosylation or esterification [START_REF] Piotrowska | Conjugates of abscisic acid, brassinosteroids, ethylene, gibberellins, and jasmonates[END_REF]. Modified hormones could be the preferred form for transport by a CaMN. Since only the injected hormones were screened by mass spectrometry, we could not detect modified forms.

The last hypothesis is more of a technical issue. Assuming that a transfer of hormones occurred, the amount of hormones transferred might be too low and could escape detection by mass spectrometry. Plant hormones are known to be present and active in plants at low concentrations. During putative transfers, infiltrated hormones are first diluted in the donor plant (aerial and root parts), then transferred to the fungus, and again a portion only could reach the receiver plant and spread through its different parts. In addition, only a small fraction of the receiver plant was sampled. Therefore, it is possible that we were falling below the detection threshold of mass spectrometry. The fact that we were not able to detect [ 13 C6]-IAA in the infiltrated donor plant indicates that dilution or modification of these hormones in the donor plant was sufficient to prevent detection.

The presence of (±)-GR24 in the unconnected receiver plant indicates that there was an uptake of (±)-GR24 by receiver tomato plants. Two possibilities exist: (i) (±)-GR24 was taken up from the soil by the receiver plant, or (ii) (±)-GR24 was transferred through root contacts between donor and receiver plant. In the case of connected plants, this does not exclude an additional transport by CaMNs. In future experiments, to eliminate any possibility of soil diffusion or root exchanges, it would be necessary to include additional controls. Two plants could be grown separated by a mesh in a two-compartment container separated by a small air gap (0.5 cm), allowing the fungus to pass through but not the molecules to diffuse. In one condition, the fungus would be left untouched whereas in the second condition, the fungus would be removed from the air gap.

The results presented in this study have to be carefully interpreted. Only two donor and receiver plants for the Medicago experiment and one of each for the Tomato experiment were analyzed. Furthermore, we have encountered several technical issues. First, a signal corresponding to kinetin was found in the aerial parts of the donor and receiver plant 

Perspectives

To conclude, we were not able to observe true CaMN-mediated hormone transfer between connected plants. The results obtained were not encouraging and we decided not to continue this project during my PhD. Nevertheless, an experimental design composed of double compartment Petri dishes was set up by another person in the laboratory to pursue the investigation of hormone transfers between plant roots and AM fungi. One of the compartments contained roots colonized by AM fungi, which were able to grow in the second, root-free compartment. Analogues or labelled phytohormones were applied to one of the compartments, and searched in the other by mass spectrometry. This experimental design offers several advantages. It provides the opportunity to investigate the putative transfer of hormones from the roots to the fungus or vice versa. Mass spectrometry signals are enhanced in this experimental design because it allows for lower dilutions of infiltrated hormones compared to experiments on whole plants grown in soil. Last, a larger number of biological replicates can be obtained and more hormones mixes or single hormone applications could be tested. In the future, results obtained with this in vitro system could guide further experiments on whole plants.

is tightly linked to their three-dimensional core architecture rather than to sequence identity.

In Taulera et al. (in prep), we showed that two inhibitors known to target plant SL receptors could also inhibit R. irregularis responses to SLs, and could inhibit the SL-hydrolytic activity of at least two fungal ABHs. This suggests that SLs receptor(s) in AMF and plants converged towards similar structural features and that fungal SL receptors could have arisen from the neofunctionalization of existing fungal ABH protein(s), independent of RsbQ.

Putative functions of secreted fungal ABH proteins with hydrolytic activity towards SLs Among the candidate proteins identified in R. irregularis, a family of ABH proteins possessing a signal peptide has expanded in the Glomeromycota subphylum. In vitro, some of these proteins cleave (±)-GR24 (Taulera et al.,). Their secretion outside the fungal cells needs to be confirmed. If it does occur, it is difficult to conceive that these proteins act as receptors. They might instead exert a function associated with the degradation of SLs. A first possibility is that these proteins reduce the pool of active SLs in the extracellular environment in order to prevent an excessive response to SLs. This could mirror the situation in plants, where catabolism of SLs by a carboxylesterase has been recently proposed to regulate SL contents [START_REF] Xu | Catabolism of strigolactones by a carboxylesterase[END_REF]. A second possibility is that a degradation of SLs in the soil decreases the competition between different species of AM fungi. Such competition has been described many times and R. irregularis is known to be particularly efficient in competing for plant colonization [START_REF] Engelmoer | Intense competition between arbuscular mycorrhizal mutualists in an in vitro root microbiome negatively affects total fungal abundance[END_REF][START_REF] Symanczik | Impact of water regimes on an experimental community of four desert arbuscular mycorrhizal fungal (AMF) species, as affected by the introduction of a non-native AMF species[END_REF]. A fungus that has already colonized a host plant could degrade SLs in the soil to avoid the stimulation of other AM fungi. A final possibility is that these putative secreted proteins are involved in the regulation of SL content in host cells during symbiosis, for example by being secreted into the peri-arbuscular space. In this respect, it is worth remembering that the candidate proteins identified in this work exhibit hydrolytic activity towards the unmethylated butenolide (±)desmethyl-GR24 (Taulera et al.,). Such hydrolytic activity raises questions about their putative capacity to cleave the KL in planta.

Activity of unmethylated butenolides during AM symbiosis

We showed that (±)-4'-desmethyl-2'-epi-GR24 is able to restore symbiosis in SL-deficient mutants. This suggests that in a context of symbiosis, (±)-4'-desmethyl-2'-epi-GR24 makes the SL pathway dispensable. This activity could reflect the effects of (±)-4'-desmethyl-2'-epi-GR24 on the fungus, on the plant or both.

General discussion -130 -From a fungal perspective, we observed that in vitro, (±)-4'-desmethyl-2'-epi-GR24 stimulated elongation of the germ tube and inhibited the formation of new hyphal branches. This raises questions about the ability of R. irregularis to perceive the KL. In contrast to plants, the fungus exhibited distinct responses toward the KL mimics: (±)-4'-desmethyl-2'-epi-GR24, KAR2 and (-)-GR24 (Fig. 25,26,27) suggesting different mechanisms of perception in AMF compared to plants for these compounds. It also indicates the existence of several receptors to perceive unmethylated butenolides in AMF.

In plants, several compounds mimic the KL through the KAI2 signaling pathway (Yao et al., 2018[START_REF] Yao | Desmethyl butenolides are optimal ligands for karrikin receptor proteins[END_REF]. However, under certain circumstances, these compounds can trigger responses through both KAI2 and D14 signaling pathways. For example, although (-)-GR24 exhibits strong KAR-like activity, residual D14-dependent activity has been reported in A. thaliana (Wang et al., 2020c). Likewise, in hypocotyl elongation assays, kai2 Atd14 double mutants were insensitive to desmethyl-YLG while both single mutants showed responses to high concentrations of desmethyl-YLG (Yao et al., 2018). In AM fungi, we have shown that the symbiotic capacity of the fungus is independent of hyphal branching. We hypothesized that the 4'-desmethyl-GR24-related pathway was distinct from the SL signaling pathway. However, we cannot exclude that unmethylated butenolides and SLs activate the same pathway to stimulate the symbiotic capacity of the fungus, while regulating two distinct pathways to control hyphal branching.

