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The production of biominerals is a taxonomically widespread process that evolved multiple times during the Earth's history, including twenty independent origins within Metazoa and four within plants [START_REF] Knoll | Biomineralization and Evolutionary History[END_REF]. One common attribute of all biomineralizing processes is that huge amounts of ions must be acquired from the environment and transported to the site of mineralization, where they are deposited. Calcium (Ca 2+ ) is the cation of choice for most organisms and the dominance of minerals bearing this cation has led to the widespread use of the term "calcification". This term refers to the formation of calcium-containing phosphate, carbonate, oxalate and other mineral types. Among these, calcium carbonate (CaCO3) is the most abundant biomineral, both in terms of the quantity produced and its widespread distribution among many different taxa [START_REF] Lowenstam | On biomineralization[END_REF]. Marine invertebrates produce by far the greatest diverse range of CaCO3 biominerals in the ocean, many of which are proving inspirational for biomimetic applications [START_REF] Clark | Molecular mechanisms of biomineralization in marine invertebrates[END_REF]. Calcifying marine invertebrates are ubiquitous to the world's oceans and are incredibly biodiverse, with a variety of physiologies, anatomies, and habitats.

Important examples include sponges, mollusks, echinoderms, and notably corals, which hold an extreme ecological significance, as they form the 3D-framework of one of the most biodiverse ecosystems on the planet, coral reefs.

Coral reefs, the rainforests of the sea

The construction and maintenance of coral reefs primarily depends on the calcification of corals, which produce a rigid skeleton made of CaCO3 in the crystal form of aragonite, and partly on the calcification of other calcifying organisms, such as green algae, invertebrates and phytoplankton [START_REF] Hoegh-Guldberg | Coral reef ecosystems under climate change and ocean acidification[END_REF]. Because of the diversity of life found in these habitats, coral reefs are often called "the rainforests of the sea". Coral reefs can be found either in tropical waters, in this case referred to as tropical coral reefs, or in cold waters, referred to as cold water coral reefs (Figure 1) [START_REF] Fisher | Species richness on coral reefs and the pursuit of convergent global estimates[END_REF][START_REF] Tiibingen | Reef-Forming Cold-Water Corals A[END_REF]. Tropical coral reefs are the most studied, occupying a total area between approximately 284,300 km 2 [START_REF] Spalding | World atlas of coral reefs[END_REF] and 600,000 km 2 [START_REF] Smith | In press. Coral reef area and the contributions of reefs to processes and resources of the world's oceans[END_REF], i. e. 0.08 -0.16% of the sea surface. Indonesia and Australia are the two countries with the most reef surfaces with 17.95 % and 17.22 % of global reefs respectively, followed by the Philippines (8.8%). Despite occupying a small percentage of the sea surface, coral reefs host about 30% of the marine species described to date i. e. 93,000 species described in the reefs out of a total of 274,000 known marine species [START_REF] Porter | Reef ecosystems: threats to their biodiversity[END_REF], including 25% of marine fishes [START_REF] Allsopp | State of the World's Oceans[END_REF]. Tropical coral reefs also support coastal human populations with food, income and other ecological goods and services, such as coastal protection [START_REF] Hoegh-Guldberg | Coral reef ecosystems under climate change and ocean acidification[END_REF]. The highly productive and biodiverse coral reef ecosystems also provide hundreds of target species for the Marine Ornamental Trade (MOT), with corals being the most exploited species [START_REF] Delbeek | Coral farming: past, present and future trends[END_REF][START_REF] Rhyne | Crawling to collapse: Ecologically unsound ornamental invertebrate fisheries[END_REF]. They are important sources for bioprospecting and the development of novel pharmaceuticals [START_REF] Bruckner | Life-saving products from coral reefs[END_REF]. The asset value of tropical coral reefs has been estimated as close to $ 1 trillion [START_REF] Hoegh-Guldberg | Reviving the Ocean Economy: the case for action[END_REF], with the economic value of goods and services from coral reefs exceeding $ 375 billion annually, and benefits flowing to over 500 million people in at least 100 countries worldwide [START_REF] Burke | Reef at risk revisited[END_REF].

Coral reefs, fragile giants in a changing ocean

The release of fossil fuel carbon dioxide (CO2) into the atmosphere by human activity is claimed to be the predominant cause of recent global climate change [START_REF] Pörtner | Summary for policymakers[END_REF]. The ocean plays a crucial role in mitigating the effects of this release, sequestering 20 to 35 % of these emissions [START_REF] Canadell | Contributions to accelerating atmospheric CO2 growth from economic activity, carbon intensity, and efficiency of natural sinks[END_REF][START_REF] Sabine | The oceanic sink for anthropogenic CO2[END_REF][START_REF] Tyrrell | Calcium carbonate cycling in future oceans and its influence on future climates[END_REF]. Once CO2 dissolves into the ocean, it decreases its pH value, in a process known as "ocean acidification" (OA). According to model reconstructions [START_REF] Orr | Anthropogenic ocean acidification over the twenty-first century and its impact on calcifying organisms[END_REF], surface ocean pH has decreased by about 0.1 units from its pre-industrial average value of ∼8.2 down to a present-day average of ∼ 8.1. Without a strong mitigation of emissions, this pH is expected to fall much further perhaps down to an average surface value of 7.67 by the year 2100 [START_REF] Bernie | Influence of mitigation policy on ocean acidification[END_REF][START_REF] Jiang | Surface ocean pH and buffer capacity: past, present and future[END_REF].

pH changes in the surface ocean largely affect seawater CaCO3 saturation state (Wsw), mostly due to changes in the relative abundance of the different dissolved inorganic carbon species (DIC). DIC comprises three chemically inter-convertible species that exist in a pH dependent equilibrium, namely, the non-ionic form CO2, with a concentration on the order of 10 µM at pH of 8.1, and two ionic forms, bicarbonate (HCO3 -) and carbonate (CO3 
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i. e. the product of the concentration of CO3 2-and Ca 2+ ions divided by the value of the stoichiometric solubility product Ksp. Ksp is the product of the concentration of CO3 2-and Ca 2+ ions at saturation. Its value depends on the type of CaCO3 polymorph -calcite and aragonite, for corals -and is sensitive to pressure, temperature, salinity, and other factors. For Wsw = 1, solid and solution phases are in equilibrium; for Wsw > 1, the solution is supersaturated, and conditions are favorable for CaCO3 precipitation; whereas, for Wsw < 1, the solution is undersaturated and CaCO3 dissolution may take place [START_REF] Morse | Geochemistry of sedimentary carbonates[END_REF].

As we will further discuss in the following chapters, the site of coral calcification is not in direct contact with seawater and has its own W value. This value is more elevated compared to Wsw, as corals up-regulate it to promote calcification [START_REF] Venn | Live tissue imaging shows reef corals elevate pH under their calcifying tissue relative to seawater[END_REF][START_REF] Sevilgen | Full in vivo characterization of carbonate chemistry at the site of calcification in corals[END_REF]. Nevertheless, calcification in reef-building corals has been observed for Wsw of ~ 3 [START_REF] Kleypas | Impacts of Ocean Acidification on Coral Reefs and Other Marine Calcifiers[END_REF] and negative effects linked to declining Wsw, caused by OA, have been shown for several coral communities (e. g. reduced rates of calcification, reproduction, etc.) [START_REF] Kroeker | Impacts of ocean acidification on marine organisms: Quantifying sensitivities and interaction with warming[END_REF]. Moreover, when combined with other stressors, such as increases in ocean temperature, OA can lead to bleaching (i. e. loss of symbiotic dinoflagellate algae and/or photosynthetic pigments) (see Chapter 2, Paragraph 1.5.2) (Figure 2) [START_REF] Douglas | Coral bleaching -How and why?[END_REF][START_REF] Baker | Climate change and coral reef bleaching: An ecological assessment of long-term impacts, recovery trends and future outlook[END_REF][START_REF] Prada | Ocean warming and acidification synergistically increase coral mortality[END_REF]. In a recent study, in which I participated and whose text is available in Annex 1, it was also shown that coral bleaching is associated with telomere length changes, further underlying the severity of climate-change environmental stressors. Thus, without significant acclimatization, there are good reason to question whether corals will be able to continue acting as the primary architects of reef habitats in the coming century [START_REF] Webster | Who Should Pick the Winners of Climate Change?[END_REF]. 

Coral phylogeny

Corals, more than any other group of marine invertebrates -except for mollusks -have been the most sought-after undersea collectibles at the time of the first expeditions discovering the tropical world. Indeed, they were excellent museum objects, especially when their skeletons were painted with bright colors to resemble their living appearance. For over 200 years, corals were accumulated in great quantity in museum across Europe and USA. Some of these collections were considered valuable contributions to Natural History Museums, especially when included into monographs, many of which have also been published [34]. One of the The subclass Hexacorallia is currently divided into five orders, which include Actiniaria, Antipatharia, Scleractinia, Corallimorpharia, and Zoantharia (Figure 3) [34]. Scleractinian corals, also known as stony or hard corals, are the major contributors to reef accretion.

