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Living organisms have always had to cope with harsh environmental conditions, which led to the development of complex biological mechanisms to avoid or limit functional dysregulation. Estuarine organisms are facing a daily unstable environment that requires profound physiological adaptations, however, the molecular mechanisms involved in the process of acclimatization to acute environmental variations in tolerant estuarine organisms is poorly understood. In this thesis work, I explored resistance limits and physiological adjustments required for acclimation to acute environmental changes (temperature, starvation, pro-oxidant condition, amputation) in Nematostella vectensis, a tolerant estuarine sea anemone. My results confirm N. vectensis as a thermoresistance model and further emphasizes the tolerance to food deprivation up to 8 ½month. Applying a biomarker approach targeting damages accumulation and defenses activation, I identified that the environmentally-driven acclimation (temperature, pro-oxidant condition) was associated with defenses activation (antioxidant, apoptosis) while energy-based acclimation (starvation) required physiological adjustment (size reduction) and metabolic lowering. To gain further insight into the molecular player underlying this physiological plasticity, I explored the potential role of a conserved gene across metazoan, the transcription factor foxo and a polymorphic coral gene associated with thermal stress resistance, the endosomal-directed protein trafficking gene vps36. The CRISPR/Cas9-mediated inactivation of these genes is still under process, but germline transmission of frame-shift inducing mutations has been reported, opening the road for the establishment of KO lines and investigating the role of these genes in cnidarian stressresponse. Taken together, my thesis adopted a multi-stress biomarker approach, initiated the development of new genetic tools and set-up a new analysis pipeline for cnidarians to decipher the function of genes and the influence of their environment-specific polymorphic variants on the resilience to future climate variations. To do so, I adapted a conceptual analytical approach close to personalized medicine and applied it to the understanding of adaptive mechanisms in cnidarian and ultimately, environmental plasticity, extreme regeneration, and prolonged lifespan of cnidarian.

Résumé de la thèse

Les organismes vivants ont toujours dû faire face à des conditions environnementales difficiles, ce qui a conduit au développement de mécanismes biologiques complexes pour éviter ou limiter les dérégulations fonctionnelles. Les organismes estuariens sont confrontés quotidiennement à un environnement instable qui nécessite de profondes adaptations physiologiques. Cependant, les mécanismes moléculaires impliqués dans le processus d'acclimatation aux variations environnementales aiguës chez les organismes estuariens tolérants sont mal connus. Dans ce travail de thèse, j'ai exploré les limites de résistance et les ajustements physiologiques nécessaires à l'acclimatation à des changements environnementaux aigus (température, famine, condition pro-oxydante, amputation) chez Nematostella vectensis, une anémone de mer estuarienne tolérante. Mes résultats confirment que N. vectensis est un modèle de thermorésistance et soulignent davantage la tolérance à la privation de nourriture jusqu'à 8 ½ mois. En appliquant une approche de biomarqueurs ciblant l'accumulation de dommages et l'activation des défenses, j'ai identifié que l'acclimatation aux variations de l'environnement (température, condition pro-oxydante) était associée à l'activation des défenses (antioxydantes, apoptose) tandis que l'acclimatation aux variations d'énergie (privation de nourriture) nécessitait un ajustement physiologique (réduction de la taille) et une réduction du métabolisme. Pour mieux comprendre les acteurs moléculaires qui sous-tendent cette plasticité physiologique, j'ai exploré le rôle potentiel d'un gène conservé chez les métazoaires, le facteur de transcription FoxO, et un gène corallien polymorphe associé à la résistance au stress thermique, vps36, impliqué dans le trafic de protéines dirigé vers les endosomes. L'inactivation de ces gènes par CRISPR/Cas9 est toujours en cours, mais la transmission germinale de mutations induisant un décalage de cadre a été détecté, ouvrant la voie à l'établissement de lignées KO et à l'étude du rôle de ces gènes dans la réponse au stress des cnidaires. Dans l'ensemble, ma thèse a adopté une approche de biomarqueurs multi-stress novatrice pour le modèle, a initié le développement de nouveaux outils génétiques et a mis en place un nouveau pipeline d'analyse pour les cnidaires afin de déchiffrer la fonction des gènes et l'influence de leurs variants polymorphes spécifiques à l'environnement sur la résilience aux variations climatiques futures. Pour ce faire, j'ai adapté une approche analytique conceptuelle proche de la médecine personnalisée et je l'ai appliquée à la compréhension des mécanismes adaptatifs chez les cnidaires et, finalement, à la plasticité environnementale, à la régénération extrême et à la longévité étendue des cnidaires.

Mots-clés : Résistance au stress, Génétique moléculaire, Cnidaires, Variations environnementales proteins, derived from the prokaryotic adaptive immune system, can target foreign DNA for cleavage. Cas9 creates breaks in an approximately 20-nt strand of DNA that is complementary to single-guide RNA (sgRNA). The sgRNA targets the Cas9 endonuclease to genomic sites complementary to its 5' end. Further, the target DNA sequence needs to be followed in sequence by a protospacer adjacent sequence (PAM), typically the NGG sequence. The five nucleotides that are upstream of the PAM sequence constitute the seed region for target recognition. The repair of double strand breaks is mediated by error-prone non-homologous end joining (NHEJ) or homology-directed repair (HR). (Warner et al, 2017). B/ Co-expression cluster 2 during embryogenesis containing Nvfoxolike1 (retrieved from Warner et al, 2017). C/ Geneonthology associated with cluster 2 (retrieved from Warner et al, 2017) 
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Earth

The biology of living organisms has co-evolved with their environment since the appearance of life on Earth, 4.5 billion years ago. Since then, the diversification of environments has favored the multiplication of biochemical adaptive strategies of organisms. Importantly, these biochemical adaptations were favored in a context of constant environmental motion, ranging from days (due to the rotation of earth on its axis), seasons (annual periodicity) to geochemical timeframes. As a result, there are only a few habitats (deep caves, ocean abysses, polar habitats during solstices) where we monitor low fluctuations in the set of environmental parameters. This intrinsic feature of regular environmental changes on earth has favored the development of living biological systems that were able to tolerate such variations in the abiotic composition of their respective habitat.

The result of the evolution of life under these constraints is striking. All three domains of Life (Bacteria, Archaea, and Eukarya) are represented in most of earth's habitats, demonstrating the successful adaptation at the biochemical level to thrive despite a wide range of environmental stresses that could disrupt the structures of proteins, nucleic acids, and lipids. Each specific biotope requires behavioral, physiological, and cellular adaptations to cope with a different composition of stress generated from a variety of physical and chemical stressors. These modifications play a crucial role in maintaining a homeostatic balance with enough rigidity to enable cellular functioning, and sufficient flexibility, necessary to accommodate changes and maintain function under a changing environment.

Within a population or across species, the set of morphological, physiological, and cellular characteristics encoded genetically represents many factors likely to favor the three fundamental objectives of any living being: develop to sexual maturity, survive, and pass on its genetic material to the following generation. This delicate balancing between biochemical features and associated environment has been recently formalized by Somero as the "Goldilocks principle" in which an organism's structural stability and functional qualities are set at levels that are ideal for the conditions it must endure, the levels of stress experienced (G. N. [START_REF] Somero | The Goldilocks Principle: A Unifying Perspective on Biochemical Adaptation to Abiotic Stressors in the Sea[END_REF].

The spectrum of living organisms is filled with these examples. Antarctic notothenioid fishes are one of the strongest examples of extreme adaptation to an inhospitable environment. Their macromolecular structures (i.e phospholipid composition of synaptic membranes) enable them to metabolize efficiently at temperatures close to freezing [START_REF] Logue | Lipid compositional correlates of temperature-adaptive interspecific differences in membrane physical structure[END_REF]. The adaptation to this inhospitable environment is such that this fish dies of heat at around 4-6°C, a temperature lethally cold for many ectotherms (G. N. [START_REF] Somero | Temperature tolerance of some Antarctic fishes[END_REF]. Therefore, the relationship between organisms' tolerance limits in their associated environment is dependent upon the level of stress experience, which considering this example, is shown to be extremely relative.

The definition of stress

The definition of "stress" must therefore be clarified. The scientific community failed to find a definition that can unambiguously and universally represent the scientific base of "stress" and associated "stress response". We have seen above that living organisms have evolved under the constraints of the dynamic environment they were able to colonize (selection pressures). Under a standard environmental norm, the cells and entire organism function in an optimized energetic equilibrium (following the "Goldilocks principle", [START_REF] Somero | The Goldilocks Principle: A Unifying Perspective on Biochemical Adaptation to Abiotic Stressors in the Sea[END_REF]. This environmental norm is specific to each individual organism as the result of the historical biotic and abiotic context in which itself and its ancestors have been exposed throughout evolution (genetic and epigenetic legacy).

However, the environmental constraints are never constant throughout any organism's life, but instead fluctuate around a norm. The extent of the fluctuation can cause physiological setpoints to deviate from the dynamic equilibrium. The complexity of the biological system is that each cell type, tissue, and higher complex have a unique homeostatic set-point and thus, are not affected the same way under the same stressor (exogenous or internal stimuli causing deviation). To maintain the entire biological system to an equilibrium, an opposing force must be applied. If the deviation, the stress, is below the elastic limit, the cellular homeostatic response can counteract the effect of stressors by adjusting physiological parameters. As an example, the exceptional abilities of Crustaceans to acclimatize to salinity changes arises in part from the adjustment in solute fluxes by membrane transporters to assist the cell become isosmotic with its surroundings environment, a phenomenon termed osmoregulation [START_REF] Thabet | Homeostatic responses of crustaceans to salinity changes[END_REF]. However, if the level of stress is above the elastic limit, the cellular stress response (CSR) can be activated and the energy necessary to apply this force is greatly increased since functional dysregulation starts to affect the system by accumulating damages (Fig. 1). A strong example of this induction in Crustaceans is described by [START_REF] Lewis | Physiological responses of swimming crab Portunus trituberculatus under cold acclimation: Antioxidant defense and heat shock proteins[END_REF], where cold temperatures induced an increase in superoxide dismutase and catalase, two antioxidant enzymes responsible for the metabolization of harmful reactive oxygen species.

The ability to withstand adverse conditions can arise from two distinct types of resistance:

-an intrinsic robustness (structural stability), where no energy is required because the applied stressor doesn't disturb the biological equilibrium -an inducible robustness, where a stress-signal activates an energy-dependent response (homeostatic/stress response) to counteract the adverse results of the deviation from the biological equilibrium.

As soon as the accumulation of damages exceeds the buffering capacity of the cellular homeostatic response, the cellular stress response is triggered to lower stress level and increase turnover/repair rates of each type of macromolecules (DNA, RNA, proteins, membrane lipids). If the combining energy-demanding effort of CHR and CSR are not sufficient to reverse the increase of dysregulation (i.e., if the stress is too high), the biological system will reach a breaking point which is synonymous with irreversible degradation leading to the death of the biological system. Strain: the level of deviation from the homeostatic equilibrium of the organism.

Cellular homeostasis response: an energy-dependent set of cellular mechanisms that act to maintain the macromolecular damage to a point that it doesn't induce functional dysregulation.

Elastic limit: the maximum amount of strain that can be tolerated to maintain a homeostatic equilibrium.

Stress: a biological state above the elastic limit where macromolecular damages accumulate in excess and functional dysregulation occurs.

Cellular stress response (CSR): an energy-dependent set of cellular mechanisms activated beyond elastic limit that act to lower the macromolecular damages, and restore/maintain the integrity of cell, tissue, and entire biological system Resistance limit: The irreversible point where active compensation is no longer sufficient to maintain functional integrity and restore the homeostasis, causing death of the cell or organism.

___________________________________________________________________

The stress and biological response are invariably correlated with time for two main aspects: the dynamic (gradual vs. acute) and persistence (short-term vs. long-term) of the stressor. When compared to a gradual exposure, acute changes in the environmental conditions produce a higher stress charge to deal with. The activation of the operating molecular defenses can take hours to days to sense, translate and react to the stress signal (de novo transcription and translation). When compared to a short-term exposure, prolonged exposure to adverse conditions produces more stress due to time-dependent accumulation of macromolecular damages and energy exhaustion. The cellular stress response can then be viewed as an emergency solution that delays the apparition of a functional decline and "offer time" for the cellular homeostatic response to adjust the cellular components to meet the new requirements. 1.1.3 The damaging effect of environmental stressors at the biochemical level

The exploration of the impact of environmental stressors on a large diversity of organisms have underlying some common effects that are here presented as "direct" (describing the impact of the stressor(s) on biomolecules) to "indirect effect" (describing the impact of the stressor(s) by some secondary signals such as reactive oxygen species (ROS), membrane permeability) (Fig. 2). The conformation, structure, and biophysical properties of biomolecules (DNA, RNA, lipids, proteins) can all be influenced by a wide range of external factors. Every extraor intracellular conditions (such as temperature, pH, ionic concentration) that influences binding-forces supporting secondary and tertiary structure of proteins can accelerate their denaturation (reviewed in [START_REF] Somero | The cellular stress response and temperature: Function, regulation, and evolution[END_REF]. If not degraded, the accumulation of misfolding proteins leads to the formation of intracellular nonfunctional aggregates of protein (C. M. [START_REF] Dobson | Principles of protein folding, misfolding and aggregation[END_REF]. Lipid metabolism is also directly affected by environmental changes such as salinity, temperature, pH, and nutrition (reviewed in aquatic invertebrates in [START_REF] Lee | Effects of environmental stressors on lipid metabolism in aquatic invertebrates[END_REF]. The energy of radiation by UV, X-rays and gamma is sufficient to induce DNA lesions and if unrepaired and leads to the accumulation of mutations in nuclear and mitochondrial DNA (review in [START_REF] Ravanat | Direct and indirect effects of UV radiation on DNA and its components[END_REF]. Depending on the severity of the stress, the direct effect of the stressor mentioned above on protein conformation, lipid structures, DNA integrity, RNA stability degrades the system which, if not managed properly, can give rise to further indirect sources of stress [START_REF] Alizadeh | Radiation Damage to DNA: The Indirect Effect of Low Energy Electrons[END_REF].

Indirect effect of stressors

Under physiological conditions, as a byproduct of basal metabolism, the electron transport of the respiratory chain and peroxisome are the central producers of reactive oxygen species (ROS). However, reactive products of oxygen are amongst the most powerful and constant dangers cells can be exposed to [START_REF] Mccord | The evolution of free radicals and oxidative stress[END_REF]. This spontaneous ROS production was for long time only though as a harmful waste [START_REF] Harman | Aging: A theory based on free radical and radiation chemistry[END_REF][START_REF] Holzerová | Mitochondria: Much ado about nothing? How dangerous is reactive oxygen species production[END_REF] but was shown to plays a regulatory role in signaling and activation of multiple pathways and transcription factor, e.g. they can induce cell differentiation, proliferation and migration [START_REF] Dröge | Free radicals in the physiological control of cell function[END_REF][START_REF] Lander | An essential role for free radicals and derived species in signal transduction[END_REF][START_REF] Valko | Free radicals and antioxidants in normal physiological functions and human disease[END_REF].

Under non-physiological conditions, when conditions overpass the elastic limit of the system they can alter the fine enzymatic regulation of ROS levels by increasing the formation of oxygen radical or decreasing its basal scavenging, resulting in an elevation of free radicals in the form of superoxide anion (O2°-) and hydroxyl radical (OH°-) [START_REF] Gutteridge | Mini-Review: Oxidative stress, redox stress or redox success?[END_REF]. These oxygenated molecules with a free electron are highly reactive. They can alter any sort of macromolecules and severely damage cells and organelles. The imbalance between production and elimination of ROS is referred to as oxidative stress.

Among the many ROS targets, the peroxidation of lipids is a highly described outcome leading to elevation of malondialdehyde (MDA) through the oxidation of polyunsaturated fatty acids [START_REF] Girotti | Mechanisms of lipid peroxidation[END_REF]. Interestingly, lipid peroxidation products can react with protein and be an additional source of protein-bound carbonyls [START_REF] Fritz | Exploring the Biology of Lipid Peroxidation-Derived Protein Carbonylation[END_REF].

Unbalanced ROS level can also lead to the direct oxidation or protein-bound carbonyls on Arg, His, Lys, Pro, Thr, and Trp residues, a damage called protein carbonylation or carbonyls, leading to their degradation [START_REF] Fedorova | Protein carbonylation as a major hallmark of oxidative damage: Update of analytical strategies: PROTEIN CARBONYLATION: AN ANALYTICAL UPDATE[END_REF]. Protein damages can affect their functionality by reducing the catalytic activity of enzymes or modifying the structural conformation of co-factors essential for their recognition and interaction with another cellular component [START_REF] Krisko | Phenotypic and genetic consequences of protein damage[END_REF].

Nuclear DNA is also a substrate for reaction with ROS conducting to oxidized bases, single and double strand breaks [START_REF] Tudek | Oxidative DNA damage and its repair: Base excision repair[END_REF]. The four DNA bases and 2deoxyribose are all highly reactive targets but the 8-oxo-7,8-dihydroguanine constitutes the predominant damage [START_REF] Cadet | Oxidative damage to DNA: Formation, measurement and biochemical features[END_REF]. The accumulation of (unor miss-)repaired DNA damages are highly deleterious since they can affect proper gene expression of essential proteins involved in basic or defensive cellular processes [START_REF] Cline | Mitochondrial DNA damage and its consequences for mitochondrial gene expression[END_REF][START_REF] Poetsch | The genomics of oxidative DNA damage, repair, and resulting mutagenesis[END_REF].

All these elements generate a genomic instability, loss of proteostasis, and structural alteration that participate in the impairment of cellular functions and a rise in demands for energy to limit and compensate for the damage caused. 1.1.4 Molecular toolkits to counteract the accumulation of stress Successful early life forms developed stress-reduction strategies and adaptation programs at the single-and multicellular levels, increasing their fitness by enabling them to inhabit difficult environments [START_REF] Jortner | Conditions for the emergence of life on the early Earth: Summary and reflections[END_REF]. The self-regulatory quality control mechanisms that reduce stress signals, repair or remove damages and restore cellular functions, are central to thrive in changing environmental conditions. Below an overview of the main stress response mechanisms (Fig. 3). (lipid, protein, nucleic acid ;[START_REF] Mittler | Oxidative stress, antioxidants and stress tolerance[END_REF]. These antioxidant defenses are the result of a sophisticated enzymatic and non-enzymatic system of reactions that scavenges and attenuates reactive oxygen species (ROS) harmfulness. Superoxide dismutase (SOD) is the one of the most evolutionary conserved enzymes that plays a crucial role in the initiation of this defensive line by catalyzing the reaction of superoxide anion to hydrogen peroxide (H2O2) and molecular oxygen (Halliwell & Gutteridge, 2015). The diversification of this enzyme family has created subdivisions based on the metallic ion present in the active site to the extent that we distinguish Cu/ZnSOD in the cytoplasm from the MnSOD exclusively in the inner mitochondrial space [START_REF] Okado-Matsumoto | Subcellular Distribution of Superoxide Dismutases (SOD) in Rat Liver: Cu,Zn-SOD IN MITOCHONDRIA *[END_REF]. The hydrogen peroxide, product of the reaction, is neutralized into water (H2O) by subsequent enzymes such as catalase, peroxidase, peroxiredoxin, glutathione peroxidase, glutathione S-transferases, glutathione reductase (review in [START_REF] Birben | Oxidative Stress and Antioxidant Defense[END_REF]. Non-enzymatic antioxidant molecules act as a complementary ROS buffer by offering preferential oxidizable substrates to free radicals, and by oxidizing reducing substrates. Depending on the organisms, this group of defenses includes metal-binding proteins (MBPs), glutathione (GSH), uric acid (UA), coenzymeQ and more [START_REF] Pamplona | Molecular and structural antioxidant defenses against oxidative stress in animals[END_REF].

Altogether, enzymatic and non enzymatic molecules represent the total antioxidant defenses, serving as one of the only lines of defense that act to prevent the formation of damages by reducing the harmfulness of reactive oxygen into inactive derivatives.

The heat shock response

The heat shock response is a rapid and conserved protective cellular mechanism triggered in response to a wide variety of conditions. It was originally discovered to be involved in heat shock acclimation (Lindquist, 1986) but since then, it has been shown that a variety of stressors, such as ROS, heavy metals, inhibitors of energy metabolism [START_REF] Macario | Heat Shock Response, Overview[END_REF]. Beyond the stressors, it is mainly the accumulation of unfolded polypeptides (from default in folding, or as the result of damages) that represents a signal for this characterized transcriptional change mediated by heat shock transcriptions factors that upregulate the expression of a specific subset of protective genes, with the predominant one referred to as heat shock proteins (HSP) or chaperones [START_REF] Richter | The Heat Shock Response: Life on the Verge of Death[END_REF].

HSPs are grouped into subfamilies by molecular weights ranging from 15-30, 40, 60, 70, 90, 110 kDa. These proteins function as molecular chaperones that ensure appropriate refolding, translocation, and assembly of polypeptide structures (Lindquist, 1986). In addition to these direct strategies, heat shock proteins can directly block apoptosis by altering both the intrinsic and extrinsic pathways acting on cytochrome c release, apoptosome formation and caspases activation [START_REF] Bruey | Hsp27 negatively regulates cell death by interacting with cytochrome c[END_REF]. HSPs are also important for preserving the integrity of the cytoskeleton by its interaction with actin thus, ultimately promoting survival [START_REF] Mounier | Actin cytoskeleton and small heat shock proteins: How do they interact?[END_REF]. The inducible pattern and localisation is subfamily-dependent, as an example, Hsp90 are found to be more constantly activated, preventing premature folding, where Hps27 and Hsp70 are highly transcriptionally regulated upon cellular stress to facilitate their repair or degradation when irreversible damages occurs [START_REF] Samali | Heat shock proteins: Regulators of stress response and apoptosis[END_REF].

This system of protein-quality control can act as a preventive mechanism concomitantly with antioxidant defenses by physically protecting proteins from alteration, as well as a repairing mechanism by readdressing proteins into their native structures or facilitate the degradation of irreversibly damaged one by the ubiquitinproteasome system (review in [START_REF] Lanneau | Heat shock proteins: Cell protection through protein triage[END_REF].

The ubiquitin-proteasome system

The Ubiquitin-Proteasome system (UPS) is a major proteolysis system that targets unfolded and irreversibly damaged proteins for degradation [START_REF] Hershko | The ubiquitin system[END_REF][START_REF] Shang | Ubiquitin-proteasome pathway and cellular responses to oxidative stress[END_REF]. The specific recognition of unfolded and to-be degraded proteins is mediated by the covalent ligation of a highly conserved small protein tag, the ubiquitin (Fig. 4). After the linkage of ubiquitin to the substrate protein, a polyubiquitin chain is usually formed and acts as a signal to recruit accessory factors shuttling and docking the targeted protein to the proteasome system for its degradation. Close to the proteasome, the protein is deubiquitinated (release and recycling of polyubiquitin tags), translocated to a cytoplasmic narrow-gated proteolytic channel and processed by an ATP-dependent unfoldase and protease rendering a mixture of peptides of 8-10 residues further hydrolyzed to amino acids by intracellular peptidases (Fig. 4, [START_REF] Saric | Pathway for Degradation of Peptides Generated by Proteasomes: A KEY ROLE FOR THIMET OLIGOPEPTIDASE AND OTHER METALLOPEPTIDASES *[END_REF]. Therefore, the ubiquitin-proteasome system is a key cytosolic proteolytic complex for the targeted elimination of damaged proteins and, the impairment of one major player (ubiquitin pool, and proteasome complex) in this process can greatly increase the proteotoxic stress.

The Unfolded Protein Response

The endoplasmic reticulum is a crucial hub where proteins are synthesized, modified and folded into their native conformation. Therefore it represents a crucial component of cellular homeostasis [START_REF] Walter | The unfolded protein response: From stress pathway to homeostatic regulation[END_REF]. Exposure of cells to conditions such as starvation, oxygen deprivation, osmotic shock also causes accumulation of unfolded proteins specifically in the endoplasmic reticulum (ER stress, Kitamura, 2013) . Stress to the endoplasmic reticulum environment impairs its functions, accumulates misfolded proteins and stimulates the activation of a process described as the unfolded protein response (UPR). The UPR is mediated by the stimulation of ER stress receptors that in turn activate specific transcription factors such as ATF6 (activating transcription factor 6,Diehl et al., 2011). The key role of these transcription factors is to initiate the decrease of the whole protein synthesis to specifically increase ER chaperones expression, enhance ER-associated protein degradative pathways, and delay cell-cycle progression [START_REF] Walter | The unfolded protein response: From stress pathway to homeostatic regulation[END_REF].

The DNA Damage Response

As previously mentioned, environmental factors, such as ionizing radiation, UV radiation, chemicals, can harm the genome through direct interactions with the DNA molecule or indirectly by overproducing reactive oxygen species (ROS) [START_REF] Marnett | Oxyradicals and DNA damage[END_REF]. To maintain genomic stability cells have developed different repair mechanisms depending on the nature of the alteration to recognize, signal, and repair DNA damage (Chatterjee & Walker, 2017, Fig. 5).

There are essentially two different ways to remove oxidized DNA base lesions: i) base excision repair, which involves removing a single lesion by the action of an enzyme called glycosyltransferase, and ii) nucleotide excision repair, a procedure that involves removing oligonucleotides that contains a lesion involving the enzymes excision nuclease and DNA helicase [START_REF] Chatterjee | Mechanisms of DNA damage, repair, and mutagenesis[END_REF]. Both systems can also be used to repair one of the most frequent DNA lesions that are DNA single-strand breaks (SSBs), in combination with a DNA ligase involved in sealing the gap (T.-H. [START_REF] Lee | DNA Oxidation and Excision Repair Pathways[END_REF].

More severe damages can cause DNA double-strand breaks (DSBs) that are very harmful and can lead to genomic rearrangements profoundly affecting the genetic regulation of cellular processes [START_REF] Featherstone | DNA double-strand break repair[END_REF]. These breaks are always followed by the phosphorylation of the histone H2AX around which the DNA wraps to form the basic unit of the chromatin: the nucleosome (Kuo & Yang, 2008).

Accumulation of phosphorylated-histone protein H2AX (γ-H2AX) in foci at the damaged site [START_REF] Brandsma | Pathway choice in DNA double strand break repair: Observations of a balancing act[END_REF], is the first step in recruiting DSB repair mechanisms consisting of either nonhomologous end joining (NHEJ) or homologous recombination (HR):

The error-prone NHEJ system recruits and forms subsequent protein complexes (endbinding complex, end-processing complex, DNA ligase complex) around the breaks that proceed to a ligation of both ends. This process does not restore the original DNA sequence but ensures the continuity of the DNA. This process is highly prone to insertion or deletion of nucleotides, modifying the genetic information encoded [START_REF] Lieber | The mechanism of human nonhomologous DNA end joining[END_REF].

The more accurate HR uses homologous sequences in sister chromatids as a template to repair DSBs. The initial process is very similar with the NHEJ until, in order to create a template for the polymerase, the recruitment of Rad51 joins a complementary DNA fragment that invades the damaged DNA strand [START_REF] Thompson | Homologous recombinational repair of DNA ensures mammalian chromosome stability[END_REF]. Inefficient DNA repair (caused by increasing environmental stresses or aging) may be responsible DNA damage accumulation, mutations, and cellular dysfunction [START_REF] Gorbunova | Changes in DNA repair during aging[END_REF]. This response mechanism is interrelated with bioenergetic metabolism to limit the survival and proliferation of damaged cells (Cucchi et al., 2021).

If the damages are abundant and widespread, DNA damage sensors (such as the transcription factor p53, or foxo), can directly trigger a programmed cell death [START_REF] Hedrick | The cunning little vixen: Foxo and the cycle of life and death[END_REF][START_REF] Lakin | Regulation of p53 in response to DNA damage[END_REF].

Autophagy

Autophagy is a major unspecific degradation system essential for the cellular clearance of unfunctional, degraded molecular components such as protein aggregates, damaged organelles such as mitochondria, endoplasmic reticulum [START_REF] Mizushima | Autophagy: Process and function[END_REF]. A clear distinction should be made between macroautophagy that depends on the de novo production of autophagosomes(cytosolic double-membrane vesicles that enclose and carry cargo to the lysosome) and microautophagy that involves invagination of the lysosomal membrane and direct ingestion of damaged compounds (F. [START_REF] Li | Autophagy: A multifaceted intracellular system for bulk and selective recycling[END_REF]. Hereafter, we refer to autophagy as macroautophagy.

Autophagy occurs within the cell in a temporally and spatially dynamic way characterized by three major steps (Fig. 6): i) the ubiquitin chain recognition and engulfment of cellular material by a doublemembrane structure termed the autophagosome, ii) the fusion of the autophagosome to lysosome vesicles, iii) the unspecific degradation of components and recycling of building blocks into the lysosomes. Autophagic receptors possess an LC3-interacting region (LIR) motif that enables the interaction of the ATG8/LC3 protein with the ubiquitin domain. This motif typically recognizes ubiquitinated cargo such as protein aggregates, damaged mitochondria, or peroxisomes and directs them to autophagosomes [START_REF] Pohl | Cellular quality control by the ubiquitin-proteasome system and autophagy[END_REF].

Beside LC3-mediated autophagy, the participation of ESCRT proteins, which were discovered for their function in sorting ubiquitylated membrane proteins for endocytosis, have been suspected in the formation of multivesicular bodies, which fuse with autophagosomes to generate amphisomes [START_REF] Rusten | How do ESCRT proteins control autophagy[END_REF].

Even though autophagy is viewed as a non-selective mechanisms, several evidence show that it can target proteins, mitochondria, peroxisome, or other cellular components in a very specific manner innovatively named mitophagy, pexophagy, aggrephagy, and xenophagy [START_REF] Ktistakis | Digesting the Expanding Mechanisms of Autophagy[END_REF]. Autophagy generates positive outcomes when activated at both cellular and organismal levels, by avoiding accumulation and aggregation of damaged cellular compounds, ultimately increasing life-and health-span (review in [START_REF] Hansen | Autophagy as a promoter of longevity: Insights from model organisms[END_REF]. Several signaling pathways sensitive to nutrient and energy starvation, such as mTORC1 [START_REF] Jung | MTOR regulation of autophagy[END_REF], AMPactivated protein kinase (AMPK (Y. [START_REF] Li | AMPK and Autophagy[END_REF], FoxO [START_REF] Webb | FOXO transcription factors: Key regulators of cellular quality control[END_REF] or p53 [START_REF] White | Autophagy and p53[END_REF] that have been shown to regulate autophagic activity .

Apoptosis

The process of apoptosis is a homeostatic mechanism for the elimination of supernumerary cells in tissues, a process referred to as the destructive function of apoptosis [START_REF] Elmore | Apoptosis: A review of programmed cell death[END_REF]. Evidence has shown that apoptotic cells can also trigger and modulate other cell behaviors (migration) or cell fates (proliferation, survival, differentiation) referred to as the constructive function of apoptosis [START_REF] Krasovec | Compréhension du rôle morphogénétique de l'apoptose et de son évolution: Apports de l'étude de la métamorphose de Ciona intestinalis (Tunicata) et de Clytia hemisphaerica (Cnidaria)[END_REF].

Under physiological conditions throughout the organism's life, apoptosis is essential to maintain proper balance and homeostasis at the tissue and organismal level such as excessive or insufficient apoptosis is responsible for functional dysregulation [START_REF] Elmore | Apoptosis: A review of programmed cell death[END_REF].

Under non-physiological conditions where damages on macromolecules accumulate extensively without adequate repair, apoptosis is diverted from its main activity to serve as an ultimate barrier from widespread multicellular degradation on neighboring cells and tissues. It is therefore a major component of cellular stress response that is triggered by oxidative stress (review [START_REF] Kannan | Oxidative stress and apoptosis[END_REF], endoplasmic-reticulum (ER) stress [START_REF] Sano | ER stress-induced cell death mechanisms[END_REF], DNA damage [START_REF] Roos | DNA damage-induced cell death: From specific DNA lesions to the DNA damage response and apoptosis[END_REF].

The regulation of apoptosis is complex and involves interactions among a large diversity of apoptosis-activating and inhibiting proteins (review in [START_REF] Elmore | Apoptosis: A review of programmed cell death[END_REF], under the regulation of multiple transcription factor such as FoxO (X. [START_REF] Zhang | Akt, FoxO and regulation of apoptosis[END_REF].

Cross-comparison studies have shown that cell death regulation is conserved among metazoans [START_REF] Mccarthy | Apoptosis and development[END_REF][START_REF] Tittel | A comparison of programmed cell death between species[END_REF]. There are typically two main pathways through which apoptosis occurs (Fig. 7): i) the intrinsic pathway, involving mitochondrial membrane permeabilization and activation of activator caspase-9 or homologous; and ii) the extrinsic pathway, which is activated by death receptors (Fas and TNFR) and involves caspase-8 activation. Both caspases, caspase8 and caspase9, activate the effector caspase-3 that in turns activates nucleases such as caspase-activated deoxyribonuclease [START_REF] Wolf | Caspase-3 is the primary activator of apoptotic DNA fragmentation via DNA fragmentation factor-45/inhibitor of caspase-activated DNase inactivation[END_REF] through an important proteolytic activity [START_REF] Slee | Executioner Caspase-3, -6, and -7 Perform Distinct, Non-redundant Roles during the Demolition Phase of Apoptosis*[END_REF]. Nucleases are responsible for the degradation of the chromosome, chromatin condensation, and formation of distinctive DNA fragments, leading to the morphologic and biologic changes seen in apoptotic cells [START_REF] Samejima | Trashing the genome: The role of nucleases during apoptosis[END_REF]. Not all the aforementioned processes are systematically required. The level of energy invested, and nature of mechanisms deployed in response to exogenous or endogenous stress stimuli depend on the severity, duration, and reversibility of the stress conditions (Kültz, 2020). The graded and cell-type dependent cellular stress response (CSR) mirrors the signaling input from DNA damage sensors, the proteostasis machinery, and membrane integrity sensors. A fine cross-talk is thought to be required for these processes to act conjointly and/or successively and recent studies start to reveal these connections [START_REF] Demirbağ-Sarikaya | Crosstalk between autophagy and DNA repair systems[END_REF][START_REF] Ji | Crosstalk and Interplay between the Ubiquitin-Proteasome System and Autophagy[END_REF].

The nature of mechanisms by which organisms react to stress is largely shared across lifeforms. However in the wild, organisms are far from all equally sensitive to stress from across species to the population level (review in [START_REF] Boothby | Mechanisms and evolution of resistance to environmental extremes in animals[END_REF]. This straightforward observation prompts a fundamental inquiry: what causes some species and individuals to be more resilient to stressors, and what modules underlie this resistance potential? The next section presents and discusses the information extracted from long-lived, extremophiles, or extremotolerant organisms that aimed to elucidate this fundamental question.

What can we learn from extremophile and/or long-lived organisms ?

Multiples theories of longevity

The observation of the diversity of environmental stressors that can generate damages on any cellular component gives the feeling of a never-ending struggle for survival in nature. However, the life that has developed on planet Earth contains an extraordinary sampling of life expectancy, ranging from a few hours to several thousand years [START_REF] Guo | Animal Lifespan and Human Influenc[END_REF]. Maximum lifespan has unequivocally been correlated to the body mass of the organism such that heavier organisms generally live longer than the lightest (Fig. 8;[START_REF] Calder | Size, Function, and Life History[END_REF][START_REF] Schmidt-Nielsen | Scaling: Why is Animal Size So Important[END_REF]. However, many outliers to this correlation have proven that size alone is not sufficient to predict longevity with some species exhibiting extraordinary lifespan compared to their body mass. In this manuscript, long-lived organisms will be considered as outliers of this body masslifespan correlation (Fig. 8). Life has also developed in extreme environments characterized by high temperature, pH, pressure, radiation, salinity, energy, and/or nutritional limitation (review in [START_REF] Rothschild | Life in extreme environments[END_REF]. In this environment, stress on macromolecules is expected to be high, and therefore profound molecular adaptations are necessary to sustain proper metabolic function.

The scientific community has a long-standing interest in unraveling the mystery behind this longevity potential and adaptation of organisms to "humankind-uninhabitable" environments. And as a typical trait, humans approached this question with the untold goal to find the one major determinant of stress resistance and longevity across life radiation on Earth, and in the last century multiple theories have arisen ranging from pure evolutionary to epigenetics theories (Johnson et al., 2019, see box 2).

___________________________________________________________________

Box 2: Multiple theories of aging

Russell Wallace and Charles Darwin hypothesized that a species would suffer if its members lived much longer than the age at which they could reproduce (reviewed in [START_REF] Rose | Evolutionary Biology of Aging[END_REF]. Parents would put their kids in danger through resource competition. This would suggest that aging would be genetically engineered as an evolutionary advantage after reproduction.

The disposable soma theory, developed by Thomas Kirkwood (Kirkwood, 1977), alternatively states that an organism can only allocate a finite number of resources to its many cellular functions. In brief, this theory argues that there is a compromise between the energy allocated to cellular stress response and the one allocated to growth and reproduction.

In 1956, Denham Harman became famous for developing the free radical theory of aging, which simply states that aging results from damage generated by ROS [START_REF] Harman | Aging: A theory based on free radical and radiation chemistry[END_REF][START_REF] Harman | The aging process[END_REF]. This theory quickly gained attention as one of the most widely accepted, after it was established that oxidative damage increases with aging [START_REF] Ames | Oxidants, antioxidants, and the degenerative diseases of aging[END_REF], that overexpression of antioxidant enzymes increases longevity, and that many long-lived research models were resistant to oxidative stress. This theory however did not reach consensus, since the constitutive deletion of a major antioxidant enzyme (SOD2) in C. elegans was shown to increase lifespan [START_REF] Van Raamsdonk | Deletion of the mitochondrial superoxide dismutase sod-2 extends lifespan in Caenorhabditis elegans[END_REF]. Following the same idea, the overexpression of SOD2 and catalase increased resistance to oxidative stress and reduced mitochondrial ROS release, whereas shortened lifespan [START_REF] Bayne | Enhanced catabolism of mitochondrial superoxide/hydrogen peroxide and aging in transgenic Drosophila[END_REF].

In 1952, Medawar proposed the theory of mutational accumulation, where deleterious late-life mutations accumulate due to a lack of selective pressure with decreasing reproduction probability [START_REF] Medawar | An Unsolved Problem of Biology: An Inaugural Lecture Delivered at University College[END_REF].

In 1957, George C. Williams proposed the theory of antagonistic pleiotropy, where increases in fitness by any means in the early life stage are linked to functional deterioration at later stages [START_REF] Williams | Pleiotropy, Natural Selection, and the Evolution of Senescence[END_REF]. The longevity program theory postulates the existence of a "maintenance" program that enables survival. The theory of hyperfunction proposes that aging is a result from the overstimulation resulting in a loss of homeostasis.

___________________________________________________________________

None of them reached consensus. [START_REF] Kenyon | The plasticity of aging: Insights from long-lived mutants[END_REF] suggests that a better approach could be to examine historical questioning from a different viewpoint and ask, "What makes certain species live long?" rather than attempting to address the longevity concerns by asking, "What makes organisms age?" (C. [START_REF] Kenyon | The plasticity of aging: Insights from long-lived mutants[END_REF]. Following the same idea, reversing the question: "What makes organisms sensitive to cellular stress?", into "what makes extremophile or extremotolerant organism resistant to cellular stress" could help understanding the molecular and cellular factors implicated in resistance potential. Organisms with extended longevity and strong resistance potential have therefore become a major subject of study [START_REF] Kenyon | The plasticity of aging: Insights from long-lived mutants[END_REF][START_REF] Philipp | Masters of longevity: Lessons from long-lived bivalves--a mini-review[END_REF][START_REF] Tian | Molecular Mechanisms Determining Lifespan in Short-and Long-Lived Species[END_REF][START_REF] Vágási | Longevity and life history coevolve with oxidative stress in birds[END_REF]review in aquatic model Wojtczyk-Miaskowska & Schlichtholz, 2018).

Characteristics of long-lived and resistant organisms

Evolution can result in the emergence of lifeforms with exceptional biophysical properties responding to the physicochemical constraints of their environment. Among long-lived, several mechanisms of stress resistance have been identified in the last century and are presented here.

Improved lipids resistance

Stress resistance and associated longevity can also be linked to lipids structure. Indeed, highly polyunsaturated fatty acid are particularly susceptible to oxidative degradation in membranes since ROS target carbon atoms situated between the two double bonds. The saturated and monounsaturated fatty acids lack such arrangements of carbon in the acyl chains and are mostly unaffected by the ROS (Halliwell & Gutteridge, 2015). As an example, birds characterized by extended longevity compared to their body mass, have mitochondrial membranes with lower percentage of unsaturated fat than those of humans, making them more resistant to lipid peroxidation [START_REF] Gutiérrez | Non-enzymatic lipid peroxidation of microsomes and mitochondria isolated from liver and heart of pigeon and rat[END_REF][START_REF] Pamplona | A low degree of fatty acid unsaturation leads to lower lipid peroxidation and lipoxidation-derived protein modification in heart mitochondria of the longevous pigeon than in the short-lived rat[END_REF]. Additionally, they reduce the likelihood of oxidative stress by producing fewer free radicals from the protein complexes of the mitochondrial respiratory chain [START_REF] Barja | Low mitochondrial free radical production per unit O2 consumption can explain the simultaneous presence of high longevity and high aerobic metabolic rate in birds[END_REF][START_REF] Sohal | Oxidative stress, caloric restriction, and aging[END_REF]. In symbiotic animals subjected to daily pro-oxidant conditions, the level of polyunsaturated fatty acid is also greatly lowered, and was suggested as an adaptive feature [START_REF] Hillyer | Metabolite profiling of symbiont and host during thermal stress and bleaching in a model cnidariandinoflagellate symbiosis[END_REF][START_REF] Revel | Differential distribution of lipids in epidermis, gastrodermis and hosted Symbiodinium in the sea anemone Anemonia viridis[END_REF].

Improved DNA resistance

Genome stability is also an important component of stress resistance and longevity.

In the literature, DNA stability and repair programs are often highlighted to be important modulators of resistance potential and lifespan [START_REF] Moskalev | The role of DNA damage and repair in aging through the prism of Koch-like criteria[END_REF].

Across mammals, elephants were shown to have a lower-than-expected rate of cancer compared to their body mass, an observation described as Peto's Paradox [START_REF] Abegglen | Potential Mechanisms for Cancer Resistance in Elephants and Comparative Cellular Response to DNA Damage in Humans[END_REF]. Genome comparison showed that African elephants contain at least 20 copies (40 alleles) of p53 that were shown transcriptionally active, compared to one copy in human (2 alleles). The role of this large arsenal of this transcription factor has then been tested in vitro submitting their respective lymphocytes lines to ionization. As mechanism of response/defenses, it has then been observed that elephant lymphocytes experienced p53-mediated apoptosis more frequently than human cells in response to DNA damage [START_REF] Abegglen | Potential Mechanisms for Cancer Resistance in Elephants and Comparative Cellular Response to DNA Damage in Humans[END_REF]. The Peto's Paradox reappeared in the longest-living mammals. A comparative genomic analysis in the bowhead whale genome to other shorter-lived cetaceans identified unique sequence changes (mutations) in DNA repair and stress response genes, such as foxo, ercc1, ercc3, and gene duplication associated with cell cyle (e.g., pcna, [START_REF] Keane | Insights into the evolution of longevity from the bowhead whale genome[END_REF]. These genetic modifications in long-lived organisms are also associated with increment tolerance to cellular stress [START_REF] Abegglen | Potential Mechanisms for Cancer Resistance in Elephants and Comparative Cellular Response to DNA Damage in Humans[END_REF].