From the plant point of view, it seems likely that (±)-4'-desmethyl-2'-epi-GR24 activates the KAI2 signaling pathway and creates a permissive state for fungal colonization [START_REF] Hull | Conditioning plants for arbuscular mycorrhizal symbiosis through DWARF14-LIKE signalling[END_REF]. However, the KL mimics (-)-GR24 and KAR2 were unable to to restore symbiosis in SLdeficient plants [START_REF] Taulera | Initiation of arbuscular mycorrhizal symbiosis involves a novel pathway independent from hyphal branching[END_REF]data not shown), indicating that activation of a permissive state in plant roots through KAI2 is not sufficient to allow AM root colonization in the absence of SLs. To confirm this, it would be of interest to test the symbiotic capacity of ccd8/smax1 double mutants in which the plants are in a constitutive permissive state [START_REF] Choi | The negative regulator SMAX1 controls mycorrhizal symbiosis and strigolactone biosynthesis in rice[END_REF] but the fungus is not stimulated (absence of SLs). Furthermore, AM fungi can successfully colonize Marchantia paleacea kai2 mutants. To study the effects of (±)-4'desmethyl-2'-epi-GR24 on the fungus in a symbiotic context independently of their effects on the plant, it would be interesting to assess the capacity of (±)-4'-desmethyl-2'-epi-GR24 to restore symbiosis in Mpccd8 kai2 double mutants.
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Figure 1 .

 1 Figure 1. Spores of Rhizophagus irregularis (A) Germinating spore observed under a dissecting microscope. (B) Germinating spore observed in fluorescence microscopy. Nuclei were stained with SytoGreen fluorescent dye. Scale bars = 35 μm. Credit: Aurélie Le Ru.

Figure 2 .

 2 Figure 2. Schematic overview of the different stages of arbuscular mycorrhizal symbiosis Adapted from Parniske et al., 2008.

Figure 3 .

 3 Figure 3. Hyphal development of a germinating spore of Rhizophagus irregularis grown in vitro A straight germ tube emerges from the spore with a strong apical dominance. From the germ tube, ramifications emerge (white arrow). Scale bar = 700 μm.

Figure 4 .

 4 Figure 4. Schematic representation of the early stages of arbuscular mycorrhizal symbiosis Spores of AMF germinate in response to environmental conditions. Retraction of the hyphal cytoplasm occurs in the absence of a host plant. (2) Right-angle ramifications emerge from the germ tube and explore the soil in search of a host plant. (3) The perception of root exudates by the fungus increases the release of signal molecules and induces extensive hyphal branching. The branched hyphae are thin, transparent, twisted and coiled. (4) As hyphae approach the root, a fan-like structure is formed with small, often septate hyphal clusters. Straight, white, unseptate hyphae, called runner hyphae, also develop. (5) During the pre-symbiotic process, the fungus releases molecular signals. (6) Fungal exudates are perceived by roots, activating the common symbiotic signaling pathway. Both fan-like structures and runner hyphae can colonize the root system through the formation of a particular fungal structure, called the hyphopodium. Created with BioRender.com.

  The mechanisms of perception of fungal signals such as COs and LCOs are not yet fully elucidated. However, several receptors and co-receptors belonging to the LysM receptor-like kinase and receptor-like protein families are required to establish the AM symbiosis. For instance, plants mutated in LYSM DOMAIN RECEPTOR-LIKE KINASE 3 (LYK3) and DOES NOT MAKE INFECTION 2 (DMI2) genes encoding putative CO/LCO receptors are unable to host the fungus, which remains stuck outside the root epidermis. Interaction between DMI2 and an enzyme called HMG-CoA reductase leads to the production of mevalonate following AM signal

Figure 5 .

 5 Figure 5. Root colonization of Medicago truncatula by Rhizophagus irregularis (A) Root of M. truncatula colonized by R. irregularis observed under a dissecting microscope. Fungal structures are stained in blue. Scale bar = 100 μm. Credit: Lukas Brichet. (B) Arbuscule observed in fluorescence microscopy. The fungus was stained with Wheat Germ Agglutin-fluorescein isothiocyanate. Scale bar = 10 μm. Credit: Aurélie Le Ru.

Figure 6 .

 6 Figure 6. Schematic representation of the late stages of arbuscular mycorrhizal symbiosis Upon successful symbiotic interaction, a network of extraradical hyphae develops into the soil. Runner hyphae explore the soil in search for nutrients and other plants to colonize. Soil nutrient uptake is thought to be mediated by branched absorptive structures. Secondary infection of the host root can occur through intra-or extra-radical hyphae. Spore formation usually occurs 3 to 4 weeks after colonization of the host plant. Created with BioRender.com.

  So far phytohormones have been mostly described as internal plant signals, and even in the context of plant-microbe interactions they have been studied from a plant perspective. The ANR project Mycormones which funds my PhD aims to investigate the role of phytohormones from the perspective of the AM fungal partner. This project addresses the production, perception and transport of phytohormones by AMF. More specifically, we are interested in: (I) describing the set of phytohormones that AMF are able to release, (II) assessing the effects of the main classes of phytohormones on AM fungal biology, and (III) describing the underlying perception mechanisms. Last, we have investigated whether phytohormones are transported during plant-plant communication through common mycorrhizal networks (CMN).

Figure 7 .

 7 Figure 7. Structure of natural canonical strigolactones The structure of strigol is shown. Two stereochemical centers exist. The first one is located at the junction of the B-and C-rings, and determines the classification of SLs between strigol (5DS) and oranbanchol (4DO) types. The second one is located at the junction of the D-ring and the enol-ether bridge, giving rise to the 2'S and 2'R configurations. All natural SLs share the same 2'R configuration.

Figure 8 .

 8 Figure 8. Timeline of important discoveries about strigolactones Discoveries concerning parasitic weeds are shown in blue, AM fungi in brown and nonparasitic plants in green. Created with BioRender.com.
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 9 Figure 9. Chemical structure of canonical, non-canonical and synthetic analogs of strigolactonesAll natural SLs identified to date harbor the conserved D-ring with a 2'R configuration.Non-canonical SLs lack an intact A-, B-, or C-ring. Four stereoisomers of the widely used synthetic SL analog GR24 exist. GR24 is mostly used as a racemic mixture named rac-GR24 or (±)-GR24.

Figure 10 .

 10 Figure 10. Core strigolactone biosynthetic pathway Carlactone is synthesized from all-trans-β-carotene through sequential enzymatic reactions catalyzed by the isomerase D27 and two carotenoid cleavage dioxygenases: CCD7 and CCD8. Carlactone harbors the A-and D-rings of SLs and the 2'R configuration. It is considered to be the precursor of all natural SLs, canonical or not. Enzymes of Arabidopsis, rice, pea and Petunia are shown in red, blue, green and orange respectively.

Figure 11 .

 11 Figure 11. Strigolactone signaling pathway in rice Left: In the absence of SLs, the SL receptor D14 does not interact with the transcriptional repressor D53, leaving it free to form a complex with corepressors TP/TPR. The complex can interact with transcription factors such as IPA1, inhibiting their transcriptional activity and repressing the expression of target genes. Right: Upon binding to D14, SLs are cleaved and the D-ring covalently binds to D14. This process triggers a conformational change of D14 and facilitates its interaction with the Fbox protein D3. D14 also interacts with the transcriptional repressor D53. The complex formed by D3-D14-D53 allows the degradation of D53 by the 26S proteasome. This releases the repression of IPA1, allowing the expression of SL-responsive genes. Created with BioRender.com.

Figure 12 .

 12 Figure 12. Structure of karrikin1, karrikin2 and the strigolactone D-ringAll SLs possess a methyl-butenolide moiety which is also found in KAR1. KAR2 possesses a unmethyl-butenolide moiety.

Figure 13 .

 13 Figure 13. Proposed model for karrikin signaling KAR, (-)-GR24, desmethyl-GR24 or the putative KAI2-ligand (KL) are recognized by KAI2, triggering the formation of the SCF MAX2 -KAI2-SMAX1/SMXL2 complex. This leads to the ubiquitination of SMAX1/SMXL2 and their degradation by the 26S proteasome. The degradation of SMAX1 and SMXL2 releases the transcriptional repression of transcription factors, allowing KAR/KL responses such as activation of germination. Created with BioRender.com.