The order Scleractinia

Scleractinia comprise 35 families [34] and they are broadly divisible into two groups: hermatypic (i. e. build reef structures) and ahermatypic (i. e. do not build reef structures). The majority of hermatypic corals hosts symbiotic dinoflagellates, commonly called zooxanthellae the Complexa (complex corals) and the Robusta (robust corals) [START_REF] Fukami | Mitochondrial and nuclear genes suggest that stony corals are monophyletic but most families of stony corals are not (Order Scleractinia, Class anthozoa, phylum cnidaria)[END_REF][START_REF] Kerr | Molecular and morphological supertree of stony corals (Anthozoa: Scleractinia) using matrix representation parsimony[END_REF][START_REF] Goff-Vitry | A deep-sea slant on the molecular phylogeny of the Scleractinia[END_REF][START_REF] Romano | Molecular evolution of a portion of the mitochondrial 16S ribosomal gene region in scleractinian corals[END_REF], which show different skeletal features. Complex corals tend to have more porous and less calcified skeletons, while robust corals tend to have heavier calcified skeletons [START_REF] Romano | Molecular evolution of a portion of the mitochondrial 16S ribosomal gene region in scleractinian corals[END_REF]. The Complexa/Robusta dichotomy was originally proposed by [START_REF] Romano | Molecular evolution of a portion of the mitochondrial 16S ribosomal gene region in scleractinian corals[END_REF] who sustained, on the basis of partial 16S rDNA data, that the divergence of these two clades occurred at least 300 Ma, before the appearance of the scleractinian skeleton in the fossil record (240 Ma) [START_REF] Romano | Molecular evolution of a portion of the mitochondrial 16S ribosomal gene region in scleractinian corals[END_REF]. As there is no fossil evidence to support the presence of calcifying scleractinian corals prior to 265 Ma [START_REF] Ezaki | Palaeoecological and phylogenetic implications of a new scleractiniamorph genus from Permian sponge reefs, South China[END_REF],

a recent study proposed, on the basis of molecular divergence analysis, that the divergence most likely occurred between 308 Ma and ~ 265 Ma [START_REF] Wang | Stepwise evolution of coral biomineralization revealed with genome-wide proteomics and transcriptomics[END_REF]. 

The study models

General characteristics

Stylophora is a genus of the robust clade and belongs to the Pocilloporidae family. Corals of this genus are symbiotic, with numerous and highly plastic morphotypes that vary in relation to the environment (e. g. habitats, depth and geographic regions) [START_REF] Flot | Incongruence between morphotypes and genetically delimited species in the coral genus Stylophora: Phenotypic plasticity, morphological convergence, morphological stasis or interspecific hybridization?[END_REF][START_REF] Gattuso | Ecomorphologie, métabolisme, croissance et calcification du Scléractiniaire à zooxanthelles Stylophora pistillata (golfe d'Aqaba, mer Rouge)lnfluence de l'éclairement[END_REF]. S. pistillata, commonly known as smooth cauliflower coral, has broad and blunt-ended branches, with colonies becoming thicker and more massive as they grow. Colors of living colonies range from dark-brown, purple, brownish-yellow to pale pink. This species is characterized by rapid growth rate, high recruitment and rapid regeneration rate [START_REF] Rinkevich | The Reproduction of the Red Sea Coral Stylophora pistillata. I. Gonads and Planulae[END_REF].

Reproduction

S. pistillata corals can reproduce both asexually and sexually. Asexual reproduction strategies include budding and fission, in which new polyps "bud off" or "split", respectively, from parent polyps to form new colonies [START_REF] Cairns | Asexual reproduction in solitary scleractinia[END_REF]; polyp bailout, in which individual and patches of polyps detach from the colony [START_REF] Schweinsberg | The history, biological relevance, and potential applications for polyp bailout in corals[END_REF]; and fragmentation, in which coral pieces are broken off a colony as a result of wave action, storms or animal activities [START_REF] Highsmith | Reproduction by fragmentation in corals[END_REF]. Sexual reproduction, instead, occurs though brooding [START_REF] Rinkevich | Does light enhance calcification in hermatypic corals?[END_REF]. Note that S. pistillata is a male in its first year and then becomes hermaphroditic, capable of self-fertilization (i. e. fusion of male and female gametes produced by the same individual) and broading its second year [START_REF] Rinkevich | The Reproduction of the Red Sea Coral Stylophora pistillata. I. Gonads and Planulae[END_REF]64]. During brooding, which for S. pistillata is triggered by lunar and seasonal periods [START_REF] Zakai | Lunar periodicity of planula release in the reef-building coral Stylophora pistillata[END_REF], both egg fertilization and embryo development -until the larvae (also referred to as planulae) stage -occur internally. This mode of reproduction is in opposition to that of other coral species, the broadcast spawners, in which gametes release and fertilization occur externally.

Tubastraea spp.

Despite the many advantages of working on a well-known and characterized species, it is worth mentioning that in S. pistillata, as well as in other symbiotic species, the photosynthetic fixation of CO2 and the precipitation of CaCO3 are intimately linked both spatially and temporally, making it difficult to analyze the transport mechanisms involved in each pathway [START_REF] Tambutté | Characterization and role of carbonic anhydrase in the calcification process of the azooxanthellate coral Tubastrea aurea[END_REF]. To overcome this limitation, I also included, in my thesis research, corals from the nonsymbiotic genus Tubastraea, which do not contain photosynthetic dinoflagellates within its tissue (see Chapter 1, Paragraph 1.5.1) (Figure 5b). Unlike Stylophora, corals belonging to this genus are not extensively studied. Indeed, despite focal efforts on Tubastraea reproductive strategies and larval biology mechanisms [START_REF] Paula | Reproductive strategies of two invasive sun corals (Tubastraea spp.) in the southwestern Atlantic[END_REF][START_REF] Glynn | Reproductive ecology of the azooxanthellate coral Tubastraea coccinea in the Equatorial Eastern Pacific: Part V. Dendrophylliidae[END_REF][START_REF] Edmondson | Growth of Hawaiian corals[END_REF][START_REF] Edmondson | Behaviour of coral planulae under altered saline and thermal conditions[END_REF], these corals are underrepresented in terms of available molecular data [START_REF] Soares-Souza | The genomes of invasive coral Tubastraea spp. (Dendrophylliidae) as tool for the development of biotechnological solutions[END_REF], as well as many other non-symbiotic scleractinian corals. By choosing corals from the Tubastraea genus we thus aim at contributing to a better of knowledge of calcification in non-symbiotic corals.

Geographic provenience

Tubastraea corals of the genus Tubastraea (Lesson, 1829) are native of the Indo-Pacific region, but some species (e. g. T. coccinea Wells, 1982, T. tagusensis Lesson, 1829) have expanded their geographical distribution worldwide in recent decades as they invaded the Southwestern Atlantic Ocean during shipping activities [START_REF] Fenner | Biogeography of three Caribbean corals (Scleractinia) and the invasion of Tubastraea coccinea into the Gulf of Mexico[END_REF][START_REF] Fenner | Orange Cup Coral Tubastraea coccinea invades Florida and the Flower Garden Banks, Northwestern Gulf of Mexico[END_REF][START_REF] Capel | Multiple introductions and secondary dispersion of Tubastraea spp[END_REF]. Specifically, the Tubastraea colonies grown in the aquarium culture facilities of the CSM and used in my thesis experiments have been collected from Australia approximately 3 years ago.

General characteristics

Tubastraea, also known as sun coral, is a genus of the complex coral clade and belongs to the Dendrophylliidae family. Corals of this genus are non-symbiotic, fast growing [75], and have been recognized as alien and invasive, mainly because of their high fecundity [START_REF] Paula | Reproductive strategies of two invasive sun corals (Tubastraea spp.) in the southwestern Atlantic[END_REF], rapid linear skeletal growth [START_REF] Wellington | Persistence and coexistence of a nonsymbiotic coral in open reef environments[END_REF], allelochemical defenses [START_REF] Lages | Chemical defenses against generalist fish predators and fouling organisms in two invasive ahermatypic corals in the genus Tubastraea[END_REF] and competitive aggressiveness [START_REF] Miranda | Effects of the alien coral Tubastraea tagusensis on native coral assemblages in a southwestern Atlantic coral reef[END_REF][START_REF] Santos Lah Do | Antagonism between invasive pest corals Tubastraea spp. and the native reef-builder Mussismilia hispida in the southwest Atlantic[END_REF]. Generally, Tubastraea corals possess poorly defined taxonomic characters, with several unidentified morphotypes and high intraspecific morphological variation [START_REF] Todd | Morphological plasticity in scleractinian corals[END_REF], that challenge species identification in this genus [e. g. 308]. Given these challenges, we desist from making assumptions about the Tubastraea species grown in the aquarium culture facilities of the CSM, and we will refer to our colonies as Tubastraea spp. to avoid any possible inaccuracies.

Reproduction

Reproductive strategies of corals of the Tubastraea genus have been the object of many studies as they are among its opportunistic characteristics that have contributed to its rapid spread across non-native regions [START_REF] Luz | Life-history traits of Tubastraea coccinea: Reproduction, development, and larval competence[END_REF]. As well as S. pistillata, Tubastraea corals can as mesenteries. The mesenteries serve to increase the surface area of the stomach thereby aiding the digestion of food. The gonads of the polyps are also attached to the mesenteries.