Improved proteostasis

Structural protein flexibility (through protein intrinsic disorder, [START_REF] Dunker | Flexible nets. The roles of intrinsic disorder in protein interaction networks[END_REF] and stability in response to unique environmental challenges can lower the susceptibility to alteration [START_REF] Teilum | Protein stability, flexibility and function[END_REF]. That is the case of the hyperthermophilic archaea that can survive at temperatures around 120°C through improved membrane and protein stability (review in [START_REF] Somero | Biochemical Adaptation: Response to Environmental Challenges, from Life's Origins to the Anthropocene[END_REF].

Important gene expansion was also associated with increased stress resistance. A striking example is the genome of the Pacific oyster (Crassostrea gigas), a sessile species that experiences wide ranges of abiotic conditions in its intertidal environment. Genomics and transcriptomics analysis revealed expanded numbers of expressed genes encoding HSPs (88 genes encoding HSP70), the endoplasmic reticulum unfolded-protein response (UPR ER ); apoptotic pathways (48 genes of IAPs, BCL2 like, BAG, BI1, caspases, FADD and TNFR); oxidation (expanded CYP450 and MO); and anti-oxidation (expanded SOD, GPX, PRX and CAT) (G. [START_REF] Zhang | The oyster genome reveals stress adaptation and complexity of shell formation[END_REF]. They have shown that genes differentially expressed in response to stress are more likely to have paralogues, indicating that the selective preservation and expansion of duplicated defense-related genes are likely key functional factors in oyster adaptation. Indeed, when exposed to the summer sun at low tide, C. gigas can survive temperatures as high as 49 °C with a 13.9-fold increase in the average expression of all of the 88 HSP70 genes (G. [START_REF] Zhang | The oyster genome reveals stress adaptation and complexity of shell formation[END_REF].

Multiple sources of resistance

Naked Mole Rat (NMR) is also a remarkably interesting study case in this context of extraordinary resistance. This organism experiences chronic oxidative stress linked to its anoxic habitat (NMR lives in underground burrows and tunnels). Indeed, oxygen limitation have been found to increase the generation of ROS [START_REF] Lluis | Critical Role of Mitochondrial Glutathione in the Survival of Hepatocytes during Hypoxia *[END_REF].

Unlike mice, they exhibit high steady-state levels of both irreversible and reversible oxidative damage throughout life (Andziak et al., 2006). Based on the definition of stress stated earlier, we could argue that this organism is under permanent stress since it accumulates cellular alterations. However, as the most-long-lived rodent, we must acknowledge that this stress doesn't imply functional dismissal. It simply suggests that NMRs must have a high tolerance threshold (referred earlier as elastic limit) to oxidation, before induced damage affects functionality.

That contradictory accumulation of damages and extended lifespan has led scientists to new discoveries and hypotheses. Surprisingly, authors discovered an elevated number of cysteine content (site of oxidation) in the NMR proteome compared to mice, residues that are often found present in catalytic sites of enzymes. They suggested that this elevation in cysteine content in proteins may buffer the oxidation of critical sites upon peptides and contribute to their resistance to unfolding and better maintenance of protein structure and function [START_REF] Pérez | Protein stability and resistance to oxidative stress are determinants of longevity in the longest-living rodent, the naked mole-rat[END_REF]. In the same study, NMR also shows a higher proteasome activity than mice. This activity even increases by 1.5 fold with age facilitating damage removal. In another study, Triplett and colleagues showed that NMRs maintain high levels of autophagy throughout the majority of their lifespan [START_REF] Triplett | Age-related Changes in the Proteostasis Network in the Brain of the Naked Mole-Rat: Implications Promoting Healthy Longevity[END_REF]. This is in contrast to other aging models, including mice, where autophagy is known to decrease in an age-dependent manner [START_REF] Yamaguchi | Role of Autophagy in Aging[END_REF]. It shows that NMR exhibits a higher protein turnover than do mice and can thereby better maintain protein homeostasis even under damaging conditions.

To corroborate elevated cell survival investment, NMR shows an elevated resistance to proapoptotic ROS stimuli suggesting again a high tolerance threshold of cells to accumulate damages without impairing major cellular major functions [START_REF] Labinskyy | Comparison of endothelial function, O2-• and H2O2 production, and vascular oxidative stress resistance between the longest-living rodent, the naked mole rat, and mice[END_REF]. It is worth noting that the antioxidant capacity does not explain the disparate longevity between mice and this longest-living rodent (Andziak et al., 2006).

These findings support the idea that either by modified protein and lipid structure/stability or improved damage removal, each module contributing to proteostasis, DNA integrity, and lipid homeostasis may play significant roles in promoting daily stress resistance.

All together this glimpse of information suggests that species with long lifespans may possess elevated capacities for ensuring the quality of macromolecules (Table . 1 hereafter). This leads to the hypothesis that the key to extended lifespan is an efficient daily cellular stress resistance mechanism maintained throughout the course of time.

If the stress-resistance/longevity hypothesis is solid, any mutation or external stimuli that constitutively or transiently improve proteostasis, DNA repair, lipid metabolism, would promote longevity and late-life health. The longevity of biological systems would therefore be plastic by influencing cellular stress resistance. The next section will discuss the effect of promoted resistance on short-live organisms. (Andziak et al., 2006b;[START_REF] Deuker | Unprovoked Stabilization and Nuclear Accumulation of the Naked Mole-Rat p53 Protein[END_REF][START_REF] Pérez | Protein stability and resistance to oxidative stress are determinants of longevity in the longest-living rodent, the naked mole-rat[END_REF][START_REF] Triplett | Age-related Changes in the Proteostasis Network in the Brain of the Naked Mole-Rat: Implications Promoting Healthy Longevity[END_REF] The bowhead whale (Balaena mysticetus) techniques that a single gene can have a significant impact on lifespan of short-lived organisms [START_REF] Guarente | Genetic pathways that regulate ageing in model organisms[END_REF] any of these target genes have been found to function in conserved signaling pathways [START_REF] Fontana | Extending healthy life span-From yeast to humans[END_REF][START_REF] Kenyon | The genetics of ageing[END_REF][START_REF] Lapierre | Lessons from C. elegans: Signaling pathways for longevity[END_REF].

One of the main pathways that has been discovered to promote longevity and stress resistance is Insulin/IGF-1 signaling (IIS) described in C.elegans and D.melanogaster (Fig. 9). The IIS pathway is a phosphorylation cascade initiated by either the insulin receptor (IR) or the IGF1 receptor (IGF1R). When this cascade is stimulated, it leads to the phosphorylation of the transcription factor FoxO on specific conserved serine and threonine residues. This phosphorylation recruits a cofactor (14-3-3 proteins) that physically masks the nuclear localization sequence present in the protein, therefore inhibiting its translocation to the nucleus (Fig. 9; [START_REF] Wang | Post-translational modifications of FOXO family proteins[END_REF]. In contrast, when the cascade is shut down or in nutrient deprivation condition, cytoplasmic FoxO retention is released allowing the activation or repression of a variety of downstream target genes that are critical for stress resistance (A. K. [START_REF] Brown | Regulation of FOXO Factors in Mammalian Cells[END_REF]. In a groundbreaking article, [START_REF] Kenyon | A C. elegans mutant that lives twice as long as wild type[END_REF] were the first to describe a fertile and active C. elegans daf-2 (nematode igf-1 ortholog) mutant that lives twice as long as wild type (C. [START_REF] Kenyon | A C. elegans mutant that lives twice as long as wild type[END_REF]. A second homozygous mutant model for nonsense age-1 (pi3k orthologue, member of the IIS pathway) has shown a ten-fold increase in maximum lifespan [START_REF] Ayyadevara | Remarkable longevity and stress resistance of nematode PI3K-null mutants[END_REF]. These two genes of the IIS were the starting points for understanding how lifespan can be genetically extended.

Interestingly, this extension effect was later found to require the activity of a second gene, daf-16 (foxo orthologue). After this, several studies have linked the IIS and longer lifespans to organisms such as long-lived dog breeds that have reduced circulating IGF-1 levels [START_REF] Greer | The Energy Sensor AMP-activated Protein Kinase Directly Regulates the Mammalian FOXO3 Transcription Factor[END_REF].

FoxO is not the only gene that was shown to affect stress resistance and longevity together. Drosophila lifespan is increased by up to 80% when the stress-response Jun kinase (JNK) pathway is activated (M. C. [START_REF] Wang | JNK Signaling Confers Tolerance to Oxidative Stress and Extends Lifespan in Drosophila[END_REF]. Overexpression of methionine sulfoxide reductase A in the nervous system of Drosophila increases longevity [START_REF] Ruan | High-quality life extension by the enzyme peptide methionine sulfoxide reductase[END_REF]. Transient heat shock increases lifespan by requiring the energy-sensor AMP kinase subunit AAK-2 [START_REF] Apfeld | The AMP-activated protein kinase AAK-2 links energy levels and insulin-like signals to lifespan in C. elegans[END_REF] in C. elegans. Inhibiting the mTOR pathway extends lifespan in all model organisms tested, including yeast [START_REF] Powers | Extension of chronological life span in yeast by decreased TOR pathway signaling[END_REF], C. elegans [START_REF] Velkova-Jordanoska | ANTIOXIDATIVE ENZYMES IN FISH AS BIOCHEMICAL INDICATORS OF AQUATIC POLLUTION[END_REF] and Drosophila (H. [START_REF] Zhang | Regulation of cellular growth by the Drosophila target of rapamycin dTOR[END_REF]. Although the precise mechanism by which mTOR downregulation prolongs longevity is not entirely understood, it is known that TOR activity suppression inhibits protein translation, stimulates autophagy, and supports metabolic health [START_REF] Kriete | Rule-Based Cell Systems Model of Aging using Feedback Loop Motifs Mediated by Stress Responses[END_REF].

In conclusion, the approach proposed by [START_REF] Kenyon | A C. elegans mutant that lives twice as long as wild type[END_REF] to focus on long-lived model highlights that long-lifespan is associated with efficient and maintained stress resistance mechanisms throughout their life (C. [START_REF] Kenyon | A C. elegans mutant that lives twice as long as wild type[END_REF]. It can arise from duplication of major genes, changes in proteins lipid and DNA architecture, and high activity of damage removal processes (summarized in table1) sustained by modification in signaling pathways. Working with short-lived organisms that could be genetically or environmentally stimulated also highlight the possibility of resistance mechanisms to promote health-and life-span (as shown in table 2). Although genetic modification of a single gene can drastically affect longevity, it is unlikely that a single pathway fully explains the large lifespan differences between species, other resistance mechanisms may contribute in concert. The similarities between the effectors that regulate longevity from yeast to mice provide convincing evidence for the existence of a "conserved regulation of longevity" in eukaryotes intrinsically related to a prolonged improvement of the resistance to daily stress.

Cnidarian, sister group of bilaterian, are represented by species with natural both elevated longevity and stress tolerance. In the next section, I will describe their taxonomic structure, morphology, and life traits, as well as their utility as models to understand stress tolerance under challenging environments.

Cnidarians, models of resistance and longevity

Cnidarians taxonomy

The Cnidaria phylum, characterized by the shared presence of cnidocytes, has experienced more than 600 million years of independent evolution and contains today more than 11,000 described species of marine invertebrates, including sea anemones, corals, jellyfish, marine hydroids, and the freshwater hydra. A first clear distinction between Anthozoa and Medusozoa (Fig. 10A) can be made based on anatomy [START_REF] Salvini-Plawen | On the origin and evolution of the lower Metazoa[END_REF], DNA structure [START_REF] Bridge | Class-level relationships in the phylum Cnidaria: Evidence from mitochondrial genome structure[END_REF], and DNA sequences [START_REF] Kayal | Phylogenomics provides a robust topology of the major cnidarian lineages and insights on the origins of key organismal traits[END_REF][START_REF] Zapata | Phylogenomic Analyses Support Traditional Relationships within Cnidaria[END_REF].

The class Anthozoa comprises two reciprocally monophyletic lineages, Octocorallia and Hexacorallia (Fig. 10A). The anthozoan subclass Hexacorallia comprises all scleractinian and black corals, tube anemones, and sea anemones (i.e., orders Actiniaria, Antipatharia, Ceriantharia, Corallimorpharia, Scleractinia, and Zoanthidea).

They are characterized by a six-fold symmetry, whereas Octocorallia (sea pens, sea fans, and soft corals) have an eight-fold symmetry.

The class Medusozoa consists of Cubozoa (45 species of box jellyfish), Hydrozoa 

Macro-morphology

Morphology can greatly vary among cnidarians (Fig. 10B) but commonly, the appearance of cnidarian is depicted as a simple cavity with a gastric chamber that opens outwards through a single aperture that serves as a mouth and anus, surrounded by tentacles (Fig. 11A). The polyp or "stalk" and the medusa or "bell" morphological body plans are two unique features of the animals in this phylum.

Typically, adult polyp forms are sessile while medusa forms are motile. Medusozoas exhibit the two body plans during their life cycle, whereas the Anthozoa present only a polyp form throughout its life. The body of cnidarians is structured around an order of radial symmetry (4 to 8 depending on the number of tentacles). In many species, including coral and many hydrozoans, polyps are found in colonies. These colonies contain a very large number of tiny, interconnected individuals that are often capable of secreting calcareous exoskeleton.

Micro-morphology

Despite extensive morphological differences (Fig. 10B and11A), Cnidarians share a common simple body organization made of two embryonic layers: the endoderm producing the internal epithelium, the gastrodermis, and the ectoderm producing the external epithelium, the epidermis (Fig. 11B). They are separated from one another by the mesoglea, a cell-free gelatinous matrix. Cnidarians have a variety of specialized cells as revealed by single-cell RNA sequencing, including epithelial-muscular cells creating muscular webs, toxin-releasing stinging cnidocytes (=cnidoblasts), flagellate and glandular cells and nerve cells that structure a diffuse nervous system [START_REF] Chari | Whole-animal multiplexed single-cell RNA-seq reveals transcriptional shifts across Clytia medusa cell types[END_REF][START_REF] Levy | A stony coral cell atlas illuminates the molecular and cellular basis of coral symbiosis, calcification, and immunity[END_REF][START_REF] Sebé-Pedrós | Early metazoan cell type diversity and the evolution of multicellular gene regulation[END_REF]. The heterotrophic feeding behavior of Cnidarians rely on the presence of the cnidocytes that kill plankton and other crustaceans. The preys are ingested and then digested in the gastrovascular cavity through the action of digestive enzymes released from gland cells present in the endodermal tissue layer (extracellular digestion). As a result of this old and diversified phylum's evolution, numerous biological advances have appeared. Among them, i will here focus on some specificities related to their capacity to stress response: The next section focuses on describing the known stress resistance mechanisms in Cnidaria.

Intrinsic -Photosymbiosis

The acquisition of energy is a fundamental aspect of any organism's life. Part of the cnidarians are in durable functional association with unicellular algae. These photosymbionts reside in the cnidarian host gastrodermis (i.e., the innermost tissue layer that borders the gastrovascular cavity). The cnidarian animal benefits from this intercellular interaction as an indirect source of organic carbon and nitrogen derived from the photosynthesis of their 'in hospite' symbionts (Davy et al., 2012). For sessile cnidarians, this indirect phototropism allows them to colonize and thrive in oligotrophic environments but require cellular adaptations to cope with the pro-oxidant conditions associated to photosynthesis [START_REF] Furla | The Symbiotic Anthozoan: A Physiological Chimera between Alga and Animal1[END_REF].

Extrinsic

Cnidarians are submitted to environmental stressors that affect common cellular targets such as DNA, lipids, proteins and organelles like mitochondria (Dunn et al., 2012). A wide variety of stressors like temperature, hydrogen peroxide and UV treatments have been shown to increase DNA strand breaks in cnidaria, demonstrating the potential for genotoxic ROS effects [START_REF] Baruch | UV incites diverse levels of DNA breaks in different cellular compartments of a branching coral species[END_REF][START_REF] Mitchelmore | Assessing DNA damage in cnidarians using the Comet assay[END_REF]Richier et al., 2006).

In response to these stressors, the cnidarians harbor a diversified molecular toolkit to cope permanent and increasing cellular stress. Antioxidants such as superoxide dismutase and catalase have been shown to play critical roles in coral's antioxidative stress response [START_REF] Dykens | Oxygen Radical Production in the Sea Anemone Anthopleura Elegantissima and its Endosymbiotic Algae[END_REF]Lesser, 2006;[START_REF] Marty-Rivera | Mitigation of coral bleaching by antioxidants[END_REF][START_REF] Richier | Symbiosis-induced adaptation to oxidative stress[END_REF] together with molecular chaperones (or heat shock proteins) to offers an immediate pro-survival cellular response (review in [START_REF] Cziesielski | The past, present, and future of coral heat stress studies[END_REF].

Cziesielski, Schmidt-Roach, and Aranda (2019) reviewed the heat stress response and concluded about the existence of a shared defense mechanisms among cnidarians involving HSP and antioxidant expression, modulation of mitochondrial metabolism and pro-apoptotic responses at every life stages.

Longevity

Together with environmental resistance, cnidarians contain among the longest-living animals on Earth. Even if the lifespan of a single living coral colony varies largely among species it can reach up to 600 years (Fig. 12). Deep sea coral specimens were even reported to be present for over 4,000 years in the environment [START_REF] Roark | Extreme longevity in proteinaceous deep-sea corals[END_REF].

In addition the scyphozoans Turritopsis dohrnii, a small medusa considered immortal, even manages to question the linearity of the aging process and longevity extension by reversing its life cycle towards sexual immaturity in a process called transdifferentiation, where mature differentiated cells are changed into different forms of tissue [START_REF] Schmich | Induction of reverse development in two marine Hydrozoans[END_REF]. T. dohrnii's reverse development and transdifferentiation may be influenced by biological processes that take place at the cyst stage, such as telomerase activity, regulation of transposable elements and DNA repair systems, suppression of cell signaling pathways, mitotic cell division, and cellular differentiation and development [START_REF] Matsumoto | Transcriptome Characterization of Reverse Development in Turritopsis dohrnii (Hydrozoa, Cnidaria)[END_REF].

In addition, in the biological model, Hydra (Hydrozoans), studies have investigated if these organisms undergo senescence or a physiological decline with advancing age that eventually results in lower rates of reproduction and higher rates of death. In a milestone study, [START_REF] Martı Ńez | Mortality Patterns Suggest Lack of Senescence in Hydra[END_REF] shows that Hydra exhibits no signs of senescence under laboratory conditions and therefore is considered immortal, from a cellular point of view. Later on, this extraordinary feature has been attributed to the indefinite selfrenewal capacity of its stem cells [START_REF] Dańko | Unraveling the non-senescence phenomenon in Hydra[END_REF]. This extended nature of stem cell renewal, differentiation, and selective cell elimination is also thought to be central for another feature of Cnidarians, the regenerative capacity. 

Extreme regeneration

Although most metazoan organism have a regenerative capacity [START_REF] Bely | Evolution of animal regeneration: Re-emergence of a field[END_REF], the extent of this feature can vary between species and throughout an organism's life cycle (Yun, 2015, Fig. 13). There are various levels of regeneration, including regeneration of cells, tissues, organs (Viswanathan et al., 2018), or structures (amphibians;Nacu et al., 2016), to extreme regeneration of the entire body [START_REF] Reddien | FUNDAMENTALS OF PLANARIAN REGENERATION[END_REF][START_REF] Röttinger | Nematostella vectensis, an Emerging Model for Deciphering the Molecular and Cellular Mechanisms Underlying Whole-Body Regeneration[END_REF]. During extreme regeneration in Hydra, even single cells from pre-existing organisms can be separated and following reaggregation of cells, they are able to reform a complete individual polyp within days [START_REF] Reddy | Cellular and Molecular Mechanisms of Hydra Regeneration[END_REF]. Cnidarians, and particularly Hydra, are historical models used to study this exceptional capacity for regeneration and an important part of their asexual reproduction relies on this feature. The maintenance of pluripotent stem cells (i-cells in hydrozoans) that can differentiate into any type of body cell is at the core of the extreme regeneration capacity of their bodies and the extended ability to grow/degrow depending on the energy resources [START_REF] Galliot | Regeneration in Hydra[END_REF][START_REF] Reddy | Cellular and Molecular Mechanisms of Hydra Regeneration[END_REF]. If the genome structure and complexity is informative of resistance capacity in longlived model, the extraordinary features displayed by cnidarians such as photosymbiosis, extended longevity (absence of aging), extreme regeneration are in profound contrast with the genome proximity displayed with humans, as revealed by genome comparison.

In fact, the genome of the emerging model Nematostella vectensis and those of vertebrates exhibit a significant degree of gene content, structure, and organization conservation (N. H. [START_REF] Putnam | Sea Anemone Genome Reveals Ancestral Eumetazoan Gene Repertoire and Genomic Organization[END_REF]. By reconstruction, they demonstrate that even chromosome-scale connection (synteny) between N. vectensis and vertebrates has been retained. This conservation of gene repertoire, exon-intron structure, and large-scale gene linkage offers to the sea anemone a higher genetic proximity with vertebrates, more than flies or nematodes.

Most of what we know about cnidarian stress resistance arises from studies on reefbuilding corals. The main reason underlying this is mostly environmental, as these organisms are in decline worldwide, the research effort has been similarly exceptional.

However, stress resistance in cnidarian models subjected to persistent and drastic variations in their environment, as estuarine cnidarians, remains underexplored. In the context of my thesis project, I decided to focus on the cnidarian sea anemone Nematostella vectensis, inhabing contrasting, therefore challenging environments (Williams 1983).

Nematostella vectensis, a model to understand molecular mechanism and genetic features involved in extended stress tolerance

Over the past years, N. vectensis has gained considerable importance in cnidarians as a model for embryogenesis and development, regeneration [START_REF] Layden | The rise of the starlet sea anemone Nematostella vectensis as a model system to investigate development and regeneration[END_REF], and now possesses a variety of genetic and biomolecular tools for exploring new biological questions (review in [START_REF] Röttinger | Nematostella vectensis, an Emerging Model for Deciphering the Molecular and Cellular Mechanisms Underlying Whole-Body Regeneration[END_REF]. In this section I give an overview of the ecological setting and biological peculiarities of N. vectensis, as well as the stateof-the-art of the stress resistance processes associated.

Morphology

The anthozoan actiniaria N. vectensis is a burrowing sea anemone inhabiting estuarine habitats, marshing pools and bays. When fully expanded in the field, N.

vectensis, is typically less than 2 cm long (Williams 1983) and is mostly transparent (Fig. 14A). In their natural environment, only the tentacles of this sea anemone are at the bottom's surface to capture prey. As a sedentary carnivore, N. vectensis consumed little snails, copepods, nematodes, worms, copepods (including their egg masses), and rotifers, [START_REF] Frank | Asexual reproduction, diet, and anomalies of the anemone Nematostella vectensis in Nova Scotia[END_REF]. The prey is transported to the mouth by the tentacles after being immobilized by venom-rich cnidocytes [START_REF] Smith | Dominant toxin hypothesis: Unravelling the venom phenotype across micro and macroevolution[END_REF].

From there, it is ingested via the pharynx and digested in the gastric cavity (Fig. 14A).

The mesenteries, which are structures responsible for producing gametes, digesting food, and storing lipids, are located in this gastric cavity, which makes up the majority of the animal's body. With a minimum of eight at the adult stage, the mesenteries stretch from the physa (aboral part) to the pharynx (oral part). According to a recent study, the polyp is composed of about 100 different cell states [START_REF] Sebé-Pedrós | Early metazoan cell type diversity and the evolution of multicellular gene regulation[END_REF].

The reproduction of N. vectensis can be either sexual (i.e distinct male and female producing gametes) or asexual (transverse fission, physa growth or pinching, or regeneration) (review in [START_REF] Röttinger | Nematostella vectensis, an Emerging Model for Deciphering the Molecular and Cellular Mechanisms Underlying Whole-Body Regeneration[END_REF]. External fertilization is accomplished in the water column where sperm and egg enter in contact. After fertilization, the egg goes through a series of cleavages to form a blastula, which invaginates at the animal pole during gastrulation before growing into a planula, a ciliated swimming larva. The pharynx of this larva is exposed to the environment through its mouth. The planula stops swimming five to six days post fertilization. It settles on the substrate and starts to slightly metamorphose, leading to the growth of the first four tentacles (Fig. 14B).

Adult polyps with sexual maturity have eight mesenteries and at least sixteen tentacles 

Ecology

N. vectensis successfully colonizes a broad geographic range along the Atlantic and Pacific coasts of the USA and southern Canada (occurence reviewed in [START_REF] Hand | The unique, widely distributed, estuarine sea anemone, Nematostella vectensis Stephenson: A review, new facts, and questions[END_REF]. Estuarine habitat are in constant motion, varying daily and seasonally, especially in terms of temperature, salinity, and ultraviolet (UV) light [START_REF] Bacheler | Abiotic and biotic factors influence the habitat use of an estuarine fish[END_REF]. The continuous blending of rivers and sea also gathers and distributes nutrients. N.vectensis can then survive in this environment with salinities ranging from 9 to 52‰ and reported sea water temperatures of -1.5 to 28.5 °C with important daily fluctuations (>15°C) (Williams 1983). [START_REF] Hand | The Culture, Sexual and Asexual Reproduction, and Growth of the Sea Anemone Nematostella vectensis[END_REF] noted successful sexual reproduction in salinities of 12‰ to 34‰ and asexual divisions in salinities of 7‰ to 42‰ [START_REF] Hand | The Culture, Sexual and Asexual Reproduction, and Growth of the Sea Anemone Nematostella vectensis[END_REF]. The fact that it can reproduce across a wide range of salinities and temperature in physically different habitats represent an elegant evidence of the truly euryhaline, eurythermal nature of N. vectensis.

In laboratory conditions, the higher thermal tolerance of N. vectensis was estimated between 39.5 to 40.5°C emphasizing the known broad thermal tolerances reported on field-conditions (Reitzel et al., 2013). Williams reported that N. vectensis that had been starved for 80 days are still living (Williams, 1976). [START_REF] Hand | The unique, widely distributed, estuarine sea anemone, Nematostella vectensis Stephenson: A review, new facts, and questions[END_REF] imposed six months of starvation on N. vectensis, and although those starving anemones shrank, none died [START_REF] Hand | The unique, widely distributed, estuarine sea anemone, Nematostella vectensis Stephenson: A review, new facts, and questions[END_REF].

Following fertilization, the dispersions of gametes, embryos or larvae appears limited.

Therefore, physical isolation is a common occurrence in the estuarine habitats where N. vectensis lives. The limited gene flow within and between N. vectensis populations and micro-scale environmental differences are hypothesized to be the causes of differential tolerance potential within local populations [START_REF] Friedman | Intraspecific variation in oxidative stress tolerance in a model cnidarian: Differences in peroxide sensitivity between and within populations of Nematostella vectensis[END_REF]. Despite genetic differentiation among populations, multiple breeding trials between different populations have demonstrated a maintained interfecondity that suggests the persistence of a single N. vectensis species as defined by [START_REF] Mayr | Speciation Phenomena in Birds[END_REF].

These unique life traits, together with the apparent escape of organismal senescence (under investigation in the team), are remarkably interesting because they offer a natural opportunity to uncover the processes underlying resistance potential to rapidly changing environmental factors.

Stress response

The genome of the sea anemone preserves the majority of the genes involved in the cellular stress response in other organisms such as vertebrates (N. H. [START_REF] Putnam | Sea Anemone Genome Reveals Ancestral Eumetazoan Gene Repertoire and Genomic Organization[END_REF]. This extreme conservation of major molecular pathways involved in stress resistance again enhances the idea that those features likely belong to the common ancestor of cnidarians and bilaterians (Goldstone, 2008).

Nevertheless, several studies observed in N. vectensis an extended diversification of the major stress response genes, such as cytochrome P450 (CYP), ABC transporters, antioxidant enzymes, heat shock proteins, including HSP 90, three isoforms of HSP70 and small alpha crystalline HSPs (HSP20s) and peroxiredoxins (Goldstone, 2008;[START_REF] Helm | Phylogenetic analysis of cnidarian peroxiredoxins and stress-responsive expression in the estuarine sea anemone Nematostella vectensis[END_REF][START_REF] Knighton | Dynamic remodeling of the interactomes of Nematostella vectensis Hsp70 isoforms under heat shock[END_REF]. The superoxide dismutase family is known to be extended in symbiotic cnidarian, and this diversification was originally thought to be related to the hyperoxic conditions created by the symbiosome. However, N.

vectensis also contains genes for six different SODs and one catalase, despite being a non-symbiotic species. N. vectensis also possess the shikimic acid pathway considered essential for the synthesis of UV-absorbing mycosporine-like amino acids (MAAs) [START_REF] Starcevic | Enzymes of the shikimic acid pathway encoded in the genome of a basal metazoan, Nematostella vectensis, have microbial origins[END_REF], reported as a crucial defense mechanism in corals [START_REF] Shick | Mycosporine-like amino acids and related Gadusols: Biosynthesis, acumulation, and UV-protective functions in aquatic organisms[END_REF]. This extensive gene repertoire dedicated to the response to external and internal stress stimuli, has been challenged by researchers to uncover the major cellular strategies involved in resistance and acclimation to various environmental changes (cf. Fig. 15 for references, next chapter).

The regulation of this extensive stress-response gene repertoire was analyzed in N.

vectensis and revealed common modules involved in stress response. Upregulation of a large array of stress-response gene families Hsp, ABC, CYP members was reported in response to heavy metals: Hg, Cu, Cd and Zn. [START_REF] Elran | Early and late response of Nematostella vectensis transcriptome to heavy metals[END_REF]. The activation of the inducible heat shock response was also reported in crude oil treatment coupled with UV exposure whereas an upregulation of the protective shikimate pathway was reported upon UV exposure only [START_REF] Berger | Nematostella vectensis exhibits an enhanced molecular stress response upon co-exposure to highly weathered oil and surface UV radiation[END_REF]. This points out the above hypothesis that the activated defenses are dependent upon the severity of stress sensed and experienced by these organisms [START_REF] Berger | Nematostella vectensis exhibits an enhanced molecular stress response upon co-exposure to highly weathered oil and surface UV radiation[END_REF]. Tarrant et al. 2018 revealed that antioxidant enzyme transcripts were both up-and downregulated following UV and/or chemical exposure (Tarrant et al., 2018).

Technical opportunity

The starlet sea anemone Nematostella vectensis, is a cnidarian lab model that gathers considerable technical advantages: i) an updated sequenced genome (Zimmermann, 2020) and many transcriptomes (Ref) ii) embryonic material is abundant on demand thanks to a standardized procedure for raising, inducing spawning, and carrying out the life cycle in a laboratory environment iii) its resistance capacity to a broad range of disturbances facilitate its maintenance iv) the translucent nature of its tissue and small size ( 1 The technical opportunities have facilitated the accumulation of information on the cellular stress response, transcript genes, and common pathway involved in this tolerant anemone (review in Fig. 15). But none of them has ever evaluated the sensitivity to damage accumulation on macromolecules and defenses at the protein level. To answer those questions there is a need for an integrative approach that goes beyond the transcriptomic approach and analyzes the extent of damages that is tolerated together with cellular deployment of the major defenses' mechanisms in response to acute and prolonged variation of abiotic parameters.

Research question, working hypothesis, specific aims

Evolution of life on Earth has been driven by its ability to adapt to changing environmental conditions. In difficult environments, some organisms have exhibited particularly successful ecological adaptation. These extremo-tolerant organisms serve as a valuable resource for learning about the molecular modules that evolution has selected for increased stress tolerance.

Research question

My research question seeks to understand the limits of resistance and the molecular mechanisms involved in the process of resistance to environmental variations in the tolerant estuarine organism, Nematostella vectensis.

The central hypothesis of this thesis is that the stress tolerance of Nematostella vectensis arises from a highly regulated and stressor-specific cellular stress response.

Thus, I explored the physiological breakpoints of this model organism to abiotic changes, its sensitivity to macromolecular damage formation, the compensatory mechanism activated in specific abiotic context, and the implication of major genes to these phenotypes.

This leads to the articulation of my thesis around two main objectives, which correspond to the following chapters: FoxO is a transcription factor integrative of environmental change described in several metazoans. Vps36, a protein associated with endosomal-directed protein trafficking, has been identified in a population genetics coral study and potentially associated with stress resistance. To understand the implication these genes might have in the tolerance limitl, chapter 3 is split in 2 sub-chapters:

Chapter 3A, focuses on the understanding of FoxO(s) gene(s), from the functional characterization of N. vectensis FoxO orthologue to the pipeline constructed to induce a complete knock-out of the genes of interest in the genome of N. vectensis.

Chapter 3B describes the approach to gain insight into Vps36 function using in silico as well as a Knock-out approach. Together with the results described in chapter 2, this will enable us to determine the precise role that these two players have in deploying the various stress-response mechanisms and set the bases for further molecular analysis.

Chapter 2.

The The survival of organisms depends on their ability to withstand cellular stress generated from external and internal stressors (Fulda, 2010). Among abiotic stressors, temperature, food availability, UV, irradiation and salinity are major drivers affecting their physiology (Todgham, 2013).

To cope with this variety of stressors, the evolution favored two broad types of stress resistance:

1) an intrinsic resistance, where the physiology, DNA composition and/or macromolecules structures constitutively enable a proper functioning under the constraints of a specific condition (in general low variable but constraining environment);

2) an inducible resistance that results from a cellular defensive response that limits the accumulation of damages and prevents functional declines until homeostasis is restored (often described in a variable environment).

In cnidaria, experiments under challenging environment have drawn the edges of an inducible stress resistance to thermal stress involving activation of oxidative defenses (antioxidant molecules, heat shock proteins), proteolysis (ubiquitin-proteasome system, autophagy), cell cycle control, DNA repair and programmed cell-death (apoptosis) [START_REF] Kenkel | Gene expression under chronic heat stress in populations of the mustard hill coral (Porites astreoides) from different thermal environments[END_REF]Maor-Landaw & Levy, 2016;[START_REF] Mydlarz | What are the physiological and immunological responses of coral to climate warming and disease[END_REF]Oakley et al., 2017). This cellular response was then generalized to other stressors providing the insight of a general stress response program in Cnidaria (Dixon et al., 2020, Fig. 15). This Chapter is focusing on understanding the physiological limits and cellular resistance mechanisms triggered by the environmental-tolerant anemone, N.

vectensis, in response to a variety of external and internal stress (graphical methodology summarized in Fig. 16).

N. vectensis is a eurythermal and euryhaline species inhabiting estuarine temperate environments. It has been observed in environments with strong daily (+/-20°C) and seasonal (+/-25°C) thermal fluctuations (Williams, 1983(Williams, , 1991) (Sachkova et al., 2020).

Hand & Uhlinger (1994) also reported extended resistance to food deprivation up to 6 months [START_REF] Hand | The unique, widely distributed, estuarine sea anemone, Nematostella vectensis Stephenson: A review, new facts, and questions[END_REF]. In terms of salinity, N. vectensis has been recorded to be present in marshes whose salt concentrations vary from 8.96 to 51.54 ppt (Williams, 1991).

To date, N. vectensis has become an important Cnidarian model for understanding the molecular mechanisms underlying fundamental biological process (from embryogenesis, neurogenesis and more recently regeneration), but its ecological interest as a resistant organism to acute environment variations has been reciprocally overlooked or restricted to gene expression studies (Sachkova et al., 2020).

Chapter structure :

The first part of chapter 2 describes the cellular stress response and physiological limits of N. vectensis to acute temperature changes and/or prolonged starvation (Fig. 16). This study is part of a research article in final preparation.

A set of experiments were designed to measure the activation or inhibition of major cellular stress response compartments upon acute cold and heat shock and upon prolonged starvation. Morphodynamic parameters were measured to evaluate the liveliness. Using a single conservative protein extraction, biomarkers of protein damages were confronted to the antioxidant level, heat shock protein level, ubiquitin targeting, cell proliferation, autophagy, and apoptosis. The effect of the combination of starvation preconditioning and thermal stress was evaluated.

The second and third part of the chapter 2 are topical experiments that employ part of the multi-marker analysis developed in the first part of the chapter 2 to describe the physiological impact of either oxidative stress (topical study 1) or oral regeneration process (topical study 2) in N. vectensis (Fig. 16). is a burrowing sea anemone that inhabits estuaries characterized by strong and rapid environmental variations (including temperature and nutrients). To explore the responses mechanisms of N.vectensis to acute cold (5 and 10°C) and heat shock (30, 35 and 40°C) as well as nutritional depletion (up to 8 month½), we applied a multi-marker approach measuring an integrative morphodynamic response (IMR), metabolic state (respiration rate), the stress resistance (level of protein damages), and the activation of compensatory mechanisms (antioxidant potential, chaperone protein, apoptosis, and cell proliferation).

Results

During cold shock, N. vectensis exhibited no sign of mortality, a strong maintenance of morphodynamic response, associated with a rapid activation of pro-apoptotic pathways and an increase of the antioxidant capacity. In contrast, heat shock produced a dose-dependent response, with a complete lethality at 40°C, and an important widespread mortality after 7 days at 35°C. This phenotype was accompanied by early morphodynamic impairment associated with accumulation of damages and a complete absence of compensatory mechanisms activation. The inhibition of caspase-dependent apoptotic pathways further reduced the acclimation potential under 30°C reinforcing the importance of cell-death in stress mitigation.

N. vectensis proved to be extremely resistant to complete food deprivation up to 34 weeks.

Size reduction and metabolic lowering together with gradual reduction in apoptosis induction are major adjustments during the starvation period. However, after 2 months the physiological state reassembled a phenotype of oxidative stress (high damages, high defenses activation).

Even if starvation did not reduce survival upon thermal variation, lowering in the morphodynamic response at 30°C suggests that the combination of both physiological challenges might be deleterious for the acclimation potential.

Conclusions

This study is the first to employ an extended battery of reported cellular stress markers to target both cellular damages and defenses in N. vectensis in response to environmental challenges. N. vectensis proved to be an important resistance model to cold shock and longterm starvation by either activating pro-death and pro-survival defenses conjointly (thermal shock) or adjusting the metabolic demand (starvation).

Introduction

In estuaries and coastal environments, abiotic factors such as temperature, salinity, pH, food availability, UV irradiation, change almost continuously over time scales ranging from hours to season (McLusky & Elliott, 2004). The tolerance to acute variations in estuarine organisms has been reviewed in fish, shrimps, bivalve, and crabs and appears variable within species and population (Madeira, Narciso, Cabral, & Vinagre, 2012;Tomanek, 2011). In addition, in coastal temperate marine ecosystems, organisms developed an extended thermal tolerance, suggesting important adaptations associated with environmental variations (Cereja, 2020;Sunday et al., 2019).

In order to maintain homeostasis, estuarine benthic organisms have acquired structural and behavioral modification (Hinchey et al., 2006) that potentiates their survival (Newell, 2013). In addition, for sessile and low-motile organisms the survival in unstable environments mainly require physiological modulation to limit stress generation and remove damaged biomolecules that can cause important cell impairment, and organismal dysfunction (Halliwell & Gutteridge, 2015;Lesser, 2006).

The deployment of a complex cellular stress response is necessary to maintain protein homeostasis (heat shock proteins and proteasome subunits; (Madeira et al., 2012;Guo, 2013), adjust metabolism (e.g., Krebs cycle), scavenge reactive oxygen species (antioxidant proteins; Guo, 2013), maintain cellular structure cytoskeleton (e.g., actin binding proteins) and remove damaged cells (apoptosis-related processes; Guo, 2013). The co-occurence or consecutive activation of the cellular stress response components is dependent on stress severity but all concur to lower the impact of environmentally-induced oxidative stress (Kültz, 2020;Tomanek, 2014).

The ability to display a proper cellular stress response is conditioned by the physiological state at the time of the insults. The majority of the mechanisms involved in stress response are improved when subjected to mild stressors including oxidative, thermal and metabolic stress (Berry & López-Martínez, 2020). This is a form of adaptation known as "hormesis" or "preconditioning," in which cells (and organisms) grow resistant to subsequent severe stress (Gems & Partridge, 2008). In cnidaria, nutrition as well as transient exposition to thermal limits have shown to potentiate the thermal tolerance of individuals (Hackerott et al., 2021). Physiological adjustments when exposed to sub-lethal thermal maxima implies changes in mitochondrial biogenesis (Hawkins & Warner, 2017), antioxidant enzymes (Chiplunkar, 2014), and apoptosis inhibition (Bellantuono et al., 2012;Majerova et al., 2021). Nutrition is a preconditioning factor of organism life required for the maintenance of the energetic demand to sustain cell functioning and induce an appropriate stress response (Nguyen et al., 2017;Petti et al., 2011;Plesofsky et al., 2016). Proper nutrition was found to mitigate the negative effects of elevated temperature by influencing symbiont photobiology (Hoogenboom et al., 2012), and potentiating host energy available (either freshly caught or made available through energy/lipid reserves; Anthony et al., 2011). During periods of dysnutrition (fasting and starvation), the organism's resistance is dictated by the level of stored energy and the control of its allocation (review in Lignot & LeMaho, 2012). While reduction in food uptake (caloric restriction) has been associated with beneficial impact on organismal physiology and stress response (Hall et al., 2000;Navarrete, 2021;Sinclair, 2005), prolonged starvation has been assimilated with oxidative stress in multiple models (Morales et al., 2004;Petti et al., 2011;S. Yang et al., 2019), and could represent a deleterious physiological state under subsequent environmental challenges.

The cellular stress response has been historically investigated using biomarkers for oxidative stress (degradation products and antioxidants) in bioindicator species to monitor environmental quality (e.g. (Bartell, 2006;Khalil et al., 2017;Velkova-Jordanoska et al., 2008). Cellular biomarkers can offer biologically relevant information on the biochemical and cellular response, as well as the physiological state of the organism upon environmental challenge (van der Oost et al., 2003). Furthermore, the use of a large set of biochemical markers allow to identify i) the sensitivity threshold of macromolecules (DNA, RNA, lipids, proteins) using damage-related markers and ii) physiological compensatory mechanisms involved in stress response and acclimation.

This approach has been successfully used mostly in fish and marine bivalve mollusks (see reviews of Doyotte et al., 1997;van der Oost et al., 2003) and combine biochemical markers that are related with the metabolism and stress defenses.

Among sensitive biochemical biomarkers, oxidative stress reflecting imbalance between ROS overproduction and antioxidant defenses, was used as sensor of environmental stress. To analyze oxidative stress, antioxidant defenses or protein damaged processes are studied. Carbonylation of protein was used as a primary biomarker of protein oxidation in bivalve mollusk (Dowling et al., 2006;McDonagh & Sheehan, 2006) sea anemones (Cotinat et al., 2022;Richier et al., 2006), drosophila (Rascón & Harrison, 2010), human (Dalle-Donne et al., 2003) and its accumulation has been associated with thermal, pro-oxidant, UV, light or metals exposure.