  Figure 14. Development of Physcomitrium patensA haploid spore or protoplast germinates to form primary chloronema which subsequently differentiate into more rapidly growing primary caulonema. Caulonemal cells divide to produce initials cells, which develop into lateral secondary choloronemata, secondary caulonemata or buds. Then, buds develop into leafy gametophores. Figure from Robert et al. (2012).

  TheSL and KAR receptors, D14 and KAI2 respectively, belong to two different clades of the same protein family. A third clade of the same protein family exists. Recently, a study investigated whether tomato SlDLK2 which belongs to the third clade, was a new regulatory component in the AM symbiosis (Ho-Plágaro et al., 2021). First, SlDLK2 expression was AMdependent and associated with cells containing arbuscules. Silencing of SlDLK2 and MtDLK2 resulted in increased root colonization and arbuscule abundance. Furthermore, DLK2 interacted with DELLA proteins. DELLAs are known to regulate arbuscule formation/degradation in AM roots. The authors concluded that DLK2 is a negative regulator of arbuscule development and acts as a new component of a protein complex regulating the life cycle of arbuscules (Ho-Plágaro et al., 2021).

Figure 16 .

 16 Figure 16. Summary of SAR studies for strigolactone activity on non-parasitic plantsNatural or synthetic SL analogs were tested for their ability to inhibit shoot branching/tillering in pea, Arabidopsis and rice mutants affected in SL biosynthesis. Green dots show bioactivity while red dots indicate inactivity of the SL analog[START_REF] Abe | Carlactone is converted to carlactonoic acid by MAX1 in Arabidopsis and its methyl ester can directly interact with AtD14 in vitro[END_REF] Boyer et al., 2012; Boyer et al., 2014;[START_REF] De Saint Germain | A Phelipanche ramosa KAI2 protein perceives strigolactones and isothiocyanates enzymatically[END_REF] Nakamura et al., 2013; Umehara et al. 2015).

Figure 17 .

 17 Figure 17. Summary of SAR studies for strigolactone activity on parasitic weedsNatural or synthetic SL analogs were tested for their ability to trigger seed germination in several species of parasitic weeds. Green dots show bioactivity while red dots indicate inactivity of the SL analog(Boyer et al., 2014;[START_REF] De Saint Germain | A Phelipanche ramosa KAI2 protein perceives strigolactones and isothiocyanates enzymatically[END_REF] Mangnus & Zwanenburg, 1992;[START_REF] Zwanenburg | Structure and function of natural and synthetic signalling molecules in parasitic weed germination[END_REF].
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 18 Figure 18. Summary of SAR studies for strigolactone activity on AM fungiNatural or synthetic SL analogs were tested for their ability to trigger hyphal branching of AM fungi. Green dots show bioactivity while red dots indicate inactivity of the SL analog(Akiyama et al., 2010;[START_REF] Borghi | Efficiency and bioavailability of new synthetic strigolactone mimics with potential for sustainable agronomical applications[END_REF][START_REF] Kodama | An ancestral function of strigolactones as symbiotic rhizosphere signals[END_REF] Mori et al., 2016).

  For further investigations, Mori et al. (2016) designed a set of MeCLA derivatives. The core structure of

Figure 19 .

 19 Figure 19. Overview of results of SAR studies on non-parasitic plants, parasitic weeds and AM fungiThe activity of natural and synthetic SL analogs was tested on plants, parasitic weeds and AM fungi. The green color indicates bioactivity, while red indicates inactivity of the SL analog on the given organisms. Comparison of the activity of the different SL analogs led to the proposal of a shared bioactiphore between the three organisms.
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 20 Figure 20. 3D representation of the structure of the plant strigolactone receptor PhDAD2 The catalytic residues are shown in pink while the ribbon structure is colored in rainbow mode from N terminus (blue) to C terminus (red). Figure from Hamiaux et al. (2012).

Figure 21 .

 21 Figure 21. Chemical structures and principle of the GC series of profluorescent probes This series of probes combine a fluorophore (DiFMU) with a D-ring of SLs. Upon hydrolysis, the fluorophore is released and becomes fluorescent, allowing to monitor the hydrolytic activity of different recombinant proteins (de Saint Germain et al., 2016).The methyl-butenolide moiety of GC240 (orange) is identical to the conserved D-ring of SLs. GC242 harbors an extra methyl at the C3' position of the D-ring (green), while GC486 lacks the methyl at the C4' position (grey). In planta, GC240 and GC242 are active on shoot branching in pea (green dots) while GC486 is inactive (red dot).

  ring to trigger SL signal transduction(de Saint Germain et al., 2016).In parallel,Yao et al. (2016) suggested a similar mechanism of SL perception based on crystal structures. The authors obtained the crystal structure of the SL-induced SL-AtD14-D3-ASK1 complex. They observed that upon binding to SLs AtD14 undergoes an open-to-closed state transition, allowing the interaction with MAX2 to trigger signaling. This transition is mediated by the covalent binding of a D-ring-derived intermediate to the receptor (referred to as

  Three major observations challenged the SL hydrolysis-dependent model. The first observation is that several non-hydrolysable SL agonists are still active on plants[START_REF] Mccourt | Chemical genetics and strigolactone perception[END_REF]. The second argument presented bySeto et al. (2019) is that the kinetics of SL cleavage does not fit the kinetics of SL signal transduction: the rate of hydrolysis of (±)-GR24 by the SL receptor is too slow compared to the activation of the SL signaling pathway. The last observation came from the re-examination of the crystallographic structure of several SL receptors by[START_REF] Carlsson | The elusive ligand complexes of the DWARF14 strigolactone receptor[END_REF]. The authors claimed that the molecule observed byYao et al. (2015) and referred to as CLIM is not related to SLs, but most likely involves a buffer or crystallization compound such as an iodide ion. Yet, further analysis of the crystallography data by Burger et al. (2020) suggested that the D-ring was indeed attached to the catalytic histidine as proposed by Zao et al. (2015) and de Saint Germain et al. (2016).From these observations, two studies proposed an SL hydrolysis-independent-model. First,[START_REF] Shabek | Structural plasticity of D3-D14 ubiquitin ligase in strigolactone signalling[END_REF] obtained crystals for rice OsD3 (MAX2) and the D3-D14-D53 complex. D3 has a C-terminal helix that can switch between two conformational states. The first state can bind the closed conformation of CLIM-bound-D14, while the second state allows the interaction with SL-bound-D14. The hydrolase function of D14 is strongly reduced upon interaction with D3, but the addition of D53 can reactivate the hydrolytic function of the SL receptor. Therefore, the authors proposed that D3 could bind hormone-bound-D14 and prevent SL hydrolysis by D14. The hormone-bound-D14-D3 complex is then able to interact with D53 which is polyubiquitinated and degraded. D53 degradation leads to the re-activation

  further investigate their hypothesis,Seto et al. (2019) performed a time-course DSF experiment coupled with quantitative detection of SL analogs and their hydrolysis products.They reported that the conformational change induced by several SLs occurs before SL hydrolysis. Moreover, they observed that both hydrolysis products, the ABC moiety and Dring, are released at almost the same rate as GR24 is consumed. This observation did not support the model in which the D-ring is covalently trapped in the SL receptor. If this model was correct, the D-ring should be released later compared to the ABC moiety. The authors suggested that uncleaved SL, not the hydrolysis intermediate (CLIM), induces the conformational change of AtD14 to allow signal transduction, even if they also observed the presence of the D-ring covalently bound to AtD14. They suggested that the D-ring did bind to AtD14 but was released rapidly without being trapped tightly in the binding pocket.