A submicrometric interface, termed the extracellular calcifying medium (ECM), lies underneath the coral tissues, and separates them from the direct contact with the skeleton (not shown). The physio-chemical composition of the ECM is intricately linked to the coral calcification process (see Chapter 1,Paragraph 1.7.1.2) [START_REF] Venn | Live tissue imaging shows reef corals elevate pH under their calcifying tissue relative to seawater[END_REF][START_REF] Sevilgen | Full in vivo characterization of carbonate chemistry at the site of calcification in corals[END_REF][START_REF] Mcculloch | Coral resilience to ocean acidification and global warming through pH up-regulation[END_REF]. Indeed, the ECM is the site of biomineralization, where the growth of the skeleton occurs. The skeleton is composed of individual corallites built by the resident polyps. The inner surface of the corallite (i. e.

calyx or skeletal cup) consists of a central cylinder, the columella, from which the radial septae protrude (Figure 7a). S. pistillata and Tubastraea spp., are plocoid species [START_REF] Cohen | Geochemical Perspectives on Coral Mineralization[END_REF] meaning that corallite is separated from neighboring polyps by a skeletal region called the coenosteum (Figure 7b). The corallites and coenosteum are built by the polyps and coenosarc, respectively [START_REF] Bosellini | Exceptional development of dissepimental coenosteum in the new eocene scleractinian coral genus nancygyra (Ypresian, monte postale, ne italy)[END_REF]. Both the corallite shape and the coenosteum formation are taxon-specific and genetically controlled, but can also be affected by environmental factors (e.

g. light, hydrodynamics, etc.) [START_REF] Todd | Morphological plasticity in scleractinian corals[END_REF][START_REF] Hoeksema | Species assemblages and phenotypes of mushroom corals (Fungiidae) related to coral reef habitats in the Flores Sea[END_REF][START_REF] Gittenberger | Phenotypic plasticity revealed by molecular studies on reef corals of Fungia (Cycloseris) spp. (Scleractinia: Fungiidae) near river outlets[END_REF][START_REF] Webb | Rare earth element geochemistry of scleractinian coral skeleton during meteoric diagenesis: A sequence through neomorphism of aragonite to calcite[END_REF][START_REF] Arrigoni | Standardizing chromatin research: A simple and universal method for ChIP-seq[END_REF][START_REF] Swain | Relating coral skeletal structures at different length scales to growth, light availability to symbiodinium, and thermal bleaching[END_REF]. In S. pistillata, for example, it has been shown that a decrease in seawater pH determines larger corallite calyxes and thinner associated skeletal structures (e. g. septae and thecae), which in turn results in a more porous skeleton [START_REF] Tambutté | Morphological plasticity of the coral skeleton under CO2-driven seawater acidification[END_REF].

Coral histology

Corals are diploblastic animals. During embryonic development, the coral blastula undergoes gastrulation and turns into a larva, known as planula. This results into the partitioning of both ectoderm and endoderm into oral and aboral tissues [START_REF] Heyward | Self-and cross-fertilization in scleractinian corals[END_REF][START_REF] Technau | Gastrulation and germ layer formation in the sea anemone Nematostella vectensis and other cnidarians[END_REF]. The ectoderm and endoderm, in each tissue, are separated by a connective layer of extracellular matrix, called mesoglea [START_REF] Bouillon | Etude comparative de la mésoglée des cnidaires[END_REF].

This tissue organization is maintained after larval settlement and growth into juvenile and adult forms, with the oral ectoderm being in contact with seawater, the oral and aboral endoderms facing the gastrovascular cavity (coelenteron), and the aboral ectoderm facing the ECM and the skeleton (Figure 8) [START_REF] Tambutté | Coral biomineralization: From the gene to the environment[END_REF].

Diversity of cell types found in the coral tissues

Broadly speaking, coral epithelia consist of a sheet of polarized cells that rest on a basal lamina (mesoglea) and are joined by septate junctions (SJs) around their apical margins [START_REF] Ganot | Structural Molecular Components of Septate Junctions in Cnidarians Point to the Origin of Epithelial Junctions in Eukaryotes[END_REF] (Figure 8). According to the epithelial terminology, the cell sides facing the mesoglea are referred to as "basal" whereas the sides facing seawater, the coelenteron or the skeleton, are referred to as "apical". SJs generate distinct and specialized intracellular compartments within the coral colony, whereas specialization across extracellular compartments is generated by the different cell types present throughout the coral colony, embedded within the tissues.

Although the exact number is unknown, a recent study, using single-cell transcriptomics, identified at least 37 transcriptionally distinct cell types in S. pistillata adult colonies [START_REF] Levy | A stony coral cell atlas illuminates the molecular and cellular basis of coral symbiosis, calcification, and immunity[END_REF].

Nevertheless, the physiological functions of each cell remains to be fully investigated and information is available for only few of them [100]. Among the different cell types that can be found within the coral colony, the oral ectoderm is known to possess mucocytes, cnidocytes . Together, this cell layer is often referred to as the "calicoblastic epithelium" due to the shape of its calcifying cells (i. e. calyx shape) [START_REF] Tambutté | Coral biomineralization: From the gene to the environment[END_REF]109]. Finally, a variety of microorganisms (e. g. symbiodiniaceans, protozoans, fungi, archaea, and bacteria), in addition to the coral cells, is found throughout the coral colony (e. g. in the surface mucus layer, tissue layers, gastrovascular cavity and/or skeleton) [111]. The resulting meta-organism, called the coral holobiont, represents a complex interactive system with the potential to extend the physiological capabilities of the coral host [112]. (oral and aboral) of which it is composed. Note that the aboral ectoderm is also refferred to as the calicoblastic epithelium and contains the calcifying calicoblastic cells, that are responsible for skeletal deposition. Abbreviations: AM, apical membrane; BLM, basolateral membrane; ER, endoplasmic reticulum; Zoox, zooxanthellae.

A physiological chimera between Scleractinia and zooxanthellae

The symbiosis between scleractinian corals and single-celled dinoflagellates of the Symbiodiniaceae family, commonly called zooxanthellae, is of immense ecological importance in nutrient-poor tropical waters as it provides a nutritional foundation for host metabolism and helps calcification (see Chapter 1, Paragraph 1.9) [113]. The success of this coral-dinoflagellate symbiosis is evident from the geological persistence of coral reefs for more than 200 Myr [START_REF] Veron | New species described in Corals of the World[END_REF] and the geographical area occupied by modern coral reefs in tropical and subtropical waters of over 280 000 km 2 [9].

This symbiosis is regarded as a mutualistic association since both partners receive benefits via the exchange of nutrients: inorganic waste metabolites from the coral host, principally CO2

and ammonium (NH4 + ), are exchanged for organic nutrients fixed by dinoflagellate photosynthesis, primarily in the form of glucose [114,115]. Within this association, often mixed consortia of zooxanthellae types live within the oral endodermal cells tissues in extremely high densities (> than 10 6 cm -2 ) and provide up to 90% of the coral's nutritional requirements [116]. Molecular studies have shown that these partnerships are highly flexible, with different hosts and symbionts showing varying degrees of specificity [117].

Zooxanthellae associated with scleractinian corals can be either acquired from the environment (horizontal transfer) or passed maternally from adults to eggs or planulae (vertical transfer). Approximately 85% of scleractinian species spawn eggs and sperm into the environment (broadcast spawner), and of these ~ 80% acquires symbionts horizontally during larval development; while, the remaining ~ 20% acquires them vertically in the oocyte [118].

Vertically transmitted symbiont communities are predominantly found in brooding corals with internal fertilization [118] -including S. pistillata [START_REF] Rinkevich | Does light enhance calcification in hermatypic corals?[END_REF]. This type of transmission relies on high fidelity and specificity between the symbionts and the host, and results in a holobiont more adapted to their environment but also more sensitive to environmental changes [117].

Conversely, horizontal transmission has been assumed to result in weaker fidelity and generally allows the host to adjust the symbiosis to the environment [119]. Under stress conditions (e. g. elevated temperatures, high irradiance, ocean acidification, etc.), bleaching of corals, i. e. loss of symbiotic dinoflagellate algae and/or photosynthetic pigments, is commonly triggered and corals become white, the colour of the underlying CaCO3 skeleton (Figure 2) [START_REF] Douglas | Coral bleaching -How and why?[END_REF]120].

Natural variation in the composition of coral-associated Symbiodiniaceae communities exists among coral populations and species [117,121]. The genetic diversity within the Symbiodiniaceae genera is likely to correlate with an equally diverse range of physiological properties in the host-symbiont assemblages [122]. In the Red Sea, S. pistillata adult colonies host two distinct Symbiodiniaceae genera. Shallow water colonies (< 17 m), as the S.

pistillata colonies grown and maintained in our laboratory, associate with the genus Symbiodinium [123], while congeners sampled in deep-water harbor symbionts of genus

Cladocopium [124].

The coral skeleton

The coral skeleton is a biomineral composed of two fractions: one organic and one mineral [125]. In scleractinian corals, including S. pistillata and Tubastraea spp., the organic fraction represents approximately the 0.07-0.3 wt % of the dry weight skeleton [126,127], while the mineral fraction represents an average of 97.5 wt % [126].

The organic fraction

The organic fraction comprise a range of macromolecules, such as polysaccharides [128],

lipids [129] and proteins [126]. It is widely accepted that such components, collectively termed the skeletal organic matrix (SOM), play a major role in the calcification process by controlling the biomineral deposition process, its shape, size and three-dimensional organization, in the extracellular calcifying medium (ECM), which is located between the calicoblastic epithelium and the skeleton (Figure 8 Among the SOM components, proteins, also referred to as skeletal organic matrix proteins/SOMPs or skeletome, are the most extensively studied and over the past decade, a core set of more than 100 SOMPs have been identified [52,[138][139][140]. 

The coral calcification mechanism

A dual mechanism of coral calcification has recently been proposed [151] and involves: 1) attachment of amorphous calcium carbonate (ACC) nanoparticles (also referred to as nanoparticle attachment) and 2) ion-by-ion space filling between nanoparticles (also referred to as ion-by-ion filling). Such mechanism has been suggested based on the microscopic observations of several reef-building coral skeletons -including that of S. pistillata -showing nanoparticle fracture figures and nanoscale surface porosity [151]. According to this study, both features suggest that coral skeletons are composed of nanoparticles and that an ion-byion filling is invoked to fill interstitial pores.

multiple coral species, including S. pistillata, in some cases pinching in and out at the basolateral and apical membranes of these cells [135,154,155].

To date, the current understanding of coral calcification is that ACC-H2O nanoparticles are initially formed intracellularly, within membrane-bound intracellular vesicles (Figure 9)

[151]. This view is consistent with recent observations indicating the presence of intracellular ACC-H2O in the calcifying cells of corals, and other calcifying species [148,149,156,157]. As it was observed that vesicles form on the apical side of calcifying cells, incorporating the ECM through a macropinocytotic process (non-specific endocytosis) [152], it has been proposed that these vesicles promote favorable conditions for ACC-H2O formation [151].