Ubiquitination of proteins was also used to reflect a broader proteome alteration (oxidation, unfolding, loss of functionality during thermal stress (ie in cnidaria, (Downs et al., 2002). Total antioxidant capacity is considered as the primary defense against oxidative damage and has been studied in corals (Richier et al., 2008), Hydra (de Jong et al., 2016), and sea anemones (Richier et al., 2006;Ventura et al., 2018). In combination with HSP70 (already assessed in sea anemones (Ellison et al., 2017;Snyder & Rossi, 2004), the oxidative biomarkers provide the entry point to efficiently detect the activation of oxidative stress defenses and proteostasis maintenance.

Moreover, a marker of apoptosis in cnidaria, the caspase3-like activity (Bieri et al., 2016;Pernice et al., 2011;Richier et al., 2006), has been developed as reflecting the state of programmed cell death activation in the polyps.

By facing daily and seasonal temperature fluctuations, the estuarine anemone Nematostella vectensis has evolved adaptive cellular strategies (Sachkova et al., 2020) and extended diversification of the major stress response genes (Goldstone, 2008) that are functionally transcribed to increment tolerance under environmental fluctuation (Tarrant et al., 2018). For instance, N. vectensis has numerous heat shock proteins (HSPs) and antioxidant genes that are likely essential for mounting a cellular stress response (Goldstone, 2008).

In its natural habitat, N.vectensis can survive in salinities ranging from 9 to 52‰ and reported sea water temperatures of -1.5 to 28.5 °C with important daily fluctuations (>15°C) (Williams 1983). In laboratory conditions, the higher thermal tolerance of N.

vectensis was estimated between 39.5 to 40.5°C emphasizing the known broad thermal tolerances reported on field-conditions (Reitzel et al., 2013) N. vectensis shows to be robust to dysnutrition such as starvation (complete absence of feeding) up to a 6 month [START_REF] Hand | The unique, widely distributed, estuarine sea anemone, Nematostella vectensis Stephenson: A review, new facts, and questions[END_REF]. This robustness is accompanied by a body degrowth up to ~26% after 7 weeks of starvation while preserving the typical behavior and reactiveness of the tissue (peristaltic waves, oral contraction, gametes production) (Havrilak et al., 2021). Taken together, these studies have shown that N.

vectensis is able to successfully face long-term nutrient deprivation in laboratorycondition, to some extent it would never experience in natura. However, no studies on N. vectensis described the dynamic of the cellular stress response involved in such a successful acclimation potential to prolonged absence of external energy uptake and the potential impact on thermal tolerance.

To date, no studies have reported the sensitivity of macromolecules to damages under temperature or starvation in N. vectensis, while the major defense processes activated at the protein level are still poorly described. Furthermore, in cnidaria, the thermal experiments have mainly focused on heat shock, while cold shock studies and the comparison between both responses have been widely overlooked. While thermal resistance is largely accepted in N.vectensis, the limit of starvation resistance is unclear. Additionally, the interaction of the nutritional preconditioning on thermotolerance represents an important component to establish limits of resistance that has never been reported in this estuarine anemone organism.

To fill these gaps, the present study used the natural environmental-tolerant laboratory model Nematostella vectensis to investigate the extent of its physiological resistance limits. We here questioned if the major cellular stress mechanisms associated with the acclimation process are the same in response to drastic cold and heat shock as well as extreme food deprivation. We also investigated the impact of starvation-induced metabolic adjustment on the thermal acclimation potential of this organism. In addition, we evaluated the phenotypic impact of the stress response by developing, in complement with the use of sensitive biochemical biomarkers, an integrated morphodynamical response (IMR) using behavior and morphological parameters. 

Materials and Methods

Prolonged-starvation experiment

For starvation experiments, 600 subadults were split into six similar replicate tanks.

After two months of acclimation where the polyps were fed three-times per week, every tank was deprived of any external food source at T0. Water was changed by ~80% of the NM once a week. Unstarved animals were sampled one day after the last feeding (refered as "W0"), starved animals were sampled every week for 9 weeks post feeding.

At each timepoint, ten individuals of each replication tank were placed in a 1.5 ml.

sterile plastic tube, washed three times in filtered NM, and once the excess of water was removed, flash-frozen in liquid nitrogen for subsequent protein extraction. In parallel, six individuals per replicate were immediately used to assess the metabolic respiration rate and twelve individuals were followed individually to measure the effect of starvation on body length up to 34 weeks of starvation.

Thermal experiment after starvation preconditioning

To assess the influence of nutritional state on the thermal acclimation potential, a total of 210 unstarved, four weeks starved, and eight weeks starved animals were submitted to the exact thermal experimental design mentioned above. Survival was recorded, together with a series of morphodynamic parameters. Manufacturer: Enzo Life Sciences ALX260020M001) resuspended in DMSO. After 24h, animal survival was recorded and morphodynamic parameters measured.

Integrative Morphodynamical Response (IMR)

To score/determine the impact of stressors on N. vectensis individuals, we followed the organism's fitness and behavior changes over time using a series of morphodynamic parameters.

Decontraction assay: The decontraction potential was measured, after relaxing the individual 30 minutes on a light-table . A positive relaxation was recorded when the physa was entirely visible, with mouth and tentacles stretching. The score was calculated as the fraction of positive records on the total number of individuals tested.

Stimulated-contraction assay: Muscular reactions of the individual polyps was

analyzed by a standardized relaxation protocol followed by a reflex-contraction. The reflex-contraction was stimulated by hitting the relaxed physa with a fine tip (10µL tip from Starlab™ Tipone™) up to three consecutive times, when necessary. A positive contraction response was scored when the individual retracted some tentacles, the oral region or the entire body following stimulation. The score was calculated as the fraction of positive records on the total number of individuals tested per condition.

Feeding behavior: Feeding behavior was assessed as a hallmark of an undisturbed predation potential. Once organisms were relaxed, freshly hatched Artemia were added to the NM to allow easy access to the prey. Animals were observed for their ability to capture and ingest brine shrimp. A positive feeding behavior was considered when Artemia were observed in the gastrovascular cavity after 10 minutes of exposure to prey. The score was determined as the fraction of positive record on total amount of individuals tested.

Taken together these 3 criteria were concatenated into a single score referred as the Integrative Morphodynamical Response and calculated as followed:

𝐼𝑀𝑅 = ∑ 𝑅𝑒𝑙𝑎𝑥𝑎𝑡𝑖𝑜𝑛 𝑠𝑐𝑜𝑟𝑒 + 𝐶𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑠𝑐𝑜𝑟𝑒 + 𝐹𝑒𝑒𝑑𝑖𝑛𝑔 𝑠𝑐𝑜𝑟𝑒 𝑛
where n is the number of criteria used for calculations. This criterion ranges from 0

(not a single individual tested responded positively to the 3 criteria) to 1 (the entire population tested responded positively to the 3 criteria).

Length measurements

During starvation experiments, the maximum body length of twelve isolated individuals was measured every week for 34 weeks. Prior to length measurement, individuals were relaxed at room temperature (RT) for 20-30 minutes on a lighted table and anesthetized using 1ml of 7.14% (wt/vol) MgCl2 in 100 ml of Nematostella medium to avoid any further contraction. The length of the stretched animals (in mm) was measured after imaging, by drawing a body-centered line from the bottom of the physa to the mouth opening using ImageJ® software. Tentacles were excluded from the analysis.

Protein extractions

Flashfrozen samples were defrosted and incubated at 4°C with 300 μL of lysis extraction buffer (HEPES 25 mM Sigma-Aldrich #H-3375/ MgCl2 5 mM Sigma-Aldrich #M9272-500G/ EDTA 5 mM, Sigma-Aldrich #P3803/ DTT 5 mM Sigma-Aldrich #E-5134 / PMSF 2 mM Sigma #P-7626/ anti-Phosphatase 10 μl/ml, Thermo Scientific™ #78441). Samples were crushed with a sterile pestle until complete dissolution of the tissue, sonicated (2x10 seconds at 4°C) and centrifuged (15000rpm for 20 minutes at 4°C) to recover the cytosoluble protein content. The total protein concentration of each sample was evaluated by a Bradford assay (Bradford reagent; Sigma #B6916), using a bovine serum albumin solution as standard curve.

Protein carbonylation ELISA assays

Carbonyl content was measured using both an ELISA assay and spectrophotometric measurement (490 nm) (Buss et al., 1997). Protein derivatization was performed by adding a dinitrophenylhydrazine (DNP) solution (10 mM in 6 M guanidine hydrochloride, 0.5 M potassium phosphate buffer) to 1 mg the protein extract. After immobilizing on Nunc-Immuno Maxisorp plate (Dutscher, #055221), derivatized proteins were revealed by ELISA assay using anti-rabbit DNP primary antibody 

Protein ubiquitination, HSP70 and PCNA levels by dotbloting

The level of protein ubiquitination, HSP70 and PCNA was assessed through dot blotting.

1µg of total proteins were gravitationally deposited, in duplicate, into a nitrocellulose membrane using the BioRad dotblot system. After a night in blocking solution (BSA 5% in Tris-Phosphate buffer, pH7.4), the membrane was incubated 1h at RT with primary antibody (see below for details) followed by secondary antibody incubation:

After three washes, the intensity of the immunoblotting signal was revealed by Enhanced chemiluminescence plus detection system (ThermoFisher), and images acquired by Fusion solo device (Vilber Lourmat®). Spot intensity was quantified by GeneTools (SynGene) software and normalized by protein deposit after amido black solution staining.

Mono-and poly-ubiquitin: 1:1000; Mono-and polyubiquitinylated conjugates recombinant monoclonal antibody; Enzo Life Sciences) followed by 1h at RT with the secondary antibody (1:5000; Goat anti-Mouse IgG (H + L)-HRP Conjugate, Bio-Rad #1706516).

HSP70: 1:1000; anti-mouse HSPC/HSP70 monoclonal antibody; Stressgen #SPA822)

followed by 1h at RT with the secondary antibody (1:5000; Goat Anti-Mouse IgG (H + L)-HRP Conjugate, Bio-Rad #1706516). Validation of antibody presented in Supp. Fig.

5.

PCNA: 1:1000, anti-rabbit polyclonal PCNA Abcam, ab2426; followed by 1h at RT with the secondary antibody (1:5000; Goat Anti-rabbit IgG (H + L)-HRP Conjugate, Bio-Rad #1706515). PCNA western blotting revealed a single band at 70kDa, that enabled the quantification of the antigen through a dot blotting procedure (Sup. Fig. X). A dotblot experiment comparing protein extracts from uncut polyps as well as 24hpa (known to be at the onset of regeneration-induced proliferation [START_REF] Passamaneck | Cell proliferation is necessary for the regeneration of oral structures in the anthozoan cnidarian Nematostella vectensis[END_REF], confirmed a drastic increase of cell proliferation using PCNA (Supp. Fig. 6).

After three washes, the intensity of the immunoblotting signal was revealed by Enhanced chemiluminescence plus detection system (ThermoFisher), and images acquired by Fusion solo device (Vilber Lourmat®). Spot intensity was quantified by GeneTools (SynGene) software and normalized by protein deposit after amido black solution staining.

Total antioxidant capacity assay

The oxygen radical scavenging capacities of protein samples were assessed using a fluorometric assay adapted from Naguib, 2000. Briefly, 1.8 g of protein samples The fluorescence decline was measured every minute at an excitation/emission wavelength of 520/495 nm and followed for 90 min using a spectrofluorometer (Safas, Monaco). Antioxidant potential was expressed in 1 µM Trolox equivalents.

Caspase3-like activity

To test caspase-like activity in the sea anemone N. R software (R Core Team, 2012) equipped with the lme4 package was used to perform a linear mixed effects analysis with a Restricted Maximum-Likelihood approach (REML) to test the relationship between maximum body length and time under starvation. Time was implemented as a fixed factor. Tank was specified as a random factor.

Hierarchical clustering was constructed using Ward's linkage method based on the Euclidean distance matrix generated with the multi-stress biomarkers analysis. The optimal number of clusters in the dataset was evaluated using the function "n_clusters" of the R package "parameters" (v0.12.0; Lüdecke et al., 2020) that rely on the consensual analysis of 30 optimal clustering methods that supported the selection.

Principal component analysis was generated using R packages "FactomineR" ( Lê, S., Josse, J. & Husson, F. , 2008) and "factoextra" (ver. 1.0.4.999, Kassambara, A. and Mundt, F, 2020)

Results

Differential biomarker responses between acute cold shock and heat shock

Impact of thermal stress in N. vectensis, was evaluated by the analysis of survival levels (Fig. 1A) and assessing the Integrative Morphodynamical Response (IMR, Fig. 1B, Supp. Fig. 1) after 24 hours and 7 days of incubation. After 24 hours, significant differences in the survival rates were only detectable at 40°C with a drastic effect of 0% survival (Fig. 1A). After 7 days, a widespread mortality was also observed at 35°C (around 12% of survival) while a rise in temperature up to 30°C (ΔT=+8°C), did not significantly affect the survival rate at both endpoints. The polyps incubated to low temperatures (5°C and 10°C) did not show any sign of mortality during the entire experiment (Fig. 1A).

We further completed the analysis by an IMR that allows the incorporation of the i) decontraction, ii) contraction, iii) predation potential and food ingestion capacities following the different temperature incubations (Fig. 1B). The results show that, after 24h of incubation, the IMR was maintained similarly to the control in cold shock conditions, whereas, in heat shock conditions, only the 30°C individuals show a response dynamic comparable to control (Fig. 1B). The individuals submitted to 35°C

show a significant decrease of the IMR at 24 hours compared to controls (Fig. 1B).

This decrease in dynamic response is mainly driven by a general low response to decontraction, followed by a reduction in contraction (induced-muscular contraction)

and poor predation success (Supp. Fig. 1). Since they didn't survive, the individuals at 40°C show a score to 0 (Fig. 1B). In addition, we evaluated the global polyp morphology to detect any early signs of physical alterations (Fig. 1C). At 40°C, drastic signs of desquamation and complete loss of physiological structures can be observed while no sign of differential structures integrity were detected in other conditions at this resolution (Fig. 1C). However, the phalloidin-staining becomes more diffuse, especially at 35°C, that would suggest a disorganization of the contractile fibers but a higher imaging resolution is necessary to confirm this fact (Fig. 1C)..

Taken together, these results on a global scale, i.e., survival rate, IMR and morphology indicate that N. vectensis is more sensitive to severe heat rather than cold conditions.

Contrasting Cellular Stress Response (CSR) to cold-and heat shock

In order to gain additional insight at the cellular and biochemical levels, the effect of thermal variations on cellular homeostasis was evaluated by combining a battery of biomarkers of cellular stress response (Fig. 2). To specifically estimate the damages on protein generated from oxidative stress, carbonylated protein levels were measured. Compared to the control condition (22°C), the carbonylation of proteins was significantly doubled at 35°C after 24 hours, and reached three times higher levels than any other conditions by the end of the experiments (Fig. 2A).

Ubiquitin conjugates, as a proxy for proteasome-mediated protein degradation, were measured to assess the effect of acute heat and cold shock on global protein damages. After 24 hours of heat shock at 35°C, the protein ubiquitination was significantly increased compared to control and cold shock conditions (Fig. 2B) and were maintained at high levels after 7 days of incubation.

In addition, in none of the thermal conditions, total antioxidant capacity changes were detected neither after 24 hours nor after 7 days (Fig. 2C). In contrast, the HSP70 level rapidly decreased in cold shock samples compared to control conditions, a difference no longer detectable after 7 days (Fig. 2D).

As an important component of cellular defenses, the pro-apoptotic caspase3-like activity was measured as a proxy of the activation of programmed cell death. A rapid increase in caspase3-like activity was detected in each cold shock conditions after 24 hours and was maintained high in the most severe cold conditions (5°C) after 7 days.

Under heat shock conditions, significant increase of caspase3-like activity was observed only after 7 days at 35°C (Fig. 2E).

Finally, the level of Proliferating Cell Nuclear Antigen (PCNA) was measured to evaluate the level of cell proliferation. The various majority of thermal conditions at 24 hours and 7 days of the experiment, did not display differences in PCNA levels.

However, a drastic and significant decrease in the level of PCNA proteins was detected at 35°C in both timepoints (Fig. 2F).

To further evaluate the general stress response, we performed a Principal Component Analysis (PCA) with hierarchical cluster analysis of each replicate based on cellular stress biomarkers at 24 hours and 7 days independently. After 24 hours of temperature changes, we observe that 77% of the dissimilarity between replicates can be explained by the first two principal components of the PCA (Fig. 3A). The portion of variations explained by the first dimension (50% of variance) is driven by carbonylation and ubiquitination level. The second dimension (27.1% of variance) is driven by PCNA level, HSP70 and TOSC (Fig. 3B). The inspection of the vectors directions indicates that the caspase3-like activity and TOSC markers are highly correlated between each other and anticorrelated with HSP70 level, while carbonylation and ubiquitination are also correlated and anticorelated with PCNA level.

The clustering analysis suggests the presence of 4 clusters at 24 hours (Fig. 3C). This information is confirmed by the similar gap distance between the first 3 branch separations in the hierarchical dendrogram (22% of gap distance is represented by the first separation, 18% by the second clustering separation, and 17% by the third separation; Supp. Fig. 2). The first dendrogram separation isolates a group of samples exposed to 35°C from the rest of the dataset.

The PCA analysis (Fig. 3A) informs that this cluster 1 is driven mainly by high levels of damage-related markers (carbonylation and ubiquitination; Fig. 3A). Cluster 2 isolates part of the control and 30°C replicates from the other samples (Fig 3A and 3C). This cluster is characterized by basal damage and defenses together with high PCNA levels (Fig. 3A). The cluster 3 isolated an admixture of control and medium thermal shock (10°C and 30°C) and the cluster 4 groups exclusively cold shocked replicates (Fig. 3C). Both clusters share common cellular features but diverge in the intensity defense mechanisms activation, with cluster 4 exhibiting the strongest activation of caspase3-like activity and antioxidant defenses. After 7 days of temperature changes, we observe that 68% of the dissimilarity between samples can be explained by the first two principal components of the PCA (Fig. 4A).

The portion of variations explained by the first dimension (38%) is driven by carbonylation and ubiquitination level (Fig. 4B). The second dimension (30% of variance) is driven by TOSC (Fig. 4B). The inspection of the vector directions indicates that the carbonylation and ubiquitination are anticorrelated with PCNA level and HSP70 level is anticorrelated with TOSC (Fig. 4A).

The structuration of the 7-days dataset in 2 distinct clusters is supported by the consensual optimal cluster analysis (23%) and in the hierarchical clustering analysis by a higher gap distance between the first branch and the others (30% of the distance is represented by the first separation, 16% by the second clustering separation; supp. The PCA analysis and hierarchical clustering showed a stronger structure of the replicate at 24 hours than at 7 days highly driven by temperature of incubation.

Effect of caspases inhibition on thermal acclimation potential

We have observed that caspase-3 activity is significantly up-regulated in both cold and heat shock (Fig. 2E). Thus, in order to understand the importance of the pro-apoptotic processes in the resistance potential to thermal variations, we submitted N. vectensis to the 24 hours thermal variation protocol in presence or absence of Z-VAD (pancaspase inhibitor) treatment (methodological validation in Supp. Fig. 3). The analysis of the survival rate showed no changes in mortality rate upon Z-VAD treatment (p>0.05, data not shown). 

We further assessed if inhibition of apoptosis affects the Integrative Morphodynamical

Response (IMR) and did not observe any variations of the IMR under cold shock conditions (Fig. 5). However, we noticed a slight but significant decrease of the IMR at 30°C following Z-vad treatments (pvalue<0.05, Fig 5) suggesting a lower threshold of tolerance to heat shock under caspases-inhibition at this temperature.

Extreme resistance to long-term starvation associated with size modulation

In order to gain insight into the stress response mechanisms deployed following a different stress (i.e nutritional), we submitted polyps to food deprivation during 34 weeks, the longest-duration reported to date.

The physiological impact of this long-term and complete starvation was first evaluated by assessing the survival rate (Fig. 6A) and body-size variations (excluding tentacles, see M&M -Fig 6B ,C) during 34 weeks, as well as the variation of oxygen consumption / metabolism during the first 9 weeks of starvation (Fig. 6D). After 34 weeks of starvation, we observed 91% of survival in the N. vectensis populations (n=12; Fig. 6A). No morphological impact was observed as the number of tentacles and the number of mesenteries remained unchanged until 34 weeks of food deprivation (Fig. 6B). The body-length was significantly decreased after 4 weeks of starvation by 22% and remained stable until 9 weeks of starvation described hereafter as the first wave of morphological changes (Fig. 6C). A second significant decrease period was observed after week 9 to reach a new plateau after 26 weeks of starvation (-70% body-length reduction) maintained until the end of the experiment (Fig. 6C).

During the first wave of morphological changes (first 9 weeks), the oxygen consumption rate rapidly decreased after only a week of starvation (Fig. 6D) and remained stable at low levels until 7 weeks of starvation (Fig. 6D). Interestingly a significant bounce back to basal level is observed after 8 weeks of starvation (Fig. 6D)

suggesting metabolic changes at this time period.

Cellular stress response to prolonged starvation

Similar to the analyses following temperature variations, we evaluated the cellular response during the early phase of morphological changes (from unstarved to 9 weeks starved), employing the above-described battery of biomarkers of cellular stress response (Fig. 7) We first assessed the effect of starvation on the damage signature (Fig. 7A,B). We observed a significant decrease of the level of protein carbonylation after two weeks of starvation that remained stable until four weeks (Fig. 7A). A transient and significant increase back to basal carbonylation level was visible after 5 weeks of starvation that was followed by another decrease. Starting at week 8 of starvation, we observed an important increase in carbonylation levels that significantly exceeded the control conditions by +22% (Fig. 7A). In contrast, the ubiquitination of proteins remained relatively stable all along the experiment. The only observable effect we observed was a transient and significant increase of protein ubiquitination, above control conditions, at week 5 (Fig. 7B).

We then assessed the effects of starvation on the cellular defenses; TOSC (Fig, 7C)

and Hsp70 (Fig. 7D). Unstarved polyps displayed intermediate basal levels that slightly decreased during the first 5 weeks of starvation with a slight increase at week 4.

Starting at week six, TOSC levels slightly increase to reach higher antioxidant capacity levels after eight weeks of food deprivation (Fig. 7C).The HSP70 level was maintained at basal levels until week 7, followed by a significant increase at week 8 compared to control (Fig. 7D).

To monitor cell turnover, we followed program cell death (via caspase3-like activity, Fig. 7E) and cell proliferation (via PCNA measurement, Fig. 7F). Caspase3-like activity was significantly lower than basal conditions after only one week of starvation (-26%).

This decreasing trend was linear until week 6, where it reached the lowest value (-82%), %), followed by a slight increase at weeks 8 and 9 (Fig. 7E). PCNA levels were comparable to control conditions during the first 5 weeks of starvation (Fig. 7F). After 6 weeks of starvation, PCNA levels were significantly higher than any other timepoint (+ 91% from control conditions) and then declined until the lowest value at weeks 8 and 9 suggesting a transient cellular adjustment.

To evaluate the general stress response upon starvation, we combined a Principal

Component Analysis with hierarchical cluster analysis of each replicates based on cellular stress biomarkers measured in N. vectensis during the 9 weeks of complete food deprivation. The results are presented in figure 8. Based on the distance matrix generated from the biomarker response, the clustering methodologies from the starvation dataset supported the selection of 2 optimal clusters (Supp. Fig. 2), partitioning the samples into a disequilibrate 20% (cluster 1)

vs. 80% (cluster 2) structures (Fig. 8C). Cluster 1 containing 20% of the samples is purely composed of 8 weeks starved samples and 9 weeks starved, characterized by high carbonylation, high ubiquitination content, higher than average TOSC and HSP70, and the lowest PCNA level. The cluster 2, composed of all other samples regrouping the unstarved controls up to 7 weeks of starvation (Fig. 8C) is mainly structured by a low redox state and low caspase3-like activity.

The cellular stress response to starvation differentiates polyps from control after 8 weeks post feeding, when multiple markers associated with pro-oxidant conditions are upregulated.

Effect of nutrition preconditioning on thermal acclimation potential

Starvation is associated with rapid physiological adjustment of the main defense modules, i.e lowering of caspase3-like activity, shown to be involved in thermotolerance acquisition. We tested the influence of the nutritional state on the animals' tolerance to thermal variations (from 5 to 35°C) by comparing the thermal response of unstarved N. vectensis polyps, or preconditioned by 4 or 8 weeks of starvation (Fig. 9). Nutritional state has no significant impact on survival rate under any thermal regime (data not shown). However, compared to unstarved controls we observed: i) a significant increase of the IMR after 4 weeks of starvation, followed by a decrease of IMR in 8 weeks starved polyps under heat shock conditions (35°C), suggesting first a positive impact of starvation on thermal stress-response, that transforms into a negative impact on the thermotolerance potential when starvation is prolonged (Fig.

9);

ii) A significantly higher IMR was observed in 4 weeks starved polyps under cold shock conditions (5°C and 10°C) that returned back to control levels after 8 weeks of starvation in the 5°C condition, while it is maintained at higher levels at 10°C condition.

These data suggest that depending on the thermal stress level starvation can transiently or more permanently provide a benefit in their IMR;

iii) Under control conditions, i.e., 22°C, the only 4-week starved polyps exhibit a significantly lower IMR, that returns back to "unstarved" levels after 8 weeks of starvation suggesting an physiological impact on morphodynamic associated with size reduction after 4 weeks (Fig. 9).

This experiment highlights that starvation preconditioning has a beneficial or deleterious impact on either cold and heat shock respectively (Fig. 9).

Discussion

Employing facilitating its interpretation and comparison between laboratories. This approach is revealed to be a powerful tool to detect early signs of physiological impairment in response to stress that will further be discussed below (Fig. 1).

In addition we employed a set of multiple biomarkers, combining damage markers (carbonylation and ubiquitination of proteins), defense markers (TOSC, Hps70, caspase3-like), cellular proliferation marker (PCNA) to assess the overall physiological state of N. vectensis. Among the most variable markers, the carbonylation and ubiquitination were highly correlated in both thermal variations and starvation. They are sensitive markers that can be applied in N. vectensis to detect states of "oxidative stress" and evaluate the maintenance of proteostasis. The detection of states of oxidative stress was in line with dying phenotype and decreases in morphodynamic response suggesting that both markers sensitively indicate functional damages at organismal (IMR) and cellular level (biomarkers). Moreover, these oxidative stress markers were anticorrelated with PCNA level suggesting that oxidative stress is associated with a reduction of cell proliferation in N. vectensis.

Among the defense, antioxidant capacity was a sensitive marker associated with acclimation success in N. vectensis in both thermal variation and starvation. Beside The combination of IMR and multimarker approach was revealed to be a powerful tool to detect both organismal and cellular resistance threshold in N. vectensis. When combined, they enabled the identification of differential physiological states in response to stress that will further be discussed.

N. vectensis exhibits a high sensitivity to damage accumulation since conditions triggering damage accumulation are associated with morphodynamic alteration and widespread mortality. This is in contrast with some resistant models such as the Naked Mole Rat (NMR) that exhibit permanent oxidative stress phenotype but manage to limit functional dysregulation through a constitutively improved de novo protein synthesis, high basal autophagic activity, elevated target of oxidation (Andziak et al., 2006;Kim et al., 2011). This contradictory example suggests divergent cellular response between extremophile organisms (such as the NMR) inhabiting narrow and stable harsh conditions require important physiological specialization, and extremo-tolerant organisms inhabiting habitat in constant motion requiring important phenotypic plasticity.

From a technical aspect, the integrative biomarkers approach only required a single conservative protein extraction that preserved catalytic activity of key enzymes. It reinforced its application as a lab-effective set of methods and biological meaningful analysis to detect differences in N.v tolerance to environmental variations and shed lights on the successful acclimation process.

The set of markers employed in this study mainly focuses on proteostasis. Moving forward, the integration of new damage biomarkers targeting other major cellular compartments is required such as DNA (ex. 8-oxoG for damages, Chiorcea-Paquim, 2022) and lipids (ex. TBA Janero, 1990), in combination with additional compensatory mechanisms (DNA repair, γ-H2AX, Kuo & Yang, 2008 ; or ATM/ATR; autophagy, LC3-I/LC3-II ratio Tanida et al., 2005; senescence, b-gal activity, Itahana et al., 2007). This will reinforce the holistic understanding of the cellular stress response and facilitate the identification of the most sensitive and resistant compartment.

N. vectensis resistance limit to cold shock and heat shock

In contrast to most earlier studies in cnidaria, which concentrated on the effects of either cold temperatures (Higuchi et al., 2015;Hoegh-Guldberg et al., 2005;Muscatine et al., 1991) or warm temperatures (Kvitt et al., 2011;Reitzel et al., 2013;Tignat-Perrier et al., 2022) independently, the current study combine cold and heat stress experiment together with biomolecular data acquisition to clarify the effects of temperature change on the physiology of the antozoan N. vectensis.

Our data on survival and the IMR show that N. vectensis possesses better acclimation potential to severe cold shock than heat shock (Fig. 1), supporting previous studies in cnidarian (Roth, 2012;Nielsen 2020;Pontasch 2016). In fact, beyond intact survival upon intensive cooling (ΔT=-17°C) maintained for 7 days, they exhibited no sign of morphodynamic impairment, with complete maintenance of their decontraction/contraction potential and feeding behavior (Supp. Fig. 2). This contrasts with the study of Bierri and colleagues, where the anemone Aiptasia demonstrates higher sensitivity to cold shock (4°C) than heat shock characterized by major loss of cellular integrity (Bieri et al., 2016).

Heat shock resistance potential, conversely, shows a stress intensity-dependent alteration of the morphodynamic response. The resistance limit (or breaking-point)

was reached at 35°C (ΔT= +13°C) after 7 days. This resistance limit of 35°C might appear in contrast with the observation of natural populations inhabiting marsh pools with summer references up to 43.7°C (Williams, 1983(Williams, , 1991)). Similarly, in a laboratory heat stress procedure, Reitzel and colleagues submitted 21°C-acclimated juveniles and subadults (from natural strains throughout the distribution area) to high temperatures (from 37.0, to 43.0°C) during 6 hours only and observed a 100% survival at 39°C (ΔT=+18°C) but almost all life stages died at 41°C (ΔT=+21°C) (Reitzel et al. 2013).

In our study, the dynamic of thermal shock was faster (compared to seasonal changes)

and longer (compared to Reitzel et al., 2013) than previous study which explains that widespread mortality arises at lower-than-expected temperatures (35°C, ΔT=+13°C) after 7 days of exposure. Our results (breaking-point at 35°C after 7 days) strengthen the hypothesis of Reitzel. and colleagues that N. vectensis populations may already be living close to their physiological limits in their natural habitat, and that could threaten their adaptation to climate change and global ocean warming (Reitzel et al. 2013).

Prior to the breakpoint after 7 days of temperature changes, early sign of organismal impact were detected at 24 hours (Fg. 1). The morphodynamic impact at 35°C after 24 hours of incubation is characterized by lower contraction response and feeding success (Supp. Figure 2), both activities requiring a proper neuro-muscular transmission (JOSEPHSON, 1966). Based on the microscopical analysis of the phalloidin stained polyps, the muscular integrity seems unaffected by temperature treatments. From this information only, it is not possible to distinguish if the IMR impairment upon 35°C treatment is caused by cell-morphology degradation (e.g muscle cells, sensory-motor cells, cnidocytes; Buss et al. 1993) or functional alterations (e.g neural transduction signal, muscles cells activation; Locke & Celotti, 2014).

Further analysis should be conducted to decipher the detrimental action of acute heat shock on neuro-muscular integrity. A possible experimental procedure would take advantage of a muscle specific transgenic (MHC::mCherry) reporter line (Renfer et al., 2009) to follow the muscles structural integrity upon thermal stress. In addition, aspect, more effort could be allocated to understand the stress sensitivity of this fundamental component in Cnidarians and their implication on feeding behavior.
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Acclimation success to thermal stress is associated with a transient activation of compensatory mechanisms

The multi-biomarkers approach enabled us to identify four clusters that can be interpreted as four different physiological states after 24 hours of thermal variations (Fig. 10). They are referred to as damaged phenotype (protein damage accumulation without defenses activation), undisturbed phenotype (basal levels), responsive phenotype (moderate defenses activation without damage accumulation) and defending phenotype (strong defenses activation and damage removal) (Fig. 10). The four physiological states correspond to the four clusters identified by clustering methodologies, cluster 1 is "damaged", cluster 2 is "undisturbed", cluster3 is "responsive", cluster 4 is "defending".

Damaged phenotype

Severe heat shock (ΔT=+13°C) induced a damaged phenotype after 24 hours (Fig. 3A/C). This protein damage accumulation is in line with the functional decline measured through the morphodynamic indicators (Fig. 1B). It is translating a state of heat shock-induced proteostasis disruption indicative of a state of oxidative stress that is highly characteristic of cnidarian organism response to thermal shock above their tolerance limit (Desalvo et al., 2008;Lesser, 2006;Maor-Landaw & Levy, 2016;Nii & Muscatine, 1997;Oakley et al., 2017;Richier et al., 2006). In addition, the level of cellular proliferation is severely reduced under these conditions, suggesting a wider impact of thermally-induced oxidative stress on DNA integrity causing cell cycle arrest (Oakley et al., 2017;review in Shackelford et al., 2000).

Taken together, these elements reinforce that N. vectensis reached a physiological breaking-point at 35°C (ΔT=+13°C) where compensatory mechanisms are no longer possibly deployed to compensate for the adverse effect of the stressors, a situation that led to increased apoptosis and widespread mortality in the population after 7 days (Oakley, 2017).

Undisturbed phenotype

Interestingly, we identified a range of intrinsic resistance under moderate thermal stress (between 10 to 30 °C) where no impact on physiological states is detected.

Defending replicates

Cold shock resistance is associated with a defending phenotype where the activation of defense mechanisms efficiently removes protein damages (Fig. 3A/C). Among these protecting mechanisms, the rapid activation of pro-apoptotic pathways and the increase of the antioxidant potential are major components of the cellular response to cold shock after 24 hours of exposure. In addition, the activation of pro-apoptotic pathways is not associated with concomitant increases in cell proliferation suggesting a damaged cell elimination rather than cell replacement. The transcriptional and/or functional activation of apoptosis was demonstrated in several photossymbiotic cnidarian under heat stress, which then elicited the symbiosis disruption and eliminated the impaired symbiont partner (Desalvo et al., 2008;Dunn et al., 2004;Kvitt et al., 2011;Pernice et al., 2011;Richier et al., 2006) but never under cold shock conditions (Bieri et al., 2016;Gates et al., 1992).

In N. vectensis, apoptosis can be considered as an acclimatization process that positively impacts organismal survival potentially by clearing damaged cells and avoiding subsequent functional impact. This idea is further corroborated by our results that show that polyps become morphodynamically less responsive (IMR score) in the absence of caspase activation at moderate 30°C (ΔT= +8°C, Fig. 5). However, it has not been demonstrated that its activation is vital in cold acclimatization since inhibition of apoptosis by Z-VAD treatment did not affect success over the experimental observation period (Fig. 5). Important questions remain regarding this contradiction, and further exploration targeting the link between apoptosis activation and cold shock resistance in N. vectensis are required.

In replicates that display a defending state (cold-shock), Heat Shock Protein 70 was diminished (Fig. 3). In contrast to what we observe, studies have shown in a large number of species (fish, crabs and shrimps (Aleng et al., 2015;Lejeusne et al., 2006;Madeira, Narciso, Cabral, & Vinagre, 2012) that thermotolerance is associated with the accumulation of HSPs in cells, which increases cells' resistance to cytotoxic harm (Feder & Hofmann, 1999). The role of HSP under cold shock is unclear and species dependent since both up regulation (anemone (Nicosia et al., 2014); drosphila, (Burton et al., 1988); yeast (Pacheco et al., 2009) and down regulation (bivalve (Park & Kwak, 2008) have been reported.

In our case, the HSP decrease in defending replicates supports a different 20 yearsold hypothesis stating that heat shock protein (HSP) induction and cell death are exclusive responses to stress (Samali et al., 1999). To comfort this hypothesis, more recently, HSPs have been shown to directly interact with elements of the apoptotic machinery, and control its activation or repression (reviewed in Kennedy et al., 2014).

In N. vectensis, the correlation of the inhibition of HSP70 with strong activation of caspase3-like activity, corroborates the central role of apoptosis activation in the defending phenotypes.

In addition, Gorman and colleagues have shown that the induction of antioxidant enzymes could lead to an inhibition of HSP, sensitizing cells and triggering apoptosis (human cells, Gorman et al., 1999). This is in line with our experiments as well, where an increase of redox state has been highlighted in defending phenotypes (Fig. 3).

However, because our results are produced from a bulk extraction of protein content, the absence of cellular resolution prevents the conclusion of the cellular concomitance of these pro-survival (antioxidant) and pro-cell death (apoptosis) processes from acting jointly in the cells.

Activation of apoptosis could be restricted to a specific sensitive pool of cells, whereas the antioxidant upregulation would arise from a distinct resistant cell population. Still, it is worth noting that both pro-survival signaling and cell death signaling can be jointly operating to successfully lead to the survival of the organism to severe cold shock.

Experiments proving spatial resolution will be important to gain a better insight into the role of apoptosis in cold stress resistance.

After a longer time of exposure (7 days), the successful acclimation of defending and responsive replicates was associated with a return to basal physiological state which translates an acclimation process. However, in the most severe cold conditions (7 days at 5°C (dT=-17°C), pro-apoptotic activity was maintained suggesting the absence of acclimation in this extreme cold condition and the necessity of defending phenotype maintenance to prevent mortality (Fig. 2E).

Extreme resistance to prolonged starvation involve physiological and cellular adjustment

N. vectensis proved to be extremely resistant to complete food deprivation up to 34 weeks. This starvation resistance is accompanied by several physiological adjustments.

Food deprivation had no impact on survival and are associated with drastic body length reduction (-70% after 26 weeks; Fig. 6A/C). This observation are in agreement with Williams (1976) that found that starving adults for 80 days had no negative effects, while [START_REF] Hand | The unique, widely distributed, estuarine sea anemone, Nematostella vectensis Stephenson: A review, new facts, and questions[END_REF] found that polyps could undergo six months without food, though they shrank. Interestingly overall, the decrease in size is not following a linear trajectory, but seems to hit a double plateau, one after 4 weeks of starvation and another after 26 weeks of starvation (Fig. 6C). The first pattern of size decrease in N.

vectensis is substantially consistent with previous models' descriptions of the impact of food reduction on weight loss (Koubova & Guarente, 2003). Initial weight reduction is often followed by a little rebound or maintenance to a new set point (Koubova & Guarente, 2003). When observed individually, there is an important variability in term of size reduction trajectories among individuals, with three distinct profile i) a linear trajectory, ii) a size-maintenance for 4 weeks and then a decreases and iii) an immediate and strong decreases in the first weeks that slow down after 8 weeks (Supp.

Fig. 4).

Beside this morphological adjustement, the multi-marker analysis enabled to uncover that the complete reduction of food availability is associated with gradual reduction in apoptosis to minimal levels after 5 weeks (Fig. 7E). It is worth noting that our data suggest that the reduction in size is not associated with increases in apoptosis, and therefore we can hypothesize that other elimination processes such as the energyrecycling autophagy are involved in such morphological adjustment. To tackle this question, we undertook the validation of an anti-LC3 antibody in N.vectensis allowing the measurement of total autophagic activity. While few steps are still required, the full validation is presented in supplementary figure 7. All along this period, the cell proliferation rate remained stable. This is accompanied by a lowering in metabolic rate (i.e. respiration) within the first weeks of starvation that is maintained to low levels (Fig. 6D).

After this phase of cellular adjustment, we observed that long-term starvation has also shown to act as a stressor signal that led to the formation of protein damages after 8-9 weeks of starvation and a rises in metabolic respiration. Damages accumulated despite a sharp activation of antioxidant defense mechanisms translating a state of oxidative stress. Starvation has already been considered as an oxidatives-stress generator in other organism including marine organism but the molecular origins of this oxidative stress remains to be determined (Morales et al., 2004;Petti et al., 2011; S. Yang et al., 2019).

The first 9 weeks of starvation were associated with a rapid metabolic decrease directed towards energy saving illustrated by size decrease and apoptosis limitation.

Our results complement a recent study, that has shown that this 4 weeks starvationinduced degrowth in N. vectensis is accompanied by downregulation of many genes involved in nutrient metabolism and cellular respiration, as well as immune-related genes concurring to higher susceptibility to microbial infection (Carrión et al., 2022).

Furthermore, Havrilak and colleagues have demonstrated that under food restriction for up to 4 weeks, neural cell type is reduced to scale size reduction (Havrilak et al., 2021), that could corroborate the decreasing of morphodynamic response we observed under control temperature after 4 weeks (Fig. 9) . Apoptosis may be involved in this reduction, according to preliminary immunostaining of caspase3-like under starvation, which revealed the presence of active caspase3-like in neurons (Supp. Fig. 8). However, we have found a general decrease in caspase3-like activity, indicating that this localized activation may be much more restricted than overall homeostatic processes.

There are two broad categories of biological strategies that various species can use to boost their tolerance to food deprivation (McCue, 2010). These physiological strategies involve supply-and/or demand-regulation, to use terminology from economics (McCue, 2010). Demand-regulation refers to how much energy is expended whereas supply-regulation refers to processes that regulate how various endogenous physiological energy sources are used up when species are starving. The decreases in metabolism and size (Fig. 6) and downregulation of apoptosis (Fig. 7E), oriente N. vectensis toward the demand-regulation strategy in response to starvation.

The recurrent use of metabolic rate reduction as a means of animal survival suggests that the regulation of metabolic reduction is preserved throughout evolutionary lines (Storey & Storey, 1990).

Although evidence supports the demand-regulation tactic, it might also be possible that N. vectensis uses a combination of demand-and supply-regulation physiological

strategy. An assessment of the energetic budget (i.e. lipids stores, ATP production, respiration vs. glycosylation) are required to fully characterize physiological resistance to extended fasting in N. vectensis.

Starvation sensitizes individuals to acute heat stress yet potentiate cold acclimatization

The resistance limits of living organisms to homeostasis deviation are not an immutable threshold but instead are known to be modulated by recent to transgenerational environmental life history that can temporarily or constitutively increment stress tolerance, a process referred to as preconditioning (H. M. Putnam & Gates, 2015;Rivera et al., 2021). Based on the information acquired on the cellular response to starvation, we wanted to test if the associated metabolic adjustment described could affect the tolerance to acute thermal changes. While starvation had a positive or null effect on cold tolerance, long-term starvation (8 weeks) had a negative impact on heat tolerance in the 35°C condition, acting as a negative stressor on the integrative morphodynamical response (Fig. 9). This contrasting effect of metabolic preconditioning under cold vs. heat shock has already been observed in other organisms such as insects (Mir & Qamar, 2018). In fact, a hot environment is energydemanding, by increasing resting metabolic rate (CLARKEt & Fraser, 2022;Newell & Branch, 1980) and thus a fresher habitat is the preferential environment for starving organisms, as illustrated by the seek for cooler area during fasting period in ectotherms organisms such as insect and fresh-and brackish-water fish (R. P. Brown & Griffin, 2005;van Dijk et al., 2002).