  Hu et al. (2017) showed that SL perception and receptor degradation could be uncoupled. Further, receptor degradation depended on D3 and D53. More importantly, D14 proteins mutated in the catalytic triad were much less degraded, suggesting that the hydrolase activity of D14 could be important for the SL-induced degradation of the receptor. These data seem consistent with the model proposed byShabeck et al. (2018) andSeto et al. (2019) where hydrolysis of SLs would not be required for signal transduction, but for the degradation of the receptor and the SL molecule.III-3) Evolution of plant strigolactone perceptionPlant SL receptors are thought to have originated from an expansion of the streptophyte KAI2like family, forming two ancient lineages named eu-KAI2 and DDK (D14/DLK2/KAI2)[START_REF] Bythell-Douglas | Evolution of strigolactone receptors by gradual neo-functionalization of KAI2 paralogues[END_REF]. In contrast to D14 which is only found in seed plants[START_REF] Delaux | Origin of strigolactones in the green lineage[END_REF], the DLK and KAI2 proteins are present in all land plants. The KAI2 proteins cannot perceive natural SLs. However, KAI2 proteins can bind to SLs harboring the non-natural 2'S configuration between the C-and D-rings. It has been proposed that D14 evolved the capacity to perceive natural 2'R SLs in flowering plants through neo-functionalization of KAI2-like proteins[START_REF] Bythell-Douglas | Evolution of strigolactone receptors by gradual neo-functionalization of KAI2 paralogues[END_REF]. In the bryophyte M. paleacea, Mpkai2 and Mpmax2

1 (

 1 identified. These genes were classified into 4 clades named PpKAI2L-(A-E), (FK), (HIL) and (JGM) respectively. Phylogenetic analyses grouped the three clades (FK), (HIL) and (JGM) into the super-clade DDK, while the clade (A-E) belongs to the eu-KAI2 clade[START_REF] Lopez-Obando | The Physcomitrium ( Physcomitrella ) patens PpKAI2L receptors for strigolactones and related compounds function via MAX2dependent and -independent pathways[END_REF].Burger et al. (2019) showed that in vitro, the proteins PpKAI2L-C, -D and -E bind (-)-5deoxystrigol (exhibiting a 2'S configuration) whereas PpKAI2L-H, -K and -L bind karrikin[START_REF] Bürger | Structural basis of karrikin and non-natural strigolactone perception in Physcomitrella patens[END_REF]). Yet, proteins able to perceive (+)-SL were not identified in this study.[START_REF] Lopez-Obando | The Physcomitrium ( Physcomitrella ) patens PpKAI2L receptors for strigolactones and related compounds function via MAX2dependent and -independent pathways[END_REF] used a combination of P. patens mutants, pharmacological treatments, in vitro binding assays, and cross-species complementation to dissect the roles of the proteins involved in SL and KL perception in P. patens. Recombinant proteins belonging to the clade (A-E) were destabilized by (-)-GR24 (2'S configuration) and were able to hydrolise it.Both developmental phenotypes and transcriptional response upon application of (+)-SL were unaffected in the clade (A-E) Ppkai2l mutant, suggesting that clade (A-E) PpKAI2L proteins are not receptors for SLs. Analysis of Ppkai2l-f, -k did not reveal a clear phenotype of these mutants nor any difference in the capacity to respond to different GR24 stereoisomers[START_REF] Lopez-Obando | The Physcomitrium ( Physcomitrella ) patens PpKAI2L receptors for strigolactones and related compounds function via MAX2dependent and -independent pathways[END_REF]. Therefore, the clade (FK) was not supposed to comprise SL receptor(s)

  . These paralogs have been classified into three clades, the ancestral conserved clade (KAI2c), the intermediate clade (KAI2i) and the rapidly-evolvingdivergent clade (KAI2d). Proteins from each clade exhibit different capacities to bind KARs and SLs. The conserved clade does not bind to either KARs or SLs. The intermediate clade binds to

  beginning of my thesis, the group was investigating the structure-activity relationships (SAR) of SLs on AMF. At my arrival, I continued this project. We combined two different approaches. First, we pursued the investigation of SL activity in symbiotic conditions by using an experimental setup based on SL-deficient mutants. Second, we developed a bioassay (referred to as branching bioassay) to investigate the effects of SL analogs on the growth and hyphal morphology of R. irregularis grown in vitro in the absence of a host plant. This chapter is composed of three parts. The first part describes and discusses the two experimental setups used in our SAR studies. The second part reports the effects of SL analogs carrying modifications on the D-ring. It begins with a published article, followed by additional results. The last part briefly mentions my involvement in the characterization of a new SL identified in hemp, named cannalactone, and its synthetic analog SdL19.Chapter 1 Structure-activity relationships of strigolactones on R. irregularis -58 -

Figure 23 .

 23 Figure 23. Hyphal development of Rhizophagus irregularis grown in vitro Germinating spores of R. irregularis were observed under a dissecting microscope. (A) A germ tube (white arrow) emerges from a suspensor hypha (yellow arrow). (B) The germ tube is identified as the longest hypha. (C) Several spores attached to the same suspensor hypha. (D) From the germ tube, 1 st -order branches emerge (black arrows) (E) Several hyphae growing angularly in all directions emerge. An important number of 1 storder branches is observed as well as some higher-order branches (green arrow). (F) Zoom on 1 st -order and higher-order branches (black and green arrows, respectively). (G) Zoom on coiled, curly hyphae. (H) Two germ tubes form an anastomosis (orange arrow). Scale bars = 50 µm for A,B,C,F and G and 250 µm for D,E and H.

  of arbuscular mycorrhizal symbiosis involves a novel pathway independent from hyphal branching (published article) SAR studies on plants have highlighted the utmost importance for SL hormonal activity of the methylbutenolide D-ring, an invariable component of all known natural SLs. Consequently, we focused on the importance of the D-ring for bioactivity on AM fungi. The following work was published in the journal Mycorrhiza in May 2020. Briefly, we evaluated the bioactivity of two analogs of GR24 with modifications on the D-ring. (±)-H2-2′-epi-GR24 harbors a reduced C3'-C4' bond, and (±)-4′-desmethyl-2′-epi-GR24 lacks the conserved methyl group at the C4' position. Both compounds were able to restore root colonization in Mtccd8 mutants. Surprisingly, exposition of R. irregularis spores grown in vitro to (±)-4′-desmethyl-2′-epi-GR24 resulted in an inhibition of hyphal branching. This highlighted that initiation of arbuscular mycorrhizal symbiosis can occur independently of hyphal branching, and challenges the hypothesis that pre-symbiotic fungal branching is required for the fungus to colonize Lauressergues 1 , Katie Martin 1 , Maïna Cadoret 1 , Vincent Servajean 2 , François-Didier Boyer 2 and Soizic Rochange 1* AFFILIATIONS 1 Laboratoire de Recherche en Sciences Végétales, Université de Toulouse, CNRS, UPS, 24 chemin de Borde Rouge, Auzeville, 31320, Castanet-Tolosan, France 2 Université Paris-Saclay, CNRS, Institut de Chimie des Substances Naturelles, UPR 2301, 91198, Gif-sur-Yvette, France * Corresponding author (e-mail: rochange@lrsv.ups-tlse.fr) ORCID: François-Didier Boyer 0000-0001-9855-7234; Soizic Rochange 0000-0002-3889-7859 ACKNOWLEDGMENTS This study was partly funded by the Agence Nationale de la Recherche (ANR-18-CE20-0001-01). It was also supported by the TULIP LabEx (ANR-10-LABX-41) and the Stream COST Action FA1206. The Institut de Chimie des Substances Naturelles benefits from the support of the Labex CHARM3AT program (ANR-11-LABX-39). We thank Mégane Gaston and Nicolas Cadilhac for technical assistance with some experiments. Chapter 1 Structure-activity relationships of strigolactones on R. irregularis -64 -

  ABBREVIATIONS

  develop a root endosymbiosis with most land plants and play important roles in natural and agricultural ecosystems(Smith & Read 2008; Chen et al., 2018). More recently still, SLs were identified as a novel class of phytohormones, contributing to the control of shoot branching(Gomez-Roldan et al., 2008; Umehara et al., 2008) and a number of other developmental traits in shoots and roots(Lopez-Obando et al., 2015; Matthys et al., 2016). The bioactivity of SLs on such diverse organisms raises interesting questions about the evolution of their perception.Since the identification of SLs as phytohormones, genetics has allowed rapid progress in the understanding of their biosynthesis, perception, and hormonal effects(Seto and Yamaguchi 2014;[START_REF] Al-Babili | Strigolactones, a novel carotenoid-derived plant hormone[END_REF] Bürger and Chory 2020). The core biosynthetic pathway from β-carotene to SLs involves, after cis/trans isomerization by DWARF27, two

  relationships of strigolactones on R. irregularis -70 -Staining and observation of mycorrhizal structures Roots were harvested three weeks post-inoculation and carefully separated from the substrate.