Extracellular site of calcification: the extracellular calcifying medium (ECM)

Intracellular vesicles, containing ACC-H2O nanoparticles, move throughout the cell cytoplasm until their phospholipid bilayer fuses back to the apical membrane of the calcifying cells and release their content in the ECM where ACC-H2O nanoparticles dehydrate and attach to form the skeleton, together with ion-by-ion filling (Figure 9).

Previous studies, using both microelectrodes and ion sensitive dyes [START_REF] Venn | Live tissue imaging shows reef corals elevate pH under their calcifying tissue relative to seawater[END_REF][START_REF] Sevilgen | Full in vivo characterization of carbonate chemistry at the site of calcification in corals[END_REF][158][159][160], have demonstrated that the ECM possesses a higher Ca 2+ (13 vs 11 mM) and CO3 2-concentration (700 vs 200 μmol/kg) and pH (8.5 vs 8.1) with respect to seawater [START_REF] Sevilgen | Full in vivo characterization of carbonate chemistry at the site of calcification in corals[END_REF]. The combination of these factors results in the ECM having a more elevated Ωarag than seawater (12 vs 3), a condition referred to as "supersaturated" [START_REF] Venn | Live tissue imaging shows reef corals elevate pH under their calcifying tissue relative to seawater[END_REF][START_REF] Sevilgen | Full in vivo characterization of carbonate chemistry at the site of calcification in corals[END_REF]. This "supersaturation state" provides the driving force both for diffusive transport into the porous biomineral and ion-by-ion attachment, and leads to aragonite growth, gradual porosity loss and eventually space filling

[151].

Coral calcification: a biologically controlled process

Whether in the intra-or extra-cellular sites of calcification, corals need to generate conditions that are more thermodynamically favorable for CaCO3 precipitation than in the surrounding seawater. This is achieved by the calicoblastic cells through the: (1) secretion of an organic matrix (see Chapter In addition, the ability of corals to remove H + from the sites of calcification, sometimes referred to as "pH upregulation", has been suggested to be a possible physiological mechanism of resistance against ocean acidification [START_REF] Mcculloch | Coral resilience to ocean acidification and global warming through pH up-regulation[END_REF]172]. This view is consistent with 

Effects of light and darkness on pH regulation and calcification

As described in paragraph 1.5.2, the symbiosis between scleractinian corals and zooxanthellae is of immense ecological importance. This was discovered as early as 1948, when 

The research questions

Coral calcification is a striking example of biomineralization. The polymorphism and microstructure of the coral biomineral are controlled by the organism itself [START_REF] Lowenstam | On biomineralization[END_REF] and one of the enigma consists in understanding how it achieves such an intricate regulation. Ion transport proteins, expressed in the coral calicoblastic cells, play a pivotal role in such regulation by promoting a favourable environment at the sites of calcification (see Chapter 1, Paragraph 1.8). Although, despite significant progress has been made throughout the years [START_REF] Tambutté | Coral biomineralization: From the gene to the environment[END_REF][START_REF] Levy | A stony coral cell atlas illuminates the molecular and cellular basis of coral symbiosis, calcification, and immunity[END_REF],

currently the characterization of ion transporters involved in coral calcification is incomplete.

Throughout this thesis, we have thus focused on their characterization by using gene expression and immunolocalization techniques. Since it is not technically feasible to remove directly the calicoblastic cells from the aboral tissue, or the aboral tissue from the coral colony, as they are not directly accessible, we have used a microdissection technique, to isolate the oral fraction, from the total colony. The oral fraction is indeed easily accessible and does not contain the calicoblastic cells (Annex 3). By doing so, we focused on genes more enriched in the total colony compared to the oral fraction as, by difference, these correspond to those specific of the aboral tissue, and potentially specific of the calicoblastic cells. This experimental technique has already been used in the past and has contributed to the identification of several calcification-related genes [START_REF] Ganot | Structural Molecular Components of Septate Junctions in Cnidarians Point to the Origin of Epithelial Junctions in Eukaryotes[END_REF]165], that have become among the most frequently researched and studied in a range of calcifying metazoans [START_REF] Clark | Molecular mechanisms of biomineralization in marine invertebrates[END_REF]188,189], other than corals [START_REF] Wang | Stepwise evolution of coral biomineralization revealed with genome-wide proteomics and transcriptomics[END_REF]190]. Also, when used in combination with other techniques, such as immunohistochemistry, it is possible to validate the specific localization of these transporters in the calicoblastic epithelium [178].

When performing gene expression studies to investigate ion transporters potentially involved in coral calcification, there are two ways to proceed: one consists in targeting genes a priori -generally genes with known biological functions (e. g. in calcification) in other model systems -and the other consists in studying all of them. Both approaches, which can be defined as "targeted" and "broad" respectively, offer diverse and complementary advantages.

For example, the targeted approach is extremely powerful for studying the genetic architecture of complex traits, in addition to being an effective approach for direct gene discovery [191]. Nevertheless, it is largely limited by its reliance on existing knowledge about the gene(s) under investigation. On the other hand, the broad approach has the potential to discover novel candidate genes and pathways that had not been previously considered in the context of calcification, thus allowing a more holistic understanding of the process. However, this approach can be challenging, especially when dealing with large data sets that are difficult to decipher, quantify, and annotate [192].

Aware of the advantages and disadvantages that these approaches may bring to our final purpose, we have chosen to use both to provide in the meantime precise and novel information on the ion transporters involved in coral calcification. The targeted approach was performed on the symbiotic species S. pistillata, for which both molecular and physiological data are available, whereas the broad approach was performed on the non-symbiotic coral 

CHAPTER

Targeting H + transport for intracellular pH regulation in coral calcification

According to the current model, coral calcification begins intracellularly, within membranebound intracellular vesicles, and continues extracellularly, within the extracellular calcifying medium (ECM) (Figure 9) [151]. In both sites of calcification, the concentration of Ca 2+ , CO3 2-and H + , is regulated by the expression and activity of membrane-bound ion transport proteins [151]. Ca 2+ and CO3 2-are the substrates that are incorporated into amorphous calcium carbonate or the growing skeleton and as such need to be continuously supplied [START_REF] Tambutté | Coral biomineralization: From the gene to the environment[END_REF]. On the other hand, H + need to be removed to promote a high aragonite saturation state favorable for calcification [START_REF] Tambutté | Coral biomineralization: From the gene to the environment[END_REF]. Although ion transporters involved in the substrate supply to the sites of calcification have been previously characterized [165][166][167], those involved in H + removal awaits investigation in corals. The search for these H + transporters can be made among those that are normally used in the regulation of intracellular pH (pHi) of animal cells, and here we will describe their characterization in our model of study S. pistillata.

pHi regulation in animal cells: an overview

pHi is an important aspect of the intracellular environment and can affect virtually all cellular processes [193], e. g. metabolism, membrane potential, cell growth, movement of substances across the surface membrane and state of polymerization of the cytoskeleton, etc. [194]. It is therefore not surprising that animal cells stringently regulate their pHi and defend it at multiple levels, using their total cellular buffering capacity and plasma membrane pHi regulatory transporters (Figure 11) [193].

The total cellular buffering capacity, also referred to as βtotal, is the ability of an aqueous solution to buffer changes in pH or H + concentration upon the addition of a strong acid or base [195]. Also, it is given by the sum of the individual buffering capacities of all cytosolic H + buffers: βintrinsic and βHCO ! " . βintrinsic is determined by the cellular concentrations of weak acids and bases that act as buffers -e. g. ammonium, inorganic phosphates, amino-and carboxytermini of proteins and side chains of amino acid residues [196] -and βHCO ! " depends on the intracellular concentrations of CO2 and HCO3 -. Together, βintrinsic and βHCO ! " , reduce the impact cell and base extruders transport HCO3 -outside the cell, to decrease pHi [193,199]. These transport mechanisms have been developed by animal cells to perform a variety of functions, which include amongst all control of cytosolic pH, acid and/or base secretion [193].

The close relationship between calcification and acid-base-related ion transport concerns the category of acid extruders/base loaders. Indeed, it should be recalled that H + must be removed (or bases must be added) from the sites of calcification to increase the aragonite saturation state, prevent dissolution of hydrated amorphous calcium carbonate (ACC-H2O)

nanoparticles, and promote ion-by-ion filling (see Chapter 1, Paragraph 1.8.2) [151]. By doing so, the calicoblastic cells acidify their cytosol acidify their cytosol and membrane transporters must counteract this acidification by extruding acids or loading bases.

Acid extruders and base loaders

This category includes H + and HCO3 -transporters. According to the energy source used, H + transporters further divide into:

¨ H + -ATPases (or pumps) : drive H + transport against an electrochemical gradient at the expense of ATP, while building up H + gradients [200,201].

¨ H + transporters : catalyze concentrative transport of H + by harnessing the energy of electrochemical gradients provided by other membrane-bound transport proteins

[202],

¨ H + channels : form selective pores for H + that permeate down their electrochemical gradient [202].

In this study, we have characterized members of H + -ATPases, H + transporters and H + channels that have been previously reported to export H + during calcification in other animal systems.

H + -ATPases (or pumps)

Plasma membrane H + -ATPases include the subfamily of vacuolar (V)-H + -ATPases (V-ATPase). V-ATPase is a multisubunit complex, composed of 14 subunits that organize into two domains: the cytosolic ATP-hydrolytic domain (V1) and the integral proton translocation 

Context of the study

As previously described, many coral physiological processes are linked to pHi regulation, by influencing the flux of ions between the host, the symbionts and the surrounding environment [186]. Amongst these, calcification generates a high amount of H + , during the ion-by-ion filling mechanism, that need to be removed to ensure a high and favorable saturation state at the sites of calcification (i. e. intracellular vesicles and extracellular calcifying medium -ECM) [151].