Although a morphodynamic impairment has been observed in 8 starved polyps in 30°C, survival rate upon thermal stress is maintained, contrasting with other freshwater cnidarian such as hydra that dies at 30 °C under starving conditions (Ye et al., 2019). The absence of a differential mortality pattern among highly-deprived metabolic states highlights that the ability to endure temperature variations may be maintained despite resource constraints and energy-expensive defenses, given its crucial importance in estuarine organisms' life.

Conclusions

The development of an integrative indicator of morphodynamic response (IMR) associated with a cellular multi-marker approach helped for the establishment of resistance limits of N. vectensis to acute and prolonged environmental changes. The extreme resistance to food deprivation up to 8 months is associated with physiological adjustments characterized by drastic size reduction and a rapid lowering of respiration rate with decreased apoptosis activation in a month timeframe.

Starvation acted as a meaningful or positive stressor as it improved cold tolerance by the IMR, but, at the same time, it increased the sensitivity to heat stress. Although this study provides details about proteostasis maintenance, more knowledge remains to be discovered regarding i) the sensitivity of other macromolecules (e.g DNA, lipids, RNA) and associated defenses, and ii) cell-type or tissue specific response to these stressors.

The extremely resilient nature of N. vectensis is a source of knowledge on the effective cellular processes associated with quick acclimatization to abrupt and severe environmental changes and their cumulative impact. This approach is promising for a

Complementary studies:

In addition to the two environmental variations (temperature, starvation) described in the article Poquet et al. in prep., I have also begun to perform a multi-marker approach to understand the physiological response mechanism triggered under i) oxidative stress and ii) whole-body regeneration in N. vectensis. In the following sections I will describe and discuss the preliminary results I obtained.

2.3.1 Topical study 1. Physiological response of Nematostella vectensis to oxidative stress

Introduction

Changes in environmental conditions such as thermal stress, pollution, ultraviolet radiation, and even starvation (see above) can lead to oxidative stress in organisms, mainly through the over-production of Reactive Oxygen Species (ROS) (Halliwell & Gutteridge, 2015). Therefore, it is highly common for aquatic organisms, regularly exposed to these variations, to produce reactive oxygen species (ROS) (Lesser, 2006). For instance, during heat stress, ROS generation can happen as a direct result of hyperthermia (Abele, 2002.;[START_REF] Lushchak | Environmentally induced oxidative stress in aquatic animals[END_REF], as well as a result of tissue reoxygenation after recovery (Halliwell & Gutteridge, 2015).

Hydrogen peroxide (H2O2) is a stable reactive oxygen species that is directly generated within the cells as a result of mitochondrial respiration but is also naturally present in aquatic systems, where concentrations range varies from 0.024 µM (sea surface waters to 200 m; [START_REF] Zika | Spatial and temporal variations of hydrogen peroxide in Gulf of Mexico waters[END_REF] to 82 µM (marine rain; [START_REF] Cooper | The contribution of rainwater to variability in surface ocean hydrogen peroxide[END_REF]. When present in excess within the cells, H2O2 can be rapidly managed by a variety of antioxidant molecules reducing its harmful potential, such as peroxidases, catalases, thioredoxin reductase, peroxiredoxins, and glutathione S-transferase (Halliwell & Gutteridge, 2015). Despite an important role as a secondary messenger of signaling processes [START_REF] Sauer | Reactive Oxygen Species as Intracellular Messengers During Cell Growth and Differentiation[END_REF], in circumstances of overproduction, H2O2 can become a molecular precursor of far more reactive and hazardous ROS (like the hydroxyl radical), leading to functional dysregulation, cell death and rapid mortality (Lesser, 2006). The organism's failure to detoxify the ROS active species or repair damage can cause oxidative stress.

Specific cellular damages generated by oxidative stress include lipid peroxidation, protein oxidation, and DNA alteration [START_REF] Abele | Formation of reactive species and induction of antioxidant defence systems in polar and temperate marine invertebrates and fish[END_REF][START_REF] Toyokuni | Reactive oxygen species-induced molecular damage and its application in pathology[END_REF]. In cnidarians, these stereotypical hallmarks of an imbalance between ROS production and management have contributed to the identification of highly accurate cellular biomarkers of stress such as protein carbonylation, lipid peroxidation, and protein ubiquitination (Lesser, 2006;Richier et al., 2006). Increases in oxidative stress biomarkers have been viewed as 'early warning' signals of stress that can profoundly affect organismal survival (Lesser, 2006;Richier et al., 2006). Therefore, it is vital to assess how organisms are affected by oxidative stress, defining their sensitivity threshold and their strategies to cope with these adverse conditions.

As a benthic salt-marsh organism with restrained mobility, N. vectensis is exposed to external sources of H2O2 generated from photochemical production, influenced by rivers inputs, currents, depth, atmospheric deposition, or terrestrial runoff (Cooper & Zika 1983). The organic components in the water are photochemically converted to hydrogen peroxide, with humic compounds thought to be the main catalyst. Estuarine ecosystems are also characterized by strong and rapid changes in temperature within hours to days (>20°C), potentializing the formation of an important amount of reactive oxygen species within the cellular environment (Halliwell & Gutteridge, 2015). A previous study on N. vectensis has shown a threshold sensitivity to oxidative stress between 150 to 200 µM of H2O2 [START_REF] Friedman | Intraspecific variation in oxidative stress tolerance in a model cnidarian: Differences in peroxide sensitivity between and within populations of Nematostella vectensis[END_REF], but the cellular impact of such insults have not been evaluated using damages-and defenses-markers.

Thus, to evaluate the resistance limits and stress response strategies of N. vectensis to oxidative stress, we exposed laboratory specimens to a gradient of H2O2 proteins and carbonylation of proteins), the total antioxidant capacity, and the caspase3-like activity. Kruskall-wallis sum rank tests were performed to identify significant differences in biomarker level between H2O2 treatment (p<0.05).

Biomarkers assays and statistical analysis

Methodology used total antioxidant capacity, carbonylation of protein, ubiquitination of A drastic reduction in survival rate was observed after only 24 hours in 200µM (-50%, n=30.) and 500µM of H2O2 (-77%, n=30) compared to untreated control (Fig. 17A/B).

Under these conditions, we observed a partial or complete tissue desquamation and the aggregation of the remaining mesenteries (Fig. 17Ae and17Af). After 72 hours of incubation at 150µM of H2O2, we also detected a significant reduction in survival rate by 25% (n=30) compared to control (Fig. 17B). Following the mortality of the polyps, the remaining specimen survived up to 7 days (Fig. 17B).

The drastic increase in mortality rate between 150µM and 200µM also suggests an important tipping point in the resistance potential under these concentrations. This observation is consistent with previous H2O2 sensitivity thresholds determined from natural populations of the north-east American coast (100% mortality above 163μM of H2O2 ; [START_REF] Friedman | Intraspecific variation in oxidative stress tolerance in a model cnidarian: Differences in peroxide sensitivity between and within populations of Nematostella vectensis[END_REF]. Using 12 N.vectensis clonal lines collected from natural habitats, they revealed strong intraspecific variability in the resistance threshold to oxidative stress at the tipping point of 150µM of H2O2 [START_REF] Friedman | Intraspecific variation in oxidative stress tolerance in a model cnidarian: Differences in peroxide sensitivity between and within populations of Nematostella vectensis[END_REF].

To our knowledge, the genetic or physiological factor preconditioning some individuals to tolerate higher amounts of variations is currently still unknown. Intraspecific variances in resistance potential in N. vectensis represents an important area of research that could lead to the identification of key signaling pathways and cellular mechanisms underlying higher than average tolerance. To get better insight on the cellular impact of pro-oxidant conditions in N. vectensis, we performed a cellular multi-marker analysis on pools of polyps treated with increasing concentrations of H2O2.

After 24 hours of H2O2 exposure, we observed a drastic carbonylation increase in 500µM H2O2 treatment (Fig. 18A). Intermediate levels were measured between 100-200µM H2O2 but could not be distinguished from the control. No significant difference in ubiquitination level was detected compared to the control condition at 24 hours and 7 days (Fig. 18B).

Regarding the total antioxidant level (TOSC), a significant increase was observed in 100µM and 200µM H2O2 compared to 50 and 150µM H2O2 after 24 hours (Fig. 18C).

This increase in TOSC under non-lethal concentration supports the hypothesis that H2O2 treatment enhances antioxidant defenses to limit and/or avoid cellular damage.

No significant impact was however detected at 500µM H2O2 (with, however, an increase in variance) suggesting that this exposure was a condition that exceeds the defense capacity of N. vectensis (Fig. 18C).

A statistically significant increase in caspase3-like activity was detected at 100µM H2O2 compared to 150µM H2O2 at 24 hours post exposure suggesting an activation of apoptosis at this sub-lethal concentration (Fig. 18D).

In this study we identified in N. vectensis a threshold in the resistance against H2O2 at around 150µM. Below this value, N. vectensis displayed antioxidant capacities or apoptosis activation as compensatory mechanisms to resist against pro-oxidant conditions. In contrast, Above 150µM we observed strong increase in protein damages, translating an oxidative stress that can not be further compensated by antioxidant capacities or apoptosis activation. This divergence of response depending on the concentration of hydrogen peroxide highlights the threshold-dependent nature of ROS balance.

N. vectensis is a non-photosymbiotic sea anemone. A recent study has shown that a symbiotic sea anemone Anemonia viridis was resistant up to 500µM of H2O2 (Cotinat et al., 2022) suggesting an intrinsic difference in tolerance to pro-oxidant condition between photosymbiotic (that need to adjust to intracellular ROS levels produces by the algal symbiont) and non-photosymbiotic sea anemones such as N. vectensis. The comparison between A. viridis (symbiotic) and A. schmidtii; (asymbiotic) revealed differences in oxidative tolerance and thermal tolerance, both benefiting the symbiotic one [START_REF] Richier | Symbiosis-induced adaptation to oxidative stress[END_REF]. In symbiotic organisms, the photosynthetic partner represents a major generator of reactive oxygen species (ROS) within the animal cnidarian cells. Specific cellular adaptations to oxidative tolerance have been discovered in symbiotic cnidarian compared to non symbiotic ones and involves larger repertoires and higher expressions of antioxidant genes such as catalase and superoxide dismutase [START_REF] Furla | The Symbiotic Anthozoan: A Physiological Chimera between Alga and Animal1[END_REF][START_REF] Richier | Symbiosis-induced adaptation to oxidative stress[END_REF]. However, N. vectensis has proved to be resistant to thermal changes (see Poquet et al. in prep) and therefore it would be valuable to pinpoint what is responsible for such thermal acclimation that is absent under oxidative challenges in this estuarine sea anemone.

Conclusion

This topical study is the first to combine visual inspection of survival with biomarkers of stress in response to hydrogen peroxide treatment in N. vectensis. This study confirmed that the resistance threshold to peroxyde hydrogene, in this model, is between 150 to 200µM depending on the individuals (Fig. 17). In addition, strong up regulation of antioxidant enzymes and apoptotic signals arise prior to damage accumulation suggesting an important stimulatory signal for survival (Fig. 18).

However, when this threshold is exceeded, the ROS signal induces an important oxidative stress that can not be further compensated by compensatory mechanisms and lead to widespread death (Fig. 17). The experimental designs included only a limited amount of replicas (n=3 pools of 10). Additional replicates may be required to provide a more precise insight into the physiological response associated with prooxidative conditions. The intra-specific variability in threshold resistance raises questions about the molecular and functional differences underlying divergence in stress tolerance.

Topical study 2. Physiological response of Nematostella vectensis during oral regeneration

Introduction

The reformation of biological materials driven by homeostatic renewal or physical injuries is an essential process termed "Regeneration". Although regenerative capacity is common in most metazoans [START_REF] Bely | Evolution of animal regeneration: Re-emergence of a field[END_REF], its nature can vary between species and throughout an organism's life cycle [START_REF] Yun | Changes in Regenerative Capacity through Lifespan[END_REF]. Regeneration occurs at various levels, ranging from cellular, tissue, organ, to extreme whole-body regeneration. The extreme regeneration can produce a whole individual from a part of a pre-existing organism. The hydra (a freshwater polyp), the planaria (flatworms), and other models have historically been used to study this exceptional capacity for regeneration [START_REF] Ivankovic | Model systems for regeneration: Planarians[END_REF][START_REF] Reddien | FUNDAMENTALS OF PLANARIAN REGENERATION[END_REF].

The anthozoan cnidarian, N. vectensis, has recently emerged as a complementary whole-body regeneration model (reviewed in [START_REF] Layden | The rise of the starlet sea anemone Nematostella vectensis as a model system to investigate development and regeneration[END_REF][START_REF] Röttinger | Nematostella vectensis, an Emerging Model for Deciphering the Molecular and Cellular Mechanisms Underlying Whole-Body Regeneration[END_REF], and is capable of extreme regeneration from the majority of isolated body regions within six days (Fig. 11; [START_REF] Amiel | Characterization of Morphological and Cellular Events Underlying Oral Regeneration in the Sea Anemone, Nematostella vectensis[END_REF][START_REF] Amiel | Synergic coordination of stem cells is required to induce a regenerative response in anthozoan cnidarians[END_REF].

N. vectensis oral regeneration occurs in five stages (Fig. 19 This succession of stereotyped steps implies the joint or temporally successive unfolding of major cellular processes that includes cell proliferation (Fig. 19;

Passamaneck & Martindale, 2012), activation, and migration of potential stem] cells (Fig. 19; [START_REF] Amiel | Synergic coordination of stem cells is required to induce a regenerative response in anthozoan cnidarians[END_REF].

To determine the gene regulatory network underlying regeneration in N. vectensis, and in particular potential regeneration-specific genes or genes modules, a recent study carried out a significant comparative transcriptomics study to compare the gene regulatory networks underlying between embryonic development and regeneration [START_REF] Johnston | Whole body regeneration deploys a rewired embryonic gene regulatory network logic[END_REF][START_REF] Warner | Regeneration is a partial redeployment of the embryonic gene network[END_REF]. This study revealed that apoptosis in N.

vectensis is a regeneration-specific event as inhibition of this process does not affect embryonic development or metamorphosis, but blocks regeneration at a very early step (Johnston & Warner et al. BioRxiv).

Apoptosis is activated shortly after amputation (Warner et al., n.d.) in cells close to the injury site. Until at least 12 hpa, apoptotic cells are still highly restricted to the site of amputation concomitantly with the initiation of cell proliferation (Warner et al., n.d.).

After 24 hours, apoptotic cells are strongly detected throughout the body. This apoptotic stimulation is thought to be directed by caspase-signaling pathways, as their inhibition abrogates complete regeneration at early stage, just after wound-healing [START_REF] Johnston | Whole body regeneration deploys a rewired embryonic gene regulatory network logic[END_REF]. Cellular proliferation, as well, is crucial for regenerating lost body parts in N. vectensis with a characteristic burst of cell proliferation at 18-24 hpa (Fig. The signal generated by a physical amputation represents a major potential cellular stress load that may require oxidative stress resistance mechanisms essential to enable regeneration to proceed. Such examples of immediate activation of protective defenses were recently reviewed in Holoturies [START_REF] Dolmatov | Molecular Aspects of Regeneration Mechanisms in Holothurians[END_REF]. A rapid increase in reactive oxygen species levels was recorded one hour after physical injury accompanied by a rise in antioxidant enzymes and HSP70 [START_REF] Vazzana | Cellular responses and HSP70 expression during wound healing in Holothuria tubulosa (Gmelin, 1788)[END_REF]. The antioxidant boost remains at a high level until the completion of regeneration [START_REF] Zang | Growth, metabolism and immune responses to evisceration and the regeneration of viscera in sea cucumber, Apostichopus japonicus[END_REF]. In the meantime, the byproduct of oxidative stress such as ROS production or lipid peroxidation are hypothesis to regulate antioxidant capacities, proliferation and differentiation, and therefore may also have serve pro-regenerative purposes [START_REF] Jaganjac | Oxidative stress and regeneration[END_REF][START_REF] Sinenko | Physiological Signaling Functions of Reactive Oxygen Species in Stem Cells: From Flies to Man[END_REF][START_REF] Vullien | Un trio de mécanismes au coeur de l'initiation de la régénération chez les animaux[END_REF].

Based on these data, we hypothesize that stress reactions to physical injury and the activation of protective mechanisms work conjointly to communicate and restore the cellular and protein composition, enabling a proper regeneration process. In order to evaluate the cellular stress response following sub-pharyngeal amputation in N.

vectensis, we performed a multi stress biomarkers analysis along 16 timepoints following the seven days-long process of oral regeneration.

Materials and methods

Sub-pharyngal amputation

Regeneration experiments were performed as described in Amiel et al, 2015. Briefly, polyps were raised from in vitro fertilized embryos and fed weekly with freshly hatched Artemia nauplii until reaching subadult stages (> 8 tentacules, naïve of spawning).

Amputation was performed one week after the last feeding. To do so, 480 subadult polyps (16 timepoints x 3 replicates of 10 individuals) were relaxed by adding 1 mL of 7.14% MgCl2 in 5 mL 1/3 ASW and placed on a light table for 10 to 15 min. Relaxed individuals were cut using a microsurgery scalpel n°15 (Swann-Morton, Sheffield, UK).

Each cut was performed perpendicular to the oral-aboral axis at the most aboral part of the pharynx. 10 Amputated fragments per replicate per time point were washed several times with 1/3x filtered seawater and flash-frozen at the relevant timepoints (from 0h to 144h postAmputation (pA). Uncut animals were added as control (and referred to as "-1" condition in graphical analysis).

Biomarkers assays and statistical analysis

Methodology used total antioxidant capacity, carbonylation of protein, ubiquitination of protein and caspase3-like activity is the same as in Poquet et al. in prep.

Results and Discussion

In order to evaluate the cellular stress response signature during the regenerative process of oral body part in N. vectensis, I performed the above-described multimarker approach and measured the i) carbonylation and ii) ubiquitination of proteins, the iii) total antioxidant capacity, as well as iv) the caspase3-like activity (Fig. 20).

The analysis of protein damages following injury revealed that protein ubiquitination did not vary significantly during regeneration (Fig. 20A), albeit following a decrease at 4 hours post amputation (hpa), ubiquitination steadily increased to reach the highest levels at 24hpa (Fig. 20A). Additional experiments with more biological replicates may be required to observe statistically relevant variations in protein ubiquitination.

Carbonylation of proteins was increased at 2hpa, then dropped back to control/uncut levels at 4hpa until completion of the regeneration process (Fig. 20B). While this increase is not significant when compared to uncut controls, it is significant when compared to late stages, i.e., 120hpA and 144hpA (Fig. 20B). This drastic and rapid increase in damages followed by decreases in antioxidant enzymes translates to a state of oxidative stress in the first hours post amputation. The decrease in antioxidant capacity may result from the loss of function of critical proteins because of their denaturation. This observation is transient since damage accumulation is removed after 4hpa and antioxidant levels restored to intermediate level in the meantime.

Interestingly, the antioxidant capacity (TOSC, Fig. 20C) appears dynamic and shows three waves that coincide with wound-healing (first wave), onset of cell proliferation (second wave), and onset of pharynx formation that is highly proliferative (third wave).

This antioxidant capacity activated in three waves might be the reasons why carbonylation levels are very low throughout the regeneration process. In fact, the only moment when antioxidant capacity is low is just following injury (Fig. 20C), a moment where protein carbonylation is high (Fig. 20B)

In parallel, caspase3-like activity is low within the first 12 hours followed by a 6-fold increase at 16 hours and 20 hours. However, because of a low statistical power driven by minimal amount of replication (n=3 samples of 10 individuals each) in this pilot experiment, that information remained non-significant. Nonetheless, these dynamics in caspase3-like activity can be compared to data described in [START_REF] Johnston | Whole body regeneration deploys a rewired embryonic gene regulatory network logic[END_REF]Warner et al., n.d.(Fig. 21). In fact, latter study has revealed that apoptosis is a regeneration-specific process and that apoptosis associated genes such as bax, caspase3, bcl2, and bcl2B belong to a regeneration gene-expression cluster, R6, characterized by two waves of activation: just after amputation (2-4hpa) and at the onset of regeneration (20hpa). Thus, the caspase-3like activity we detected at [START_REF] Morris | Nutrient Availability and Metabolism Affect the Stability of Coral-Symbiodiniaceae Symbioses[END_REF][START_REF] Decarlo | Nutrient-supplying ocean currents modulate coral bleaching susceptibility[END_REF][START_REF] Alderdice | Divergent expression of hypoxia response systems under deoxygenation in reef-forming corals aligns with bleaching susceptibility[END_REF][START_REF] Altieri | Resilience of Tropical Ecosystems to Ocean Deoxygenation[END_REF][START_REF] Grottoli | The cumulative impact of annual coral bleaching can turn some coral species winners into losers[END_REF], is partly in line with these expression profiles, in particular with the one of caspase-3. The same study performed the TUNEL label to detect apoptotic cells during regeneration [START_REF] Johnston | Whole body regeneration deploys a rewired embryonic gene regulatory network logic[END_REF][START_REF] Warner | Regeneration is a partial redeployment of the embryonic gene network[END_REF]. Interestingly, TUNEL-positive cells are more abundant and more broadly distributed throughout the body at 24 hours, compared to a lower amount of TUNEL-positive cells localized at the amputation site at early stage (2-12hpa). While the peak of caspase3-like activity at 20hpa measured in our assays (Fig. 20D) is in line with the peak of TUNEL-positive cells in regenerating polyps [START_REF] Johnston | Whole body regeneration deploys a rewired embryonic gene regulatory network logic[END_REF][START_REF] Warner | Regeneration is a partial redeployment of the embryonic gene network[END_REF], it is worth noting that the caspase3like activity measured in our study failed to resolve the localized increases in TUNELpositive cells observed at 1.5hpA and 12hpA at the amputation site, suggesting a sensitivity issue of the caspase3-like bioassay. Additional experiments, using only tissue from the amputation site may help resolving this issue.

Conclusion

Previous studies demonstrated that the successful regeneration process depends on the spatial cell dynamics concurring to the reformation of a functional complex body part [START_REF] Amiel | Characterization of Morphological and Cellular Events Underlying Oral Regeneration in the Sea Anemone, Nematostella vectensis[END_REF]. In our work, we have emphasized that stress resistance systems are also regulated upon regeneration. The application of stress biomarkers revealed that during the first hours of oral regeneration the increased oxidative stress is quickly addressed by stress-response mechanisms. The fundamental significance of the oxidative stress phases as a detrimental by-product of physical injury or as a beneficial source of second messenger signaling molecules is still under investigation.

In any case this work lays the stones for evidence that stress response is actively part of a proper regeneration process leading to the reformation of a complete polyp individual.

Chapter conclusion

The main objective of the Chapter 2 was to evaluate the resistance limits and associated cellular stress response of the environmental-tolerant sea anemone Nematostella vectensis to four disturbances which are thermal variation, starvation, oxidative stress, and physical amputation followed by oral regeneration process. The working hypothesis was that the stress resistance of N. vectensis is generated from a dynamic regulation of cell processes to trigger defenses activation or metabolic adjustment.

New tools to sensitively detect organismal (IMR) and cellular (biomarkers) phenotypes in N. vectensis

To test this hypothesis, we specifically applied accepted biomarkers of stress response in the literature both targeting damage formation and the activation of compensatory mechanisms. In addition, we combined morphodynamic indicators and respiratory rate to complement the information on liveliness and metabolic rate, that were revealed as relevant and early indicators of physiological impact.

The multivariate analysis enabled us to sensitively identify physiological states associated with divergent cellular response correlated with organismal fate (either acclimation success or dying phenotype where breakpoint was exceeded). In this technical process, N. vectensis revealed as a lab-friendly model, for which the implementation of stress biomarkers is achievable thanks to the easy access to large amounts of organisms, and important cross-reactivity of standard protein antibodies.

The majority of the biomarkers (carbonylation, ubiquitination, caspase activity, TOSC, PCNA level, HSP70) only required a single and common conservative protein extraction which facilitated its use by the scientific community.

The sensitivity of this multi-marker approach has also served to the identification of physiological state upon contrasting environments, in natural populations of scleractinian corals in a pacific ocean-wide sampling design. In this collaborative study entitled "The Oak and the Reed: Two Environmental Response Strategies in Corals from Pacific Islands" by Porro & Zamoum, I participated in data acquisition, partial data analysis (full paper available in Appendix 1). This manuscript has recently been submitted to "Communications Earth & Environment". The unique sampling size in the wild strengthens the relevance and sensitivity of this multi-marker approach as a useful tool for scientists and managers to evaluate ecological risk assessment, and differential stress response trajectories among coral colonies.

Strong resistance to environmental disturbances is associated with phenotypic plasticity

The core studies here presented, demonstrated that N. vectensis possesses a strong resistance to a broad variety of disturbances. The main findings are summarized in the Figure below (Fig. 22).

The resistance limit of N. vectensis to cold conditions is striking as no sign of mortality was detected even at 5°C (ΔT=-17°C) for 7 days. The upper thermal threshold (between 30°C and 35°C) was lower than previously reported (Reitzel et al., 2013).

The resistance limit is however highly dependent on time, both for the intensity (speed of variation) and duration of the exposure to adverse conditions, which render the comparison of the breaking point impossible. There is an urgent need for a unifying way of expressing thermal resistance limits. Expressing threshold as a single barrier value is still leading to misunderstanding of their actual acclimation potential. A solution would be to report the amount of deviation by the time of exposure. From the law of thermodynamics, is it possible to extract a quantity of energy (calories) applied to a system in a time dependent manner. This information would render crosscomparison between thermal studies easier and establishment of resistance limits more accurate. 

Chapter introduction

The processes and pathways underlying variations in resistance have started to be identified via recent comparative biology studies of genomic contents (i.e., number of gene copies) and research on single gene mutations [START_REF] Kenyon | The plasticity of aging: Insights from long-lived mutants[END_REF]. It enables the identification of conserved cellular mechanisms controlling resistance, such as DNA repair, proteostasis, immune response, in several distant model species, including yeast, mice, and marine invertebrates (reviewed in [START_REF] Kenyon | The plasticity of aging: Insights from long-lived mutants[END_REF]. Although these mechanisms are central and therefore largely shared between species, their divergent evolution has generated differences in functionality. For example, different long-lived species avoid cancer by unique features, such as p53 (p53: Tumor protein 53, called "the guardian of the genome";Toufektchan & Toledo, 2018) gene expansion in elephants [START_REF] Sulak | TP53 copy number expansion is associated with the evolution of increased body size and an enhanced DNA damage response in elephants[END_REF], high-molecular-mass hyaluronan in naked mole rats [START_REF] Tian | High-molecular-mass hyaluronan mediates the cancer resistance of the naked mole rat[END_REF], and concerted cell death in blind mole rats (Gorbunova et al., 2012, p. 201).

The identification of these species-specific genetic features can arise from two distinct experimental procedures: unbiased or biased approach. The unbiased approach relies on the application of high-throughput single (or multi-) omics methods such as genomics, transcriptomics, proteomics, and epigenomics. This has proven to be effective in the detection of major pathways and important key regulators of the stress response, as well as uncovering the implication of novel genes with unknown function (referred to as dark genes, [START_REF] Cleves | Unknown to Known: Advancing Knowledge of Coral Gene Function[END_REF].

In contrast, the biased approach is a literature-driven selection of target genes with conserved functions, such as heat shock proteins, master regulators of the stress response, or key players in signaling pathways. These approaches are "biased" because they are based on the postulate that the roles of these pathways, identified in well-known experimental models, would be conserved across the tree of life. The approach therefore tends to validate or invalidate their functional significance in the model of interest and extend the boundaries of knowledge, while in some cases it may lead to the identification of novel features (i.e., higher protein stability, [START_REF] Pérez | Protein stability and resistance to oxidative stress are determinants of longevity in the longest-living rodent, the naked mole-rat[END_REF]; different subcellular localization, [START_REF] Deuker | Unprovoked Stabilization and Nuclear Accumulation of the Naked Mole-Rat p53 Protein[END_REF]; modified signal transduction [START_REF] Longo | Mutations in signal transduction proteins increase stress resistance and longevity in yeast, nematodes, fruit flies, and mammalian neuronal cells[END_REF].

While using unbiased approaches to decipher stress-resistance mechanisms is a longterm goal of the team, the lack of sufficient experimental and physiological data triggered in N. vectensis by various stressors at the beginning of my thesis, I favored the biased/candidate gene approach. Thus, to understand the genetic basis underlying the extended plasticity in Nematostella, I selected foxo, p53 and vps36 as candidate genes for functional analyses. The selection of FoxO and p53 is based on the reported importance of these genes during stress response in models from yeast to mice to marine invertebrates [START_REF] Feroz | Exploring the multiple roles of guardian of the genome: P53[END_REF][START_REF] Martins | Long live FOXO: Unraveling the role of FOXO proteins in aging and longevity[END_REF] and detailed below.

The selection of Vps36 was guided by a genome-wide association study reporting the potential importance of this gene and associated polymorphism as a genetic marker of environmental stress resistance in corals [START_REF] Jin | Genetic markers for antioxidant capacity in a reef-building coral[END_REF] and detailed below.

Functional genomics tools in non-bilaterians (including N. vectensis) have for a long time been, restricted to the use of knock-down approaches using morpholinos [START_REF] Layden | Microinjection of mRNA or morpholinos for reverse genetic analysis in the starlet sea anemone, Nematostella vectensis[END_REF][START_REF] Magie | Gastrulation in the cnidarian Nematostella vectensis occurs via invagination not ingression[END_REF][START_REF] Rentzsch | FGF signalling controls formation of the apical sensory organ in the cnidarian Nematostella vectensis[END_REF][START_REF] Röttinger | A Framework for the Establishment of a Cnidarian Gene Regulatory Network for "Endomesoderm" Specification: The Inputs of ß-Catenin/TCF Signaling[END_REF], overexpression of RNA encoding dominant negative proteins of interest [START_REF] Layden | Microinjection of mRNA or morpholinos for reverse genetic analysis in the starlet sea anemone, Nematostella vectensis[END_REF][START_REF] Röttinger | A Framework for the Establishment of a Cnidarian Gene Regulatory Network for "Endomesoderm" Specification: The Inputs of ß-Catenin/TCF Signaling[END_REF][START_REF] Wikramanayake | An ancient role for nuclear β-catenin in the evolution of axial polarity and germ layer segregation[END_REF], RNA interference / short hairpin RNA [START_REF] He | An axial Hox code controls tissue segmentation and body patterning in Nematostella vectensis[END_REF][START_REF] Karabulut | Electroporation of short hairpin RNAs for rapid and efficient gene knockdown in the starlet sea anemone, Nematostella vectensis[END_REF], meganuclease-mediated transgenesis (Renfer et al., 2009). While very efficient, their functional impact is, however, mainly limited to embryonic development which is incompatible with the study of stress response at advanced developmental stages.

The recent development of the CRISPR/Cas9 genome-editing technology has significantly increased the scope and power of such techniques in emerging models such as marine invertebrates (review [START_REF] Momose | Diving into marine genomics with CRISPR/Cas9 systems[END_REF]. CrispR/Cas9

approaches have been available in Nematostella since 2014 [START_REF] Ikmi | TALEN and CRISPR/Cas9-mediated genome editing in the early-branching metazoan Nematostella vectensis[END_REF]. Beside its practical application to a variety of sequenced organisms, this technique has made it possible to introduce more subtle gene modifications to invalidate their function constitutively (referred to as knock-out) or visualize proteins in vivo by adding coding sequences in frame with a gene of interest to tag proteins (referred to as knock-in) (Fig. 23; [START_REF] Doudna | Genome editing. The new frontier of genome engineering with CRISPR-Cas9[END_REF][START_REF] Ran | Genome engineering using the CRISPR-Cas9 system[END_REF][START_REF] Ran | Genome engineering using the CRISPR-Cas9 system[END_REF][START_REF] Doudna | Genome editing. The new frontier of genome engineering with CRISPR-Cas9[END_REF].

CRISPR/Cas9 is a nuclease-based genome editing tool that induces mutagenesis (Fig. 23). The nuclease (Cas9 protein) forms a complex with an editable single guide RNA (sgRNA), which binds to target sequences of 20-base pair (Fig. 23). Because the sgRNA attaches most effectively when the opposing DNA strand has any nucleotide followed by two guanines, the target sequence (which is complementary to the sgRNA sequence) is followed by two cytosine nucleotides (-NGG).

The name for this specific sequence is the so-called Protospacer Adjacent Motif (PAM). At the target locus, CRISPR/Cas9 induces particular double-strand breaks that activate DNA repair processes. Through non-homologous end joining and homologous recombination, respectively, these adjustments lead to constitutive knockouts (KO) and knockins (KI) if a repair sequence containing homology arms is provided (Hsu, 2014). The delivery of the system is done at one-cell embryo stage in marine organism by either electroporation or microinjection (review [START_REF] Momose | Diving into marine genomics with CRISPR/Cas9 systems[END_REF].

Examples of the CRISPR/cas9 mediated transgenic line are present in Hydra (KO of major regulator Notch [START_REF] Gahan | Functional studies on the role of Notch signaling in Hydractinia development[END_REF]; KI of fluorescent tag in Eef1a [START_REF] Sanders | CRISPR/Cas9-mediated gene knockin in the hydroid Hydractinia symbiolongicarpus[END_REF], in N. vectensis [START_REF] Ikmi | TALEN and CRISPR/Cas9-mediated genome editing in the early-branching metazoan Nematostella vectensis[END_REF][START_REF] Servetnick | Cas9-mediated excision of Nematostella brachyury disrupts endoderm development, pharynx formation and oral-aboral patterning[END_REF], Nakanishi et al. 2018), and recently in larval corals for which abundant access to embryos is still limiting its application [START_REF] Cleves | CRISPR/Cas9-mediated genome editing in a reef-building coral[END_REF]. This chapter reports the tool development & in silico procedure for functional analyses in N. vectensis of two genes; i) a conserved major gene for environmental stress sensing FoxO and ii) a genetic marker associated with resistance potential in corals,

Vps36. These studies are presented in two distinct subchapters.

Initiating a study to decipher the role of FoxO in N.

vectensis stress-response

Introduction

The Forkhead box homeobox family of transcription factors, includes the group of Forkhead box homeobox type O genes (gene/RNA: foxo ; protein: FoxO), that are of particular interest when focusing on complex and multigenic phenotypes. In invertebrates, there is only one foxo gene, termed daf-16 in the worm, dFOXO in D.

melanogaster, foxo in Hydra [START_REF] Martins | Long live FOXO: Unraveling the role of FOXO proteins in aging and longevity[END_REF], whereas in mammals, there are four foxo genes, foxo, 3, 4, and 6 (review in Arden, 2006). FoxO protein(s) control the expression of a wide set of major downstream targets involved in metabolism, cell cycle control, apoptosis, autophagy, and oxidative stress defenses (reviewed in Storz,

2010)

Due to its central role at the crossroad of several signaling pathways, the function of foxo genes is integrative and immediate to various and broad sources of cellular stress (Fig. 24). A variety of stress stimuli, including oxidative stress [START_REF] Storz | Forkhead Homeobox Type O Transcription Factors in the Responses to Oxidative Stress[END_REF], heat shock, and UV radiation, have shown to induce the activation of FoxO factors (Fig. 24; ( B. A et al., 2004).

As a transcription factor, the activation of FoxO proteins largely depends on their cellular localization, either in the cytoplasm (transcriptionally inactive) or in the nucleus (transcriptionally active; [START_REF] Brown | Regulation of FOXO Factors in Mammalian Cells[END_REF]. The subcellular localization and stability of FoxO proteins is regulated by posttranslational modifications, such as acetylation, ubiquitination, and phosphorylation (Z. [START_REF] Wang | Post-translational modifications of FOXO family proteins[END_REF]. Insulin/IGF-1

is the major pathway acting on FoxO activation through Akt-mediated phosphorylation (Z. [START_REF] Wang | Post-translational modifications of FOXO family proteins[END_REF]. These phosphorylations are inhibitive since they promote FoxO binding to 14-3-3 proteins, resulting in masking the nuclear localization sequence (NLS; [START_REF] Kodani | Tissue-Specific Metabolic Regulation of FOXO-Binding Protein: FOXO Does Not Act Alone[END_REF], and (re)localization to the cytoplasm [START_REF] Dobson | Bimodal regulation of FoxO3 by AKT and 14-3-3[END_REF]. AMP-activated protein kinase (AMPK) also phosphorylate FoxO proteins [START_REF] Davila | Two-step activation of FOXO3 by AMPK generates a coherent feed-forward loop determining excitotoxic cell fate[END_REF].This phosphorylation occurs at different sites in the proteins (compared to the insulin pathway) favoring their transcriptional activity (Z. [START_REF] Wang | Post-translational modifications of FOXO family proteins[END_REF]. FoxO proteins are also sensitive to acetylation and ubiquitination that represent an important signal for FoxO degradation by ubiquitin-proteasome-dependent pathway [START_REF] Fu | MDM2 Acts Downstream of p53 as an E3 Ligase to Promote FOXO Ubiquitination and Degradation[END_REF][START_REF] Li | RLE-1, an E3 Ubiquitin Ligase, Regulates C. elegans Aging by Catalyzing DAF-16 Polyubiquitination[END_REF]F. Wang et al., 2012;[START_REF] Yang | ERK promotes tumorigenesis by inhibiting FOXO3a via MDM2mediated degradation[END_REF].

All of these diverse participants in the regulation of FoxO transcription factor activity could be gateways to constitutive (when constitutively mutated) or momentary modification of stress resistance, by influencing FoxO activation ultimately leading to lifespan modification.

A detailed literature reports drastic lifespan extension of short-living organisms through the manipulation of foxo gene expression and post-translational regulation. In Caenorhabiditis elegans, it has been shown that AMPK, a cellular energy sensor for the AMP/ATP ratio that facilitates catabolic events for energy gain, responds to dietary restriction by improving stress tolerance (to paraquat exposure) and prolonging lifespan in a DAF-16/FOXO-dependent way [START_REF] Apfeld | The AMP-activated protein kinase AAK-2 links energy levels and insulin-like signals to lifespan in C. elegans[END_REF][START_REF] Greer | The Energy Sensor AMP-activated Protein Kinase Directly Regulates the Mammalian FOXO3 Transcription Factor[END_REF].

In Drosophila, foxo overexpression in the fat body increases lifespan [START_REF] Giannakou | Long-lived Drosophila with overexpressed dFOXO in adult fat body[END_REF][START_REF] Hwangbo | Drosophila dFOXO controls lifespan and regulates insulin signalling in brain and fat body[END_REF] whereas disruption of FoxO proteins induces dysfunctional proteostasis [START_REF] Demontis | FOXO/4E-BP signaling in Drosophila muscles regulates organism-wide proteostasis during aging[END_REF] the same model. In mice, neural stem cells are depleted when FoxO proteins are disrupted [START_REF] Paik | FoxOs cooperatively regulate diverse pathways governing neural stem cell homeostasis[END_REF][START_REF] Renault | FoxO3 regulates neural stem cell homeostasis[END_REF]. FoxO proteins have a pleiotropic effect in short-lived models, affecting a number of cell-regulated processes such as metabolism, oxidative stress, autophagy and proteasome degradation, cell cycle arrest, and apoptosis associated with lifespan and healthspan incrementation [START_REF] Martins | Long live FOXO: Unraveling the role of FOXO proteins in aging and longevity[END_REF].

However, the ancestral role of the conserved foxo gene is unclear, even if some lines of evidence imply that FoxO proteins may play conserved roles in the regulation of stem cell renewal in both Bilateria and Cnidaria, its ancestral implication in stress

resistance has yet to be described. The only studies of FoxO in Cnidaria are limited to Hydra (Hydrozoa, [START_REF] Boehm | FoxO is a critical regulator of stem cell maintenance in immortal Hydra[END_REF][START_REF] Bridge | FoxO and Stress Responses in the Cnidarian Hydra vulgaris[END_REF][START_REF] Sanders | CRISPR/Cas9-mediated gene knockin in the hydroid Hydractinia symbiolongicarpus[END_REF] and corals (Scleractinian, [START_REF] Ottaviani | Longevity strategies in response to light in the reef coral Stylophora pistillata[END_REF]. In Hydra, the conservation of nuclear translocation mechanisms has been evaluated. As the suppression of phosphoinositide 3-kinases (PI3K), an activator upstream of Akt and SGK, results in greater nuclear localization of FoxO, [START_REF] Bridge | FoxO and Stress Responses in the Cnidarian Hydra vulgaris[END_REF] hypothesized that insulin/IGF-1 signaling activity may promote cytoplasmic localization of FoxO [START_REF] Bridge | FoxO and Stress Responses in the Cnidarian Hydra vulgaris[END_REF].

The same study also showed that, similar to vertebrates where Akt induces cytoplasmic retention of FoxO and JNK triggers its nuclearisation, Akt and JNK also control the localization and activation of FoxO in Hydra. Heat shock and light exposure also significantly increased the percentage of cells showing nuclear localization of FoxO in Hydra and corals respectively [START_REF] Bridge | FoxO and Stress Responses in the Cnidarian Hydra vulgaris[END_REF][START_REF] Ottaviani | Longevity strategies in response to light in the reef coral Stylophora pistillata[END_REF].

In Hydra, FoxO is expressed at high levels in interstitial cells and epithelial stem-cells (i-cells) [START_REF] Boehm | FoxO is a critical regulator of stem cell maintenance in immortal Hydra[END_REF][START_REF] Bridge | FoxO and Stress Responses in the Cnidarian Hydra vulgaris[END_REF], while no FoxO expression is detected in the head, foot, and the gametes (only when induced). One hypothesis regarding the role of FoxO protein in Hydra that was proposed by the authors, suggest that when FoxO is localized to the nucleus, it functions to protect interstitial stem-cells (i-cells) over time, for continued homeostasis of the organism, sexual reproduction as well asasexual reproduction [START_REF] Bridge | FoxO and Stress Responses in the Cnidarian Hydra vulgaris[END_REF]. Partly in line with this idea, FoxO knockdown in i-cells exhibits a phenotype consistent with aging: a decrease in cell growth and budding rate, accompanied by decreased expression of stem cells genes in favor of increased expression of genes associated with terminal differentiation such as nk2 homeobox and pedibin [START_REF] Boehm | FoxO is a critical regulator of stem cell maintenance in immortal Hydra[END_REF]. In this non-aging organism [START_REF] Boehm | FoxO is a critical regulator of stem cell maintenance in immortal Hydra[END_REF], the role of FOXO is uncoupled from organismal growth and sexual reproduction, and specifically restricted to the maintenance of stem-cell pool.