  Taulera et al., 2020 -Figure 2. Mycorrhizal phenotype of Mtccd8-1 mutants and its rescue by (±)-GR24Plants were inoculated with R. irregularis and watered with a nutrient solution supplemented with the solvent alone (mock), or 100 nM SL analogs. Root colonization was assessed three weeks post-inoculation. (A) Wild-type plants or Mtccd8-1 mutants treated or not with (±)-GR24. (B) Mtccd8-1 mutants treated with enantiopure stereoisomers of GR24. Bars represent the mean number of infection units per plant, ± s.e.m. n = 9-10 plants per condition. Means topped by the same letter do not differ significantly according to Dunn'Taulera et al., 2020 -Figure 3. Effect of SL analogs modified on the D-ring on symbiosis initiation Mtccd8-1 mutants were inoculated with R. irregularis and watered with a nutrient solution supplemented with SL analogs: (A) (±)-H 2 -2'-epi-GR24; (B) (±)-4'-desmethyl-2'-epi-GR24. (±)-GR24 was used as positive control. Root colonization was assessed three weeks postinoculation. Bars represent the mean number of infection units per plant ± s.e.m. n = 9-10 plants per condition. Means topped by the same letter do not differ significantly according to Dunn's test (P > 0.05). Chapter 1 Structure-activity relationships of strigolactones on R. irregularis -71 -

  Taulera et al., 2020 -Figure 4. Effect of (±)-4'-desmethyl-2'-epi-GR24 on R. irregularis development in vitro R. irregularis was grown from spores for 12 days on medium containing 100 nM (±)-GR24 or (±)-4'-desmethyl-2'-epi-GR24, or the solvent alone (mock), then developmental parameters were measured. (A) Number of branches of first order (grey bars) and second order (black bars). (B) Length of the germ tube. Bars represent the mean ± s.e.m, n = 11 plates per condition. Means topped with the same letter do not differ significantly according to Dunn's test (P > 0.05).

  Wild-type and mutant plants were grown in small containers and inoculated with pregerminated spores of R. irregularis as described in[START_REF] Balzergue | High phosphate reduces host ability to develop arbuscular mycorrhizal symbiosis without affecting root calcium spiking responses to the fungus[END_REF]. Bars indicate the mean number of infection units per plant, ± s.e.m. n = 7-8 plants per genotype. Means topped with the same letter do not differ significantly according to Dunn's test (Structure of the ABC and D moieties of GR24. (B) Mtccd8-1 mutants were inoculated with R. irregularis and watered with a nutrient solution supplemented with 100 nM (±)-ABC=CHOH, (±)-D-OH, or a mixture of both (100 nM each). (±)-GR24 was used as positive control. Root colonization was assessed three weeks post-inoculation. Bars represent the mean number of infection units per plant ± s.e.m. n = 10 plants per condition. Means topped with the same letter do not differ significantly according to Dunn's test (P > 0.05).

Figure 24 .

 24 Figure 24. Effect of ABC and D moieties on R. irregularis development in vitroR. irregularis germinating spores were exposed to 100 nM of (±)-ABC=CHOH, D-OH, a mix of both (100 nM each) or the solvent alone (mock). The boxes represent the median and 25th and 75th percentiles, whereas whiskers represent the maximum and minimum values. n = 7-8 plates per condition. The experiment was performed once.Conditions topped with the same letter do not differ significantly according to Mann and Whitney's test (P > 0.05).

Figure 25 .

 25 Figure 25. Effect of GR24 stereoisomers on R. irregularis development in vitroActivity of GR24 stereoisomers on hyphal branching of R. irregularis grown in vitro n = 10 plates per condition. The experiment was performed twice. Conditions topped with the same letter do not differ significantly according to Mann and Whitney's test (P > 0.05). Data: Lukas Brichet.

Figure 26 .Figure 27 .

 2627 Figure 26. Effect of (±)-4'-desmethyl-GR24 and (±)-4'-desmethyl-2'-epi-GR24 on R. irregularis development in vitro (A) Structure of the four stereoisomers of 4'-desmethyl-GR24. (B) Activity of desmethyl-GR24 on R. irregularis development. n = 5-8 plates per condition. The compounds were tested twice. Conditions topped with the same letter do not differ significantly according to Mann and Whitney's test (P > 0.05).

  relationships of strigolactones on R. irregularis -84 -observed in plants, where SLs and KARs activate parallel signaling pathways though either D14 or KAI2 proteins.

  Figure 28. Effect of (±)-3'-methyl-GR24 and (±)-3'-methyl-2'-epi-GR24 on R. irregularis development in vitro (A) Structure of the four stereoisomers of 3'-methyl-GR24. (B) Activity of 3'-methyl-GR24 on R. irregularis development. n = 8-10 plates per condition. Each compound was tested three times. Conditions topped with the same letter do not differ significantly according to Mann and Whitney's test (P > 0.05).

  Figure 29. Activity of (±)-3'-methyl-GR24 and (±)-3'-methyl-2'-epi-GR24 on symbiosis initiationMtccd8-1 mutants were inoculated with R. irregularis and watered with a nutrient solution supplemented with 100 nM (±)-GR24, (±)-3'-methyl-GR24, (±)-3'-methyl-2'-epi GR24, or the solvent alone (mock). Root colonization was assessed 3 weeks post inoculation. Bars represent the mean number of infection units per plant ± s.e.m. n = 10-12 plants per condition. Each compound was tested three times. A representative experiment is shown. Means topped by the same letter do not differ significantly according to Mann and Whitney's test (P > 0.05).

Figure 30 .

 30 Figure 30. Time-course analysis of spore germination of R. irregularis in response to SL analogs harboring modifications of the D-ring R. irregularis spores were grown in liquid medium supplemented with 100 nM of SL analog. The mean germination rate ± s.e.m is shown. n=8 rows of 10 to 12 spores. The experiment was performed twice. Conditions topped by a star differ significantly from the mock treatment according to one-way ANOVA followed by Fisher's LSD test (P < 0.05).

Figure 31 .

 31 Figure 31. Effect of GR24 stereoisomers on R. irregularis spore germinationThe germination rate was counted at 5 days. The mean germination rate ± s.e.m is shown. n=5 rows of 10 to 12 spores. The experiment was performed once. Means topped by the same letter do not differ significantly according to one-way ANOVA followed by Fisher's LSD test (P > 0.05).

Figure 32 .

 32 Figure 32. Activity of HGS and (±)-SdL19 on the symbiotic ability and the development of the AM fungus R. irregularis (A) Activity of HGS and (±)-SdL19 on symbiosis initiation of Mtccd8 roots. Bars represent the mean number of infection units per plant ± s.e.m. n = 10-12 plants per condition. (B) Activity of (±)-SdL19 on hyphal branching of R. irregularis grown in vitro. n = 7-8 plates per condition. The experiments were performed three times. Conditions topped with the same letter do not differ significantly according to Mann and Whitney's test (P > 0.05).