PMCA and SLC4-γ have been previously suggested to be involved in the pH regulation at the ECM, on the apical side of the calicoblastic cells [165,166], in accordance to the high pHECM observed (Figure 10) [START_REF] Venn | Live tissue imaging shows reef corals elevate pH under their calcifying tissue relative to seawater[END_REF]. Nevertheless, both of their activities would result in a concomitant acid load and base extrusion, in and out of the calicoblastic cells respectively, which, in the absence of other pHi-regulatory mechanisms, might result in a pHi decrease. Although physiological evidence of these pHi-regulatory mechanisms has been provided by Venn et al.

(2011) [START_REF] Venn | Live tissue imaging shows reef corals elevate pH under their calcifying tissue relative to seawater[END_REF], who showed that the pHi of the calicoblastic cells is stable between light and dark condition (pH 7.4), to date information at the molecular level remains elusive. Here, we report a comprehensive characterization of these H + transporter families in the coral S. pistillata, with a particular focus on those that might be involved in the pHi regulation of the calicoblastic cells and/or the sites of calcification.

Personal Results

Search for aboral-specific H + transporters

S. pistillata possesses one homolog of the V0 V-ATPase subunit-a (i. e. subunit involved in H + transport, see Chapter 2, Paragraph 2.1.1.1), seven SLC9 homologs, and two HvCN homologs. These H + transporter homologs have been named according to a phylogenetic each fraction, we then focused on the genes that were enriched in the total colony versus the oral fraction, since these are the ones that are aboral-specific and, potentially, specific of the calicoblastic cells.

It is noteworthy that the dynamic interplay of coral calcification, symbiont photosynthesis, acid-base homeostasis, as well as many other coral physiological processes [START_REF] Tambutté | Coral biomineralization: From the gene to the environment[END_REF]161], certainly complicates the search for the identification of calcification-related H + transporters. Indeed, all these processes involve the production and consumption of H + equivalents at different rates and cellular locations within the coral colony, which also rely on H + transporters (see Chapter 2, Paragraph 2.2). Nevertheless, using our approach, we were still able to identify two candidates for pH regulation of the calicoblastic cells and/or the sites of calcification, namely, HvCN1.1 and SLC9A8 (Figure 16). Interestingly, ocean pH and decreases in coral calcification [267,268], the detailed mechanisms underlying this process remain poorly understood [269].

HvCN1
An understanding of the mechanistic underpinnings of the biological response of corals to OA will enable a better comprehension of how they are impacted and how they will respond to this stressor in the future. However, this understanding is further complicated by the fact that corals show variable responses to OA, as there are some species that are more resistant than others [184,270]. Previous work on our model of study have demonstrated its plasticity and resilience to OA [START_REF] Tambutté | Morphological plasticity of the coral skeleton under CO2-driven seawater acidification[END_REF]172,271]. Indeed, although OA impacts S. pistillata calcification rates and skeletal morphology, it is still able to promote skeletal precipitation even under unfavorable conditions. This has been suggested to be linked to its ability to maintain an elevated pHECM and thus also an elevated Ωar within the ECM which favours calcification [START_REF] Tambutté | Morphological plasticity of the coral skeleton under CO2-driven seawater acidification[END_REF]172,175]. Sometimes referred to as "pHECM upregulation", this ability has been suggested to be one of the physiological mechanism of resistance against OA [249].

The principal molecular components indicating how this is achieved are unknown at the molecular level, although several candidates, e. g. SLC4-γ, H + transporters, have already been suggested by transcriptomic studies [272-274].

As we identified two candidate genes, HvCN1.1 and SLC9A8, that might take part in the pH regulation of the calicoblastic cells and the sites of calcification in S. pistillata, we further analyzed their gene expression following exposure to short (1 week) and long-term (1 year) seawater acidification conditions (pH = 7.2).

Our results show that HvCN1.1 and SLC9A8 expression is not affected by OA in any of these conditions (Figure 18). These results are surprising, especially considering that previous studies have shown a decrease in pHi of the calicoblastic cells exposed for 1 week and 1 year to seawater acidification conditions [START_REF] Paula | Reproductive strategies of two invasive sun corals (Tubastraea spp.) in the southwestern Atlantic[END_REF]. Indeed, such a decrease in pHi in the calicoblastic cells could have suggested a perturbation of the mechanisms related to pHi regulation, including a decrease in the expression of acid extruders, which however we did not observe.

The stable expression of HvCN1.1 and SLC9A8 thus indicates the strength of these potential pHi regulatory mechanisms, that can resist not only to intracellular (decrease in pHi in the calicoblastic cells) but also to extracellular perturbations (decrease in pHe in the external seawater). However, the fact that the expression of the genes HvCN1.1 and SLC9A8 is not affected by acidification does not mean that the transporter activity is not impaired. Indeed a decrease in the transporter activities could explain the observed decrease in pHi under seawater acidification conditions. Compared to the existing literature, our results complement even more an already highly variable scenario. Indeed, on one side they are consistent with results obtained in primary polyps of Acropora millepora [164]. On the other, they contrast with those obtained in Pocillopora damicornis and Siderastrea siderea [273,274], in which an up-regulation of H + transporters under OA has been observed, and with those obtained in adult colonies of Acropora millepora and Lophelia pertusa, in which a down-regulation of H + transporters under OA has been observed [272,275,276]. One of the reasons that could explain this variability is the high sensitivity to differences in experimental methodologies of these broad gene expression data which, although undoubtedly informative, prevents the genetic response to OA from being directly compared between different or even same species.

Conclusions

In this study, we have determined in S. pistillata the most common H + extruders families, that are known to participate in metazoan pHi regulation. Coral H + transporters homologs show different tissue specificities within the S. pistillata colony, thus implying their role in both homeostatic and physiological processes. Also, two of these H + transporters, HvCN1.1 and SLC9A8, are specific of the aboral tissue, and are unaffected by OA. From these findings, we suggest that they may be selected as candidate genes in future studies on calcification, as these may represent potential H + extrusion pathways from the calicoblastic cells and/or from the sites of calcification. 3.1 Ammonium: fundamentals from its chemistry to its transport

Ammonium chemistry

The term "ammonium" is often used indifferently in the literature to indicate both the ionic form, ammonium NH4 + , and the non-ionic form, ammonia NH3 [283]. NH3 and NH4 + can indeed be found in biological solutions, and are in equilibrium according to the following reaction: NH3 + H + ⇌ NH4 + [284]. Because more than 98% is in the form of ammonium NH4 + at physiological pH, henceforward, the term "ammonium" will be used to describe both NH4 + and NH3 and if not otherwise specified. 

As NH3 + H + ⇌ NH4 + is a H + -dependent

Ammonium metabolic production

Ammonium is the precursor molecule from which nitrogen is incorporated into biological molecules and, as such, it plays an essential role in all forms of life [287]. It is worth mentioning, for instance, that nitrogen is found in the amino acid side chains of the active centers of enzymes; it is used as functional constituent of coenzymes and nucleic acids; and it is the structural component of many nitrogen-containing compounds [288]. In animal systems, ammonium can derive from various biosynthetic pathways, but its major source is amino acid catabolism [289]. Both dietary and metabolic proteins are hydrolyzed into amino acids, which are used to form new proteins for growth and basic protein turnover. The excess of amino acids, not used for protein production, is catabolized and converted into ammonium through two reactions: transamination and oxidative deamination [290]. Together, transamination and oxidative deamination, are known as a process termed transdeamination (Figure 20) [290]. Transamination consists in the transfer of an α-amino group from an αamino acid to a α-ketoacid, generally α-ketoglutarate. This is a reversible reaction and can thus be used to synthesize amino acids from α-ketoacids. Transamination occurs in the cytosol and is catalyzed by a group of enzymes known as aminotransferases [291]. Oxidative deamination, the second reaction of amino acid catabolism, occurs in mitochondria, and is catalyzed by The alternative route to transdeamination, consists in the synthesis of non-toxic nitrogen containing compounds, in which glutamine and glutamate are used as nitrogen donor (Figure 21). Glutamine can be synthesized by the glutamine synthetase (GS It is also worth mentioning other more peculiar strategies in managing nitrogenous end products that some animals have evolved independently from water ability. Elasmobranch fishes, for instance, retain a significant proportion of metabolically produced urea which is utilized as an osmolyte to mitigate challenges in water retention and urine formation that is often faced in teleost fishes [320,321]. Also, the majority of squid families, particularly those that are pelagic deep-sea squid, retain ammonium in specialized compartments as a means of buoyancy [322,323]. Independently from the means of nitrogenous excretion/conversion/retention, or its physiological roles, animals use efficient transport mechanisms to perform these tasks.