It is yet unclear whether the restricted role of Hvfoxo in stem cells is a common feature shared among Cnidaria. In fact, the role, regulation, localization and transcriptional impact of FoxO in species with high levels of environmental plasticity like N. vectensis is unknown. Therefore new functional analyses are required to decrypt them.

In this work, I initiated the functional investigation by i) describing the phylogeny of the FoxO family in basal metazoan and bilaterian, ii) gathered transcriptional information about foxo expression based on published transcriptomes and iii) initiated a functional analysis of the role of NvFoxOlike1 in environmental stress-tolerance in Nematostella vectensis through the establishment of a CRISPR/Cas9-mediated knock-out line in combination with the validation of a Cnidarian-specific antibody.

Once the development of these KO models is completed, the role and regulation of FoxO under a variety of experimental conditions will be evaluated in this sea anemone, providing insight into the functional conservation of this major regulator of stress resistance and longevity in Cnidarian. The intensity of NvFoxOlike1 isoforms was revealed by Enhanced chemiluminescence plus detection system (SuperSignal™, ThermoFisher) (Supp. Fig. 10). Beta-actin (40kDa) was revealed as a charge control (primary antibody: beta-actin 1/1000 (Sigma ref: A5441, ThermoFisher; secondary antibody:Goat Anti-Mouse IgG (H + L)-HRP Conjugate 1/5000 (BioRad #1706516).

Materials and methods

NvFoxOlike1 quantitative dotblot analysis

Quantitative assay of NvFoxOlike1 was performed by dot blotting according to [START_REF] Haas | The immunochemical detection and quantitation of intracellular ubiquitin-protein conjugates[END_REF]. 1µg of proteins were gravitationally deposit, in duplicate, into a nitrocellulose membrane using BioRad dotblot system (Bio-Dot Apparatus #1706545).

After a night in blocking solution (BSA 5% in Tris-Phosphate buffer, pH7.4), the membrane was incubated 1h at RT with primary antibody (1:1000; Purified antiRabbit-spFOXO) followed 1h at RT with the secondary antibody (1:5000; Goat anti-Rabbit

IgG (H + L)-HRP Conjugate, Sigma-Aldrich). The intensity of ubiquitinated proteins was revealed by Enhanced chemiluminescence plus detection system, and images acquired by Fusion solo device (Vilber Lourmat®). Spot intensity was quantified by GeneTools (SynGene) software and normalized by protein deposit after amido black solution staining.

Immunohistochemistry and staining

Polyps were relaxed in 7% The knockout approach was designed to target the genomic region encoding the forkhead domain of the protein NvFoxOlike1. The procedure relies on the co-injection of two single guide RNA (sgRNA) that will direct the nuclease Cas9 to the target region and induce double strand breaks in exon 1 and exon 2. Taking advantage of the errorprone NHEJ DNA repair mechanism, the expected result is the insertion or deletion of nucleotides in the DNA sequence that would affect the transcription of the gene or the function of the protein.

Design sgRNA

Target sites were identified using the CHOPCHOP (https://chopchop.cbu.uib.no) and benchling website (https://www.benchling.com) for identifying potential sgRNA sites (31 sites evaluated) that lower the risk of off targets (specificity) while maximizing the efficiency of the guide (efficiency).

The synthesis of sgRNA follows a cloning-free, oligo-based method described in Varshney et al. (2016). Briefly, this requires a target specific DNA oligo (Top strand oligo, 55-57nt) and a "generic" DNA oligo for the guide RNA (Bottom strand ultramer, 80-nt). The Top stand oligo consist of a T7 promoter, followed by the 18-base target sequence (complementary sequence to target region) and closed by an invariable 20base sequence complementary to the bottom strand ultramer; the bottom strand ultramer is the same for all reactions and contains the tracrRNA sequence (Table . 3). following NEB HiScribe T7 high-yield RNA synthesis kit (manufacturer protocol). RNA was purified, quantified (Nano-drop ND-1000®), and frozen at -80°C.

Analysis of possible off-target sites

We analyzed gRNA target sequences to identify possible off-target sites (OTSs) in the Nematostella vectensis genome. A total of 21 OTSs containing minimum four mismatches were identified for the two gRNAs. For all of these OTSs, the Protospacer Adjacent Motif (PAM) contained mismatches, and 20/21 had at least two mismatches within the PAM-proximal 12 bases region, suggesting a low probability for these offtarget regions to be recognized by CRISPR/Cas9 system (Supp. FigX).

In-vitro validation of sgRNA efficiency

To test the efficiency of the sgRNA in vitro, we used a recombinant Cas9 protein from

Streptococcus pyogenes that contains 6 × His-tag and a nuclear localization signal (CP001, PNA Bio Inc.). Cas9 protein (1µM) was incubated with each sgRNA (150 ng) and a linearized plasmid (200 ng) that contains 1 kb of NvFoxOlike1 including exons 1 and 2. This reaction was performed in 1 × NEB buffer 3 with 1 × bovine serum albumin When mutations were detected around the target site, the amplicons were cloned into pGEM-Teasy plasmid (Life Technologies) and 10 clones sequenced using T7 universal primer to confirm the presence of mutations at the target site. The founder individuals (F0) were then raised to adult stage and crossed with wild-type animals to obtain a heterozygous F1 generation. These animals were screened by genomic sequencing for the presence of NvFoxOlike1 mutations.

Phylogenetic Analysis

Cross-species sequence comparison was conducted by aligning N. vectensis protein sequences of FoxO (NvFoxOlike) with using MafftWS (JalView software) set to default parameters and inspected manually.

Regarding phylogenetic analysis, full-length amino-acid sequences of Forkhead box O (FoxO), and FoxP as outgroup, were identified by Blast [START_REF] Altschul | Basic local alignment search tool[END_REF] in representative species of several metazoan groups and in more detail within several classes of Cnidarians. The sequences were recovered from publicly available sequence databases [START_REF] Pascual-Carreras | Analysis of Fox genes in Schmidtea mediterranea reveals new families and a conserved role of Smed-foxO in controlling cell death[END_REF]. Accession numbers and sequences are provided in Appendix 2.

Two different datasets, (i) using sequences of porifera, placozoa and cnidarian, and

(ii) that contains sequences from several metazoan groups, were used to obtain initial amino acid alignments using Clustal Omega [START_REF] Sievers | Fast, scalable generation of high-quality protein multiple sequence alignments using Clustal Omega[END_REF], which was followed by automated refinement using BMGE [START_REF] Criscuolo | BMGE (Block Mapping and Gathering with Entropy): A new software for selection of phylogenetic informative regions from multiple sequence alignments[END_REF] and final manual curation.

Phylogenetic trees were calculated based on the alignment of (i) 50 and (ii) 57 uncover the ancestral foxo gene orthologous to bilaterian FoxO that will be used to target for functional analysis.

In the N.vectensis genome, we identified six genes coding for proteins sharing the architecture of a FoxO protein (Fig. 25). They all have a highly conserved Forkhead domain but only the NvFoxOlike1 protein exhibited a conserved transactivation domain (TAD) like other distant species (Supp. Fig. 9). The five other NvFoxOlike( 2),( 3),( 4),( 6),( 7) proteins are shorter (56% shorter than the NvFoxOlike1 protein (Fig. 25B; see full alignment in Supp. Fig. 9). The multiple sequence alignment of the NvFoxOlike proteins with other basal metazoan and vertebrates sequences showed that NvFoxOlike1 exhibits a high level of conservation with vertebrate and cnidarian orthologues, with the preservation of the three residues known to be phosphorylated by Akt in vertebrates (Brunet et al., 1999, highlighted by "*" in Fig. 25B), suggesting a conservation pressure acting on these residues in early branching metazoans. Transactivation domain. Asterisks are placed above phosphorylated residues conserved across species. Full sequence alignment is presented in Supp. Fig. 9.

In order to gain further insight into the FoxO family of transcription factors in N.

vectensis, we performed two phylogenetic analyses: one at the basal metazoan level to resolve the phylogenetic history of foxo gene expansion in Cnidarians, and one across metazoans to uncover which of the foxo genes in N. vectensis might be the ortholog to bilaterian FoxO.

The first phylogenetic analysis included representatives from basal metazoans, i.e., sponges, placozoans and cnidarians with a specific focus on representatives of the cnidarian classes (Fig. 26) Interestingly, this analysis revealed that a FoxO-like expansion occurred within cnidarians, in particular in hexacorallian anthozoans. In fact, Hydrozoa (e.g., Hydra) as well as Octocorallia (e.g Red coral) possess only a single FoxO copy (Fig. 26). Within Hexacorallia, Scleractinia (stony corals) possess two copies, while Actinarian (that include N. vectensis) possess up to six foxo-like copies. These results suggest that a particular foxo-like gene expansion occurred specifically in Hexacorallia, and a stepwise evolution of the extensive foxo-like gene repertoire within Actinaria, such as in Nematostella vectensis. The second phylogenetic analysis included sequences of FoxO from bilaterian (including mammalia, reptilia, cephalochordata, bivalve, echinoidea; Fig. 27). This phylogenetic analysis indicates that one FoxO in cnidarians appears to have maintained an ancestral FoxO signature shared between Hydrozoa, Cubozoa, Scyphozoa and Anthozoa and comparable to other metazoan species. These results further suggest that NvFoxO-like-1 is the ortholog of bilaterian FoxO, however, it can't be associated with one of deuterostome/vertebrate FoxO classes. Indeed, gene expansion of FoxOfoxo is not cnidarian-specific, multiple duplication arises in bilaterian as well, but these duplications seem to arise independently in both lineages.

Taken together with this data, NvFoxOlike1 represents a plausible orthologue of bilaterian FoxO with strong conservation of the functional sites. I therefore pursued the experiments by assessing gene expression of NvFoxOlike1 and developing the tools necessary to functionally dissect the role of this gene during stress-response in N.

vectensis. Nvfoxolike1 expression is detected in most of the cell types present in polyps under physiological conditions (Fig. 29). This appears to be in contrast to Hvfoxo expression that is restricted to interstitial cells (i-cells) and progenitors in Hydra [START_REF] Boehm | FoxO is a critical regulator of stem cell maintenance in immortal Hydra[END_REF]. However, it is interesting to note that in Nematostella the highest expression of Nvfoxolike1 is detected in certain neurons as well as a group of cells termed "progenitors". Whether this indicates that NvfoxOlike1 positive progenitor cells may be at the origin of a variety of differentiated cell types (i.e. pluripotency) or that Nvfoxolike1 may have independent roles in different cell types, remains to be addressed. Finally, I assessed the Nvfoxolike1 expression dynamics in a RNA-seq dataset obtained from a triple stress conditions (heat-stress, salinity and UV) that were applied on two natural N. vectensis populations (north carolina, and massachussets, Fig. 30; Sachkova et al., 2020). A strong upregulation of Nvfoxolike1 was reported significant upon stress conditions in both populations similarly. The expression pattern was associated with a cluster of "genes upregulated following stress", based on coexpression analysis. "Response to heat" GO term (GO:0009408) was found to be enriched in the subcluster of genes increased in response to stress, according to GSEA performed on subclusters (SC4, not shown). These data suggest that

Nvfoxolike1 is regulated at the transcriptional level upon combined environmental stress. Taken together these results show that Nvfoxolike1 expression is dynamic during embryonic development (Fig. 28), appears ubiquitous in various cell types (Fig. 29)

and responsive to environmental conditions (Fig. 30). However, most of the FoxO functional dynamics described in the literature does not arise from transcription regulation but from cellular translocation to the nucleus where the transcription factor can play its canonic role in regulating the expression of target genes. Therefore, i attempted to develop tools in N. vectensis, enabling us to follow NvFoxOlike1 and resolve its cellular localization. None of the tested commercial anti-human FoxO proteins antibodies (targeting unphosphorylated residues) displayed any evidence of cross-reactivity with N.

vectensis (tested: Abcam, Novus; data not shown), suggesting that we would require an antibody with higher level of specificity to follow NvFoxOlike1. To test if the antibody produced against scleractinian coral Stylophora pistillata FoxO (antiSp-FoxO) [START_REF] Ottaviani | Longevity strategies in response to light in the reef coral Stylophora pistillata[END_REF]) also cross-reacts with NvFoxOlike1 protein, we performed a western blot-analysis. The purified antiSp-FoxO antibody revealed a single band around 115kDa using 25µg of N. vectensis protein (Fig. 31A). At higher concentrations, 2 bands are recognized, suggesting a non-specific binding when protein levels are too high. Based on in-silico predictions, the expected size of NvFoxolike1 protein should be ~ 63kDa. This higher-than-expected migration profile was similarly observed using S. pistillata protein extract [START_REF] Ottaviani | Longevity strategies in response to light in the reef coral Stylophora pistillata[END_REF].

The reason for this unexpected migration profile, in S. pistillata as well as N. vectensis, is unclear since denaturation steps would have eliminated all homodimer conformation already reported in this protein family (J. [START_REF] Li | Mechanism of forkhead transcription factors binding to a novel palindromic DNA site[END_REF]. To decipher whether or not this protein is the targeted NvFoxOlike1, we performed a similar western blot analysis of N. vectensis protein extract using a commercial antibody designed for H. sapiens

FoxO3-phosphorylated (antiHs-pFoxO3, Cell Signalling, #9466) protein that targets conserved residues (Ser253) shared with N. vectensis (Fig. 25). The antiHs-pFoxO3 antibody similarly revealed a band at 115kDa in N. vectensis protein extract (Supp.

Fig. 10). In any case, the inducible nuclearisation observed in S. pistillata under stress conditions (light exposure) was reported to support the use of antiSp-FoxO antibody (Discussion section; [START_REF] Ottaviani | Longevity strategies in response to light in the reef coral Stylophora pistillata[END_REF]. Further experiments however, seems to be required in order to fully ensure the specificity of this antibody in N. vectensis.

To get an insight on de-novo NvFoxOlike1 protein synthesis upon stress, we measured the total NvFoxOlike1 protein dynamic upon thermal shock and extended starvation using a dot-blot assay (experimental procedure from Poquet et al. in prep;

chapter 2). The results below should be taken into consideration with caution while we continue to determine the specificity of the antibody.

Following thermal variations, the level of NvFoxOlike1 protein is not significantly different from the control after 24 hours even if significant differences are detected between 10°C and 30°C conditions (Fig. 31B; anova; pvalue<0.05). Similarly, at 7

days, NvFoxOlike1 protein level was higher in both cold conditions compared to 30°C, but none differs from the control conditions. These results pointed out that variations in NvFoxOlike1 protein level are relatively low at both time points inspected. Again, most of the FoxO protein regulation is reported at the subcellular level, depending on its localization.

However, the results contrast with the prediction given by transcriptomic analysis that suggest a strong up-regulation of NvFoxOlike1 protein under heat-stress (Fig. 30, retrieved from Sachkova et al., 2020). Importantly, the protein extraction protocol used to perform this analysis is adapted to cytosolic protein extraction, therefore, nucleuslocated proteins might not be efficiently collected. In this case, the lowering of NvFoxOlike1 protein under heat shock conditions could be the translation of a depletion of NvFoxOlike1 in the cytoplasm benefiting to the nucleus, as suggested by a previous study in cnidarian [START_REF] Bridge | FoxO and Stress Responses in the Cnidarian Hydra vulgaris[END_REF].

Under food deprivation experiments, the total NvFoxOlike1 protein level is significantly increased after 5 weeks of starvation and maintained high after 8 and 9 weeks of starvation (Fig. 31B). This co-occurrence of NvFoxOlike1 protein upregulation and the physiological signature of oxidative stress at 8 and 9 weeks of starvation (described in Chapter 2), suggest a potential role of this transcription factor in the response to oxidative stress.

In order to gain insight into the nuclear localisation dynamics of NvFoxOlike1 upon temperature variation (including known stress conditions), I attempted to perform immunohistochemisty with the antiSp-FoxO antibody (Fig. 31C). So far, the results are not convincing as FoxO staining appears to be in dots in the cytoplasm in either condition (Fig. 31C). Thus, additional optimisation is required to determine if this antibody can be used to assess nuclear localisation of NvFoxOlike1.

If the Stylophora AB used in these analyses is confirmed to recognize specifically NvFoxolike1, these data provides the first line of evidence that stress conditions can affect NvFoxOlike1 protein levels, however, the functional implication of this gene in stress-response phenotype remains to be uncovered.

CRISPR/Cas9-mediated knockout in NvFoxOlike1

The role of NvFoxOlike1 in N. vectensis homeostatsis and stress response are unknown. To discover its functional implication, I initiated the establishment of a knockout transgenic line, inactivating the function of NvFoxOlike1. To do so, I designed two sgRNA targeting the DNA region (on two different exons, Fig 32A)

encoding for the forkhead domain.

The efficiency of both sgRNA-Cas9 complexes to instruct Cas9 protein to cut the proper target sequence was verified in vitro at both 25°C (physiological temperature)

and 37°C (optimal enzyme-functioning temperature) (Fig. 32B). Both sgRNA-Cas9 complexes generated the anticipated DNA fragments from a linearized plasmid containing the two sites of interest (Fig. 32B). This result validated in vitro their efficiency enabling me to test their efficiencies in vivo. In order to develop KO FoxO lines, I injected ~1000 fertilized eggs per sgRNA, as well a combination of the two sgRNA (referred to as double-injected). Genotyping of batches of embryos revealed that all combinations induced mutations and was interpreted as a proof of in vivo sgRNA efficiency (data not shown). As the proportion in alteration of DNA sequences appeared to be higher in double-injected -embryos, I pursued by genotyping two hundred double-inject polyps (subadults stage).

The approach to select amplicons for sequencing is based on empirical detection of altered migration profiles (double bands or smears) compared to wild type. It remains unclear if random selection is as good as migration profiles in screening "potential" mutated individuals (see example in Supp. Fig. 11). Since this selection step represents an important bottleneck in the establishment of a KO line (conditioning founder identification), further experiments comparing the success rate of detection using both approaches (random selection of polyps, or altered migration profile) will strengthen the identification workflow.

After genotyping two hundred polyps, we selected thirty polyps/amplicons for sequencing and finally five founder polyps were retained based on the evidence of mutagenesis at the expected position in the Nvfoxolike1 locus. (Fig. 33A). This corresponds to a mutagenesis efficiency of 16% (5/30), however, one has to keep in mind that we used an approach, i.e. altered migration profile, to select potential mutatant polyps / amplicons. Interestingly, the mutational profile of the five founders differ one from another (Fig 33A, only four shown for subsequent analysis). The synthego ICE analysis indicates that the knockout score (i.e the probability to carry invalidating mutations) is greater in individuals 1 and 2 (23 and 18 respectively) than in individuals 3 and 4 (11 and 9 respectively) (Fig. 33B). The deconvolution of the Sanger sequencing results indicates that founder 1 exhibited 55% of the sequence alleles mutated, 20% of which were +1 and 2% +2 insertion and 1% -4 deletion of nucleotides (Fig. 33). This proportion of indels indicates a potential frameshift (nonmultiple of three). Founder 2 exhibited 46% of the sequence alleles mutated of which 10% are +2 insertion, 4% were +1 insertion and 4% were -4 nucleotides deletion.

Founder 3 exhibited 11% of the sequenced alleles mutated among which 8% were +2 insertion and 3% were +1 insertion (Fig. 33). Thus, the genotyping results for Founders 2 & 3 also indicated a potential frameshift. Founder individual 4 exhibited 9% of the sequence alleles mutated 7% were +2 insertion and 2% were +1 insertion (Fig. 33).

Based on the synthego ICE analysis, it is therefore easier to predict the mutational effect on the protein of interest and prioritize the selected founder for crossing, in a data-driven manner. Once identified and set aside, the founder polyps were raised to the adult stage. Following spawning we observed that founder 1 and 2 were shown to be female, and 3 and 4 were male progenitors.

A fifth founder (female) was originally selected with a knockout score of 18

(comparable to individuals 1 and 2, not included in figure). The mutational profile (frame-shift inducing) was composed of 10% of +2 insertion, 4% of +1 insertion, and 4% of -4 nucleotides deletion. However, after the first spawning event, the polyps rapidly degenerated and failed to perform a wound healing at the physa, showing mesenteries extrusion and degradation. An oral amputation was performed as an attempt to recover the initial morphology, however without success. Whether this is a phenotype of the NvFoxOlike1 perturbation remains to be verified with additional mutant animals and experiments.

Individual 3 was the earliest (male) to spawn. A subsequent analysis of survival rate upon embryogenesis (n=450) and mutational signature in the offspring was realized in blastulae (n=6 pools of 3 gastrulae, 48h post fertilization) and at the juvenile stage, 120 hpf (n=6) (Fig. 34). Compared to WT (WTxWT) offspring, the survival rate upon embryogenesis was negatively impacted in heterozygous F1 (ind.3xWT) offspring after only 24 hours (Fig. 34A). The differences in survival further intensified to reach 20% of survival in F1 offspring compared to 75% in WT counterparts (Fig. 34A). Among the surviving blastula at 48 hpf, 100% of the pool tested exhibited insertion or deletion (Fig. 34B), but surprisingly, none of them were frameshift inducing (+/-3 nucleotides; Supp. Fig. 12). Genotyping of juveniles (1 month post fertilization) failed to recover any traces of mutations at the target location (Fig. 34B). Taken together, these results suggest that even with a moderate knockout score (11/100), the phenotypic effect of mutations in NvFoxOlike1 KO lines will enable us to disentangle these questions by evaluating its role in different cell-types.

Environmental conditions were shown to influence i) the transcription of NvFoxOlike1 gene (Fig. 30) and ii) the amount of total NvFoxolike1 protein (Fig. 31). Therefore, NvFoxOlike1 is responsive to environmental conditions. Again, since its regulation arises from post-transcriptional modification, its overexpression or even its silencing does not guarantee a measurable change in activity (X. [START_REF] Zhang | Akt, FoxO and regulation of apoptosis[END_REF]. It would be important to verify if these changes in total amount of NvFoxOlike1 proteins, correlate with changes in its transcriptional activity or subcellular localization.

In the literature, FoxO is described as highly regulated at a post-transcriptional level (Z. [START_REF] Wang | Post-translational modifications of FOXO family proteins[END_REF]. The conservation of the residues subjected to Akt phosphorylation and their surrounding motif in NvFoxOlike1 suggest that the mechanisms controlling its cellular localisation are preserved in the sea anemone (Fig. 25). However, no functional analysis has been made to tackle this hypothesis. The technological prerequisite to address this question is the ability to visualize the NvFoxOlike1 protein on fixed or living tissue.

I initiated a methodology to observe FoxO localization in N. vectensis in order to evaluate the kinetics of nuclearisation under stressful experimental settings. This approach aimed to benefit from an antibody established in Stylophora [START_REF] Ottaviani | Longevity strategies in response to light in the reef coral Stylophora pistillata[END_REF] to visualize the localization of the protein on fixed individuals of N. vectensis by immunohistochemistry. From a whole protein extract, we detected a single band around 110kDA in Western Blot analysis using low protein quantity to maximize the specificity. This is in agreement with the size detected in Stylophora pistillata [START_REF] Ottaviani | Longevity strategies in response to light in the reef coral Stylophora pistillata[END_REF]).

However, this is 1.8 fold higher in size than expected by an in-silico prediction (63kDa)

based on the respective amino-acid sequence. Some recent studies have revealed dimerization processes of the FoxO protein in vivo, especially upon binding to the corresponding DNA motif (J. [START_REF] Li | Mechanism of forkhead transcription factors binding to a novel palindromic DNA site[END_REF]but since the protein extract is denatured upon Western Blot, it is improbable that this hypothesis fits our results. However, cases of "undisruptable" dimers even when applying boiling, denaturants, or reducing agents was reported in the literature [START_REF] Kolodziejski | Intracellular formation of "undisruptable" dimers of inducible nitric oxide synthase[END_REF]. Moreover, the migration profile wild-type population. If lethal at homozygous level, the alternative approach will be to use the heterozygous line with a lower proportion of functional protein.

A re-employment of the multi-marker method (established in Chapter 2) in the transgenic line will enable to determine the impact of NvFoxOlike1 inactivation on resistance limits upon heat stress, starvation, oxidative stress, and regeneration. Due to its description as a stress-tolerance [START_REF] Bridge | FoxO and Stress Responses in the Cnidarian Hydra vulgaris[END_REF][START_REF] Martins | Long live FOXO: Unraveling the role of FOXO proteins in aging and longevity[END_REF] and longevity-promoter [START_REF] Schaible | FOXO in aging: Did evolutionary diversification of FOXO function distract it from prolonging life?: Prospects & Overviews[END_REF] its upregulation in heat stress conditions in Nematostella (Sachkova et al., 2020), we expect that the inactivation of NvFoxOlike1 will lower the resistance limits of the polyps upon various environmental stresses.

Conclusion

The description of N. vectensis foxo gene provides evidence that NvFoxOlike1 is the closest related gene likely to be the orthologue of other cnidarian and bilaterian. The transcription of NvFoxOlike1 and total protein level has been shown to be influenced by the environmental conditions under heat shock and starvation experiments (Fig. 30). Technical challenges still prevent us from describing its spatial dynamics but multiple alternatives have been designed to overcome the issues.

The knockout line represents an important tool to decipher the function of the foxo gene in N. vectensis. By comparing the physiological response with wild type upon stress, we will be able i) to delineate the effect on resistance limits (new breakpoint) and ii) identify the effect of foxo gene inactivation on damage accumulation and activation of defenses mechanisms.

The downstream target of FoxO in Cnidaria is also unknown to date. The transgenic line in N. vectensis will enable the discovery of the extended influence of FoxO gene by analyzing comparative RNAseq of wild-type and KO transgenic lines under various environmental conditions. The comparison of the downstream targets regulated under multiple environmental stressors is expected to provide an image of the stress-specific and shared genes regulated. Finally, a cross-species comparison with available transcriptomic information on bilaterians could also highlight the divergence of FoxO function that arises with evolutive distance.

To conclude, N. vectensis represents an interesting model for the establishment of knockout transgenic line targeting genes involved in stress response in metazoan. The considerable improvement of CRISPR/Cas9 approach in this model, the addition of checkpoints steps, and available sanger analysis tools is expected to facilitate, in the coming years, the understanding of the key molecular factor implicated in the extended environmental-plasticity of the estuarine anemone N. vectensis.

Initiating a study to decipher the role of Vps36 in

Nematostella vectensis stress-response

Introduction

Most of the scientific advances in the understanding of the mechanisms underlying organismal functional dysregulation (cancer, aging), or cellular stress (oxidative stress) in Humans depend on the development of biological models (ex., mice, zebrafish, drosophila, etc.) with due consideration for the differences between these organisms. The same applies when it comes to understanding coral biology and stress response, for which many tractable genetic model organisms are currently being developed. The main goal of this chapter was to initiate the use of N. vectensis as a potential genetic model to dismantle the functional mechanisms that subtends corals' stress response.

Coral reef stability and persistence in the coming decades are not guaranteed. Corals are in decline both in coverage and diversity because of climate change and local stresses. Coral bleaching, a typical coral response to stress, refers to the disruption of the photosymbiosis characterized by the loss of dinoflagellate symbionts, belonging to the Symbiodiniaceae family, from coral host tissues (Davy et al., 2012;[START_REF] Lajeunesse | Systematic Revision of Symbiodiniaceae Highlights the Antiquity and Diversity of Coral Endosymbionts[END_REF]. For more than 90 years, bleached corals have been observed on reefs all around the world (e.g. Yonge and Nicholls1931; [START_REF] Hughes | Spatial and temporal patterns of mass bleaching of corals in the Anthropocene[END_REF], and were considered as part of the normal dynamic of reef ecosystems. However, since 1980, the frequency and intensity of this widespread episode have drastically increased [START_REF] Hughes | Spatial and temporal patterns of mass bleaching of corals in the Anthropocene[END_REF] Coral bleaching can be initiated by several factors, such as high and low temperatures, high irradiance levels, low salinity, sedimentation, pollution [START_REF] Lesser | Bleaching in coral reef anthozoans: Effects of irradiance, ultraviolet radiation, and temperature on the activities of protective enzymes against active oxygen[END_REF].

Among all, extended stretches of higher-than-normal summer temperatures is the predominant cause of mass bleaching (Sully et al., 2019).

The tolerance of reef-building corals to bleaching is the result of the combined sensitivity of the coral animal, its photosynthetic symbiont and the bacterial communities, functioning together as an holobiont. However, the contribution of these partners to the overall sensitivity to bleaching is debated. Many have hypothesized that bleaching is a host process and that stressful situations cause zooxanthellae [START_REF] Hoegh-Guldberg | Expulsion of zooxanthellae by symbiotic cnidarians from the Red Sea[END_REF] or the endodermal cells that contain them to be removed (Gates et al., 1992;[START_REF] Hoegh-Guldberg | The effect of sudden changes in temperature, light and salinity on the population density and export of zooxanthellae from the reef corals Stylophora pistillata Esper and Seriatopora hystrix Dana[END_REF][START_REF] Lesser | Bleaching in coral reef anthozoans: Effects of irradiance, ultraviolet radiation, and temperature on the activities of protective enzymes against active oxygen[END_REF]Muscatine et al., n.d.). Others have shown that abnormal temperature changes are very stressful for the photosymbiont [START_REF] Iglesias-Prieto | Photosynthetic response to elevated temperature in the symbiotic dinoflagellate Symbiodinium microadriaticum in culture[END_REF]Saxby et al., 2003), leading to the buildup of reactive oxygen species inside the symbiont cells that may seep into host tissues (Lesser, 2006). Whatever the case may be, examining the relationship between host genotype and bleaching sensitivity may shed light on stress resistance potential and enable the selection of tolerant wild colonies for fragmentation, reseeding, and restoration.

Intraspecific heterogeneity in stress tolerance has been observed i) at the regional scale, suggesting that some populations have adapted to their local environments, and ii) at the micro-scale levels likely facilitated by restricted gene flow (reviewed in van Oppen and Gates 2006). The intense selection pressures generated by the contemporary environment present in the Anthropocene, provide an opportunity to investigate the genetic basis of intraspecific phenotypic variability in adaptive properties. Using genomic technologies, scientists accumulated potential genetic markers of coral tolerance to changing environmental conditions [START_REF] Selmoni | Seascape genomics as a new tool to empower coral reef conservation strategies: An example on north-western Pacific Acropora digitifera[END_REF].

In a recent study, [START_REF] Jin | Genetic markers for antioxidant capacity in a reef-building coral[END_REF] developed an experimental design on ~1500km of Great Barrier reefs, and sampled 25 populations of Acropora millepora inhabiting contrasted environments in term of temperature (North-to south gradient) and water quality (land-proximity gradient). Using DNA samples from 856 colonies collected from 18 populations (excluding outlier populations), the authors performed a gene-byenvironment association analysis to uncover statistical relationships between allele frequencies at 19 single-nucleotide polymorphic (SNP) loci identified by previous study (S. [START_REF] Wang | Construction of a high-resolution genetic linkage map and comparative genome analysis for the reef-building coral Acropora millepora[END_REF] and 16 environmental characteristics (12 water quality parameters and 4 water temperature parameters, [START_REF] Jin | Genetic markers for antioxidant capacity in a reef-building coral[END_REF].

Two SNPs were shown to have allele frequencies correlated with environmental parameters related to water quality and temperature [START_REF] Jin | Genetic markers for antioxidant capacity in a reef-building coral[END_REF]. These two SNP were annotated as Locus C70S236 and Locus C29226S281 based on previous findings [START_REF] Wang | Construction of a high-resolution genetic linkage map and comparative genome analysis for the reef-building coral Acropora millepora[END_REF]. The authors took advantage of two natural bleaching events triggered by temperature changes or water quality to perform a gene-byphenotype analysis, where they tested the frequency of each allele of both SNP in bleaching-resistant colonies vs. sensitive ones.

Finally, correlation between allele frequency and antioxidant capacity from wild colonies was evaluated in a laboratory-controlled experiment gradually ramping seawater temperature from 27°C to 32°C over a period of 7 days. The results of these experiments are summarized in table 4. The study concluded that both C29226S281

and C70S236 genotypes can be used to predict the environmental stress susceptibility of corals and allow the identification of resilient and susceptible populations and individuals [START_REF] Jin | Genetic markers for antioxidant capacity in a reef-building coral[END_REF]. No information on the genetic identity of the SNP (genome localization), and putative functional influence on the stress response potential (effect of allele changes on DNA information) was further indicated. The identification of these genetic markers of stress tolerance is particularly interesting to map and identify areas with high potential for resistance to environmental variations.

However, only a functional analysis can delineate their role and influence in resistance potential. Regarding these two SNPs, the questioning is on two levels:

- 

Materials and method

Search of homology and open reading frame

To retrieve the gene associated with the loci identified in A. millepora, homologous nucleotide sequence was searched by submitting the accession numbers (provided by the previous study) to the genome of A. millepora using the megablast function of Basic Local Alignment Search Tool (BLAST, [START_REF] Altschul | Basic local alignment search tool[END_REF] for the detection of highly similar sequences. Once acquired, the open reading frame was estimated based on the nucleotide sequence using "ORFinder" (ncbi.nlm.nih.gov/orffinder).

Protein domain recognition

To obtain structural information on the protein sequence related to the SNP of interest (domain composition and structure), we utilized a combination of SPARCLE (Subfamily Protein Architecture Labeling Engine, ncbi.nlm.nih.gov/Structure/sparcle/archview.html), Pfam (ebi.ac.uk/interpro), CDD (ncbi.nlm.nih.gov/cdd), PROSITE (prosite.expasy.org) online tools for the consensual functional characterisation and labeling of protein sequences based on sequence similarity to existing domain databases.

Domain architecture analysis

The protein sequence was submitted to the SMART program (Simple Modular Architecture Research Tool, smart.embl-heidelberg.de/) to gain insight about the number of proteins sharing a similar protein domain architecture in A. millepora as well as in N. vectensis.

Domain linker detection

To complement domain recognition, domain linker detection was performed using the DLP-SVM online program (domserv.lab.tuat.ac.jp/dlpsvm.html). This approach is based on loop-length-dependent support vector machine (SVM) prediction, composed of three loop-length dependent SVM predictors of domain linkers (SVM-All, SVM-Long and SVM-Short), and SVM-Joint, which combines the results of SVM-Short and SVM-Long (Ebina, 2009).

Protein Secondary Structure Analysis

To understand the putative impact of the SNP on the secondary structure of the protein, I performed an analysis of both isoforms (with or without the substitution) using Quick2D from MPI bioinformatics toolkits (toolkit.tuebingen.mpg.de/tools/quick2d; Zimmermann et al. 2018).

Search of orthology

Based on protein sequence, a Reciprocal Best Hits (RBH) was performed between A. millepora and N. vectensis by using reciprocally blastp function (protein-protein blast)

of Basic Local Alignment Search Tool (BLAST, NCBI) for the detection of highly similar sequences.

CRISPR/CAS9-mediated knockout of Vps36 in Nematostella vectensis

The knockout approach was designed to target the genomic region around the SNP, in the fundamental GLUE domain of the protein NvVps36. The procedure relies on the co-injection of two single guide RNA (sgRNA) that will direct the nuclease Cas9 to the target region and induce double strand breaks. Taking advantage of the error-prone NHEJ DNA repair mechanism, the expected result is the insertion or deletion of nucleotides in the DNA sequence of interest that may affect the translation of the gene and/or the function of the protein.

sgRNA design

Target sites were identified using the CHOPCHOP (https://chopchop.cbu.uib.no) and benchling website (https://www.benchling.com) for identifying potential sgRNA sites (51 sites evaluated) that lower the risk of off target (specificity) while maximizing the efficiency of the guide (efficiency).

The synthesis of sgRNA follows a cloning-free, oligo-based method described in Varshney et al. (2016). Briefly, this requires a target specific DNA oligo (Top strand oligo, 55-57nt) and a "generic" DNA oligo for the guide RNA (Bottom strand ultramer, 80-nt). The Top stand oligo consist of a T7 promoter, followed by the 18-base target sequence (complementary sequence to target region) and closed by an invariable 20base sequence complementary to the bottom strand ultramer; the bottom strand ultramer is the same for all reactions and contains the tracrRNA sequence (Table 5). The two oligos (Top and bottom) are annealed, extended with DNA polymerase (PCRamplified), purified with a PCR purification kit (Qiagen) and the resulting product serves as a template for in vitro transcription. The in vitro transcription was performed following NEB HiScribe T7 high-yield RNA synthesis kit (manufacturer protocol). RNA was purified, quantified (Nano-drop ND-1000®), frozen and stored at -80°C.

Analysis of possible off-target sites

We analyzed gRNA target sequences to identify possible off-target sites (OTSs) in the Nematostella vectensis genome. A total of 21 OTSs containing minimum four mismatches were identified for the two gRNAs. For all of these OTSs, the Protospacer Adjacent Motif (PAM) was mutated, and 20/21 had at least two mismatches within the PAM-proximal 12 bases suggesting a low probability of recognition by the sgRNAs.

In-vitro validation of sgRNA efficiency

To test the efficiency of the sgRNA in vitro, we used a recombinant Cas9 protein from

Streptococcus pyogenes that contains 6 × His-tag and a nuclear localization signal (CP001, PNA Bio Inc.). This purified Cas9 protein (1µM) was incubated with each gRNA (150 ng) and a linearized plasmid (200 ng) that contains 1 kb of NvVps36 including exons 3 and 4. This reaction was performed in 1 × NEB buffer 3 with 1 × bovine serum albumin at 37 °C for 1 h. Following treatment with RNase, DNA fragments resulting from CRISPR/Cas9-induced cleavage were analyzed by gel electrophoresis.

Microinjection of Nematostella eggs

Unfertilized eggs were dejellied in 4% cysteine (pH 7.4-7.6) for 10 min and washed three times in artificial seawater. Fertilized eggs were injected for 2 hours with CRISPR/Cas9 system pre-assembled ten minutes at room temperature prior injection.

The mixture contain each sgRNAs (125 ng/μl of gRNA-Exon3 and gRNA-Exon4 each),

Cas9 protein (200nM), Cas9 mRNA (60ng/µL) and Dextran1x (Molecular Probes).

CRISPR/Cas9-injected eggs were raised in the dark with daily water changes at 17 °C and room temperature.

Genomic DNA extraction

Genomic DNA was extracted from embryos or tissues that were surgically isolated from live polyps. Each sample was then incubated in 20 μl DNA extraction buffer (10 mM Tris-HCl pH 8, 50 mM KCl, 0.3% Tween 20, 0.3% NP40 and 1 mM EDTA) at 98 °C for 60 min. We used 1 μl of genomic DNA extract for subsequent PCR analysis with PCR primers flanking the targeted region (Fig. 37).

Amplification of target sequence

The genomic region containing the exon 3 and exon 4 of NvVp36 was amplified from individual polyps using specific primers: Exon2F 5′-AAACTGACATCCCATCGAGTTATC-3′ and intron4R 5′-gcccgcccccttcctttttacc-3′

resulting in an amplicon of 952pb. Following sequencing, PCR products with a migration profile distinctive from the wild type control were sended for sequencing (double band, smears). Sequence results were analyzed with Synthego (ice.synthego.com), and when overlapping peaks were observed in their chromatograms, the amplicons were cloned into pGEM-Teasy plasmid (Life Technologies) and re-sequenced using T7 universal primer to confirm the presence of mutations at the target site. Once the mutation was confirmed, the founder individuals (F0) were raised to adult stages and crossed with wild-type animals to obtain a heterozygous F1 generation. These animals were screened by genomic sequencing for the presence of NvVps36 mutations.

Results and discussion

Identification of the functional domains of locus C70S236 and C29226S281

In order to determine the genes associated with the two loci predictive of heat-stress or nutrient-stress susceptibility [START_REF] Jin | Genetic markers for antioxidant capacity in a reef-building coral[END_REF], I developed an annotation pipeline that combines a series of analytics tools (Fig. 35). Doing so, I showed that the Locus C70S236 corresponds to an annotation as "F-box and WD-40 domain protein 5 (fbxw5)" (Fig. 35). Based on the sequence provided by Wang et al. (2008), the locus C70S236 is located in two genomic sequences in the genome of Acropora millepora with a 100% query (data not shown)

.

The most probable protein sequence (ORF providing the longest protein) is of 282 amino-acid (849nt) for the LOC114962329 (XM_029341289.2) and 228 amino-acid for the LOC107327343 (XM_015892088.1) (Fig. 35). The SNP of interest (position:

1256nt) was located outside of both putative coding regions (106-954nt) in the 3' UTR.

The alignment of both putative protein sequences revealed a 99% of conservation between both sequences, therefore, the longest version was kept for the following analysis (20% longer).

A F-box domain was detected in the first part of the protein (18-64 aa) (Fig. 35). The F-box serves as a protein-protein interaction motif, present in numerous proteins. 59

proteins showed the same domain organization in Acropora millepora and 57 proteins in Nematostella vectensis (Fig. 35). In the litterature, the F-box domain is known as The locus C29226S281, with polymorphism associated with improved resistance to bleaching, is located within a gene named "Vacuolar_protein-sorting-associated_protein_36' (vps36)". vps36 was associated with an accession number generated from a Transcription Shotgun Analysis: EZ010540. Using a Blast homology search, I revealed a 100% homology with a single sequence of Acropora millepora (per.ident 98.5%; accession number for gene: XM_029335567.2; and protein: XP_029191400.2 NCBI) (Fig. 35B). The ORFinder analysis revealed a putative coding sequence of 1170 nucleotides and 389 amino-acids. The SNP of interest is located inside this coding sequence and encodes for the 95th amino acid of this protein (Fig.

XC

). The allele of this SNP induces an amino acid substitution from a N-Asparagine (AAT) into a K-Lysine (AAG) associated with improved resistance in the study of [START_REF] Jin | Genetic markers for antioxidant capacity in a reef-building coral[END_REF]. Two consensual domains were identified in the protein of interest (Fig. Vps36 is a subunit of the protein complex ESCRT-II, which promotes the sorting of proteins from endosomes to lysosomes (Teo, 2004). The GLUE domain is necessary for a tight interaction with Vps28, a component of ESCRT-I (Teo et al., 2006). The transition of ubiquitinated cargo from early to late endosomes depends on this interaction [START_REF] Frankel | ESCRT-dependent cargo sorting at multivesicular endosomes[END_REF].

3.3.3.2

Influence of the vps36 polymorphism on the protein structure and

N. vectensis ortholog search

In order to gain a first level of understanding of the impact of the vps36 polymorphism, I compared the secondary structures of both VPS36 protein prediction; the sensitive as well as the resistant version that contains the SNP of interest (Fig. 36A). This analysis revealed that the resistant version was predicted by the SPOT-Disorder algorithm to display an increased disorder (Fig. 36A). This algorithm recognizes flexible linkers that allow the connecting domains to freely twist and rotate to recruit their binding partner. Thus, this prediction suggests an enhanced intrinsic unstructuredness in the region around the SNP (95aa) compared to the sensitive version.