Figure 34 .

 34 Figure 34. Activity of TFA on Gi. rosea developmental responses to (±)-GR24Gi. rosea was grown from spores on solid M medium. Six days after, small wells were made with the tip of a Pasteur pipette at a distance of 5mm of the tip of each germ tube; 5 μl of 100 nM (±)-GR24, TFA, an equimolar mix of (±)-GR24 and TFA or the solvent alone was applied. Newly formed apices were counted 36h after molecule application. Conditions topped with the same letter do not differ significantly by Mann and Whitney's test (P > 0.05).

Figure 35 .

 35 Figure 35. Preliminary results obtained with BJ318 (A) Expression and purification of BJ318-3xFLAG proteins produced in N. benthaniama. (B) Thin layer chromatography of (±)-GR24 incubated with either BJ318 or the solvent alone. Chemically hydrolyzed GR24 was used as a positive control. (C) DSF assays with 2,5 µM BJ318 incubated with 200 µM of (±)-3'methyl-GR24, (±)-GR24 or in absence of ligand. (D) Mass spectrometry analysis of BJ318 cleavage toward (±)-GR24. 5 µM (±)-GR24 was incubated with BJ318 (1 µM) or the solvent alone (mock).

  Taulera et al. (in prep) -Figure 2. Activity of TFA and KK094 on R. irregularis developmental responses to (±)-GR24R. Irregularis developmental responses to (±)-GR24 in presence of TFA and KK094. The boxes represent the median and 25th and 75th percentiles, whereas whiskers represent the maximum and minimum values. n = 9-12 plates per condition. The experiments were performed at least twice. Conditions topped with the same letter do not differ significantly according to Mann and Whitney's test (P > 0.05).

Figure 3 .

 3 Enzymatic kinetics for the fungal candidate proteins incubated with GC522Progress curves during hydrolysis of the fluorescent probe GC522 at 10 μM incubated with candidate proteins (purple) or without protein (yellow). The traces represent one of two

  . (in prep) -Figure 4. Enzymatic kinetics for the fungal candidate proteins incubated with pro-fluorescent SL mimics Progress curves during hydrolysis of the fluorescent probes at 10 μM incubated with candidate proteins or without protein. The traces represent one of two replicates.

  Taulera et al. (in prep) -Figure 5. Enzymatic activity of fungal candidate proteins toward SL analogs(A) 2.5 μM proteins were incubated with 10 μM of GR24 or (±)-4'-desmethyl-GR24 for 2 hours. (B) 5 μM BJ318 was incubated with 10 μM of (±)-GR24. Hydrolysis was quantified by UPLC-UV by analyzing the remaining amount of SL analogs. Bars represent the mean ± s.e.m of hydrolysis rate of (A) three and (strigolactone receptor(s) in R. irregularis -104 -Although they are structurally quite different from natural SLs, they mimic SL analog activity in plants (de Saint Germain et al., 2016) and have the important advantage of releasing the fluorescent moiety (DiFMU) upon cleavage. This allows us to follow their cleavage in real time during incubation with ABHs.

  prep) -Figure 6. Competition assays of GC522 hydrolysis by TFA or KK094 (A, C) Progress curves of hydrolysis of the fluorescent probe GC522 (12.5 μM) by BJ309 or BJ318 in the presence of different concentrations of (+)-GR24, TFA or KK094. A control condition without protein is shown in blue. These plots represent one of the two replicates. (B,D) Estimated enzymatic parameters.

  . (in prep) -Figure 7. Nano differential scanning fluorimetry (nanoDSF) analysis of the fungal candidate proteins in the presence of SL analogs

  strigolactone receptor(s) in R. irregularis -106 -or apparition of one in the presence of inhibitors indicates the reduction of enzymatic activity and a possible deactivation of the protein.

  Taulera et al. (in prep) -Figure 8. Binding analysis of BJ318 to TFA and KK094 (A) NanoDSF profile of BJ318 incubated with TFA, KK094 or in the absence of ligand (mock). (B) Mass spectrometry characterization of a covalent BJ318-KK094 complex. Deconvoluted electrospray mass spectra of the BJ318 protein in the absence (top panel) or presence (bottom panel) of KK094. A mass increment of +145.8 DA (corresponding to the KK094 mass) was observed.

  Taulera et al. (in prep) -Supplementary Figure 1. Amino acid sequence identities of PhDAD2 and the fungal candidate proteins (A) Multiple sequence alignments were performed with Clustal Omega program. Sequence identities > 30% are shown in green. (B) The red boxes indicate the catalytic residues. The catalytic serine and histidine are shown in the candidate protein sequences. Dark blue shows identity in the majority of the proteins; light blue indicates similarities among several of the proteins. The amino acid positions refer to PhDAD2 sequence. . (in prep) -Supplementary Figure 2. Phylogenetic analysis of signal peptide presence in BJ309, BJ311, BJ313 and BJ315 homologs in the fungal kingdomThe presence of signal peptides (blue square) was predicted using SignalP v5. A phylogenetic tree was generated by the maximum likelihood method. The best-fitting evolutionary model was estimated and branch supports estimated with 10,000 bootstrap replicates.Taulera et al. (in prep)-Supplementary Figure3. Phylogenetic analysis of BJ316 and BJ317 homologs in the fungal kingdom A phylogenetic tree was generated by the maximum likelihood method. The best-fitting evolutionary model was estimated and branch supports estimated with 10developmental responses to the profluorescent probes (±)-GC240 and (±)-GC486. n = 7-9 plates per condition. Each compound was tested three times. Conditions topped with the same letter do not differ significantly according to Mann and Whitney's test (P > 0.05).

Figure 36 .

 36 Figure 36. Effect of tolfenamic acid on symbiosis initiation in the presence of GR24Mtccd8-1 mutants were inoculated with R. irregularis and watered with a nutrient solution supplemented with 100 nM (±)-GR24, tolfenamic acid (TFA), an equimolar mix of (±)-GR24 and TFA (100 nM each), or the solvent alone (mock). Bars represent the mean number of infection units per plant ± s.e.m. n = 15 plants per condition. The experiment was performed once. Means topped by the same letter do not differ significantly according to Mann and Whitney's test (P > 0.05).

Figure 37 .

 37 Figure 37. Effect of tolfenamic acid on R. irregularis hyphal branching responses to KAR2Activity of TFA on hyphal branching of R. irregularis treated with KAR2. n = 7-10 plates per condition. The experiment was performed twice. Conditions topped with the same letter do not differ significantly according to Mann and Whitney's test (P > 0.05).

Figure 38 .Figure 39 .

 3839 Figure 38. Effect of tolfenamic acid and KK094 on R. irregularis spore germination (A) Activity of TFA on spore germination of R. irregularis treated with (±)-GR24. The mean germination rate ± s.e.m is shown. n=8 rows of 10 to 12 spores. The experiment was performed twice. (B) Activity of TFA or KK094 on spore germination of R. irregularis treated with (±)-4'desmethyl-2'-epi-GR24 or (±)-GR24. The germination rate was determined after 5 days. The mean germination rate ± s.e.m is shown. n=5 rows of 10 to 12 spores. The experiment was performed once.Means topped by the same letter do not differ significantly according to one-way ANOVA followed by Fisher's LSD test (P > 0.05).

Figure 40 .Figure 41 .

 4041 Figure 40. Nano Differential Scanning Fluorimetry (nanoDSF) analysis of wild-type and mutant BJ318 in the presence of (±)-3'-methyl-GR24Thermostability of BJ318, BJ318 H208A and BJ318 S122A proteins (10 μM) in the absence of a ligand (blue) or in the presence of 200 μM (±)-3'-methyl-GR24 (pink). The apparent melting temperatures (T m ) for each sample was determined using the first derivative of the fluorescence ratio. The experiment was performed twice.Temperature (°C)

Figure 44 .