Ammonium transporter family

Although small and uncharged, NH3 has an asymmetric arrangement of positively charged hydrogen nuclei surrounding a central nitrogen, which makes it a relatively polar molecule [285]. This results in NH3 actually having only limited permeability across biological membranes, as does its ionic counterpart NH4 

Transport modalities: a matter of debate

Although the first atomic structure of an ammonium transporter was published 16 years ago, exactly how ammonium is transported could not be agreed on (Figure 22) [341]. To cross the cell membrane, ammonium must pass through the center of the transporter, which is very hydrophobic and therefore unfavourable to the passage of charged molecules. The ammonium transporter (teal) spans the whole membrane (grey). The two ends are open to the water-filled environment (cyan), but the only open passage through the centre is strongly waterrepellent (pink). The entrance to the water channel has a pocket that specifically recognizes ammonium. 2. Ammonium binds into the pocket near the amino acid Asp160, which is essential to trigger the opening of the channel. The environment inside the pocket also allows ammonium to separate into NH3 and H + . NH3 can now cross the membrane through the hydrophobic channel (pink), and H + crosses separately via the bridge formed of two copies of the amino acid histidine (His168 and His318). 3. Once inside the cell, NH3 and H + recombine to make ammonium (NH4 + ). Figure from [347].

developed adaptations for assimilating and conserving these essential nutrients [116]. Indeed, they are both able to take up, retain, and incorporate ammonium from the ambient seawater, in the presence of light, which is advantageous in an environment where planktonic supply may be episodic [353][354][355][356]. Symbiotic dinoflagellates account for most of the ammonium uptake dissolved in the external seawater [357,358], although both the coral and its symbionts possess the enzymatic machinery for its assimilation: GDH/GS [356,359,360] and GS/GOGAT [361], respectively (Figure 21). In this regard, the symbiont uptake capacity depends not only on their assimilatory abilities but also on the transport of ammonium from seawater to the coral tissue and from the coral tissue to the symbiosome membrane, in which they reside [362]. Additionally, symbiotic dinoflagellates can take up and recycle ammonium from the host metabolism and convert it into organic compounds, e. g. amino acids, that are either assimilated by the symbionts or translocated back to the coral [359,363]. Overall, ammonium is completely and efficiently used by the symbionts in these corals. This results in a lack of excretion of ammonium, from the holobiont, into seawater [357,364].

Although ammonium constitutes an important source of nutrition in symbiotic scleractinian corals, its transport mechanisms have been investigated only in part, and especially for its symbionts. For instance, a high diversity of AMT homologs has been identified in Symbiodinaceae [365], which have been suggested to increase the nitrogen efficiency of the entire holobiont [361,366].

Ammonium: more than a source of nutrition

Although the function of ammonium has been mostly described for its nutritional roles in the coral/dinoflagellate symbiosis, there is also evidence in the coral physiology literature for a potential role in calcification. Actually, Campbell and Speeg (1969) were the first to describe it in mollusks and hens' eggs [281]. Indeed, they observed that ammonium was released during calcification and suggested that NH3 -produced through the action of urease -may aid buffer H + . Campbell and Boyan (1976) and [START_REF] Loest | Ammonia-Forming Enzymes and Calcium-Carbonate Deposition in Terrestrial Pulmonates[END_REF] further proposed that, in addition to urease, NH3 could also be produced through deamination of purines (nucleotides and nucleosides) [282,367]. At that time, [START_REF] Simkiss | The mechanisms of mineralization in the invertebrates and plants[END_REF] opined that NH3 production was a poor mechanism for removing H + because the NH4 + formed would have difficulties in permeating biological membranes and would therefore accumulate in the extrapallial fluid of mollusks [368]. Nevertheless, he did not consider the existence of ammonium transporters that could facilitate ammonium permeation, such as the AMT homologs that only recently have been characterized in the ctenidium of the giant clam Tridacna squamosa [336].

Shortly afterwards the observation of Campbell and Speeg, Crossland and Barnes, in 1974, discussed a similar mechanism in corals [279]. They observed an increase in the calcification rate, in the symbiotic coral Acropora acuminiata, when adding nitrogen containing compounds to external seawater (e. g. urea, glutamate, NH4Cl, citrulline, etc.), and suggested it might be due to H + buffering by NH3 [279]. Although this observation might indeed suggest a role for NH3 at the site of calcification, more recent studies have rather argued that the increased rates in calcification are probably due to a higher photosynthetic efficiency and thus a higher energy provision for the calcification process [278,369,370]. This last hypothesis, however, has been challenged following studies showing increased calcification rates in the presence of external sources of ammonium, also in non-symbiotic corals [277,278].

Context of the study

Corals and calcification are intimately linked and this has been shown by numerous physiological studies [277][278][279]. However, several questions, especially at the molecular level, remain unanswered. For instance, how do corals transport ammonium to the site of calcification? do corals possess ammonium transporters, as shown for other marine invertebrates? are there any specific of the calcifying cells? Some of these questions have been partially answered by Ganot et al. (in preparation), who identified AMT homologs in the calcifying cells of the red coral Corallium rubrum (Octocorallia) by performing transcriptomic studies, and by Thies et al. (submitted), who identified Rh homologs in the calicoblastic epithelium of the coral Acropora yongei (Hexacorallia) using immunolocalization studies [START_REF] Levy | A stony coral cell atlas illuminates the molecular and cellular basis of coral symbiosis, calcification, and immunity[END_REF]. Nevertheless, information concerning the subcellular localization of these calcifying-related proteins, or even about the tissue specificities of the entire ammonium transporter family, is currently missing in other coral species. We have thus performed a comprehensive characterization of the ammonium transporter family in the coral S. pistillata, by focusing on those transporters that might participate in coral calcification.

Personal results

Ammonium transporters in S. pistillata

Search for aboral-specific ammonium transporters

S. pistillata possesses 16 ammonium transporter genes that are partitioned into two clades, Rh and Amt, according to a phylogenetic analysis, with Amt further comprising Amt1 and Amt3 sub-clades (Annex 4). While Amt and Rh proteins have been reported and characterized in several invertebrate species [371][372][373], the function of the two Amt subclades is less described. Indeed, to date they have only be described in plants, where in situ hybridization and gene expression studies demonstrated a difference in their tissue-specificity, along with different ammonium affinities as demonstrated by 15 nitrogen-labeled NH4 + uptake assays [325,[374][375][376]. As well as in plants, the presence of numerous coral homologs involved in ammonium transport might be associated to different features and perhaps different physiological functions, as further supported by the branch distance observed in the phylogenetic tree [377]. As a step toward the identification of S. pistillata ammonium transporters potentially involved in calcification, we performed the previously used technique (i. e. oral tissue microdissection, followed by gene expression analysis in total versus oral fraction) to screen for ammonium transporters that are enriched in the total colony versus the oral fraction (Figure 24). Interestingly, we identified one gene (Amt1d) more highly expressed in the total colony versus the oral fraction. This result agrees with what observed by 
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Amt1a Amt1b Amt1c Amt1d Amt1e Amt3b Amt3c Amt3d Amt3e Amt3f Rh2a Rh2b Rh2c Ganot et al. (in preparation), who also identified highly enriched Amt1 homologs in the calcifying cells of the red coral C. rubrum.

To better understand the role that this transporter plays in coral physiology, we further investigated Amt1d cellular localization. Before looking the immunolocalization results, the reader is highly encouraged to consult Annex 5, in which a transmitted light image of a crosssection of S. pistillata is shown.

Our immunolocalization results demonstrate that Amt1d is specifically expressed on the apical side of the calcifying cells, facing the extracellular calcifying medium (ECM) (Figure 25). Amt1d specific cellular localization strongly suggests a role in calcification.

Nevertheless, as its transport direction (inward or outward) is not known, different hypotheses can be formulated depending on whether it transports ammonium from the ECM into the calicoblastic cells or from the calicoblastic cells into the ECM (Figure 26). In the first case, Amt1d could contribute to H + removal by NH3 thus helping to regulate intracellular pH (Figure 26, Hypothesis 1) [281] -similarly to the role it plays in mollusks [281]. Indeed, corals up-regulate pH at the site of calcification to promote a favorable environment for calcification [START_REF] Venn | Live tissue imaging shows reef corals elevate pH under their calcifying tissue relative to seawater[END_REF]. To date, several pH regulatory candidates have been proposed based on their specific localization in the calicoblastic cell and on their function in other biological systems (see Chapter 1,Paragraph 1.8.1) [166,255]. Amt1d could participate in this pH regulatory mechanism, by promoting ammonium uptake in a similar way to ammonium retention mechanisms. In support of this role it is noteworthy that ammonium retention strategies, to achieve acid-base homeostasis, have also been reported in the octopus Octopus vulgaris and the American horseshoe crab Limulus polyphemus, which maintain high ammonium concentration in their hemolymph [378,379]. Although in these marine species, ammonium transporters have never been investigated, it has been suggested that transporters mediating bidirectional ammonium transport might aid in such retention [380]. Alternatively, Amt1d might transport ammonium in the opposite direction (Figure 26, Hypothesis 2). In this case, it is more likely that Amt1d plays a different role from pH regulation as it would

24).

Similarly to what described for carbonic anhydrases [389], it can be assumed that the multiplicity of the ammonium transporter roles may have placed greater demands on their gene repertoire, in the course of their evolutionary history. This is what presumably drove the elaboration of the complex set of AMT and Rh genes observed in our scleractinian model of study S. pistillata. As described above, among the diversity of roles played by this family members is calcification, which appears to be specific to members of the AMT1 subclade (Ganot et al., in preparation; Capasso et al., submitted).

Calcification has arisen independently many times during animal evolution. Within hexacorallians, scleractinia diverged from their non-calcifying relatives, actiniarians and corallimorpharians, approximately about 506 and 308 Mya, respectively, at the time they acquired the ability to calcify [START_REF] Wang | Stepwise evolution of coral biomineralization revealed with genome-wide proteomics and transcriptomics[END_REF]. Thus comparison among Scleractinia, Actiniaria and Corallimorpharia can potentially provide novel perspectives on the evolution of biomineralization within the anthozoan subclass Hexacorallia [389]. Moreover, Scleractinia divide into robust and complex clades, which diverged about 265 Mya [START_REF] Wang | Stepwise evolution of coral biomineralization revealed with genome-wide proteomics and transcriptomics[END_REF]. Because calcification has arisen independently on multiple occasions, some of the components involved are unique to each clade, but the chemistry of the process dictates that there are also conserved components [164]. The identification of genes belonging to this latter categorywhich already includes genes encoding bicarbonate transporters [255], carbonic anhydrases

[171], and many others [190] -offers the opportunity to trace the origin and evolutionary history of common coral calcification genes.