Intrinsically disordered Proteins (IDPs) have been found to fulfill a wide variety of crucial biological roles (commonly involving regulatory and signaling functions Wright, 2014). In theory, mutations in the intrinsically disordered region of the protein would not be advantageous as they might lead to partial or complete collapse of the network, except if this increase in disorderness (unfolded stretch) increases the size or efficiency of the interaction network (Coskuner-Weber & Uversky, 2018; [START_REF] Wright | Intrinsically disordered proteins in cellular signalling and regulation[END_REF]. Using the algorithm DLP-SVM (Domain Linker Prediction -Support Vector Machine), a linker region was predicted around 89-103aa with a peak at the position 96aa, one amino acid away from the one encoded by the SNP of interest (Fig. 36B). This strengthens the idea that structural conformation in this region would influence the function of Vps36. To transfer, the analysis to the functional impact of Vps36 to the research model N.

vectensis, a reciprocal best blast hit was found between the protein sequence of Vp36 in A. millepora (XP_029191400.2) and N. vectensis (XP_032219983.2 / NvERTx.4.148012) with 100% cover and 71.47% of amino acid identity, as thus a interpreted as a putative orthologue for subsequent functional analysis (Fig. 36C).

Based on this bioinformatic approach, we hypothesize that the in-silico structural change of Vps36 protein is involved in the improved resistance potential of the SNPcarrying coral colonies by facilitating interactions with partners of the ESCRT-II protein complex. Thanks to the presence of a putative ortholog, N. vectensis could represent an interesting genetic model to i) decipher the role of VPS36 in the stress response to environmental changes and ii) to understand the cellular and molecular mechanisms underlying the effect of this polymorphic variant in the resistance potential.

CRISPR/Cas9-mediated NvVps36 knock-out

In order to KO Vps36 function in Nematostella, I designed and synthesized two guide RNAs (sgRNAs) that target 20-bp regions in exons 3 and 4 of NvVps36 (Fig. 37A).

The efficiency of both gRNA-Cas9 complexes to instruct Cas9 protein to cut the proper target sequence was verified in vitro at both 25°C and 37°C (Fig. 37B). Both gRNA-Cas9 complexes generated the anticipated DNA fragments from a linearized plasmid containing the two sites of interest (Fig. 37B). This result validated the use of the two sgRNA for further in vivo application. In order to develop KO FoxO lines, I injected ~1000 fertilized eggs per sgRNA, as well a combination of the two sgRNA (referred to as double-injected). Genotyping of batches of embryos revealed that all combinations induced mutations and was interpreted as a proof of in vivo sgRNA efficiency (data not shown). As the proportion in alteration of DNA sequences appeared to be higher in double-injected -embryos, I pursued by genotyping two hundred double-inject polyps (subadults stage).

Following genotyping of micro-injected polyps, four mosaic founders (from 35 individuals sequenced) were retained based on the evidence of mutagenesis at the expected position in Nvvps36. (Fig. 38A). Their mutational profile differs from one to another. Founder individual 1 exhibited 100% of the sequence alleles mutated and 31% of them were +5 and +8 insertion of nucleotides (Fig. 38B). This proportion of indels indicates a potential frameshift. The rest (69%) are in-frame mutations that are expected to produce functional protein. Founder individual 2 exhibited 16% of the sequence alleles mutated and all of them were -8 nucleotides, potential frameshift deletion (Fig. 38B). Founder individual 3 exhibited 15% of the sequence alleles mutated with 10% -8 nucleotides deletion and 5% were -4 nucleotides deletion(Fig. 38B). Founder individual 4 exhibited 24% of the sequence alleles mutated and 14%

were -8 nucleotides deletion, whereas 10% were +3 nucleotides (Fig. 38B). All founders were raised to the adult stage where individuals 1 and 4 were shown to be female and 2 and 3 were male progenitors. The development of a F1 generation is under process. 

Conclusions

The rapid adoption of "omics" methods in coral research has fostered correlational approaches involving thousands of genes and several pathways, making it challenging to comprehend the key components of stress adaptation to environmental changes.

These discoveries are often prefaced with a warning: genetic correlations do not always reveal the functional significance of a gene or mutation for the state of resistance [START_REF] Brodie | How far from the SNP may the causative genes be?[END_REF]. Another issue brought about by the expansion of genomic data is the substantial number of genes with unknown function [START_REF] Cleves | Unknown to Known: Advancing Knowledge of Coral Gene Function[END_REF]. These factors highlight a lack of rigorous assessment of the functional impact of coral gene variations and their SNPs on resistance capacities.

This chapter aims to create a new analysis pipeline to decipher the function of coral genes and the influence of their environment-specific polymorphic variants on the resilience to future climate variations. To do so, we adapted a conceptual analytical approach close to personalized medicine and applied it to the understanding of adaptive mechanisms in reef-building corals.

I employed an array of online methods for predicting variant impact, using nucleotides and protein sequences. This analytic pipeline is already being applied to dissect variant mechanisms in bilaterian models [START_REF] Baghdadi | From mutation to mechanism: Deciphering the molecular function of genetic variants linked to human ageing[END_REF][START_REF] Gaffney | Influence of an asparagine to lysine mutation at amino acid 3516 of apolipoprotein B on low-density lipoprotein receptor binding[END_REF] but has never been used in Cnidaria to predict whether missense mutations in protein are likely to have a functional/phenotypic effect. This is expected to improve gene selection for subsequent functional analysis in a genetic model organism.

Here we described a mutagenesis protocol using microinjection of Cas9 protein and mRNA, together with two synthetic guide RNAs (sgRNAs) targeting specific DNA sequences, into one-stage embryos of N. vectensis. Cas9-catalyzed double-strand breaks undergo error-prone repair, resulting in production of short insertions and/or deletions in the genes targeted, detectable at the adult stage. Our CRISPR/Cas9approach shows a mosaic nature of editing outcomes following double strand break (DSB) repair in the F0 population. This is similar to what has been reported in other KO studies in N. vectensis (Nakanishi & Martindale, n.d.;[START_REF] Servetnick | Cas9-mediated excision of Nematostella brachyury disrupts endoderm development, pharynx formation and oral-aboral patterning[END_REF].

The strategies focused on 2 sgRNA co-injected, which could have resulted in a large deletion of the gene sequence (544pb for NvVps36). However, none of these large deletions were observed when gRNA were co-injected. Our observations are rather oriented towards frameshift-inducing gRNAs. However, frameshifts have been shown

to result in nonsense-mediated decay (NMD) of the transcript, a cell control mechanism that aims to eliminate mRNAs that have a premature stop codon. It was discovered that some CRISPR mutated transcripts with early stop codon, therefore subjected to NMD, were able to induce transcriptional adaptation and compensation, resulting in a less severe phenotype [START_REF] Rossi | Genetic compensation induced by deleterious mutations but not gene knockdowns[END_REF]. With the expected variable phenotypic penetrance, the analysis of the loss-of-function effect in the mosaic F0 generation would therefore be difficult to interpret.

The development of a F1 generation is under process. Adults were able to reach sexual maturity and lays eggs or sperm. Respective gametes were crossed with wild type gametes to produce a heterozygous loss-of-function F1 generation for both genes independently. Hundred individuals for each crossing have been generated and are currently genotyped to decipher the persistence of Nvvps36 mutations in F1 population.

If mutations are identified at adult stages, individuals will be selected and crossed together (F1xF1) to generate a F2 KO line homozygous for the loss of function of Nvvps36. This is the frist step to evaluate the role of vps36 gene in the phenotypic plasticity of N. vectensis and draw hypothesis about its role in coral stress resistance.

In addition to improving our understanding of biological functioning, revealing the causes underlying intraspecific variation in coral stress tolerance will also give information that is pertinent to management and restoration strategies for coral reefs.

Chapter Conclusion

Evaluating the influence of major genes and their polymorphic variants in long-lived and stress-tolerant models has the potential to improve our understanding of cellular functioning adapted to withstand intense disturbances. Whether it is to evaluate the function of a major gene conserved among the animal kingdom or to study the influence of a gene and the polymorphism associated with a given environment, the development of KO lines represents a major genetic tool in Cnidaria.

Complete the establishment of knockout lines

To complete the establishment of KO lines, an extended genotyping, selection and sequencing of heterozygous F1 population (+/-) on both genes need to be carried out.

Then, the crossing of F1 individuals together is required in order to generate a complete loss-of-function population (-/-) that also needs to be identified by genotyping approach. In fact, only 50% of the crossed offspring is expected to carry the homozygous mutation. The validation and use of specific antibodies targeting NvFoxOlike1 (Supp. Fig. 10) and Nvvps36 (to be determined) will be required to ensure that the KO has completely inactivated the gene of interest.

One of the major bottle-necks for the generation of knock-out lines using CRISPR/Cas9 approach is the accurate identification of individuals with mutations, alternative approaches for CRISPR/Cas9 knockout line creation should be considered.

For example, the partial or complete replacement of the gene to inactive by a fluorescent-protein could help to visually select the positively mutated individuals for crossing. Depending on the gene of interest, expression of the fluorescent protein under the control of the endogenous promoter might not be sufficient to be detected in vivo. Thus, a strong promoter driving the fluorescent reporter gene could be inserted, thus facilitating the detection of KO/KI cells/polyps.

identify which cellular processes have undergone alterations in function under modified genetic contexts (Fig. 39). For example, based on the literature, it is probable that NvFoxOlike1 disruption impacts the antioxidant defenses activation and therefore increases damage accumulation and lower survival upon thermal stress (both cold and heat shock). From this fast and integrative information, the implementation of markers with a higher resolution of details is possible (subsequent targeting superoxide dismutase activity known to be regulated by FoxO in other organisms Klotz, 2015).

The strength of this approach is to provide a data-driven investigation direction.

The third step will be to employ a comparative RNA-seq procedure between wild-type and knockout polyps under stress conditions, in order to identify the specific corpus of genes under the control of the inactivated gene (Fig. 39). The comparison of the regulated cluster of genes between experimental procedures will highlight the stressspecific regulated genes and the one involved in general stress response strategy.

N. vectensis as a tractable genetic model for cellular stress response

Even if N. vectensis has been historically proven as an important model system to investigate development and regeneration [START_REF] Layden | The rise of the starlet sea anemone Nematostella vectensis as a model system to investigate development and regeneration[END_REF], it is also revealed as an attractive model to evaluate the ancestral gene function of major stress response genes. Benefiting from a strategic phylogenetic position, closely related to scleractinian corals and sharing important genetic similarities with the genome of bilaterian (Putnam et al. 2017), the uses of this genetic model might serve environmental (stress response) as well as biomedical purposes (aging, and cancer).

This versatility coupled with improved genome-editing procedure will reinforce its position as an unavoidable genetic model for basal metazoan.

Chapter 4.

General conclusion and future directions The research question of this thesis work was to understand i) the limits of resistance and ii) the molecular mechanisms involved in the process of acclimatization to acute environmental variations in the tolerant estuarine organism, N. vectensis. To this aim, I explored the physiological breakpoints of this organism to abiotic changes, its sensitivity to macromolecular damage formation, the compensatory mechanism activated in specific abiotic context, and the implication of major genes to these phenotypes.

Integrative multi biomarkers approach to uncover stressrelated physiological states

The combination of multiple biomarkers of stress response in N. vectensis has led to the identification of physiological states associated with successful acclimatization mainly to thermal stress and starvation, but also to H2O2 exposure and amputationinduced regeneration. Specifically the employment of protein damage markers (protein carbonylation and ubiquitination) has been efficient to detect early signs of functional impairment that led to subsequent organismal death. The level of oxidative damage was associated with a reduction in morphodynamic response compared to control conditions suggesting that this marker may be used as "sentinel" of functional dysregulation. The powerfulness of this approach can be further complemented by developing additional cellular markers of i) DNA damage and DNA repair markers (8oxoguanidine for damages Chiorcea-Paquim, 2022; γH2AX for DNA repair, Kuo & Yang, 2008) ii) autophagic activity (Tanida et al., 2005), and iii) lipid damage marker (Janero, 1990). Doing so will be crucial to improve the definition of physiological states under stress conditions. In combination, the application of morphodynamic indicators combined in a single value (IMR, cf. Poquet et al. in prep) facilitates the interpretation of behavioral metrics and provides early signs of functional impact in this model.

Additional metrics of morphodynamics such as peristaltic waves (as used in Havrilak et al. 2019) could further improve the phenotypic assessment of stress conditions in N. vectensis.

Extended phenotypic plasticity in response to stress in

Nematostella vectensis

Employing this methodology, N. vectensis revealed to be an important model of resistance under acute environmental variations. The major resistance threshold and acclimation mechanisms associated are presented in table 6.

N. vectensis demonstrates high tolerance to thermal and nutrient variation, exposure to H2O2 up to 150µM and confirmed extreme regeneration potential (Table 6). Precisely, the polyps showed better acclimation potential to severe cold shock than heat shock A drastic resistance limit to H2O2 exposure was confirmed between 150µM-200µM [START_REF] Friedman | Intraspecific variation in oxidative stress tolerance in a model cnidarian: Differences in peroxide sensitivity between and within populations of Nematostella vectensis[END_REF] but is lower than in symbiotic anemone (500µM in A. viridis; Cotinat et al., 2022). Complete oral regeneration was achieved in six days [START_REF] Amiel | Characterization of Morphological and Cellular Events Underlying Oral Regeneration in the Sea Anemone, Nematostella vectensis[END_REF] and associated with the resistance to a strong oxidative stress during early phase that has been associated with proper regeneration signaling in other model organisms [START_REF] Serras | The benefits of oxidative stress for tissue repair and regeneration[END_REF].

The important tolerance to environmental variations in this organism (above the homeostatic setpoint) is associated with the deployment of a diversified cellular stress response (CSR). The CSR is different if the source of variations is energy-based (starvation) or environmentally-driven (temperature, pro-oxidant condition) involving either the activation of defense mechanisms (temperature, pro-oxidant condition, amputation) or the lowering of metabolic demand (starvation).

N. vectensis was also shown to be sensitive to damage accumulation of the proteome under temperature and H2O2 exposure since it resulted in widespread mortality in the population. In contrast, upon physical amputation and food deprivation, no mortality phenotype was associated with the accumulation of oxidative damages suggesting a stress-specific impact of oxidative damages on functional dysregulation. One possible explanation is that under temperature and H2O2 exposure, the extent of damage might be generalized to other biomolecules and cellular compartments (DNA oxidation, mitochondrial dysregulation) which could explain the functional dysregulation and subsequent mortality we observed. This hypothesis reinforces the necessity to apply supplementary markers of cellular damages covering the diversity of potential cellular impact.

Although divergent on the whole, some consensual cellular responses were observed.

In fact, a systematic response involving antioxidant induction has been observed during temperature, food deprivation, H2O2 exposure and amputation stress. All of these activations were associated with accumulation of oxidative damages (except for cold shock since oxidative damages were lowered after 24 hours, early time points may be required to follow the pro-oxidative cinetics).

One of the unifying ways to answer the fundamental question of this thesis is to conclude that the successful resistance to stress in N. vectensis was associated with dynamic cellular response (activation of defenses) and adjustment of physiology (morphological reduction and lowering of metabolism when energy-deprived). This physiological characteristics reflect evolutionary selection for states of extended phenotypic plasticity often associated with colonization of an extremely unstable environment [START_REF] Chevin | Evolution of phenotypic plasticity in extreme environments[END_REF][START_REF] Somero | The Goldilocks Principle: A Unifying Perspective on Biochemical Adaptation to Abiotic Stressors in the Sea[END_REF], such as the estuarine habitats this species have evolved in.

This stress response strategy is in contrast with intrinsic cellular resistance strategy that exists in "robust" organisms where the phenotypic plasticity is low (no adjustment of physiology) but intrinsic resistance of cellular components to environmental deviation is very high (high maintenance of homeostasis). This is the case for most extremophile organisms, with the example of antarctic notothenioids fish, that have been selected for important cellular adaptation that enabled the colonization of extreme environments (cold stable temperature near -1.9°C) but have restrained their ecological niche to a stable, narrow, and extreme habitat (die of heat at 6°C because of cellular dysregulation, review in [START_REF] Somero | The Goldilocks Principle: A Unifying Perspective on Biochemical Adaptation to Abiotic Stressors in the Sea[END_REF]. The differences between what I would call a "robust" vs. a "resistant" organism lies exactly in this sensitivity to damages and dynamic adjustment of defenses upon environmental changes. Through this conceptual definition, resistant organisms rely intensively on their phenotypic plasticity to withstand environment changes, whereas robust organisms show intrinsic cellular adaptation to challenging environments.

N. vectensis is indeed subjected to damage accumulation (at least in the proteome)

under the constraints of abrupt variations but activates the molecular tools and adjusts its physiology to eliminate damages and acclimate to harsh conditions and is therefore considered resistant (under the conceptual definition defined above).

The distinction of two differential physiological strategies described in nature (robust vs. resistant) to tolerate environmental changes have been supported by a paper I collaborated on (Porro & Zamoum. et al,. In this paper, an ocean-scaled sampling of two species of corals that co-exist in the diverse environments encountered within the Pacific, has highlighted that both species employed two divergent, yet successful physiological responses that can be assimilated to the "oak and the reed" fable. In this context, the oak, or what I refer to as the "robust" strategy, was attributed to one massive coral species (Porites lobata), whose physiology (damage and defenses) were remarkably similar regardless of the environment it is confronted with. The reed, as what I refer to as the "resistant" phenotype, was attributed to the branching coral Pocillopora meandrina that shows an important phenotypic plasticity, exhibiting multiple physiological states associated with specific environments (Porro & Zamoum et al,.

Based on my experimental thesis work, N. vectensis appears to be more of a reed, i.e., "resistant" organisms. Among the molecular tools deployed in cellular stress response to pro-oxidant conditions, the role of apoptosis appears central (cf. chapter

2). The fact that N. vectensis employs pro-apoptotic pathways that lead to acclimatization has been the foundation of the first perspective of my thesis reflection. In response to environmental stressors, the hypothesis is that the organism would take advantage of its regenerative capacity to prevent the accumulation of significant damage and cellular dysfunction (Fig. 40). This means that oxidative stress would rapidly be translated into a death signal that initiates a localized apoptotic cascade, mimicking the stress signal that initiates oral regeneration (ref and results of chap 2, paragraph XX). In this organism the trade-off between cell-death or cell-survival (Nicholson, 2003) would largely favor cell elimination by relying on the extended regenerative capacity.

Research

To comfort this hypothesis, in Poquet et al. (in prep), I have shown that the tolerance to heat stress was lowered (from 35°C to 30°C) when caspases were pharmacologically inhibited suggesting an important role of caspases-dependent apoptosis in thermotolerance and organismal acclimatization.

Examples that support my research hypothesis, can be found in the literature from flatworms (planarians) and echinoderms (holoturies). Likewise N. vectensis, flatworms have originally provided information for the fields of extreme regenation, and stem cell biology [START_REF] Reddien | FUNDAMENTALS OF PLANARIAN REGENERATION[END_REF][START_REF] Rink | Stem cell systems and regeneration in planaria[END_REF]. Similar to what appears to happen in N. vectensis (cf. chapter 2 -topical study 2), the regeneration process of planarians starts by a rapid ROS burst (pro-oxidant) that can be detected only a few minutes after amputation and was discovered to control the regeneration process [START_REF] Pirotte | Reactive Oxygen Species in Planarian Regeneration: An Upstream Necessity for Correct Patterning and Brain Formation[END_REF]. Beside their regenerative capacity, planarians have also recently attracted attention for their ability to survive in a variety of changing environments including temperature, microgravity, ROS level (reviewed in [START_REF] Cao | Extreme Environmental Stress-Induced Biological Responses in the Planarian[END_REF] and prolonged starvation [START_REF] Felix | It is not all about regeneration: Planarians striking power to stand starvation[END_REF]. The connection between regenerative capacity and stress response has been recently formalized in holoturies as well, where important stress resistance mechanisms (such as heat shock proteins, antioxidant level) were found upregulated upon injury [START_REF] Cruz-González | The Stress Response of the Holothurian Central Nervous System: A Transcriptomic Analysis[END_REF].

N. vectensis have been recently the center of attention because of their extreme full body regeneration. However, their extreme tolerance to environmental changes could be in part derived from this regenerative property and further tighten the link between stress response and extensive regeneration in the animal kingdom (Fig. 40).

To gain better insight on the functional role of caspase-induced apoptosis in cellular stress response mechanisms a knock-out of caspase3-like was initiated in the team and that could be used in the context of stress-resistance. More specifically, the comparison of the cellular between Wild-type and caspase3-like mutants could serve in the future as an important tool to confirm or refute this hypothesis. Another striking point brought to the center of my attention during the thesis was the variability in the resistance thresholds to environmental disturbances within the laboratory acclimated population of N. vectensis. Whether in response to temperature variation, pro-oxidant conditions or starvation, the resistance limit has shown to vary among the population although major trends emerged. This observation has been the foundation of the second perspective of my thesis reflection.

The preservation of biodiversity and the health of the ecosystem depend critically on the capacity of marine organisms to withstand changing conditions. In a rapidly changing world, the intraspecific variability in stress resistance is expected to determine the fate of natural populations [START_REF] Kassahn | Animal performance and stress: Responses and tolerance limits at different levels of biological organisation[END_REF]. Recent research suggests that the adaptive capacity to climate change of sessile marine organisms, such as corals, or anemones, may be quicker than previously thought [START_REF] Palumbi | Mechanisms of reef coral resistance to future climate change[END_REF][START_REF] Puisay | Thermal resistances and acclimation potential during coral larval ontogeny in Acropora pulchra[END_REF] In corals, the finding that some corals (individuals or populations) have a higher-than-average capabilities for resilience to environmental stressors, has spurred research into the mechanisms and cellular features selected by the evolution that turns out to be advantageous to face frequent suboptimal conditions [START_REF] Baums | A restoration genetics guide for coral reef conservation[END_REF][START_REF] Logan | Incorporating adaptive responses into future projections of coral bleaching[END_REF][START_REF] Van Oppen | Building coral reef resilience through assisted evolution[END_REF].

Constitutive changes in gene expression were among the first adaptive strategies promoting survival in a thermally challenging environment. Comparison of the transcriptome-wide gene expression among conspecific thermally sensitive and thermally resilient corals, revealed a set of genes constitutively upregulated in resilient communities (Barshis et al., 2013). These "frontloaded" transcripts included genes encoding for heat shock proteins and antioxidant enzymes, apoptosis regulation, tumor suppression, innate immune response, and cell adhesion, metabolic genes.

These changes in frontloading gene expression have been shown to be not only constitutive but also plastic in a year-long reciprocal transplant of Porites astreoides with the transplants' stress gene expression resembling to resilient local population's profiles [START_REF] Kenkel | Gene expression under chronic heat stress in populations of the mustard hill coral (Porites astreoides) from different thermal environments[END_REF][START_REF] Kenkel | Gene expression plasticity as a mechanism of coral adaptation to a variable environment[END_REF][START_REF] Safaie | High frequency temperature variability reduces the risk of coral bleaching[END_REF]) [START_REF] Kenkel | Gene expression plasticity as a mechanism of coral adaptation to a variable environment[END_REF][START_REF] Kenkel | Gene expression under chronic heat stress in populations of the mustard hill coral (Porites astreoides) from different thermal environments[END_REF][START_REF] Safaie | High frequency temperature variability reduces the risk of coral bleaching[END_REF]. Those results suggest that reefs with higher high-frequency temperature variability may be significant refuges of resilient corals [START_REF] Safaie | High frequency temperature variability reduces the risk of coral bleaching[END_REF][START_REF] Godefroid | Thermal stress responses of the antipatharian Stichopathes sp. From the mesophotic reef of Mo'orea, French Polynesia[END_REF].

To summarize the concept behind these observations, high levels of stress exposure are harmful, but exposure to low-dose environmental stressors induces advantageous adaptation responses in organisms and promotes their survival, an effect defined as hormesis (Fig. 40; review in [START_REF] Mattson | Hormesis Defined[END_REF]. To some extent, the benefits of parental hormesis can be transmitted to the offsprings and better prepare them for the conditions they may experience [START_REF] Jensen | Adaptive maternal and paternal effects: Gamete plasticity in response to parental stress[END_REF].

One study has focused on the effect of hormesis in stress tolerance at molecular levels in N. vectensis [START_REF] Baldassarre | Microbiota mediated plasticity promotes thermal adaptation in the sea anemone Nematostella vectensis[END_REF]. In a recent study, Baldassarre et al. (2020) explored the impact of long-term acclimation and microbiota-mediated plasticity on animal thermotolerance. They acclimated N. vectensis to three thermal regime low, medium and high temperature for and submitted the polyps to a 6 hours-long heat shock at 40°C. Long-term acclimation at high temperature increases heat resistance, and this effect was mediated by microbiota, since the transfer of microbiota to lowtemperature acclimated polyps recovered the resistance phenotype, suggesting the fundamental role of the microbiome in thermotolerance acquisition. There is an urgent need to determine whether these observations are the result of evolutionary processes (adaptation) in order to strengthen the predictions of climate change and adapt conservation programs [START_REF] Logan | Incorporating adaptive responses into future projections of coral bleaching[END_REF][START_REF] Van Oppen | Building coral reef resilience through assisted evolution[END_REF].

To this end, seascape genomics has been developed, mainly in corals [START_REF] Selmoni | Seascape genomics as a new tool to empower coral reef conservation strategies: An example on north-western Pacific Acropora digitifera[END_REF]. Briefly stated, samples are gathered from various seascapes and genotyped using next-generation sequencing methods, describing hundreds of genetic variants while simultaneously defining the environmental variables of the study area to explain particular local climatic conditions (Leempoel et al., 2017). To identify genetic variants linked to environments, genomic and environmental data are then confronted (i.e.

potentially adaptive genotypes against a specific condition; Rellstabet al. 2015). There aren't many genotype-environment association studies on corals, but those that have been done have either used a small number of markers [START_REF] Lundgren | Genotype environment correlations in corals from the Great Barrier Reef[END_REF] used about 10 SNPs), a small number of sites (Bay & Palumbi, 2014), or they concentrated on populations with little gene flow [START_REF] Thomas | Restricted gene flow and local adaptation highlight the vulnerability of highlatitude reefs to rapid environmental change[END_REF].

Employing this conceptual framework, [START_REF] Selmoni | Seascape genomics as a new tool to empower coral reef conservation strategies: An example on north-western Pacific Acropora digitifera[END_REF], recently revealed 14 genomic regions exhibiting genotypes that might confer a selective advantage against heat stress in an endangered coral species emblematic of Japan's reefs. None of the SNPs were located in a coding region of a putative gene, a recurrent output of GWAS analysis, complicating the identification of the genes they implicate [START_REF] Brodie | How far from the SNP may the causative genes be?[END_REF].

Furthermore, experiences taught us that the causative genes can be located as far as 2 Mbps away from the associated SNPs, and are not necessarily the closest genes to the SNP [START_REF] Brodie | How far from the SNP may the causative genes be?[END_REF]. Therefore, the analysis was restricted to a functional annotation of the genes surrounding the SNP. Authors pointed out the urgent need to validate significant genotype-environment associations to ascertain their adaptive role by running experimental assays such as common garden or aquaria experiments (Krueger et al, 2017), reciprocal transplantation [START_REF] Palumbi | Mechanisms of reef coral resistance to future climate change[END_REF], and molecular analysis [START_REF] Courtial | The c-Jun N-terminal kinase prevents oxidative stress induced by UV and thermal stresses in corals and human cells[END_REF] However, none of the studies mentioned above focused on the effect of genetic polymorphism at putative adaptive loci on stress susceptibilities of corals, identified from gene-environment association analysis. In N. vectensis as well, naturally occurring and functionally significant polymorphism in NF-κB have been detected [START_REF] Sullivan | Two Alleles of NF-κB in the Sea Anemone Nematostella vectensis Are Widely Dispersed in Nature and Encode Proteins with Distinct Activities[END_REF]. NF-κB is a transcription factor that regulates the expression of several crucial organismal functions, such as innate immunity, development, and stress responses [START_REF] Gilmore | Introduction to NF-κB: Players, pathways, perspectives[END_REF]. Given the functional variations among these alleles and their uneven distribution in the wild, it is possible that one variant of the gene is more advantageous in specific habitats, such as environments with varying concentrations of reactive oxygen species [START_REF] Sullivan | Two Alleles of NF-κB in the Sea Anemone Nematostella vectensis Are Widely Dispersed in Nature and Encode Proteins with Distinct Activities[END_REF], but this hypothesis has never been tested since then.

To my knowledge, the only study in the coral field that goes from the identification of Preliminary results from the team using genotype-environment and genotypephenotype association studies already led to the discovery of polymorphic gene variants linked to specific environments (high annual SST, high amplitude of variation)

and/or physiological state (cellular marker of damages) across coral populations from the Pacific.

The conclusion is that although the development of omics technology has made it easier to identify genetic variations linked to resistance states, no study has systematically examined the function of these variations to comprehend the underlying molecular mechanisms, whether in corals or in N. vectensis (Fig. 42).

One of the main reason advance for this was the need for a biological system that enables direct evaluations of gene function in cnidarian [START_REF] Neff | The quest for an animal model of coral health and disease[END_REF]. The challenge of the coral "lab rat" reside in the ability to control the entire life cycle in captivity (from birth to sexual maturity), with frequent inducible spawning that offers easy and abundant access to one-cell stage embryos, and if possible with short life cycle. The reunion of these components would render the model amenable to advanced genome modification technologies (such as CRISPR/Cas9 editing approach). Over the past ten years, few candidates have been proposed in this aim: Aiptasia, Exaiptasia pallida, is a non-obligatory symbiotic anemone for which the control of the life cycle in captivity is still a challenge [START_REF] Grawunder | Induction of Gametogenesis in the Cnidarian Endosymbiosis Model Aiptasia sp[END_REF]. Astrangia poculata, is temperate scleractinian that has the major default of a low level of spawning induction possible per year [START_REF] Craggs | Inducing broadcast coral spawning ex situ: Closed system mesocosm design and husbandry protocol[END_REF]. Despite considerable scientific and technological effort, none has emerged as a practical candidate for the creation of transgenic or KO lineages in a time-efficient systematic process. A recent paper developed a CRISPR/Cas9 knockout line on corals [START_REF] Cleves | Unknown to Known: Advancing Knowledge of Coral Gene Function[END_REF], where they tested the role of heat shock protein1 in Acropora but the functional analysis was restricted to only embryonic and larval developmental stages.

I have shown in the chapter 3 that, due to this relatively close evolutionary distance and the apparent similarity of coral and N. vectensis genes [START_REF] Miller | Cryptic complexity captured: The Nematostella genome reveals its secrets[END_REF], the identification of stress-response genes in the starlet sea anemone will inform ongoing genomic stress-response research on corals, which are more limited in experimental tractability (Fig. 42). Furthermore, the absence of photosymbiosis in N. vectensis is best suited to understand ancestral and conserved features without accounting for the symbiotic part that could add a layer of complexity.

The development of an integrative biomarker of stress tolerance (chapter 2) as well an approach for the transfer of biological information gathered in coral's natural population (chapter 3) open up the possibility to build a robust pipeline, inspired from personalized medicine, from the identification of central gene and associated variants correlated with resistance phenotype in natura to the functional validation of their influence in an appropriate genetic model (Fig. 42). This thesis effort is expected to reinforce the use of N. vectensis as the "lab model rat" the coral scientific community have been looking for to understand the influence of the adaptive genes and variants harbored by resistant-individuals in natura (Fig. 42).

Perspectives de recherche 4: Extreme stress resistance

and regeneration, the perfect combination for extended lifespan ?

Longevity has been extensively linked to improved stress resistance in animals (see review in Chapter 1). This has led to the hypothesis that the capacity to withstand numerous shocks may be a key to longevity. Moreover, the absence of functional declines in stress resistance mechanism in long-lived models suggests that maintenance of improved function is another important condition to enhance life-span.

That led us to the final perspective of my thesis work.

Cnidarians are often considered for their extended lifespan. Striking examples, such as Hydra, have extensively been studied in regard to that biological feature. The maintained stem-cell renewal in this organism has been suggested as one of the mechanisms underlying the absence of cellular senescence [START_REF] Boehm | FoxO is a critical regulator of stem cell maintenance in immortal Hydra[END_REF].

In parallel, N. vectensis has been cultivated in laboratories for decades, but no evidence of aging or age-related phenotypes (decrease in regenerative capacity, cancer formation, senescence) has yet been reported under stable maintenance conditions. Only a decrease in reproductivity capacity has been observed when repeated spawning stimulation has been applied [START_REF] Fritzenwanker | Induction of gametogenesis in the basal cnidarian Nematostella vectensis(Anthozoa)[END_REF]. 

Closing words:

N. vectensis is at the point of its development where it can serve as an important model organism to understand the genetic and molecular features related to survival in challenging variable environments. Future investigations will explore the complex interplay between adaptation as well as physiological and molecular plasticity in coastal ecosystems. Overall, my thesis work that centered its efforts around the study of cellular stress response combined with genome editing, proposes to the scientific community a novel approach to study N. vectensis stress-response and related genes, to assess their potential function on the apparent extended lifespan of this estuarine sea anemone.

INTRODUCTION

Climate change is expected to significantly increase the occurrence of cold and warm ocean seasurface temperature extremes 1,2 that have already been well documented in the Pacific Ocean 3,4 . Accentuated by direct anthropogenic stressors due to local pollution and overfishing, climate change will have devastating consequences on marine organisms. Among them, reef-building corals are highly vulnerable to environmental changes, experiencing repeated mass coral bleaching (loss of the intracellular photosynthetic protist symbionts belonging to the Symbiodiniaceae family), which have already led to substantial coral mortalities over large spatial scales 2 .

However, susceptibility to environmental changes, and subsequent mortality, vary among coral species 5,6 , but also within species (Loya et al. 2001). Consequently, survivor species will play a key role for coral reef resilience in a changing climate 7 . This difference in response to the environment has been attributed variously to different factors as, for example, the host genetic background 8-10 , specific holobiont composition (the combination of different host species with one or multiple Symbiodiniaceae and bacterial lineages) 11-14 , nutrient supply 15-17 , ocean deoxygenation 18,19 , and/or preconditioning to past repeated environmental changes 20-22 . However, the contribution of each of these factors to the coral's phenotypic response, and to what extent this is conserved within a coral genus or within diverse scleractinian corals living in a broad range of environmental conditions, remains unclear.

In corals, the phenotypic response is an unconstrained notion mainly due to their intrinsically morphological plasticity linked to environment-induced skeleton changes, see for review 23 and to their photoacclimation capacity that induced significant colour changes by modifying their cellular pigments and/or their symbiont population contents, see for review 24,25 . As corals can strongly depend on the highenergy products of their algal symbionts, those acclimation processes are essential for the trophic equilibrium in the oligotrophic waters where those organisms are largely distributed 26 . In addition, environmental perturbations (especially variations in temperature and UV radiation) induce in extreme cases bleached coral phenotypes which reflect symbiotic homeostasis breakdown, see for recent review 27 . To prevent bleaching, corals could then have (i) specific host-symbiont genotypes as specific adaptation to local environment, or (ii) display a large spectrum of phenotypic plasticity. The latter allows the emergence of diverse physiological states from a unique genotype, in response to the environmental variation.

Several studies performed under controlled laboratory conditions and/or in field studies have identified biomarkers as indicators of the biological processes that take place during the symbiosis breakdown. These are proposed to be used as a signature of unhealthy physiological states, see for review 28 . Among them, biomarkers of the trophic coral state, as defined by the polyp tissue and/or the hosted symbiont biomasses, have been linked to coral sensitivity to environmental perturbations and reflected the existing nutrient intake by the coral, see for review 29,16 . Additional biochemical biomarkers, linked to modification of the intracellular redox state (e.g. protein carbonylation, oxidative scavenging capacities) or a more general damage signature as the ubiquitinated protein content, were validated in several studies measuring imbalances between reactive oxygen species (ROS) overproduction and antioxidant defences during environmental stress e.g. 30-38 . Accordingly, one consequence of this imbalance was the disruption of the cnidarian-Symbiodiniaceae association. However, to what extent the diverse biomarker signatures reflect an inherited and genotypically fixed character or diverse coral response to specific environmental factors is not clear. In addition, the heterogeneous nature of the reef environment makes it complex to identify the specific parameters that affect coral phenotypes.

In the present study, we took advantage of the large coral sampling performed at an unprecedented ecological scale throughout the Pacific Ocean during the TARA PACIFIC expedition 2016-2018 39 . We analysed 321 colonies from 11 islands across East-West and South-North gradients from the coasts of Panama to Micronesia and assessed the biological response to the environment of two emblematic coral-species complexes with different morphologies and lifestyles, Pocillopora spp. and Porites spp. Pocillopora spp. are branched corals, fast-growing and with moderate lifespan (some decades 40,41 ). Pocillopora spp. display flexibility towards Symbiodiniaceae, with the ability to harbour diverse species of Symbiodinium, Cladocopium or Durisdinium genera 42-47 . In contrast, even if they are found in sympatry with Pocillopora spp., Porites spp. display several different characteristics. Porites spp. are massive corals, with slow growth and long lifespan (several centuries 41,48 ), with a strict symbiont fidelity to the genus Cladocopium, specifically with subclade C15 in the Indo-Pacific 42,13 .

During the TARA PACIFIC expedition, visually healthy colonies of the two species complexes were sampled,, in the same sites but across a large diversity of habitats, enabling us to assess whether common or complementary/divergent strategies are deployed by the two genera to cope with environmental variations. Thus, by taking advantage of the multidisciplinary efforts of the TARA Pacific consortium and the diversity of available datasets (especially environmental and metagenomic data and analyses, see 49,50 , we assessed the phenotypic plasticity in these two species complexes in response to environmental variations and determined to what extent these diverse physiological traits reflect genetic (of the coral host and its symbionts) and/or environmental correlations.

RESULTS

Distinct coral biomarker profiles across the Pacific Ocean

To obtain a physiological/phenotype profiling of Porites and Pocillopora colonies collected in reefs of different Pacific Ocean islands, we measured five different biomarkers revealing diverse trophic (animal and symbiont biomasses) and redox states (protein carbonylation and ubiquitination and TOSC). The comparison of the different biomarkers across the 11 islands and in the two genera, revealed an heterogeneous pattern either between species or between sites (Fig. 1).

For Pocillopora, animal biomass was high in the first three islands and then declined with a minimal mean in Moorea island which presented around three times less proteins compared to eastern colonies or to Guam (Fig. 1A). For Porites, we observed an East-West gradient with an eightfold reduction comparing colonies from Las Perlas and Guam colonies (Fig. 1A). Thanks to the identification of 5 species within the Pocillopora and 3 species in the Porites sampled coral 51 , we could hence compare the specificity of the phenotype within each genus. Here, the animal biomass showed no significant diversity between the Pocillopora species, however, the three Porites species identified in our sampling presented a species-specific significant pattern of protein content (Fig. S4A).

Symbiont biomass normalised per milligram of protein was highest in Eastern Pacific for Pocillopora colonies (specifically for colonies from Panama islands, Las Perlas and Coiba) and lowest in Niue and Samoa islands (10-to 20-fold lower respectively; Fig. 1B). Porites colonies harboured a more homogenous symbiont biomass even if Niue showed a lower symbiont content (Fig. 1B). Similar trends were observed following a tissue surface normalisation (Fig. 1C). The comparison of symbiont biomass in respect to host lineages show a higher symbiont content of Pocillopora species 4 (highly distributed in Eastern Pacific) and in Porites species 3 (present in the Central Pacific) (Fig. S4B and Fig. S4C).

For both species complexes, carbonyl content was higher in the three central islands of the transect, Moorea, Aitutaki and Niue (Fig. 1D). For example, in these three islands, the coral colonies of Pocillopora and Porites respectively presented carbonyl content means of 2 to 8 fold higher than the colonies from the East Pacific Ocean. The comparison of carbonyl content in respect to host lineages show no significant diversity between the Pocillopora species, however, the Porites species 2 (present in Central Pacific) had higher carbonyl content (Fig. S4D).

Concerning protein ubiquitination biomarker, the analyses show in Pocillopora a specific high content of ubiquitinated proteins in Gambier with an important variance between the sampled colonies (Fig. 1E).

Although less pronounced, an increase in protein ubiquitination was also observed in Porites colonies from Gambier (Fig. 1E). No genetic link was observed for this marker for both species complexes (Fig. S4E).

For Pocillopora, TOSC was low in the two Panama islands and at Easter and Guam islands. TOSC was however maximal at Aitutaki, with around 20 times more antioxidant capacities in the colonies sampled at this island (Fig. 1F). For Porites, TOSC values were more homogenous with a slight increase along the transect line (Guam colonies presented a sevenfold increase of TOSC compared to Las Perlas).

The comparison of TOSC in respect to host lineages revealed a species specific reduced amount of TOSC on Pocillopora species 4 and Porites species 1 (Fig. S4F), which should however be mitigated by an heterogeneity of species distribution along the transect.

Island-and species-specific coral phenotypic signatures

We then used a multimarker approach using the five biomarkers to establish phenotype signatures for each colony and compared them in respect to the genus, species and the islands of origin. A first permanova analysis testing the genus affiliation shows that the two sampled genera displayed different phenotypic profiles (p-value=0.0001) with a greater phenotypic dispersion of Pocillopora phenotype than Porites (p-value=0.001) visualisable in the Fig. S5 and Table S3. We have therefore analysed more in detail the Pocillopora and Porites signatures independently, using PCAs and PERMANOVA tests. The PCA of Pocillopora biomarker signatures revealed gradual distribution of the phenotypes along the first axis (Fig. 2A) mostly driven by both biomasses and carbonyls (Fig. 2B; Table S4). For Porites, the phenotypes were less spread into the PCA space but more homogeneously between the two first axes (Fig. 2C) explained by a stronger independence between animal biomass and symbiont biomass (Fig. 2D; Table S4) than with Pocillopora.

The statistical partition of the phenotypic signatures by geographic origin or by coral species, has been tested for both genera by PERMANOVA (Table 2). For Pocillopora, the corals from the eastern and the western islands displayed phenotypes statistically different from the other corals (Fig. 3A and Table S5). The Pocillopora species 4 and 5 grouped different phenotypes from the other species (Fig 3B and Table S6), which was correlated with the spatial distribution of these species. The Porites phenotypes were less structured by geographical regions, but some islands were punctually different from others (Fig. 3C and Table S7), and only the species 3 had statistically different phenotypes from the two other species (Fig. 3D and Table S8). The corals from central Pacific islands presented more similar phenotype signatures if compared with other regions (Fig. 3A, C and Table S4, S7).

To test the influence of the island or species origins but also the associated microorganism diversity (testing separately the Symbiodiniaceae and the microbiome diversities), we performed a variation partition analysis. To avoid any bias, we considered only coral colonies from islands containing more than one coral species per genus. The analysis confirmed a main effect of the geographical origin on the variance of the diverse phenotypic signature for Pocillopora (Fig. 4A) and Porites (Fig. 4B). For Porites, the coral species seemed to be an additional explanatory factor. A complementary Mantel's test within each species did not reveal any correlation between the genetic distance and the coral phenotype (Fig. S6). On the other hand, microorganism diversity composition was a marginal driver of the coral phenotypes.

Differing coral sensitivities to environmental conditions?