 44 Figure 44. Common mycorhizal networks are able to convey warning signals between plants A common mycorrhizal network is able to convey plant-generated warning signals in response to aphid attack to unchallenged connected plants, leading the receiver plant to emit VOCs. Natural aphid enemies are then recruited by VOCs, resulting in an improvement of plant survival. Figure from Gilbert & Johnson, 2017.

Figure 45 .

 45 Figure 45. Example of an experimental design used in Babikova et al., 2013A donor plant, which was colonized by aphids, and four aphid-free receiver plants were grown in a mesocosm. All plants were grown in the mycorrhizal condition. One control plant was prevented from forming mycelial connections to donor plants (0.5 µm mesh).Another was allowed to form connections initially but the connections were snapped after exposure of the donor to aphids (rotated 40 µm mesh). Two test plants were allowed to form shared mycorrhizal fungal networks (non-rotated 40 µm mesh allowing fungal contact only; no barrier allowing fungal and root contact) with the donor plant for the duration of the experiment. Receiver plant responses were analyzed 96 h after addition of aphids to the donor plant. Figure from Babikova et al., 2013.

  Fig. 45. To summarize the different experimental designs, two plants were grown separated by a membrane, which prevents root passage but allows fungal hyphae to pass through allowing CaMNs to connect plants. This CaMN was either left intact (test plants) or mechanically disrupted (control plants). Then, one of the two plants (named donor plant) was challenged with either a herbivore or a pathogen. Physiological responses, gene expression, modulation of protein activity or specialized metabolite production were analyzed in the receiver plants. Using this experimental design, transfer of warning signals between CaMNs-connected plants were shown by different teams.

  co-workers (

  Chemicals(±)-GR24 was purchased from Chiralix (The Netherlands). Naphtalene acetic acid (NAA), 2,4-Dichlorophenoxyacetic acid (2,4-D), kinetin and labelled phytohormones: [ 2 H6]N 6 -isopentenyl adenosine ([ 2 H6-N 6 ]-iPR), [ 15 N4-N 6 ]-isopentenyl adenine ([ 15 N4-N 6 ]-iP), [ 13 C6]-indole-3-acetic acid ([ 13 C6]-IAA) were purchased from Olchemim. All phytohormone stock solutions were prepared at 10 mM and stored at -20 °C. (±)-GR24 was dissolved in acetone, NAA, 2,4-D, kinetin in NaOH and [ 2 H6-N 6 ]-iPR, [ 15 N4-N 6 ]-iP and [ 13 C6]-IAA in ethanol.

  as described above. Three different combinations were used: (a) one MT plant was grown together with one Mm plant without a mycorrhizal fungus, (b) 500 spores of R. irregularis were inoculated to one MT plant grown with one Mm plant, (c) 500 spores of R. irregularis were inoculated to two MT plants grown in the same pot (Fig. 47). Ten pots were used for each combination. The height of each MT plant was measured at various time points (20, 28, 35 and 50 days after germination). At the end of the experiment (50 days post germination), Mm donor plants were Chapter 3 Transfer of hormones between plants connected by mycorrhizal fungi -121 -treated with one of the following mixes: (I) 10 µM of kinetin, 2,4-D and (±)-GR24; (II) 10 µM of [ 2 H6-N 6 ]-iPR and [ 15 N4-N 6 ]-iP; or (III) H2O. MT donor plants were treated with 10 µM [ 13 C6]-IAA.

Figure 46 .

 46 Figure 46. Transfer of phytohormones between Medicago plants connected via a CaMN(A) Experimental design. Two Medicago truncatula plants were grown in two modified circular pots placed on either side of a rectangular container. A mesh was soldered on each pot, preventing direct root contact between plants but allowing the establishment of CaMNs. CaMNs were (a) left intact or (b) severed by rotating the pots, prior to hormone application. A mix of hormones or a mock treatment were supplied to the donor plant. Roots and aerial parts of each plant were harvested 24 h after treatment. (B) The presence (green) and the absence (red) of these phytohormones were analyzed by mass spectrometry. Two donor and receiver plants per conditions were analyzed. The experiment was performed once.

Figure 47 .

 47 Figure 47. Transfer of phytohormones between tomato plants connected by a CaMN (A) Experimental design. Three combinations were used: (a) one MT was grown in pair with one Mm without AM fungi, (b) one MT was grown with one Mm and inoculated with AM fungi (c) two Mt were grown together and inoculated with AM fungi. (B) Growth of MT plants in the three combinations. The height of each MT plant was measured at different time points. Ten pots were used for each condition. (C) Donor plants were treated with phytohormones or water. Roots and aerial parts were harvested 24h after treatment. The presence (green) and the absence (red) of these phytohormones was analyzed by mass spectrometry. One donor and receiver plants per condition were analyzed. The experiment was performed once.

  in both experiments. It is possible that an endogenous molecule present in the aerial parts of Medicago and Tomato plants displays the same mass spectrometry signal as kinetin. In addition, during Medicago sample analysis, (±)-GR24 and NAA were detected in blank samples indicating that the mass spectrometry source was contaminated. Last, we evaluated if the dwarf phenotype of MT tomato plants could be partly rescued by a CaMNconnected wild-type tomato plant supplying its own hormones or signals. We did not observe such complementation in this experiment. Insufficient BR or GA could have reached the MT plant and failed to rescue its shoot elongation phenotype.

  

  

  

  . ABHs exhibit a wide range of enzymatic functions that primarily consist of the hydrolysis of ester, peptide and carboncarbon bonds from a wide variety of substrates. Several subfamilies comprise the large family of ABHs such as peroxidases, esterases or lipases. Their hydrolytic activity relies on a catalytic triad composed of a serine, a histidine and an aspartate or a glutamate residue. The catalytic process starts with the nucleophilic attack of the substrate by the catalytic serine, followed by the nucleophilic attack of a water molecule by the catalytic histidine. This first step occurs rapidly and cleaves the substrate. A part of it is quickly released while the other part can remains covalently bound to the enzyme. The second reaction step is slower and consists in the release of the covalently bound part of the substrate. Then the enzyme returns to its initial

conformation and can repeat a reaction cycle. A common structure of ABHs is composed of parallel β-sheets surrounded by α-helices. The number of β-strands and α-helical segments varies, but the intermediate loops carrying the catalytic Ser, His, and Asp/Asn residues are the most conserved features defining the ABH family. Nevertheless, structural variations can occur which often reflect the appearance of new biological functions. It is important to

General discussion

In the first chapter, we showed that R. irregularis responded to unmethylated SL analogs. (±)-4'-desmethyl-2'-epi-GR24 inhibited hyphal branching while retaining the ability to restore symbiosis in SL-deficient plants. In the second chapter, we have gathered indirect evidence regarding the nature of SL and unmethylated butenolide receptors in AMF, which likely include ABH proteins. Our results suggest the existence in AMF of several signaling pathways regulating the response to methylated and unmethylated butenolides. This points to an interesting parallel with the activation of homologous, yet distinct pathways by SLs and unmethyl butenolides in plants. In plants, unmethylated butenolides mimic the unidentified KL (Yao et al., 2018[START_REF] Yao | Desmethyl butenolides are optimal ligands for karrikin receptor proteins[END_REF], an endogenous plant signal regulating several developmental processes. A growing amount of evidence links the KAI2/KL pathway to mycorrhizal symbiosis.