In this study we chose to target Amt1 genes, as these represent valid candidates involved in scleractinian calcification, and compare their genomic distribution among hexacorallian species. By datamining in the genomes of 3 non-scleractinian and non-calcifying species ( 2Corallimorpharia, 1 Actiniaria) and 12 scleractinian species (6 robust and 6 complex), we investigated the phylogenetic distribution of Amt1 genes and analyzed their organization within the genome of each species.

Phylogenetic analysis resolved the Amt1 genes of Corallimorpharia, Actiniaria, robust and complex Scleractinians into 8 groups (x-y, z, a1-2, a, e, f1-2, c/d, b). The repertoire of Amt1s is highly diverse, with members from the robust clade being the most highly represented (Figure 28). When looking at the scleractinian homologs, Amt1 members clearly organize into distinct groups -with Amt1 homologs from complex corals being more clustered compared to those from robust corals -probably due to functional diversity.

Figure 29 (see previous page) | Genomic organization of Hexacorallia Amt1s from Corallimorpharia (green), Actiniaria (violet), Scleractinia Robust (orange) and Complex (blue). Boxes correspond to coding regions of Amt1 transporters. Each box has been named according to the phylogenetic tree in Figure 28.

the robust and neither in the complex clade nor in Corallimorpharia. The retention of this transporter in the robust clade might thus suggest a role in the skeletal morphological features of robust corals [391]. This observation is consistent with previous studies that also attribute differences between robust and complex coral skeletons to biochemical characteristics and genetic differences in the calcification-related enzymes and transporters [190].

Publication

Thanks to these results I was able to contribute to a paper entitled "High-quality genome assemblies highlight pervasive gene duplication as a major evolutionary force driving coral biology". This article is still in preparation, but my contribution is part of a paragraph entitled:

"Calcification-related genes in coral genomes", which can be found in Annex 6.

Conclusions

In this study we have characterized the ammonium transporter family in the coral S. pistillata.

Our findings provide insight into certain aspects of their physiological roles and evolutionary history. Most notably, we have shown that one of these transporters, Amt1d, is specifically localized in the coral calicoblastic cells, thus strongly suggesting a role in coral calcification.

In this regard, this is the first study providing a molecular evidence in support of the role that ammonium might play in scleractinian calcification. Also, analysis of Amt1 genomic organization, among robust and complex corals, indicated a remarkable numeric difference between them, suggesting that Amt1 homologs might play a role in the establishment of the skeletal morphological differences between the two clades [391].

CHAPTER

Investigating ion transport in a nonsymbiotic coral

So far, we have described the use of a targeted approach in our model of study S. pistillata, to target genes previously suggested to take part in the calcification process (or calcification related functions, i. e. pHi regulation) of other calcifying organisms (see Chapter 2 and 3).

Although this approach led to the identification of several candidates (i. e. HvCN1.1, SLC9A8

and Amt1d) for roles in coral calcification, it had the limitation of addressing only a small subset of genes. To overcome this limitation, we exploited the potential of high-throughput next-generation sequencing (NGS) technologies, that have largely contributed in the past to expanding our knowledge of coral physiological processes, including calcification [39,298].

In the following paragraphs, we will describe the use of this technique, in the non-symbiotic scleractinian corals of the Tubastraea genus, which are suitable models for the study of calcification due to the lack of symbiotic dinoflagellates in their tissues [START_REF] Tambutté | Characterization and role of carbonic anhydrase in the calcification process of the azooxanthellate coral Tubastrea aurea[END_REF].

Context of the study

The transport of ions and secretion of organic molecules to the sites of calcification are part of the biological control that characterizes the calcification process in corals (see Chapter Small Cysteine-Rich Proteins (SCRiPs) [393] and many others [139,394].

RNA-sequencing (RNA-seq) -a powerful technique that has revolutionized gene expression analysis by providing the ability to simultaneously interrogate all transcripts within an RNA sample [395] -has also contributed to the identification of calcification-related genes in corals. Yet, to date, RNA-seq experiments have been mainly performed on symbiotic scleractinian species [396], using a variety of approaches that greatly differ in their protocols and experimental conditions [START_REF] Levy | A stony coral cell atlas illuminates the molecular and cellular basis of coral symbiosis, calcification, and immunity[END_REF]392]. Also, apart a recent study of [START_REF] Levy | A stony coral cell atlas illuminates the molecular and cellular basis of coral symbiosis, calcification, and immunity[END_REF], identifying genes specifically expressed in the calicoblastic cells of S. pistillata through single cell RNA-seq [START_REF] Levy | A stony coral cell atlas illuminates the molecular and cellular basis of coral symbiosis, calcification, and immunity[END_REF], most RNA-seq studies, aiming at identifying coral calcification-related genes, were limited to analyzing coral molecular responses to environmental parameters (such as light [164] and CO2 [397] that are known to influence calcification.

Therefore, given our interest in identifying ion transporters involved in calcification, and

given the limited amount of data available for non-symbiotic scleractinian species, we performed RNA-seq in the corals of the Tubastraea genus and compared the differentially expressed genes between Tubastraea spp. total colonies (containing the calcifying cells) and oral fractions (not containing calcifying cells). By analyzing the genes enriched in the total colonies compared to the oral fractions, we aimed to 1) determine novel candidates for roles in calcification and, by comparing these genes with previously characterized calcificationrelated genes from scleractinian corals, we aimed to 2) assess the diversity of calcificationrelated genes between symbiotic and non-symbiotic scleractinian species.

Materials and Methods

Biological material and experimental design

Experiments were conducted on the non-symbiotic corals Tubastraea spp., grown in the longterm culture facilities at the Centre Scientifique de Monaco in aquaria supplied with seawater from the Mediterranean Sea (exchange rate 2% h -1 ), under the following controlled conditions: semi-open circuit, temperature of 26 °C and no light.

Microdissection, RNA isolation and sequencing from Tubastraea spp.

Three biological replicates of Tubastraea spp. were micro-dissected by separating the oral fraction from the total colony. Then, RNA was extracted from each fraction, as previously described [263]. Preparation of mRNAs, fragmentation, cDNA synthesis, library preparation, and sequencing using Illumina HiSeq TM 2000 were performed at the King Abdullah University of Science and Technology (KAUST).

Data analysis pipeline

Data analysis pipeline contained three major sections including: raw data pre-processing, de novo transcriptome assembly and post-processing of the transcriptome (Figure 30). First, raw orthologs completeness, using BUSCO (version 3) against eukaryota_odb10 database [404].

Transcriptome_all was then aligned against NCBI's non-redundant metazoan databases using Blastx [405], with a cutoff E-value of < 10 -15 , and the alignment results were used to annotate all the unigenes (= uniquely assembled transcripts). For their further annotation and 

Personal Results

To identify coral calcification-related genes, we separated oral fractions from total colonies of Tubastraea spp., using a micro-dissection technique [START_REF] Ganot | Structural Molecular Components of Septate Junctions in Cnidarians Point to the Origin of Epithelial Junctions in Eukaryotes[END_REF]165,263], and we analyzed the differentially expressed genes (DEGs) between these fractions. It is noteworthy that the oral fraction does not contain the aboral tissue, while the total fraction contains the aboral tissue and thus the coral calcifying cells. Therefore, by focusing on enriched genes in the total colony versus the oral fraction, it is possible to identify those that are aboral specific and play a potential role in calcification. To enable a comprehensive gene expression profiling, we first generated a reference transcriptome as complete as possible for Tubastraea spp., as described below.

Sequence read data and raw data pre-processing

RNA sequencing of two fractions (total colony and oral fraction), for three biological replicates (n = 6), produced a total of 539,331,300 raw reads with an average of 44.9 ± 8.7

(mean ± SD) million read pairs per sample. Raw reads were subjected to quality trimming, which included adaptor removal, yielding a total of 369,357,576 trimmed reads. 

De novo transcriptome assembly and quality assessment

Trimmed reads were subjected to de novo transcriptome assembly using Trinity, after being further reduced to 73,014,522 by in silico normalization. Trinity assembler produced 691,300 transcripts, which were then clustered into 48,638 unigenes (= uniquely assembled transcripts) with N50 1,206 bp. Based on BUSCO, the assembled transcriptome was highly complete with 94.9% ortholog genes from Eukaryota database with low fragmentation (2.7%), missing (2.4%), and duplication (15.7%). In addition, ExN50 statistics showed that the maximum N50 value was on E97% with 1644 bp N50 length (Figure 31).

Functional annotation

To evaluate the completeness of the transcriptome library, functional annotation including, GO terms, EggNOG and KEGG pathway enrichment analysis, of the Tubastraea spp.

transcriptome (Transcriptome_all) was performed from Blastx results using OmicsBox. The summary of the transcriptome assembly and annotation are listed in Table 1. As a preliminary approach to the analysis of the data, DEGs were annotated using the previously used databases for the total transcriptome. First, GO-term enrichment analysis using Fisher's exact test was performed to infer which biological processes were associated with the enriched genes in the total colony compared to the oral fraction (Figure 34). Our results showed 13 enriched GO-terms, including biological processes associated with "carbohydrate metabolic process", "extracellular space", "cell adhesion", "extracellular matrix" and "extracellular matrix organization"

EggNOG functional annotation of the enriched genes in the total colony compared to the oral fraction was then performed. 2,841 out of 3,174 enriched genes (88.6%) were functionally annotated into 23 COG functional categories, including inorganic ion transport and metabolism (P) and intracellular trafficking secretion, and vesicular transport (U) (Figure 35). Finally, using the KO term provided by the EggNOG mapper for each annotated transcript, we performed KEGG annotation. KEGG annotation further divided the transcripts into multiple families. Among these families, 39 KO terms were associated with ion transporters and their complete list is provided in Table 2 and3 Figure 36 | Calcification-related proteins can be divided into ion transporters/enzymes (pink), organic matrix proteins (green), and/or both (blue).