Because the phenotypes of both genera were demonstrated to be influenced mainly by the geographical origin of the corals, we explored the correlations between biomarkers and environmental variables to identify putative drivers. Using sPLS, we identified clusters based on similarity of response for biomarkers and environmental variables and observed that the two coral genera did not have the same perception of their environment.

For Pocillopora, the 20% of environmental variables most correlated with the studied biomarkers (20 variables) were included in all environmental categories (for details see Material and Methods section) and structured in two clusters (Fig. 5A, Table 3). Among the first cluster, we identified three biological variables (C_Bio_086, C_Bio_092, C_Bio_094; corresponding respectively to high content on chlorophyll, nanoplankton and total Eukaryotes analysed in the seawater); five physico-chemistry variables measured the sampling days (C_Phy_081, C_Phy_090, C_Phy_099, C_Phy_100 and C_Phy_101 (corresponding respectively to high oxygen, turbidity, pH, silica content and sun exposure duration, Table 3); three climate variables (the sea surface temperature of the sampling day (C_Cli_084) but also to recent cold temperature anomaly (R_Cli_045) and past cold sea surface temperature anomalies (H_Cli_009). Among the second cluster of variables, we identified one dynamism variable (the sea surface height (C_Dyn_077), three contemporary physico-chemistry variables (C_Phy_083, C_Phy_096, C_Phy_098, corresponding respectively to high carbon dioxide content, total alkalinity, phosphate concentration) and three historical climate variables (H_Cli_013, H_Cli_015, H_Cli_029, H_Cli_071; corresponding to high intensity of sea surface temperature deviations, recent heatwaves episodes and short recovery time after recent cold waves). In Pocillopora, all those variables displayed strong correlation (between -0.66 to 0.57) with the biomarker data, with the exception of protein ubiquitination whose correlations never reached the 0.3 fixed threshold. For all correlated environmental variables, two main biomarker clusters are also observed showing anti-correlation between TOSC and carbonyl biomarkers versus animal and symbiont biomass biomarkers.

On the other hand for Porites, the 20% most correlated environmental variables with the biomarkers (34 variables), belonged mainly on historical climatological variables and were more weakly correlated (around -0.55 and 0.5, Fig. 5B) than what we observed in Pocillopora. In Porites, the most correlated variables were clustered in three groups (Fig. 5B and Table 3). A first cluster grouped the sea surface height (C_Dyn_077) and historical seawater temperature anomalies linked to minimal recorded seawater temperature (H_Cli_001), cold waves (in frequency and duration, respectively H_Cli_060, H_Cli_065,) but also to the recovery time after heat wave (H_Cli_043, H_Cli_044). In the second cluster, we identified biomarkers correlation with three physico-chemistry variables (corresponding to high oxygen, turbidity and sun exposure duration; C_Phy_081, C_Phy_090, and C_Phy_101) and 11 historical climate variables depicting recurrent past and recent seawater cold temperature anomalies (H_Cli_047, H_Cli_048, R_Cli_049, H_Cli_052, H_Cli_073) and strong past fluctuation of seawater temperatures (H_Cli_004, H_Cli_012, H_Cli_013, H_Cli_014, H_Cli_015, H_Cli_019). Finally a third cluster grouped only climate variables linked with past and recent heat waves events (H_Cli_020, H_Cli_021, H_Cli_025, H_Cli_026, H_Cli_027, H_Cli_028, R_Cli_029, H_Cli_030, H_Cli_031, H_Cli_032, H_Cli_033, H_Cli_035, H_Cli_037, H_Cli_039). In Porites, we also observed anticorrelation between TOSC and carbonyl biomarkers versus animal biomass. However, contrasting with Pocillopora results, animal and symbiont biomasses did not correlate in the same way with the variables. In addition, even when the protein ubiquitination of Porites spp. passed the sPLS filters and showed correlations with the environment variables, the correlation values were far weaker.

Although the strength of the correlations between biomarkers and environmental variables and the type of environmental variables mostly depended on the genus, 7 environmental variables were common to Pocillopora and Porites (Fig. 6A) and concerned the sun exposition duration (C_Phy_101) and O2 concentration (C_Phy_081), frequence of recent (R_Cli_029) and historical sea temperature anomalies (C_Cli_013, C_Cli_015), the sea surface height (C_Dyn_077), and the turbidity (C_Phy_090).

Comparing the correlation pattern of each biomarker (Fig. 6B to 6E and Table S9), the animal biomass appeared to be the biomarker that responded most similarly in Pocillopora and Porites.

DISCUSSION

The aim of the present study was to understand the environmental response of corals co-occuring in the Pacific Ocean and their ability to respond to specific local environments. Central to our approach was the use of physiological biomarkers to establish the coral phenotypic signatures and an holistic integration of those signatures with explanatory variables collected during the TARA PACIFIC expedition. This integrative approach allows the determination of diverse phenotypes in both species complexes, reflecting discrete physiological states. In addition, we found that corals sharing the same habitat and experiencing the same environmental perturbations do not have the same strategy of environmental response. Pocillopora ssp harboured a greater phenotypic plasticity responding to a large variety of environmental parameters while Porites ssp exhibited more stable phenotypes mainly influenced by past climate events.

Biomarker approach allows the identification of specific physiological states in natural population of corals

The use of the five different biomarkers, never used together at such large species and geographic scales, allows to determine the phenotypic profiling of coral colonies. The analysis of the diverse phenotypes corroborated in both genera a significant and strong anticorrelation between the animal biomass, and to a lesser extent the symbiotic biomass, with the redox state. A coral with thick tissue and high symbiont density hence presents a low redox state with little oxidative damage and little activation of antioxidant defences.

Previous studies have observed that variations of coral tissue thickness could be both species-specific and related to seasonality, geography or environmental perturbations 52-55 . In addition, variations in coral tissue thickness are considered to reflect the trophic state of the colony or, in other word, the "nutritional value" of an environment 52 . This could be obtained by modulation in carbon intake by heterotrophy (from living prey) or autotrophy (from carbon symbiont translocation) 56,57 . In addition, Thornhill et al. 58 observed that corals with high tissue thickness have higher survival rates after bleaching.

In parallel, symbiont density can also vary in respect to (i) Symbiodiniaceae lineages, or (ii) coral host lineages, but also (iii) in response to the environmental conditions in order to maintain the optimal autotrophic balance 29,59 . Leaving aside the bleached state, which reflects a well-defined unhealthy condition and has not been the focus of this study (as only visually coloured colonies have been deliberately sampled), variations in symbiotic content may reflect successful accommodation of the mutualistic relationship in response to the environment. In addition, optimal symbiont densities are also known to vary with coral tissue thickness as, in a certain limit, an indicator of a good nutritional condition 60 . Taking into account those considerations, our results suggest that coral colonies with high animal and symbiont biomasses present a resistant phenotype, less susceptible to stressors.

The redox baseline of corals can reflect specific host or symbiont specificities 61,62 and/or, as in other biological systems, environmental perturbations that are responsible for ROS overproduction in coral tissues, which in turn activates antioxidant systems preventing cellular damages. However, under severe stress, antioxidant defences might not be able to scavenge all ROS leading to oxidative damage and metabolic dysfunction, see for review on coral 63 . The extended ability of coral to activate antioxidant capacities and/or to eliminate oxidised cellular compounds (as carbonylated proteins) can then be considered as a crucial point that allows corals to respond to the environment 64 . Associated with high biomasses, a low redox state could then reflect a healthy physiological status not challenged by any exogenous stressors.

The contribution of the protein ubiquitination biomarker is less resolutive at the scale of the entire transect. However, it reveals some specific colony/island phenotypic signatures as the ubiquitinated protein accumulation in Pocillopora colonies sampled in Gambier and in Porites colonies sampled in Ducie, but without any strong correlations with other biomarkers or environmental factors. In corals, protein ubiquitination has been linked to thermal stress in the field 30,31 or in laboratory-controlled conditions 35,65,66 and associated to tissue thickness decrease, bleaching process and high redox state. The incongruency here observed is however not surprising since the ubiquitination profile could also be linked not only to damaged proteins degradation in stress conditions but also to many other cellular processes in normal physiological conditions (including intracellular trafficking, inflammatory signalling, regulation of protein-protein interactions, high protein turnover during increased metabolism…), leading to a less decipherable profile. For example, in coral inoculated with pathogenic bacteria, Wright et al. 67 observed a protein ubiquitination upregulation in the more susceptible corals suggesting a crucial role of ubiquitin pathway in the immune response. It is then interesting to note that in Gambier and Ducie, the coral colonies presented some of the lowest bacterial diversity 68 , suggesting an additional indicator of weakness of these reefs by a general bacterial dysbiosis as demonstrated in the experimental work of Santoro et al. 69 . Assuredly, our work points out that further efforts should be made to identify the drivers that lead to the diverse ubiquitination signature in order to gain a better insight into the biochemical coral response.

Both coral genera exhibit differentiation in phenotypes along the transect

In our study, we observed a graduation of phenotypes significantly linked to the island origin for Pocillopora spp. and for the island origin and the species belongings for Porites spp..

The analysis of Pocillopora samples showed that the Eastern Pacific Ocean colonies (from Las Perlas and Coiba) had a strong phenotypic differentiation with high biomasses and low redox status, in contrast with Central Pacific (especially Niue and Samoa), where colonies harboured low biomasses and high redox state (Fig. 1 and Fig. 3A). In the other islands, the corals harboured intermediate phenotypes defined by diverse biomarker signatures. In addition, species-specific signatures have been observed within Pocillopora species complex with species 4 (identified as P. grandis synonym of P. eydouxi 51 ) highly differentiated from all other species. On the other hand, P. meandrina and P. verrucosa (species 2 and 3 respectively) displayed undifferentiated phenotypes wherever they have been sampled. As all Las Perlas and Coiba analysed colonies belonged to P. grandis, it is tempting to attribute a speciesspecific phenotype to P. grandis as a resultant of environmental selection pressure experienced in this area accompanied by low dispersion and strongly genetic isolation as demonstrated for other Pocillopora species 70 . However, the few P. grandis colonies analysed outside the Eastern Pacific (species 4 in Gambier and Moorea islands) show a phenotype closer to the other species present on the same island than to the colonies of P. grandis from Eastern Pacific (Fig. 2A). The absence of a genetic link in Pocillopora spp. is also confirmed by the insignificant explanation of variance by species assignment (Fig. 3A) and the lack of phenotype-genetic correlation with the observed phenotypes (Fig. S6). In conclusion, the geography and then the environmental characteristics are the main factors structuring the Pocillopora physiological status with a large phenotypic plasticity reflecting the diversity of the colonised habitats.

Porites spp. phenotypes were assuredly less structured with less diverse phenotypes, but some phenotypic peculiarities have been found along the transect. Among them, as observed in Pocillopora, the Las Perlas Porites colonies harboured a physiological status with high animal biomass and low redox state. Again, this specific phenotype is not linked to the unique genetic lineage sampled in Las Perlas (species 1 attributed to species K1 51 , Table 1) as in Malpelo, the same lineage displayed different phenotypic signatures. Finally, a strong phenotypic species specificity has been found in species 3 (attributed to species K3 51 , Table 1) largely spread from Easter Island to Guam, which demonstrated for this species a strong capacity of phenotypic homeostasis independently to the habitat diversity. Therefore, our work depicts a complex structuring of the physiological status in Porites, shaped not only by the environment but also by a genetic component.

Corals from East and Central Pacific islands possessed distinct common phenotypes

While Pocillopora and Porites species show different strategies of environmental response, we observed some convergence in phenotypes specifically in Las Perlas and Coiba samplings. These samplings were performed in the two largest marine protected areas of Panama (the Coiba National Park and the Archipiélago de Las Perla), both inscribed from 2004 in the UNESCO World Heritage List of Natural Sites. The reasons of this protection are due to the presence of biodiversity hotspots, including the presence of endemic, rare, and endangered species, but also to the presence of extreme environmental disturbances, from short-term variability in sea temperature and seasonal upwelling to long-term temperature excursions accompanying El Niño/La Niña episodes 71 . The convergent phenotypes here observed in the two genera, could then be attributed to the success of the ecosystem protection and/or to the result of the coral survival due to repetitive perturbation episodes, suggesting that this specific physiological status (high biomasses and low redox state) are signal of low susceptibility (or high capacity for survival) to local perturbations.

The Niué and Upolu islands are two Central Pacific islands analysed during the transect in which both coral genera showed some phenotypic specificities. Few data are available concerning the health status of the Niue coral reefs, but a recent report underlined a low coral coverage (from 3 to almost 38 %) with coral communities that remain under stress from recurrent storms and coral bleaching 72 . In Upolu (an island belonging to the Independent State of Samoa), a survey carried out during the TARA Pacific expedition 73 , also highlighted an extreme fragility of its reef, harbouring in some sites an extremely low coral coverage (<1%). In those environmental contexts, the Pocillopora phenotype (cumulating low biomasses and high redox state) observed in Niue and Upolu confirms the presence of coral colonies with a fragile physiological state. In the light of climate predictions for the coming years, our observations could then constitute a strong argument to reinforce coral conservation in suffering reefs. Indeed, stronger marine protected area policy, as set up in Las Perlas and Coiba, can reduce the direct anthropogenic pressure, mitigating the impact of the more difficult to control climate change.

Symbiodiniaceae and bacterial compositions do not distinguish coral phenotypes In both species complexes, no influence of the Symbiodiniaceae and bacterial compositions was detected as explanatory factors of the diverse phenotypes (excepted for few highly ubiquitinated colonies as discussed previously). However, previous studies working with some focal coral populations and reefs have highlighted that low bacterial diversity may function as indicators of a less resilient status of the reef 69 . It is plausible that the differences in our findings stem from our field approach, as the analysis of colonies under natural and non-extreme conditions reveals various stable physiological states well adapted to their environment and therefore without any signs of dysbiosis.

Furthermore, it has been shown that different Symbiodiniaceae taxa harbour diverse antioxidants which may provide different thermo-and oxidative tolerance to the holobiont 74,62 . Among them, the symbionts belonging to Durisdinium spp. possess greater thermal tolerance and it is often identified in warm water or in post-bleached colonies 75 . Indeed, Pocillopora colonies harbouring Durisdinium were found in the most equatorial warm water (as Panama Islands and Guam) but did not share a unique phenotype, which implies two hypotheses: (i) Pocillopora-Durusdinium couple can harbour diverse warm adapted/acclimatised phenotypes; (ii) this couple in warm water cannot be systematically an acclimatisation sign of the holobiont but reflect the opportunistic capacity of Durusdinium to prolifer in warm water. The latter hypothesis is supported by experiments on symbiotic model cnidarians which have shown that hosts harbouring Durusdinium can be unproductive and highly stressed 76 .

Phenotype signatures of the two coral genera were differently linked to the environment.

Our results show that the characteristics of the environment experienced by the colonies at the time of sampling, but also the past climatic events, shape the coral phenotypes of both genera. Nevertheless, Pocillopora phenotypes were linked with a large diversity of contemporary environmental factors including biological, physico-chemical, dynamism and climate variables, while Porites was mainly only linked to the past climate. The phenotypic responses show few convergences but also many peculiarities between the two genera that have been summed up in table 3.

Extreme past and recent cold anomalies (in intensity, duration and frequency) seem to fragilize the Pocillopora and Porites phenotypes that systematically presented low biomass and high redox state (Table 3). Even if, in the context of global ocean warming, the impact of heat waves on coral reefs was strongly documented, several studies highlighted the impact of severe cold waves on corals, demonstrating even a stronger effect as well as on modulation of gene expressions 77 , than on bleaching or mortality susceptibility 78 . The strong common correlation with sea surface height can also be linked to strong cold upwelled waves reaching the reefs that can increase coral susceptibility 79 .

In contrast, the frequency of recent or past SST anomalies (including heat and cold waves) was among the strongest explanatory factors that correlated equally in both species complexes with almost all biomarkers and leading to colonies with low redox state and high biomasses. This link reinforces the statement that recurrent exposures to SST anomalies play an important role in coral acclimatisation 80 , reducing the cost of stress response (i.e. low redox state) and enhancing coral tissue reserves (i.e. high animal biomass). Our results were also in accordance with Hackerott et al. 81 conclusions that stressed the importance of the past climate and especially repeated marine heat and cold waves in the coral sensitivity of massive corals, like Poritidae. This hormesis phenomenon can also explain the overall more stable phenotypes observed in Porites ssp.. All together, those data mitigated the prediction of coral reef sensitivity to climate change at least for the two studied species complexes.

In addition, Porites spp. and Pocillopora spp. shared similar responses to turbidity, light exposure duration and oxygen (Fig. 6). The positive correlation between those factors and the animal biomass low redox state revealed an important weight of the nutrient-enriched water in the trophic state of the corals. Several studies have demonstrated that naturally turbid coral reefs exhibit high coral cover with fast-growing coral species 82-84 . Indeed, an increase of suspended particulate matter and light exposure can very likely favour the nutrition state of the corals, thus enhancing their mixotrophic nutrition. This is even more notable in Pocillopora phenotypes that are strongly and positively linked with the seawater richness in zoo-and phytoplankton, suggesting that Pocillopora spp. are able to adjust the autotrophic/heterotrophic balance in response to the environment variability with the capacity to maintain or even increase their energy reserves. In addition, some studies have already linked large polyps phenotypes with increased dependence on heterotrophy and stress resistance 85,56,57,86 . We can therefore suggest that this capacity of trophic modulation could explain the extended distribution of Pocillopora genus in the Pacific Ocean and its stress resistance.

Finally, our work highlighted a sensitivity of Pocillopora colonies to phosphate pollution and acidification. Indeed, phosphate accumulation in the environment was associated with high redox state and small polyps with low symbiont density confirming the sensitivity of Pocillopora physiology to this pollutant. Phosphate contamination (mainly due to eutrophication through addition of fertilisers) negatively affects coral traits as skeleton production, reproduction and symbiont photosynthesis 87 but can also provoke increased DNA damages and lipid peroxidation 88 . Finally, carbonate chemistry also exhibited a link with the Pocillopora phenotypes harbouring high redox state and low biomass. Branched corals, as the Pocilloporidae, are very sensitive to acidification that provokes a decrease in growth and/or increase in skeletal porosity, see for review 89 but also oxidative stress response 90,91 . The peculiar sensitivity of Pocillopora spp. to those environmental factors demonstrates that evaluating coral phenotype across multiple genus/species is vital for projecting biodiversity responses to climate change.

Conclusion

In this work, by comparing the phenotypic signatures of species complexes from the widespread Pocillopora and Porites genera, we highlighted two different strategies of environmental response that could be synthesised as "the Oak and the Reed" strategies. Indeed, those two species complexes respond to the environment by a contrasting gradient of phenotypic plasticity. Porites spp. exhibited more robust phenotypes partially correlated to their genetics and their geographic distribution and strongly shaped by past climatic events. This reduced plasticity is consistent with Porites lineages being 'generalists' to a wide range of habitats but potentially limiting, like in an oak, their rapid response to drastic rapid environmental changes. In contrast, Pocillopora spp. exhibit a larger phenotypic plasticity strongly influenced by the climate but also by the nutrient richness, the pollution and the carbonate chemistry of the reefs, demonstrating a larger capacity for physiological modulations to cope with global changes. This evidence suggests that, under severe environmental changes, Pocillopora spp. would have, like a reed, an extended ability to rapidly modify its physiology (i.e. activating antioxidant capacities) allowing it to be resilient to stress while the massive Porites spp. studied here, is largely resistant to disturbances by an investment in homeostasis regulation. This interpretation is in line with the finding of Pocillopora species showing stronger genetic linkage to the environment than the generalist Porites species, which exhibit a broad physiological tolerance that is not very spatially adapted 51 . This unique study describing for the first time the extent of coral phenotypic plasticity at an ecological scale never studied before, has important implications in the context of monitoring and management of coral reefs. Indeed, it shows unequivocally that natural populations of corals sharing the same habitat can have diverse responses that are influenced by different environmental parameters. In addition, it helps to highlight the importance of protection efforts in marine protected areas to several coral reef species. Those data would constitute critical elements to be taken into account in predictive ecosystem models especially in the context of climate change. Consequently, it is apparent that the differential coral responses require a global integrative approach to assess past and present contexts of coral reefs development, and hence increase our understanding and our perspectives for coral management and conservation projects.

MATERIAL & METHODS

Unless otherwise specified, all chemicals were obtained from Merck (France).

Animal sampling

Coral colonies of Pocillopora spp. and Porites spp. 51 were sampled between July 2016 and February 2017 across the Pacific Ocean during the TARA Pacific expedition according to UNCLOS and CITES permits (see supplementary TextS1) and to the sampling protocol described in Lombard et al. 49 . Briefly, 40 g of coral fragments from 155 Pocillopora spp. colonies and 166 Porites spp. colonies were sampled from 11 islands (but unfortunately Pocillopora samples from Malpelo island have been lost during the shipping), in at least three different sites at around 5 metres depth, and frozen on board in liquid nitrogen. The fragments remained then stored at -20 °C until analysed. The time before freezing varied in respect to the distance between the Tara Goelette and the sampling site, we performed a preliminary and complementary experiment to assess any artifactual results due to the freezing time lag (Supplementary Material and Methods and Fig. S1).

Phenotypic biomarkers assays

Proteins extraction: For each coral sample, a fragment of about 10 g was mechanically grinded to powder with a Qiagen Tissue LyserII at 25HZ for 10 sec. Soluble cytoplasmic protein were extracted by resuspending the obtained powder in a hypo-osmotic lysis buffer consisting of 25 mM 2- [4-(2hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES), 5 mM MgCl2, 5 mM 4-dithiothreitol (DTT), 5 mM ethylenediaminetetraaceticacid (EDTA), 2 mM phenylmethylsulfonylfluoride (PMSF), protease inhibitor cocktail (1 µl/ml) and anti-phosphatase (10 µl/ml) at pH 7.5 (ThermoScientific). Lysates were centrifuged at 12000×g for 5min, and only the supernatant was recovered containing the animal cytosoluble protein extracts. All extraction steps were performed under constant cooling. The Bradford protocol was followed to determine supernatant protein concentration using bovine serum albumin (BSA) solution (2mg/ml) as standard 92 .

Animal and Symbiont biomasses: To assess animal and symbiont biomasses, subsamples (~1 cm 2 ) of the individual coral fragments were incubated in 4 M sodium hydroxide solution for 1h to 3h 93 . Following the NaOH incubation, the supernatants were used for Symbiobiodiniaceae cell counting using the improved Neubauer hemocytometer and for animal protein concentration by Bradford protein assay. The surface area of the remaining coral fragments was then measured using aluminium foil technique 94 . Animal biomass was expressed in mg of protein per cm 2 , and symbiont biomass was expressed in number of cells per mg of protein and per cm 2 .

Protein ubiquitination: Ubiquitinated proteins were assayed by dot-blotting 3 μg of Pocillopora protein samples and 0.5 µg of Porites protein samples on nitrocellulose membranes following Haas & Bright 95 . The membranes were blocked in 5% Milk in PBS-Tween (0.05%) overnight and then incubated with primary antibody (1:1000; mouse mono-and polyubiquitinylated conjugate recombinant, Enzo Life science) and (HRP)-conjugated anti-mouse antibody (1:5000; Bio-Rad) as secondary antibodies. HRP signals were visualised using chemiluminescent substrates (Immobilon classico, Merck) and acquired using a FusionSolo imaging system (Vilber). Levels of spot density were measured using image analysis system G:Box (SynGene). To monitor and quantify the amount of protein actually blotted, the membranes were stained with an amidoblack solution. Amounts of ubiquitinated protein were finally expressed as arbitrary units (AU) per milligrams of protein after complementary normalisation with 1 µg of a unique Anemonia viridis standard protein extract blotted in each membrane.

Protein Carbonylation: Carbonylated protein contents were measured using ELISA assay followed by spectrophotometric quantification according to Buss et al. 96 . A total of 0.5 mg/ml of protein were derivatized using dinitrophenylhydrazine (DNP) solution (10 mM in 6 M guanidine hydrochloride and 0.5 M potassium phosphate, pH 2.5). Antibody against DNP component (1:2000) was used as primary antibody and an anti-rabbit IgG peroxidase conjugate (1:3000) was used for detection as secondary antibody. A standard curve of reduced and oxidised BSA was included in each microplate. Derivatized proteins were finally revealed by incubation of the microplate with a solution containing ophenylenediamine (0.6 mg/ml) and hydrogen peroxide (1:2500) in 50 mM Na2HPO4 plus 24 mM citric acid. Absorbances were read at 490 nm by spectrophotometer (Safas, Monaco). Carbonyl contents were expressed as nanomoles per mg of protein.

Antioxidant Capacity: The total antioxidant capacities of protein samples were tested with the total oxidant scavenging capacity (TOSC) assay according to Naguib 97 , with modifications allowing measurement in black 96-well microplates . Protein extracts were diluted in a 75 mM phosphate buffer (pH 7.0) to obtain protein concentrations in the reactive medium between 0.01 and 0.045 mg/mL. The fluorescence signal was obtained by the oxidation of the fluorescent probe (180 nM; 6-carboxylfluorescein) by the peroxyl radical generator (36 mM AAPH (2,2′-azobis (2amidinopropane) dihydrochloride), and Trolox (6-hydroxy-2,5,7,8-tetramethyl-1-chroman-2-carboxylic acid; 20 μM) was used as antioxidant calibrator for the assay. The fluorescence decay was measured by spectrofluorometer (Safas, Monaco) at an excitation/emission wavelength of 520/495 nm every two minutes for a total duration of 1h. Relative antioxidant activities of protein samples were measured by comparison with Trolox standard and results are reported as µmol Trolox equivalents/mg.

TARA Pacific metadata

To explore the relationships between the measured phenotype data and the genetics and the associated microorganism diversity from the samples and the environment variables from the sampled sites, we used metadata from the TARA Pacific consortium (Table1). The coral species identification was performed on genome wide markers by Hume et al. 51 and sequencing of divergent genomic fragments 98 and resulted in 5 different identified species within the Pocillopora genus and 3 species within the Porites genus. For the coral associated microorganisms, on the one hand, we used the Symbiodiniaceae symbiont composition identified by the analysis of ribosomal nuclear ITS2 99 . Concerning the microbiome, we used the bacterial diversity obtained thanks to ribosomal 16S for bacterial microbiome 68 . Finally, we also considered 101 contemporary (abbreviated to C), recent (R) and historical (H) environmental variables collected during the TARA Pacific expedition 49 . All the environmental variables were classified in four variables categories: Biological, Climate, Dynamism, or Physico-chemical (abbreviated to Bio, Cli, Dyn and Phy respectively). The complete code-names of the environmental variables used in the present study are available in the table S2.

Phenotypic analysis

The phenotypic signature from Pocillopora and Porites' colonies were analysed through the pipeline summarised in the figure S2.

Data visualisation and exploration

The specific distribution of variance by biomarker was displayed as boxplots by islands or coral species which were generated with the ggplot2 v3.3.5 R package 100 . The integrative phenotypic signal, combining the different biomarkers, was visualised by PCA with a comparison either between the two genera or within a given genus and displaying island or species belonging, with FactoMineR v2.4 package 101 and factoextra v1.0.7 102 .

Statistical analysis

Statistical pipelines and figures were made with R v4.1.1 103 .

Global variation of biomarkers through the Pacific Ocean: Biomarker by biomarker, distributions were compared by island or by species with Kruskall-Wallis' test and a Dunn's test as post-hoc when necessary with the dunn.test v1.3.5 package 104 , after filtering individuals with missing data. Because of the complementary and the eventual redundancy of some of the biomarkers used, we tested their correlation with the Kendall's tau before using all the biomarkers into the integrative phenotypic signal (Fig. S3). We hence conserved all of them except the symbiont biomass reported by the surface of tissue.

Identification of putative drivers of coral phenotypic responses:

The comparison between the coral genera, or among the islands and the coral species of a whole phenotypic signature was tested with a PERMANOVA (vegan 2.5-7 105 and pairwiseAdonis v0.4 106 packages using Bray-Curtis distance). This last analysis was run 3 times to ensure the repeatability of the outputs. To limit the number of false positive comparisons in the pairwise analyses, we applied a false discovery rate correction using the method described by Benjamini & Hochberg 107 , implemented in the function. The comparison at the coral genus scale was completed with a test of homogeneity of dispersion with betadisper function in vegan v2.5-7 105 . To estimate the influence of the origin island, coral species belonging or the symbiotic diversity of coral, the percentage of explained variance by each was measured with variancePartition v1.23.4 package 108 . We considered only coral colonies from islands containing more than one coral species per genus to limit bias (i.e. 87 Pocillopora colonies and 96 Porites colonies). An additional analysis was performed within coral species to determine a possible correlation between phenotypic and genetic distances (Mantel's tests computed with the package vegan v2.5-7 105 ).

Biomarkers and environment variables correlation:

The influence of the environment on the phenotypic signal was assessed using 101 environmental variables. To identify correlations among the biomarkers and environmental variables, an sPLS (sparse Partial Least Squares) analysis was performed (mixOmics v6.17.29 package 109 ). The sPLS analysis allowed us to model multiple correlated response variables, considering the biomarkers as multiple responses and the environmental variables as multiple predictors of the coral phenotypes. Briefly, the values (from biomarkers and environmental data) were first turned into absolute values and then transformed with BoxCox transformation (caret v6.0-90 110 ) tending toward normal distribution. The correlation among the predictor variables (here the environmental data) and the response variables (here the biomarkers) was measured in regression mode. Only 20% of the most correlated variables for the two components of the analysis were retained, i.e. a maximum of 20 for each component. We also added a correlation coefficient cut-off of 0.3 to highlight the strongest correlations. Then the common environmental variables between Pocillopora spp. and Porites spp. were identified with ggvenn v0.1.9 111 and compared for each biomarker. 
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 1 Figure 1 The phases of responses to stress (©adapted from Kültz 2020 generated in BioRender®) ___________________________________________________________________ Box1: Manuscript-related definitions of the lexical field surrounding "stress" Stressors: the sum of external and internal stimuli acting on a biological system.
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 2 Figure 2. Impact of environmental stressors on biomolecules. Indirect impact on biomolecules can cause dysregulation of transcription, metabolism, protein functioning and induce a feed-forward loop. ©Personal illustration generated in BioRender®
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 3 Figure 3. Pro-survival and pro-death stress response mechanisms. A non-exhaustive overview of the cellular stress response mechanisms in animal cells. Numbers correspond to each module that can be involved in the stress response. (1) Antioxidant defenses, (2) Heat shock proteins response, (3) The ubuquitin-proteasome system, (4) Unfolded protein response, (5) DNA damage response, (6) Autophagy, (7) Apoptosis. ©Personal illustration generated in BioRender®
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 4 Figure 4: The ubiquitin-proteasome system. White box represents the poly-ubiquitin that can serve as a molecular marker of damaged protein. ©Modified from Pohl & Dikic (2019) generated in BioRender®
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 5 Figure 5: DNA repair mechanisms. In red boxes are represented the main outcomes of DNA damages. In blue boxes are mentioned the associated repair mechanisms. White boxes represent the 8-oxoguanidine that can serve as a molecular marker of DNA oxidation and γ-H2AX as a marker of DNA repair activation. ©Personal illustration generated from BioRender® templates.
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 6 Figure 6. The process of macroautophagy and microautophagy. LIR: LC3interaction receptors, UBD: ubiquitin-binding domain. White boxe represent the LC3-I/LC3-II ratio that can be used as a marker of the autophagic activity. ©Modified from Pohl & Dikic (2019) generated in BioRender®
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 7 Figure 7: The caspase-dependent apoptotic pathway. Extrinsic pathway (left) and intrinsic pathway are presented with major regulators.
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 8 Figure 8: Correlation between body mass and maximum lifespan. The figure is a simplified representation of the data from Healy et al., 2014).
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 9 Figure 9. The insulin/insuline-like growth factor signaling pathway (IIS). The figure is a simplified representation of the IIS. When activated (left), the IIS inhibits FoxO nuclearisation by promoting the binding of 14:3:3 through tri-phosphorylation, masking the nuclear localization sequence (NLS). When downregulated or dysfunctional (in the case of loss of function mutations; highlighted in red), the inhibition is removed and FoxO can be redirected to the nucleus and play its role as a transcription factor. Orthologues of the main regulators are represented in different colors (yellow: C. elegans; Green: D. melanogaster; Blue: M.musculus, Violet: H. vulgaris).
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 3 600 species of hydroids, siphonophores and hydromedusae), Scyphozoa (200 conspicuous species of true jellyfishes), and Staurozoa (50 species of benthic stalked jellyfishes).
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 10 Figure 10. A/ Simplified cnidarian phylogeny and B/ associated representative species. By order of number: 1. Heliofungia actiniformis, ©Josuevg, 2. Pteroeides griseum ©Samuel Jeglot, 3. Haliclystus californiensis ©Collins, Allen, 4. Box jellyfish ©iStockphoto, 5. Chrysaora quinquecirrha ©Dan Parsons, 6. Hydra ©istock. This figure is based on data from Zapata et al. (2015), and Kayal et al. (2018).
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 11 Figure 11. Morphological descriptions of body organization. A/ Cnidarian body plan on polyp (left) and medusa (right) phase. B/ Schematic representation of the ectoderm (green) and endoderm (red) tissue layer separated by a mesogloea (grey). C/ Schematic representation of a cnidocyte both invaginated (left) and fired (right).
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 12 Figure 12. Examples of extraordinary longevity in Cnidarians.
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 13 Figure 13. Regenerative capacity spectrum through phylogeny, ontogeny and aging, adapted from Yun, 2015. Species from top to bottom are: Homo sapiens, Cervus elpahus (deer), Danio rerio (zebrafish), Schmidtea mediterranea (planarian flatworm), and Nematostella vectensis (sea anemone, or anthozoan cnidarian).
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 14 Figure 14. Morphology and life-cycle of N.vectensis. A/ Adult Nematostella polyp. Mouth, tentacles, and mesenteries are represented with arrows. Pharynx, gastric cavity, and physa are represented with white hooks B/ Schematic representation of the various developmental trajectories and the phenotypic plasticity of N.vectensis: Embryonic development, polarity reversal, physal pinching, degrowth and regrowth, whole-body regeneration. (from Röttinger, 2021).

  photosymbiotic nature of this anemone enables to narrow the focus on the cnidarian genetic background without interferences with photosynthetic component, vii) the absence of a medusa phase characteristic of anthozoan members.
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 52 Aim 1 -Chapter 2: Dismantling the cellular stress response strategy of Nematostella vectensis to acute environmental changes The extreme tolerance of N. vectensis to a highly variable environment raises the question of the mechanisms underlying this acclimation potential. To investigate this question, I provide a multilevel analysis and description of the cellular stress response by following the functional activation of stress defenses (antioxidant, HSP, cell cycle control, autophagy, apoptosis) depending on the level of damages accumulated in response to acute stress, i.e, primarily thermal variations and starvation, but also oxidative stress, and physical bisection. This new series of information and biochemical tools is expected to create new opportunities to study stress response. 1.5.3 Aim 2-Chapter 3: Understanding the roles of FoxO and Vps36 in the stress-resistance mechanism in Nematostella.

Figure 15 .

 15 Figure 15. Several cnidarian model systems that can be used to study the ecological and evolutionary genomics of stress response. Updated from Reitzel, 2008.However, the cellular components associated with extreme resistance of cnidarians inhabiting highly variable environments could reinforce the existing knowledge of cellular stress response in Cnidaria as well as detect unique or unexpected ways of acclimatization.

Figure 16 .

 16 Figure 16. Graphical summary of the materials and methods employed in chapter 2. A/ Experimental procedure for thermal variations, B/ Experimental procedure for starvation, C/ Experimental procedure for pro-oxidant conditions, D/ Experimental procedure for physical amputation and following oral regeneration, E/ Sample collection at each indicated time point is composed of whole organism and proteins extract. Physiological output are depicted in F/G/H. F/ Morphodynamic parameters of survival contains decontraction, reflex-contraction, and predation success, G/ A serie of biomarkers of cellular stress (damages and defenses), H/ Morphological and cellular integrity were evaluated by microscopy imaging of muscular web.
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 2312232 Animal maintenance and care N. vectensis were cultured at the IRCAN ANTIAGE Marine Invertebrate Facility, in permanent darkness at 16°C in a culture Nematostella medium (NM) constituted by artificial sea water (PURE OCEAN®) at a salinity of 12 ‰ (12 g/l, 12 ppt, 200 mM), and a pH of 8.1-8.2. Adult and subadult individuals (never been stimulated for spawning) were kept in 1.1l tanks in a constant flow-circulating system with 3% of the NM renewed every day (Tecniplast ZeroLux®) and fed with artemia nauplii shrimp (Artemia salina) three times per week To obtain juveniles, spawning was carried out as described in[START_REF] Hand | The Culture, Sexual and Asexual Reproduction, and Growth of the Sea Anemone Nematostella vectensis[END_REF]. Juveniles, characterized by only four tentacles and two mesenteries (~2-4 weeks old) were kept in permanent darkness in glass bowls filled with 150ml NM at 22°C to favor their development. Juveniles were fed three times per week with algae-enriched rotifers (Brachionus plicatilis L-type Rotifers) then with freshly hatched artemia nauplii three times per week until they reached the (sub)adult stage. Acute thermal experiment:For thermal experiments, 720 one-week starved subadults were split into 36 experimental glass bowls (containing 20 individuals) and submitted to six different thermal regimes. As replicates, six glass bowls were incubated in each thermostatic chamber. The different thermal regimes tested were5, 10, 22 (control), 30, 35 and 40°C. In each chamber, the set temperature (± 0.5 °C) was reached in the glass bowls in 6 hours. After 24 hours and 7 days post treatment, ten individuals per condition and per replicate were placed in a 1.5 mL sterile plastic tube, washed three times in filtered NM, once the excess of water was removed, flash-frozen in liquid nitrogen for subsequent protein extraction. Six individuals per condition and per replicate were immediately used to assess the metabolic respiration rate and 30 individuals per replicate were used to evaluate morphodynamical response.
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 236 Apoptosis inhibition 120 one-week starved subadults were incubated following acute thermal experiment during 24 hours with either control NM or NM supplemented with 50 mM benzyloxycarbonyl-Val-Ala-Asp(O-methyl)fluoromethyl ketone (Z-VAD-FMK;

( 1 :

 1 1000; Sigma-Aldrich #D9656) and anti-rabbit Ig secondary antibody (1:3000; Goat Anti-rabbit IgG (H + L)-HRP Conjugate, Bio-Rad #1706515). 0-100% reduced bovine serum albumin (BSA) were used as standard curve. Carbonyl content of protein samples was standardized by a control sample of Nematostella protein.

  (0.06µg/µL) added into a well of black microplates (96-well black maxisorp plate, Dutscher #055220) containing 75 mM of phosphate buffer (pH 7.0), 180 nM of 6carboxylfluorescein as a fluorescent probe (Interchim #C1360), and 36 mM of 2,2′azobis (2-amidinopropane) dihydrochloride (Sigma-Aldrich #44091-4). A standard control was added by replacing the protein extract by 40 µM of Trolox solution (6hydroxy-2,5,7,8-tetramethyl-1-chroman-2-carboxylic acid, Sigma-Aldrich #23,881-3).

Figure 1 .

 1 Figure 1. Impact of acute temperature variations in N. vectensis. A/ Survival rates at 24 hours and 7 days upon cold shock (5,10°C) and heat shock (30,35,40°C) (n=30 per condition). B/ Integrative morphodynamical Response upon coldshock and heatshock at 24 hours (n=30 per condition). C/ Global polyp morphology evaluated by muscles fiber staining (Phalloidin) and nuclei structures (DAPI) at each target temperature after 24 hours. Scale= 1 mm. Different letters indicate significant differences (Pearson's Chi-squared).

Figure 2 .

 2 Figure 2. Multi-marker analysis of the cellular stress response to acute thermal variations. At 24 hours and 7 days under cold shock and heat shock, the biomarkers analyzed were: A/ Protein carbonylation level . B/ Protein ubiquitination level C/ Total antioxidant scavenging capacity. D/ HSP70 level. E/ Caspase3-like activity. F/ PCNA level. Different letters indicate significant differences (pvalue<0.05; anova and kruskall-wallis test). NA: indicate that the protein concentration did not meet the requirement to sensitively perform the analysis.

Figure 3 .

 3 Figure 3. Multivariate analysis for individuals assayed for thermal variations at 24h. A/ Principal component analysis projecting individuals on a two dimensional space based on their marker levels. B/ The contribution of each biomarker to the respective dimension. C/ Hierarchical clustering based (Ward method) from an Euclidean distance matrix based on multi-marker analysis. Each data point represents one sample containing 10 individuals. Ellipses represent 95% confidence levels regarding each treatment group. Colors are associated with their target temperature with 22°C being the control condition.

Fig

  Fig.4C). The clustering isolates the samples exposed to 35°C from the rest of the dataset based on protein damage level (protein carbonylation and ubiquitination). The rest of the dataset is composed of an admixture of the cold shock, control, and 30°C samples that can no longer be subdivided into temperature-exclusive clusters suggesting a homogenization of the physiological response (Fig.4A/C).

Figure 4 .

 4 Figure 4. Multivariate analysis for individuals assayed for thermal variations at 7 days. A/ Principal component analysis projecting individuals on a two dimensional space based on their marker levels. B/ The contribution of each biomarker to the respective dimension. C/ Hierarchical clustering based (Ward method) from an Euclidean distance matrix based on multi-marker analysis. Each data point represents one sample containing 10 individuals. Ellipses represent 95% confidence levels regarding each treatment group. Colors are associated with their target temperature with 22°C being the control condition.

Figure 5 :

 5 Figure 5: Effect of caspases inhibition on integrative morphodynamical response upon thermal changes. Each point represents the integrative score obtained from contraction, decontraction and predation success. Colors represent the concentration of Zvad inhibitor (µM). Significant differences are tested within treatment and highlighted by stars.

Figure 6 :

 6 Figure 6: Evolution of the survival rate, morphology, maximum body length, and oxygen consumption rate upon prolonged starvation. A/ Survival rate upon 34 weeks of starvation (n=12) (non-significant under Pearson's Chi-squared test) B/ a representative panel of the morphological evolution of a single subadult individual from unstarved to 34 weeks of complete food deprivation. Scale= 1000 µm C/ Graphical representation of the maximum body length under prolonged starvation. Boxplot represent the median, quartile 1, quartile 3. Letters indicate significant differences (p value<0.05 Tukey HSD test). D/ Oxygen consumption rate upon the first 9 weeks of starvation. p value<0.05; kruskall-wallis test, nparcomp as post-hoc).

Figure 7 .

 7 Figure 7. Multi-marker analysis of the cellular stress response to prolonged starvation. A/ Protein carbonylation level upon starvation. B/ Protein ubiquitination level C/ Total antioxidant scavenging capacity. D/ HSP70 level. E/ Caspase3-like activity. F/ PCNA level. Different letters indicate significant differences (p-value<0.05); anova and kruskall-wallis test). On the x-axis is reported the week of starvation (from unstarved "W0" to 9 weeks of starvation "W9").