First, Gutjahr et al. 2015 reported that the symbiotic interaction was completely abolished in rice Oskai2 mutants. Later, this phenotype was confirmed in Petunia [START_REF] Liu | Exogenous abscisic acid and root volatiles increase sporulation of Rhizophagus irregularis DAOM 197198 in asymbiotic and pre-symbiotic status[END_REF] and Brachypodium distachyon [START_REF] Meng | KARRIKIN INSENSITIVE2 regulates leaf development, root system architecture and arbuscular-mycorrhizal symbiosis in Brachypodium distachyon[END_REF]. In addition, mutation of OsSMAX1 fully suppressed the symbiotic phenotypes of Oskai2 and Osd3 mutants indicating that OsSMAX1 is a negative regulator of AM symbiosis [START_REF] Choi | The negative regulator SMAX1 controls mycorrhizal symbiosis and strigolactone biosynthesis in rice[END_REF]. In view of these observations it has been proposed that the KAI2 signaling pathway mediates AM symbiosis by conditioning plant roots for fungal infection [START_REF] Hull | Conditioning plants for arbuscular mycorrhizal symbiosis through DWARF14-LIKE signalling[END_REF].

Evolutionary origin of SL and KAR receptors

To assess the taxonomic distribution of the D14/KAI2 gene family, [START_REF] Wang | Origins of strigolactone and karrikin signaling in plants[END_REF] conducted a BLAST analysis using plant D14/KAI2 sequences as query. They identified homologs in bacteria and streptophytes, annotated as RsbQ [START_REF] Wang | Origins of strigolactone and karrikin signaling in plants[END_REF]. RsbQ proteins share structural features with D14/KAI2 proteins. Phylogenetic analysis suggests that the plant D14/KAI2 gene family was acquired from proteobacteria through horizontal gene transfer, likely before the emergence of streptophytes. In the fungal kingdom, no significant RsbQ homologs were identified. The authors suggested that AM fungi possess distinct SL receptors that differ from RsbQ [START_REF] Wang | Origins of strigolactone and karrikin signaling in plants[END_REF]. The enzymatic function of ABH proteins Do AM fungi produce KL-like compounds? The identification of KL is one of the challenges that animates the scientific community. KL can be mimicked by other signals such as karrikins, and KL is thought to be an unmethylated butenolide (J. Yao et al., 2021b). In addition to KAR2, other natural unmethylated butenolides are found in the soil. For example, N-acyl-homoserine lactones (AHLs) have been characterized to mediate bacterial quorum sensing [START_REF] Kitani | Avenolide, a Streptomyces hormone controlling antibiotic production in Streptomyces avermitilis[END_REF][START_REF] Klapper | Biosynthesis of Pseudomonas-derived butenolides[END_REF][START_REF] Nguyen | Butenolides from Streptomyces albus J1074 act as external signals to stimulate avermectin production in Streptomyces avermitilis[END_REF]. Interestingly, indirect evidence shows that bacterial endosymbionts of AMF (although absent in R. irregularis) can produce N-acyl-homoserine lactones [START_REF] Palla | Quorum sensing in rhizobia isolated from the spores of the mycorrhizal symbiont Rhizophagus intraradices[END_REF]. Furthermore, the endophytic fungus Aspergillus terreus was reported to produce butenolide compounds (Guo et al., 2016). It is possible that mycorrhizal fungi produce KL mimics to stimulate the plant prior to colonisation. In line, Oskai2 mutants no longer respond to R. irregularis germinating spore exudates (GSE) (Gutjahr et al., 2015). This supports that AM fungi may produce KL-like compounds perceived by KAI2, although we cannot exclude that the plant responds to other fungal signals in a KAI2-dependent manner. It would be interesting to apply fractions of GSE and evaluate the activation of the KAI2 pathway using marker genes to identify the associated fungal compound(s).

Recruitment of the KAI2 signaling pathway in AM symbiosis

As described earlier in this work, different studies have highlighted the ancestral function of SLs as rhizosphere signals to AM fungi before they acquired a function as endogenous plant hormones. That kai2 mutants of several flowering plant species are defective in colonization by the AM fungus (Gutjahr et al., 2015;[START_REF] Liu | Exogenous abscisic acid and root volatiles increase sporulation of Rhizophagus irregularis DAOM 197198 in asymbiotic and pre-symbiotic status[END_REF][START_REF] Yao | Desmethyl butenolides are optimal ligands for karrikin receptor proteins[END_REF] but not Mpkai2 mutants [START_REF] Kodama | An ancestral function of strigolactones as symbiotic rhizosphere signals[END_REF] suggests that the ancestral function of the KAI2 pathway was endogenous to plants and was later recruited as a signaling component in AM symbiosis, likely in vascular plant lineages [START_REF] Kodama | An ancestral function of strigolactones as symbiotic rhizosphere signals[END_REF].

Genetic analysis failed to identify the KL. One of the hypotheses put forward is the existence of functional redundancy in the biosynthesis of KL. The high degree of flexibility of the KAI2 receptor to recognize different substrates may reflect the existence of multiple structures of the KL. This is reminiscent of the wide variety of SL structures. The different KLs may have distinct functions, as endogenous plant signals and possibly as rhizospheric signals.

ABSTRACT

The arbuscular mycorrhizal (AM) symbiosis associates the roots of most terrestrial plant species with soil fungi of the Glomeromycotina subphylum. While the fungus provides the plant with water and nutrients, the plant delivers carbon in the form of lipids and carbohydrates to the fungus. The initiation of AM symbiosis involves diffusible molecules secreted by both partners. Strigolactones (SLs) are carotenoid-derived compounds produced by plants and exuded into the soil. They are required at the early stages of symbiosis and trigger in AM fungi cellular, metabolic and developmental responses such as the stimulation of spore germination and hyphal branching. In addition to their bioactivity on AM fungi, SLs induce seed germination of parasitic weeds and act in plants as phytohormones.

The diverse natural SLs identified to date comprise a conserved methylbutenolide Dring, linked to a more variable tricyclic lactone moiety. The mechanisms of SL perception are well documented in plants: they involve receptors belonging to the alpha/beta-hydrolase fold family of proteins, which have the particularity of cleaving SLs and forming a covalent bond with the D-ring. The main objective of my PhD was to better understand SL perception in AM fungi.

In a first part of my work, I focused on SL analogs bearing a modified D-ring. I tested their impact on the development of the AM fungus Rhizophagus irregularis grown in vitro, as well as their capacity to favor symbiosis initiation. A striking result was that an SL analog with an unmethylated D-ring could inhibit hyphal branching while enhancing the ability of R. irregularis to colonize host roots. This showed for the first time that initiation of AM symbiosis can be uncoupled from hyphal branching.

In the second part of my project, I aimed to gain insight into the nature of SL receptors in AM fungi. I observed that two chemical inhibitors known to target plant SL receptors also suppress responses of R. irregularis to SLs. This suggests that fungal SL receptors share structural similarities with those of plants. By using tridimensional modeling, we identified eight fungal alpha/beta-hydrolase fold proteins sharing structural similarities with a plant SL receptor. Phylogenetic analysis revealed an expansion in Glomeromycotina of genes encoding these and related proteins. In vitro characterization revealed that two of them were able to cleave synthetic SL analogs. Moreover, both inhibitors of plant SL receptors decreased this enzymatic activity. Taken together, these observations lend support to the hypothesis that like parasitic weeds and mosses, AM fungi evolved the capacity to perceive SLs with great sensitivity through expansion and neo-functionalization of alpha-beta hydrolase fold proteins.

A final objective was to investigate the transfer of phytohormones from one plant to another via common mycorrhizal networks. Experimental setups were designed and implemented, but biochemical analyses failed to provide conclusive evidence for such a transfer. Nevertheless, it remains important to bear in mind the contribution of these networks to plant-fungus and plant-plant interactions in natural environments. My whole PhD project also highlights that molecular signals such as SLs can be perceived, modified or transported by a number of living organisms, and thus can play complex roles in ecosystems beyond their classification as phytohormones. Keywords : Arbuscular mycorrhiza; Strigolactone; Symbiosis; Receptor; Rhizophagus