Figure 8 :

 8 Figure 8: Multivariate analysis for individuals exposed to prolonged starvation (9 weeks). A/ Principal component analysis projecting individuals on a two dimensional space based on their marker levels. B/ The contribution of each biomarker to the respective dimension. C/ Hierarchical clustering based (Ward method) from an Euclidean distance matrix based on multi-marker analysis. Each data point represents one sample containing 10 individuals. Ellipses represent 95% confidence levels regarding each treatment group. Colors are associated with weeks of starvation.

Figure 9 :

 9 Figure 9: Effect of starvation preconditioning on integrative morphodynamical response upon thermal changes. Each bar represents the IMR score obtained from contraction, decontraction and predation success.Colors represent the duration of starvation preconditioning (Unstarved="Unstarv; 4-weeks starved=W4; 8-weeks-starved=W8). Significant differences were teste within temperature treatment and are highlighted by letters.

  figures (supp. Fig.).

  reporter line (NvSoxB::mOrange(Richards & Rentzsch, 2014), Nvelav1::mOrange(Nakanishi & Martindale, 2012), FoxQ2d::mOrange(Busengdal & Rentzsch, 2017), NvLWamide-like::mCherry(Havrilak et al., 2021)are also very promising by the ability to follow and evaluate the structure of sensory-motors cells and neural activity under stress conditions when coupled with genetically encoded calcium sensors(Dupre & Yuste, 2017). Whereas most of the first studies employing this transgenic line have focused on development and cell-specific differentiation

Figure 10 :

 10 Figure 10: Summary of the physiological state associated with thermal variations after 24 hours of incubation. The four physiological states correspond to the four clusters identified by clustering methodologies,

N

  . vectensis demonstrates high tolerance to thermal and nutrient variation. The acclimation success of this estuarine organism to both stressors originates from the ability to deploy stress-specific cellular stress response, involving either the activation of defenses mechanisms (under thermal changes) or the lowering of metabolic demand (under starvation). The extreme resistance of N. vectensis to cold stress is associated with a strong induction of apoptosis, considered as an important and significant component of survival potential at the organism scale level, together with elevated antioxidant defenses. This raises key questions about the molecular mechanisms involved in the co-existence of pro-survival and pro-cell death mechanisms.

Figure 17 .

 17 Figure 17. Effect of H2O2 treatment on the morphology and survival of Nematostella vectenis. Panel A displays a representative imaging of the morphological impact of the gradient concentration of H2O2 (a,b,c,d,e,f) after 24 hours post exposition. Panel B represents the survival rate upon each treatment at 0h, 24h, 72h, and 124 hours of incubation.

Figure 18 .

 18 Figure 18. Effect of H2O2 treatment on the cellular response of Nematostella vectensis. A/ Carbonylation of protein at 24 hours (left panel) and 7 days (right panel). B/ Ubiquitination of protein. C/ Total antioxidant capacity (TOSC). D/ Caspase3-like activity. Significant differences are represented with hooks. Kruskall-wallis test and nparcom as posthoc were used.

;

  [START_REF] Amiel | Characterization of Morphological and Cellular Events Underlying Oral Regeneration in the Sea Anemone, Nematostella vectensis[END_REF]: Stage 0 is characterized by the closure of the lesion; Stage 1 is reached when the oral part of the mesenteries enter in contact with the amputation site; Stage 2 is associated to the formation of a gap between the epithelium of the amputation site and the fused mesenteries; Stage 3 is reached when the tentacle buds and the pharyngeal crest become visible ; Stage 4 indicated complete regeneration and is reached when the mouth is re-opening enabling the polyps to feed again and terminate the final elongation of the tentacles and organismal growth.

19 ;

 19 [START_REF] Amiel | Characterization of Morphological and Cellular Events Underlying Oral Regeneration in the Sea Anemone, Nematostella vectensis[END_REF][START_REF] Passamaneck | Cell proliferation is necessary for the regeneration of oral structures in the anthozoan cnidarian Nematostella vectensis[END_REF].

Figure 19 .

 19 Figure 19. Cellular events and stereotypical steps associated with the 6 days long oral regeneration process. After sub-pharyngeal bisection, missing oral part of the polyps regenerate within 6 days to reform a fully functional organism.From Amiel. et al 2016.

Figure 20 .

 20 Figure 20. Effect of oral amputation on the physiology of Nematostella vectensis during the regeneration process. A reference timeline that recapitulates the main proliferation and apoptosis waves is presented as an interpretation aid above the results

Figure 21 .

 21 Figure 21. Gene expression profile of caspase-3 (NvERTx.4.152711) during oral regeneration. Extracted from nvertx.ircan.org.

Figure 22 .

 22 Figure 22. Graphical summary of the resistance limits and associated cellular stress response.Among the two differential forms of stress resistance strategies in animals discussed in introduction (intrinsic vs. inducible), I hypothesize, based on available literature, that

Figure 23 .

 23 Figure 23. Overview of the CRISPR-Cas9 mechanism of action. CRISPR-Cas proteins, derived from the prokaryotic adaptive immune system, can target foreign DNA for cleavage.Cas9 creates breaks in an approximately 20-nt strand of DNA that is complementary to singleguide RNA (sgRNA). The sgRNA targets the Cas9 endonuclease to genomic sites complementary to its 5' end. Further, the target DNA sequence needs to be followed in sequence by a protospacer adjacent sequence (PAM), typically the NGG sequence. The five nucleotides that are upstream of the PAM sequence constitute the seed region for target recognition. The repair of double strand breaks is mediated by error-prone non-homologous end joining (NHEJ) or homology-directed repair (HR). Figure adapted from Hsu, 2014.

Figure 24 .

 24 Figure 24. The central place of FoxO proteins, as integrators of stress conditions and the regulation of transcriptional responses. Information combined from Zhang et al., 2011 But Akt is not the only upstream target that can interact with FoxO proteins. Recent studies have shown that c-Jun N-terminal kinases (JNK; Chaanine et al., 2012), and

  oligos (Top and bottom) are annealed, extended with DNA polymerase (PCRamplified), purified with a PCR purification kit (Qiagen) and the resulting product serves as a template for in vitro transcription. The in vitro transcription was performed

  sequences using (i) 103 and (ii) 190 amino acid positions (covering the forkhead box domain) and allowing gaps. Phylogenetic relationships were assessed using the Maximum Likelihood (ML) method as implemented in RAxML v8.0.0(Stamatakis, 2014). The ML trees were calculated applying a JTT + G substitution matrix(Jones et al. 1992). The robustness of each node of the resulting ML trees was assessed by rapid bootstrap analyses (with 1000 pseudoreplicates). Consensus trees were visualized, annotated and rooted using Figtree v1.4 with branch lengths indicating the number of substitutions per site.

1

 1 FoxO phylogenyWe performed a protein conservation analysis (Fig.X) and phylogenetic reconstruction (Fig X, X) for two purposes; i) characterize the FoxO family in N. vectensis and ii)

Figure 25 .

 25 Figure 25. NvFoxOlike1 protein structure and conserved portions of the six predicted N. vectensis FoxO proteins aligned with other FoxO protein sequences. TAD:

Figure 26 .

 26 Figure 26. Maximum parsimony phylogenic tree of selected FoxO proteins in basal metazoans (50 sequences of Cnidaria, Porifera) rooted using FoxP as an outgroup. Numbers at nodes are bootstrap support values calculated by 1000 replicates of Maximum Likelihood. Species name abbreviations: Aaur: Aurelia aurita; Aequ: Actinia equina; Afen: Amplexidiscus fenestrafer; Apal: Aiptasia pallida; Aque: Amphimedon queenslandica; Aten: Acropora tenuis; Chem: Clytia hemisphaerica; Dgig: Dendronephthya gigantea; Disc:Discosoma sp.; Emue: Ephydatia muelleri; Hech:Hydractinia echinata; Hvul: Hydra vulgaris; Msqu: Myxobolus squamalis; Mvir: Morbakka virulenta; Nvec: Nematostella vectensis; Ofav: Orbicella faveolata; Scal: Scolanthus callimorphus; Spis: Stylophora pistillata; Tadh: Trichoplax adhaerens. Nematostella vectensis are highlithed in colors, orange for the orthologue of interest and violet for others paralogues.

Figure 27 .Figure 28 .

 2728 Figure 27. Maximum parsimony phylogenetic tree of selected FoxO proteins in basal metazoans and bilaterian (57 sequences were used) rooted using FoxP as an outgroup. Numbers at nodes are bootstrap support values calculated by 1000 replicates of Maximum Parsimony/Maximum Likelihood/Neighbor Joining. Species name abbreviations: Acar: Anolis carolinensis; Aque: Amphimedon queenslandica; Blan: Branchiostoma lanceolatum; Cabi: Chelonoidis abingdonii; Cgig: Crassostrea gigas; Emue: Ephydatia muelleri ;Hgla: Heterocephalus glaber; Hsap: Homo sapiens; Hvul: Hydra vulgaris; Lafr: Loxodonta africana; Lana: Lingula anatina; Locu: Lepisosteus oculatus; Mluc: Myotis lucifugus; Mvir: Morbakka virulenta; Nvec: Nematostella vectensis; Rvar: Ramazzottius varieornatus; Skow: Saccoglossus kowalevskii; Smed: Schmidtea mediterranea; Spur: Strongylocentrotus purpuratus; Tdah: Trichoplax adhaerens

Figure 29 .

 29 Figure 29. Nvfoxolike1 expression upon physiological condition. Single-cell expression of Nvfoxolike1 in different cell types (Sebé-Pedrós et al. 2018). Each color represents a different cell type (dig_filaments: digestive filaments).

Figure 30 .

 30 Figure 30. Nvfoxolike1 differential expression upon heat stress, salinity and UV stress combined. Nvfoxolike1 differential expression upon multiple environmental stresses (heat stress, salinity, UV combined). NC: North Caroline; MA: Massachusetts. Retrieved from Sachkova et al. (2020).

Figure 31 .

 31 Figure 31. NvFoxOlike1 dynamics upon environmental challenges. A/ Western Blot validation of the specificity of anti-SpFoxO antibody (1/1000) against N. vectensis and human protein extract. Nvec: N. vectensis protein extraction; Hsap: H. sapiens protein extraction. B/ Quantification of the total NvFoxOlike1 protein quantity upon temperature changes after 24 hours and 7 days or under starvation experiments. C/ Subcellular localization of NvFoxOlike1 in the epidermis of Nematostella upon temperature shock after 24 hours of exposure.

Figure 32 .

 32 Figure 32. CRISPR/Cas9-mediated FoxO knock-out approach. A/ Gene structure of NvFoxOlike1 including the design of both gRNA targeting exon 1 and 2 and genotyping primers surrounding the region of interest. Score of efficiency and specificity are extracted from Benchling online software (score /100) B/ In-vitro validation of CRISPR/Cas9 complex efficiency. The plasmid generated contains the region of interest including both sgRNA target site. On the right side, the migration profil shows the cutted fragment corresponding to the expected size and negative control.

Figure 33 .

 33 Figure 33. CRISPR/Cas9-mediated mutatational profile in selected F0 founders. A/ Founders selection based on indel pourcentage and knockout score (% of frameshift-inducing mutations) B/ Exact sequence calls and relative prevalence upon the four mosaic F1 individuals. The mosaic nature of the mutations is represented with the level of insertion and deletion, the percentage of contribution of each allele amplified from the pool of DNA extracted from a tissue section.

Figure 34 .

 34 Figure 34. Generation of a homozygous knockout population (ind.3xWT). A/ Survival rate during embryogenesis between WT and ind.3xWT (n=300 per crossing). * indicates significant differences based on chi-squared test. B/ Mutational profile of F1 individuals from ind.3xWT crossing.

  The gene level: What are the roles of these genes in the context of environmental stress resistance ? -The polymorphic level: What is the influence of the polymorphism on the stress response dynamic and by which mechanism does it increment stresstolerance in the natural population ? -To answer these questions, I developed a pipeline analysis from the identification of the SNPs to the formulation of functional hypotheses based on bioinformatics approaches. I shifted the research question from the coral field model Acropora millepora to the genetically editable laboratory model N. vectensis, through an ortholog search. This enables me to benefit from the DNA-editing techniques available and start a functional analysis of the role of Vps36 in stress resistance in N.vectensis.

  the substrate-recognition component of a SCF(Skp1-cullin-F-box) E3 ubiquitin ligase complex that mediates the ubiquitination and subsequent proteasomal degradation of target proteins. No homologous sequence was found in N. vectensis based on the nucleotide or protein sequence (Fig. XA).

Figure 35 .

 35 Figure 35. In-silico analysis of locus-associated protein and SNP impact on amino-acid sequence. A/ Results of the investigations regarding the locus C70S236. The expected domain architecture is represented based on predicted amino-acid sequence, the amount of proteins sharing the same architecture in Acropora. sp, the SNP localization in the gene of interest, and the presence of putative orthologues in N. vectensis are indicated. B/ Results of the investigations regarding the locus C29226S281. The expected domain architecture is represented based on predicted amino-acid sequence, the amount of proteins sharing the same architecture in Acropora sp is indicated.

A

  Pleckstrin homology-like domain (PH) or GLUE-domain (1-131aa): This domain plays a function in recruiting and direct proteins to the proper cellular compartments or allow them to interact with other elements of a signal transduction pathways A EAP30/Vps36 family (156-372aa): This family includes EAP30 as well as the Vps36 protein.

Figure 36 .

 36 Figure 36. In-silico analysis of SNP impact on protein structure and ortholog identification in N. vectensis. A/ The predicted secondary structure of Acropora Vps36 exhibiting the sensitive or resistant allele is presented. A multi-model is used to predict the conformation of the protein based on the amino acid sequence. Disorder is region is in yellow (letter D), B-strand is represented in blue (letter E). B/ Domain linker detection. The algorithm DLP-SVM (Domain Linker Prediction -Support Vector Machine) is used to predict linker domains based on amino acid-sequences. Colors represent three loop-length dependent SVM predictors of domain linkers (SVM-All, SVM-Long and SVM-Short). The horizontal axis represents the sequence position while the vertical axis represents the Z-Score of each SVM. The Z-Scores of SVM-Long and SVM-Short are shown with blue and orange lines respectively and SVM-All is in Red. C/ Orthologue of Acropora Vps36 in Nematostella vectensis. The research of orthologues was made based on the amino acid sequences. The percentage of cover and identity are represented. The colors in alignment reflect the level of identity between amino acids of both sequences.

Figure 37 .

 37 Figure 37. CRISPR/Cas9-mediated NvVps36 knock-out approach. A/ Gene structure of NvVps36 including the design of both gRNA targeting exon 3 and 4 and genotyping primers surrounding the region of interest. Scores of efficiency and specificity are extracted from the Benchling online software (score /100) B/ In-vitro validation of CRISPR/Cas9 complex efficiency. The plasmid generated contains the region of interest including both sgRNA target sites. On the right side, the migration profile shows the cutted fragment corresponding to the expected size and negative control.xxx

Figure 38 .

 38 Figure 38. CRISPR/Cas9-mediated NvVps36 knock-out approach. A/ Selection of mutated NvVps36 founders (F0 generation). B/ The mosaic nature of the mutations is represented with the level of insertion and deletion, the percentage of contribution of each allele amplified from the pool of DNA extracted from a physa bisection.

  In an environmentally changing world, the biological strategies employed by extremely tolerant organisms are central examples of interest to understand the cellular mechanisms that have been selected throughout evolution facilitating the organisms' ability to tolerate environmental stress. The focus on these extremely resistant organisms has led to the identification of unique functionality of common cellular resistance modules (DNA repair, stem-cell renewal maintenance, improved proteostasis, metabolic adjustment, membrane composition). In my thesis work, N.vectensis was selected as a model of interest to describe and identify the conserved molecules and mechanisms that enable it to thrive in challenging estuarine environments.

(

  Poquet et al. in prep), and extended resistance to starvation was associated with drastic size reduction (-76%) and metabolic lowering (in the first 9 weeks, Poquet et al. in prep). The preconditioning of polyps to prolonged starvation(4-8 weeks) potentiated their acclimation to cold shock and limited their heat shock resistance to 30°C under the most severe starving condition (8 weeks).

Perspective 1 :

 1 Does the environmental tolerance of N. vectensis derive from its ability to continuously renew damaged tissue ?N. vectensis has been shown to induce a cellular stress response directed toward oxidative stress resistance (chapter 2 i.e., elimination of ROS through antioxidants, metabolization of damaged products). In contrast, the importance of apoptotic processes in acclimatization phenomena raises a potential link between stress resistance and its extreme regenerative capacity. One of my research hypotheses is that part of N. vectensis' environmental plasticity derives from its disposition to eliminate (apoptosis) and renew sensitive cells, tissues, and body parts. In fact, regeneration process is a broad term that include and distinguish homeostatic regeneration (i.e. homeostatic cell renewal) from injury-induced (physical stress) regeneration such as whole-body regeneration after amputation. Here I hypothesize the existence of a third category that is environmental-stress (physiological stress) induced regeneration that would support its extended plasticity by rapidly clearing accumulated damaged cells.

Figure 40 .

 40 Figure 40. Research perspective 1:The trade-off between cell survival and elimination upon stress. This graphical abstract summarizes the hypothesis of an environmental-induced regeneration process that employs similar mechanisms of cell elimination that are used in oral regeneration following amputation. This mechanism of cell elimination, over cell maintenance, would rapidly lower the accumulation of dysfunctional cells, and facilitate rapid acclimation to changing environments.

4. 3

 3 Research perspectives 2: Intraspecific variations in stress resistance potential in N. vectensis: the case of physiological preconditioning and local adaptation.

Figure 41 .

 41 Figure 41. Research perspective 2: The intraspecific variability in stress response.

4. 4 Research Perspective 3 :

 43 The definition and use of Nematostella vectensis as an effective genetic model to evaluate intra-specific variability in stress resistance in Cnidarian Due to the available genetic engineering tools, its facility of laboratory maintenance and a low generation rate, N. vectensis is an appropriate research model to elucidate the processes and molecular basis underlying the intraspecific variation in environmental tolerance in Cnidarian (including corals). Coo-occurring individuals of the same population can demonstrate noticeably different susceptibility to the same environmental changes (examples in N. vectensis cf. Topical study 1 of chapter 2, and in corals cf. Vps36 study in chapter 3).

  a stress-response associated variant to the deciphering of its cellular functional implication is the one I explored in chapter 3 from Jin et al., 2016 even though there study remains correlational and not causal. As Tian et al., 2017 pointed out "The finding that genes are highly associated with healthy phenotype does not provide information on if or how the resulting changes improve the function of the proteins. It would be of great interest to determine which of the identified sequence variants contribute to better overall functioning." That led to the third research perspective of my thesis work.

Figure 42 .

 42 Figure 42. Research perspective 3: Nematostella vectensis as a genetic model to evaluate the role of coral gene and associated polymorphic variant.Tara Pacific expedition led from 2016 to 2018[START_REF] Gorsky | Expanding Tara Oceans Protocols for Underway, Ecosystemic Sampling of the Ocean-Atmosphere Interface During Tara Pacific Expedition (2016-2018[END_REF] offered an unprecedented opportunity for seascape genomics while at the same time overcoming the limitations of previous studies identified bySelmoni et al. (2021) with i) an extensive sampling scheme designed to maximize environmental variability (increased sensitivity and lower false discoveries), ii) available genomes of corals species of interest for precise identification of SNP localization, and iii) in depthsequencing that allows for species delimitation into cohesive genetic group (lower false discoveries linked to restricted gene flow and historic segregation of population).

  The first step to open up the area of longevity research in N. vectensis is a rigorous assessment of potential aging phenotypes in a systematic long-term experiment (initiated in the team), employing specific age-related marker (such as b-galactosidase activity (senescence), telomere length (DNA protection) in combination with physiological metrics (IMR see chapter 2, reproductive capacity, regeneration capacity) (Fig.43).

Figure 43 .

 43 Figure 43. Research perspective 4: The establishment of longevity potential and interconnection with extended stress response.The artificial induction of aging phenotype has been used to identify the molecular player controlling the heath-span of long-lifespan organisms. For example, FoxO protein has been described as an important molecular player in the regulation of lifespan in metazoan ( van der H. A & Bm, 2007). It has been suspected as the key component of prolonged longevity in cnidarian (Hydra), but its role in N. vectensis is still unknown. The characterization of the knockout Nvfoxolike1 transgenic line (initiated in Chapter 3) is thus not only expected to provide information on environmental stress response, but also on the regulation of longevity in this model organism.

___________________________________________________________________

  

FIGURESFigure 1 :

 1 FIGURES

Figure 2 :

 2 Figure 2: Phenotypic signatures of Pocillopora and Porites colonies PCA on biomarkers data from Pocillopora spp. (A,B) and Porites spp. (C,D). The dispersion of the phenotypic signatures (defined by the five measured biomarkers) are shown in A and C, where the colours represent the island origin, and the shapes represent the species. The importance of each

Figure 4 :

 4 Figure 4: Variance partition of Pocillopora and Porites phenotypic signatures

Figure 5 :

 5 Figure 5: Sparse partial least squares (sPLS) regression of the coral biomarkers and the environment variables Correlations among Pocillopora (A) or Porites (B) biomarkers and the environment data are represented with a classification of the environmental data by grey shades and with 3-letters code (from darker to lighter : Biological data (Bio); Hydro-and Aerodynamics data (Dyn); Physico-chemical data (Phy); and Climatic data (Cli)). In addition, environmental data are also identified as historical (H), recent (R) and contemporary to the sampling (C). The corresponding original variable names are available in TableS2. The correlation coefficient values are given by the colour key displayed in the top left and only biomarkers or environmental variables with an absolute coefficient value higher than 0.3 are displayed (leaving the lower values blank). In the top right are represented by pie-charts the proportion of environmental variables correlated with at least one biomarker.

Figure 6 :

 6 Figure 6: Comparison of the environmental response among the two genera Number of common and private environmental variables with a correlation coefficient higher than 0.3 for at least one biomarker in Pocillopora (purple-pink) or Porites (cyan) (A). Details of the correlations between Pocillopora and Porites' biomarkers with common environmental variables: Animal biomass (B), Symbiont biomass (C), Protein carbonylation (D) and Antioxidant capacity (E).

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 . Examples of resistant models and their associated mechanisms promoting longevity Species Type of resistance Compensatory mechanisms Extended longevity References Hyperthermophilic archaea (Geogemma barossii)

 1 

	Thermal	Thermal stable proteins	NA	(Somero et al., 2016)
	resistance to			
	120°C			

Pacific oyster (Crassostrea gigas)

  

		Large	88 genes encoding HSP70	NA	Zhang et al., 2012
		environmental			
		stress tolerance			
	African elephant	Cancer and DNA	19 copies of tumor suppressor	YES	(Abegglen et al., 2015;
		damage	gene TP53, improved DNA		Sulak et al., 2016)
		resistance	repair		

Naked mole rat (Heterocephalus glaber)

  

	Oxidative stress	High autophagy and proteasome	YES
	resistance,	activity, high maintenance and	
	Cancer	efficiency of DNA repair system	
	resistance		

The Brandt's bat (Myotis brandtii)

  

		Cancer and DNA	Mutations in DNA sequence of	YES	(Keane et al., 2015)
		damage	DNA repair genes		
		resistance			
	Domestic dogs	NA	Mutations of IGF and low	YES	(Greer et al., 2011)
			circulating insulin		
		High oxidative	Enhanced autophagy activity,	YES	(Chionh et al., 2019;
		stress resistance	high expression of HSP, efficient		Gorbunova et al., 2020;
			mitochondria, DNA repair		Huang et al., 2019;
			maintenance, mutation of IGF		Salmon et al., 2009; Seim
			genes		et al., 2013; Tian et al.,
					2019)

Birds (multiple species)

  

	High oxidative	Unsaturated lipid rich-membrane	YES	(Gutiérrez et al., 2009;
	stress resistance	and low mitochondrial-ROS		Vágási et al., 2019)
		production, higher non-		
		enzymatic antioxidant capacity		

Hydra (Hydra vulgaris)

  

	1.2.3 Promoting the lifespan of short-live organism: extended
	longevity through increased resistance to stress		
	Several studies have demonstrated using cutting-edge forward and reverse genetic
		Large	Dynamic autophagic flux,	YES	(Boehm et al., 2012;
		environmental	sustained proteostasis, efficient		Schenkelaars et al., 2020)
		stress tolerance	DNA-damage repair, FoxO-		
			dependent stem cell		
			maintenance		
	Human (Homo	NA	Genetic variants of the	YES	(Davy et al., 2018;
	sapiens)		insulin/IGF-1 and FoxO3A, high		Guevara-Aguirre et al.,
			expression of transcription factor		2011; Revelas et al., 2018)
			controlling neural excitation and		
			synaptic function		

Table 2 . Examples of short-living model and and their associated mechanisms promoting longevity Organism Mechanism Extended longevity References Yeast, Worms, Flies, Mice

 2 

		Dietary restriction	YES	Lee C & Longo V 2016
	Yeast, Worms,	mTOR inhibition	YES	Kennedy BK & Lamming DW
	Flies, Mice			2016
	Yeast, Worms,	Reduced IIS	YES	Piper MD, Selman C, McElwee
	Flies, Mice			JJ & Partridge L 2008

Yeast, Worms, Flies, Mice

  

		Increased	AMPK	YES	Burkewitz K, Weir HJ & Mair
		activity			WB 2016
	Yeast, Worms,	Reduced		YES	Munkacsy E & Rea SL 2014
	Flies	mitochondrial		
		respiration		
	Yeast, Worms,	Hormetic heast-shock	YES	Gems D & Partridge L 2008
	Flies			
	Worms, Flies	Germ-line removal	YES	Hansen M, Flatt T & Aguilaniu
					H 2013

and multimarker approach as new tools to evaluate N.vectensis resistance limits and successful acclimation

  

	new methodologies in N. vectensis, this study highlighted the differential
	acclimation potential to acute cold and heat shock as well as an extended resistance
	to prolonged starvation associated with divergent physiological and cellular
	adjustments, involving either the activation of defenses mechanisms (under thermal
	changes) or the lowering of metabolic demand (under starvation). When combined,
	prolonged starvation potentiated cold shock tolerance and further diminished heat
	shock acclimation potential, assessed at the integrative morphodynamical response
	level.
	2.2.5.1 IMR

Assessing survival in N. vectensis is particularly challenging since the mortality phenotype is not always associated with immediate morphological alteration, and conversely morphological alteration is not always associated with death of the organism thanks to extreme regeneration capacity.

To clarify the evaluation of an unhealthy N. vectensis phenotype, we complemented survival measurement with quantitative indicators of morphodynamic responses that combined into a single score (see M&M for details) provide the so-called Integrative Morphodynamical Response (IMR). The IMR integrates i) the decontraction potential, ii) the contraction potential after stimulation, and iii) the predation potential, that have already been used independently in N. vectensis

(N. vectenis: Havrilak et al., 2021(N. vectenis: Havrilak et al., , 2021;; Hydra: (Ye et al., 2019) 

but never formalized in a standardized approach

mediated knockout of NvFoxOlike1 in Nematostella vectensis

  1% bovine serum albumin[BSA], 0.05%Tween 20, pH 7.4) at RT and rinsed twice with 1× PBS at RT. Samples were then incubated overnight at 4 °C in blocking buffer with an anti-spFOXO purified primary antibody (1:500). After rinsing with saturating buffer, samples were incubated for 2 h with Alexa 488-coupled donkey anti-rabbit

	antibodies (1:200; A21206; Molecular Probes) in blocking buffer added with 1:5000
	4′,6-diamidino-2-phenylindole (DAPI) solution. Bichannel (DAPI and FITC filter sets)
	stacks of images were acquired using a Zeiss Optical microscope Axio Imager 2
	running the ZEN 2009 software (Carl Zeiss Microscopy GmbH, Jena, Germany).
	3.2.2.7 CRISPR/CAS9-
	MgCl2 in artificial 1/3 seawater for 10 min, fixed in 4% PFA

(Electron Microscopy Sciences #15714) in 1/3 artificial seawater for 1 h at room temperature. Samples were washed three times in PBS, permeabilized in PBT (PBS with 0.5% Triton X-100; Sigma) for 20 min, incubated for 1 h in blocking buffer (1× PBS,

Table 3 . TOP-OLIGO primers design (NvFoxOlike1)

 3 

Table 4 . Summary of the experimental results from Jin et al. (2016).

 4 

Table 6 . Summary of major findings under stress response Stress Resistance limit Acclimation mechanism

 6 

	Temperature Cold shock resistance up to	Increase in antioxidant capacity and
		5°C (ΔT=-17°C)		activation of caspase3-like
		(below no tested)	
		Heat	shock	resistance	Low activation of defenses at 30°C
		between 30°C(ΔT=+8°C) and
		35°C(ΔT=+13°C)	
	Starvation	Extended	resistance	to	34 weeks: reduction in size (-76%)
		minimum 34 weeks of	0-9weeks:reduction	of	metabolic
		starvation (above not tested)	consumption	(OCR),	reduction	of
						caspase3-like activity, activation of
						antioxidant under oxidative stress state

Table 1 :

 1 //doi.org/10.5281/zenodo.7148413). Metadata from TARA Pacific consortium used in the present study

	Data	generated	during	the	study	are	available	in	the	public	repository
	(https:										

Table 2 :

 2 Phenotypes partitioning PERMANOVA test

		Df Sums	Mean	F Model R2	Pr(>F)
			of	Squares		
			Squares			
	Pocillopora					
	Species	4	7.494	1.8735	14.212	0.27171 5.00E-
							05
	Islands	9	3.7204	0.41338	3.1359	0.13489 5.00E-
							05
	Species x	5	1.0751	0.21502	1.6311	0.03898 0.067
	Islands					
	Residuals	116 15.2917	0.13182		0.55442
	Total	134 27.5812			1
	Porites					
	Species	2	3.0816	1.54082	20.0167 0.19312 1.00E-
							04

Table 3 :

 3 Summary of the association between coral phenotypes and environments

	Genera	Seawater Variables		Environments	Coral
						Phenotypic
						Signatures
	Pocillopora C_Dyn_077, C_Phy_083,	-• Upwelling (Sea Surface	>	High
		C_Phy_096,	C_Phy_098,	Height)	Redox state
		H_Cli_009,	R_Cli_045,	-• Acidification (Carbon	>	Low
		C_Cli_084,		dioxide, pH, Alkalinity)	Biomasses
				-•	Pollution (Inorganic
				Phosphate)
				-•	Climate	anomalies
				(Severe Past and Recent
				Cold Anomalies)
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In preparation Poquet, Zamoum, Furla* and Röttinger* "Acute temperature variation and extreme starvation deploy two divergent but successful stress response strategies in the sea anemone Nematostella vectensis" In.prep N. vectensis supported the inducible resistance hypothesis, characterized by strong physiological adjustments and cellular response upon environmental changes.

We confirmed that the acclimation success in N. vectensis is indispensably associated with the activation of compensatory mechanisms, allowing to regulate or limit the accumulation of cellular damage (temperature, oxidative stress, regeneration), or to reduce metabolism, limiting energy expenditure (starvation up to 8 months½) (Fig. 22).

In conditions that trigger the accumulation of damages, cellular stress response involves both pro-survival (antioxidant boost) and pro-cell death pathways (apoptosis) conjointly, potentiating organimal survival (Fig. 22).

It is however important to consider that important extended gene families related to stress resistance have been identified in N. vectensis (Goldstone, 2008;[START_REF] Reitzel | Genomic Survey of Candidate Stress-Response Genes in the Estuarine Anemone Nematostella vectensis[END_REF] and therefore, it is probable that the stress tolerance strategies favored by evolution against highly variable environments is the combination of an adapted gene repertoire and dynamic cellular response. It is still unknown how other compartments such as DNA integrity, RNA stability, lipids composition, have evolved to maintain their functionality in an environment constantly submitted to environmental disturbances.

Studies focusing on these compartments would provide unique insight on the physiological adaptation of N. vectensis to estuarine ecosystems.

The major regulators genes involved in this plasticity of response and the experimental procedure to address this fundamental question in N. vectensis is still to be explored.

Chapter 3 is dedicated to this question. at 37 °C for 1 h. Following treatment with RNase, DNA fragments resulting from CRISPR/Cas9-induced cleavage were analyzed by gel electrophoresis.

Microinjection of Nematostella eggs

Unfertilized eggs were dejellied in 4% cysteine (pH 7.4-7.6) for 10 min and washed three times in artificial seawater containing sperm. Fertilized eggs were injected with the CRISPR/Cas9/sgRNA mixture that was pre-assembled for ten minutes at room temperature prior to injection. The mixture contains each sgRNAs (125 ng/μl of sgRNAe1 and gRNAe2 each), Cas9 protein (200nM), Cas9 mRNA (60ng/µL) and Dextran1x (Molecular Probes, REF). CRISPR/Cas9-injected eggs were raised in the dark with daily water changes at 22 °C.

Genomic DNA extraction and Genotyping

Genomic DNA was extracted from entire embryos or physas that were surgically isolated from living polyps. Each sample was then incubated in 20 μl DNA extraction buffer (10 mM Tris-HCl pH 8, 50 mM KCl, 0.3% Tween 20, 0.3% NP40 and 1 mM EDTA) at 98 °C for 60 min. We used 1 μl of genomic DNA extract for subsequent PCR analysis with PCR primers flanking the targeted region (Fig. 32):

The genomic region containing the sgRNA 1 and sgRNA 2 of NvFoxOlike1 was amplified from individual animals using flanking primers (FwdExon1 and RevExon2) resulting in an amplicon of 596pb. Following sequencing, PCR products with a distinctive migration profile (ex. double band, smear) compared to the single band from wild type control, were sent for sequencing by sanger protocoles (eurofinsgenomics). Six FoxO-like genes have been identified in the anthozoan N. vectensis (Fig. 25).

While single FoxO-like genes are observed in hydrozoans, multiple FoxO-like genes are present in the genomes of anthozoans (Fig. 26). Interestingly, among anthozoans the multiplication of FoxO-like genes are unequal, i.e. gene duplication in Sclearactinia, while multiple FoxO-like copies (up to 6) are appears present only in Actiniaria, that include N. vectensis (Fig. 26). Phylogenetic analysis using FoxO-like genes from basal metazoans (Fig. 26) or metazoans more broadly (Fig. 27) indicate that among the six N. vectensis FoxO-like, NvFoxOlike1 appears to be the FoxO ortholog, as it is the most closely related FoxO in medusozoa, sponges, and bilaterian FoxO.

The expression of NvFoxOlike1 gene appears present in the majority of N. vectensis cell types (Fig. 29). This is in contrast with the study in Hydra, that supported a dedicated role in interstitial stem-cells and progenitors [START_REF] Boehm | FoxO is a critical regulator of stem cell maintenance in immortal Hydra[END_REF]. According

to Schaible and colleagues, FOXO has developed into a multifaceted gene family in aging species, playing a role in both cell renewal and cell maintenance, whereas in Hydra, the function is restricted to the pool of stem cells [START_REF] Schaible | FOXO in aging: Did evolutionary diversification of FOXO function distract it from prolonging life?: Prospects & Overviews[END_REF].

Following this idea, the numerous functions of FoxO cannot be carried out concurrently, resulting in a backlog and a delay [START_REF] Schaible | FOXO in aging: Did evolutionary diversification of FOXO function distract it from prolonging life?: Prospects & Overviews[END_REF]. The authors claim that FOXO loses its ability to extend life by engaging in increasing maintenance tasks. Therefore, N. vectensis could represent an interesting model to investigate this hypothesis. N. vectensis is suspected to lack an aging phenotype but has developed an extensive FoxO gene repertoire expressed in a variety of terminallydifferentiated cells (Fig. 29). Following the Schaible and Sussman theory (2013) the longevity of N. vectensis would result from a FoxO function centered on the replenishment of the stem cell pool, as it is in Hydra [START_REF] Schaible | FOXO in aging: Did evolutionary diversification of FOXO function distract it from prolonging life?: Prospects & Overviews[END_REF]. The of FoxO protein provided by antibody manufacturers often show higher-than-expected size band (exemple: human band detected above 95kDa compared to 71kDa expected size: PA5-27145, Thermofisher).

In order to gain further insight into the specificity, I cloned the entire coding sequence (ATG to STOP) of NvFoxOlike1 into a pGEM-T vector. We aimed to produce NvFoxOlike1 protein using a cell-free protein synthesis kit and load it as a control to verify the specificity of the revealed band by Western Blot. As an alternative, the integration of the coding sequence into an expression vector fused to a fluorescent protein could allow the validation of antisp-FoxO by looking at co-localization signal (signal from the fluorescent protein co-transcribed from the expression vector and the immunological revelation of the protein). These approaches will enable us to verify the specificity of the antibody for immunochemistry application but might not explain the differences in migration profile.

In parallel, I aimed at establishing a knock-in transgenic line allowing the insertion of a fluorescent protein (mCherry) at the 3' end of NvFoxOlike1 protein. I designed the KI approach including new sgRNA, as well as the left and right homology arms to be used for the KI (Fig. XX). The construction of the vector to be used for the KI is close to completion, only the sub-cloning of the left-homology arm is missing together with the validation of in-vitro sgRNA efficiency.

This transgenic would allow a permanent visualization of NvFoxolike1 protein at any stage of development and under any experimental circumstances. A fusion protein of FoxO coupled with GFP has already been established in Hydra [START_REF] Bridge | FoxO and Stress Responses in the Cnidarian Hydra vulgaris[END_REF].

This enabled the investigators to determine that heat shock causes localization of the fusion protein to the nucleus [START_REF] Bridge | FoxO and Stress Responses in the Cnidarian Hydra vulgaris[END_REF]. This approach is extremely powerful to identify and follow FoxO's presence in cell types, its spatial dynamics, and regulation by external stimuli or by molecular targets.

The Knock-out of NvFoxOlike1 under process

The development of constitutive knock-out of NvFoxolike1 is a technical and biological challenge (due to its central role in stress response described from yeast to mice) that can lead to important discoveries regarding the extent of their function. I designed a CRISPR/Cas9 complex to establish a constitutive loss-of-function mutation in the N.

vectensis FoxO ortholog NvFoxolike1. The design and validation of the efficiency of the sgRNA-coupled to Cas9 protein was evaluated in vitro (against a linearized vector)

and in vivo (mutations detected in embryos after injection), and did not represent a technical lock at this step. The identification of founders with important knockout potential (c.f knockout score) were however, one of the bottlenecks in the completion of the transgenic line.

Despite the mosaic nature of the founder, mutations were successfully transmitted through the germline to form an F1 generation (Fig. 34). It is unclear if the reproductive capacity of the mutated founders was affected since one individual was shown to enter into tissular degradation right after spawning. In any case, the survival rate of the offspring appeared affected, suggesting developmental defects early in the F1 generation (24hpF) that resulted in low survival at 7 days (Fig. 34). The mutations that were sequenced in homozygous blastula (48hpF) were characterized by in-frame mutations (+3 nucleotides) suggesting a strong counter-selection for invalidating mutations (knockout score of 0/100, Supp. Fig. 12). This suggestion is further emphasized by the complete absence of mutations in the homozygous polyps at later stages. However, this absence of mutation could result from the limited sample size genotyped at the F1 adult stage (less than 5 individuals) and the analysis was restricted to only one founder.

An extended genotyping of F1 populations from the 4 selected founders is under process to form a heterozygous transgenic line NvFoxOlike1 (+/-) with partial inactivation of the protein (half of the allele mutated). This will provide important additional insight on any potential embryonic lethality of FoxO mutations. The identification of heterozygous mutants is also important for establishing F2 homozygous lines.

The generation of an homozygous F2 generation by crossing mutant F1 is expected to provide a homozygous KO line inactivated for NvFoxOlike1 (-/-) with complete inactivation of the protein (both of the allele mutated). The establishment of a F2 generation will enable the functional analysis of the gene function by applying the environmental challenges and comparing the phenotypic response of knockout line to Once the knockout lines validated, one of the first step to characterize the role of theses genes in the stress response phenotype, will be to re-apply experimental procedure and evaluate to which extend the gene invalidation has impacted the stress tolerance limits (physiological breaking point displacement) by combining survival rate assessment with integrative morphodynamic response (Fig. 39). Apart from the stress response, it will be important to evaluate how this genome-modifying intervention may affect the progression of metrics of "health" over time (such as reproductive capacity).

The second step will be to re-employ the multi-marker approach that has been developed in chapter 2 to evaluate the effect of gene invalidation on i) damages accumulation and ii) defenses mechanisms activation (Fig. 39). The multimarker approach was specifically developed with the intention to serve as an entry point to 
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ABSTRACT

Coral reefs are severely threatened by global and local environmental changes. However, susceptibility to perturbations and subsequent mortality varies among coral species. In the present study, thanks to the unprecedented large TARA Pacific Expedition datasets, we tested the contribution of genetic or environmental causes to coral's phenotypic response in Pocillopora spp. and Porites spp., two emblematic coral species complexes that were sampled in sympatry at a large ecological scale throughout the Pacific Ocean. Coral phenotype signatures have been assessed by a multi-biomarker approach consisting in the analysis of animal and symbiont biomasses, protein carbonylation, protein ubiquitination and total antioxidant capacities. This approach allowed the determination of a range of phenotypes in both species complexes reflecting discrete physiological states. Although this approach determined a similarly strong anticorrelation in both genera between the intracellular redox state (protein carbonylation and total antioxidant capacity) and the animal as well as the symbiont biomasses, the two species complexes showed a diverse extent of phenotypic plasticity. Pocillopora spp. harboured a greater phenotypic plasticity responding to a large variety of environmental parameters (such as climate, nutrient richness, phosphate accumulation and the carbonate chemistry of the reefs), while Porites spp. exhibited more robust phenotypes partially influenced by coral host genetics, but mainly influenced by past climate events. We show that corals, even if they share the same habitat and experience the same environmental perturbations, do not display the same strategies of environmental response. Overall, this study sets the scientific and methodological foundation for future integrative studies that aim at understanding differential response strategies deployed by coral reefs to cope with environmental change and facilitating coral reef management and conservation projects all over the world.

AUTHOR CONTRIBUTIONS

Conceptualization: PF, BP, TZ, AS, DA, BB, EB, CB, CdV, CRW, DF, EG, SBV, FL, MF, PG, SPe, SPl, SRe, MS, SS, OT, RT, RVT, PW, DZ; Sample management: CM, EB, GB, GI, JP, SRo; Methodology & investigation: TZ, PF, EdF, AP; Formal analysis: BP, PF, DF, FL; Data curation: TZ, BP, PF, BH, CRW, PG, FL, GB; Visualisation: BP; Project administration and supervision: PF; Writing -original draft preparation: PF, BP, TZ; Funding acquisition: PF, EG, ER, SBV, SPl, AS, DA, BB, EB, CB, CdV, Edf, MF, PG, Spe, SRe, MS, SS, OT, RT, RVT, PW, DZ; All authors have read and reviewed the manuscript.

COMPETING INTERESTS

The authors declare no competing interests. biomarker explaining the PCA distribution of data is shown with correlation circles in C and D, where the colour scale is the contribution of each biomarker to the plotted PCA dimensions. 

APPENDIX 2 :

Species, database, and accession number used for the phylogenetic analysi of FoxO proteins in basal metazoan and bilaterian.