A B C D E F G H I J K L M N O P Q S T U V W Z A :
Functional annotation, including GO, EggNOG and KEGG pathway enrichment analysis, was also performed for genes enriched in the oral fraction compared to the total colony. These results are available in Annexes 7, 8 and 9.

Identification of unigenes putatively involved in coral calcification

The previously used databases (GO and EggNOG) provided an initial insight into the different biological processes in which participate the enriched transcripts in the total colony compared to the oral fraction (Figures 34 and35), as well as a list of ion transporters that are most likely to play a role in the biological functions associated with the aboral tissue (Tables 2 and3).

To further complete our investigation on the Tubastraea spp. calcification-related genes, we performed a second phase of data analysis. In this analysis, we focused on the previously characterized proteins known to participate in the major steps of calcification -from the amorphous calcium carbonate (ACC) to the crystalline aragonite skeleton formation -of symbiotic scleractinian model corals [151]. Based on their role in coral calcification and their cellular/extracellular localization, these calcification-related proteins can be divided into two categories: ion membrane transporters/enzymes and skeletal organic matrix proteins (Figure 36).

The first category comprises: ammonium transporters (Amt) (Capasso et al., submitted), voltage-gated Ca 2+ -channel (VGCC) [167]. Whereas, the second category comprises: coral acid-rich proteins (CARPs) [410] -, neurexins [START_REF] Wang | Stepwise evolution of coral biomineralization revealed with genome-wide proteomics and transcriptomics[END_REF], galaxins [411] -, and small cysteine-rich proteins (SCRiPs) [393]-. Carbonic anhydrases (CAs) [171,384], fall in between these two categories, as they have been also identified in the organic matrix of the coral skeleton [START_REF] Tambutté | Characterization and role of carbonic anhydrase in the calcification process of the azooxanthellate coral Tubastrea aurea[END_REF].

voltage
We identified 55 homologous sequences to these calcification-related proteins, in Tubastraea spp. Of these, 21 (38%) were differentially expressed between the total colony and the oral fraction (Figure 37 34/55 (62%) Tubastraea spp. protein homologs to calcification-related proteins, from symbiotic scleractinian model corals, were not differentially expressed between the total colony and the oral fraction. These proteins included: HvCNs, SLC9s, PMCAs, and VGCC.

Discussion

De novo transcriptome assembly

Despite their high diversity, non-symbiotic scleractinian species are seriously underrepresented in terms of the availability of molecular data [412], including those related to calcification. Here, we report the sequencing, assembling, annotation and screening for calcification-related genes in the non-symbiotic coral Tubastraea spp.

This study should be viewed in context of its scope and limitations. There are some concerns about the species used in this study, as Tubastraea corals possess poorly defined taxonomic characters, with several unidentified morphotypes, that challenge species identification in this genus (see Chapter 1,Paragraph 1.3.2.2) [e. g. 308]. Nevertheless, the primary objective of this study was not to functionally analyze species-specific genes, but rather to identify differentially expressed genes, between the total colony and oral fraction, as these represent validate candidates for calcification, as demonstrated by previous studies [START_REF] Ganot | Structural Molecular Components of Septate Junctions in Cnidarians Point to the Origin of Epithelial Junctions in Eukaryotes[END_REF]165]. Hence, as this study did not include species identification experiments, we refrain from speculating on the species-specific mechanisms by which Tubastraea corals may promote calcification, and we rather focus on the general calcification-related features of this genus.

The de novo assembled transcriptome of Tubastraea spp. is highly complete as demonstrated by the BUSCO and the ExN50 values (Figure 31), which are comparable to those of the previously assembled transcriptome of other Tubastraea species -i. e. T. coccinea [413].

These values also indicate that the assembled transcriptome has high coverage and it has been assembled from sufficient read data [414].

Identification of novel candidates for calcification

To obtain insights into the calcification-related genes of Tubastraea spp., we compared DEGs expression between the total colony and the oral fraction of Tubastraea spp.

Our results show that, although many genes are ubiquitously expressed in the total colonyand thus in both oral and aboral tissues -, others are differentially expressed, with clearly distinct expression profiles between the total colony and the oral fraction, as demonstrated by heatmap and MDS plot (Figures 32 and33). As previously explained, since the oral fraction does not contain the aboral tissue, it follows that the different expression profiles reflect gene specificities related to the oral and aboral tissues. Furthermore, because the aboral tissue contains the calcifying cells, this also suggests that aboral-specific genes might play a role in calcification.

Among 4,483 DEGs, 3,174 were significantly enriched in the total colony versus the oral fraction (Table 1). To explore the involvement in biological processes of these genes, we performed a GO enrichment analysis, and showed that, among several processes, these DEGs are enriched in "extracellular space", "cell adhesion", "extracellular matrix" and "extracellular matrix organization" (Figure 34). These results highlight the importance of extracellular matrices in the aboral tissue, in which they play a pivotal role in the spatial organization of the cells, as they organize them according to their function. Some examples include both the organic extracellular matrix (ECM), which facilitates cell-cell and cellsubstrate adhesion with the help of desmocytes [110], as well as the skeletal organic matrix (SOM), which facilitates the controlled deposition of the CaCO3 skeleton [reviewed in 318].

Also, the expression of genes linked to "carbohydrate metabolic processes" suggests an enrichment, in the aboral tissue, of biochemical processes involved in carbohydrate metabolism, which may ensure a constant supply of energy needed to support the energydemanding process of calcification [185,416].

EggNOG annotation (Figure 35) showed that genes belonging to "inorganic ion transport and metabolism" and "intracellular trafficking, secretion, and vesicular transport" are enriched in the total colony compared to the oral fraction, thus underling the importance of membrane and vesicular transport in the aboral tissue, linked to calcification (see Chapter 1, Paragraph 1.7.1.1) [START_REF] Tambutté | Coral biomineralization: From the gene to the environment[END_REF]151,152]. These results are supported by recent observations, in corals [151,152] and sea urchins [417], of membrane-bound, Ca 2+ -intracellular vesicles moving towards the calcification site. Calcification-related ions have been suggested to be highly concentrated in these vesicles in order to promote the formation of amorphous calcium-carbonate (ACC) nanoparticles, which are successively deposited into the calcification compartment where crystallization occurs [151]. The regulation of endocytosis and vesicular transport between membrane-bound cellular compartments is therefore strictly necessary in coral calcification, and the identification of genes related to these pathways, among the Tubastraea spp. aboralspecific genes, further underlines their importance also in non-symbiotic scleractinian species.

KEGG analysis further allowed us to identify a list of candidates for calcification that play a role in ion transport (Table 2). The list includes several genes involved in ammonium transport, notably, Amt and Rh homologs. Tubastraea spp. Amt homolog is the only member of the Amt1 subclade, as confirmed by our analyses, using BLAST algorithm against the previously characterized Amt homologs form S. pistillata (results not shown). This result agrees with our previous data on the Amt1 genomic organization, demonstrating the numerical minority of Amt1 genes in complex versus robust corals (see Chapter 3,Paragraph 3.4.2). Rh homologs are also enriched in the total fraction, in contrast to what was observed for S. pistillata, where they are predominantly expressed in the oral tissue (Figure 24).

Similarly, an Rh homologous protein was identified in the calicoblastic epithelium of Acropora yongei, where it might mediate a possible pathway for CO2 in the ECM, that is critical for CaCO3 formation [338]. Once again, the discrepancy with our results on S.

pistillata can be explained by clade-specific variations, as both Tubastraea spp. and A. yongei belong to the Complex clade.

We also identified a large number of transporters belonging to the SoLute Carrier (SLC) families that, in vertebrates, constitute a major fraction of transport-related genes [418]. Some of these members (SLC7, SLC25 and SLC35) have been previously reported to be involved in coral thermal stress, while others (SLC26) have been proposed to participate in coral larval development [419], as well as cellular pH and bicarbonate metabolism [165].

Two plasma-membrane homologs belonging to the SLC13 family have also been identified (Table 2). These transporters function as Na + -coupled transporters for a wide range of tricarboxylic acid (TCA) cycle intermediates [420], and have been widely described in vertebrates for their role in calcification [421][422][423][424], making the corresponding coral homologs interesting candidates for further studies. Citrate has also been found to be strongly bound to the bone nanocrystals in fish, avian, and mammalian bone [425], whereas in corals no study has shown the presence of citrate in the skeleton. In invertebrates, SLC13 members have been mainly described for their role in nutrient absorption [426,427], as they provide TCA cycle metabolites, that are used for the biosynthesis of macromolecules, such as lips and proteins [START_REF] Tambutté | Coral biomineralization: From the gene to the environment[END_REF]133]. These macromolecules are among the principal components of the skeletal organic matrix, and SLC13 members might contribute to their transport into the coral aboral tissue.

SLC16 family members, and precisely the monocarboxylic acid transporters (MCTs), are also enriched in the total colony compared to the oral fraction (Table 2). Members of the SLC16 family comprise several subfamilies that differ in their substrate selectivity [428]. In corals and sea anemones, SLC16 subfamilies transporting aromatic amino acids have been mostly characterized for their role in nutrient exchange between the coral host and its symbionts [397,429], while no information is available for those transporting monocarboxylic acids. In human, MCTs function as pHi regulatory transporters by mediating the efflux of monocarboxylic acid (predominantly lactate) and H + , in tissues undergoing elevated anaerobic metabolic rates [193,430]. This makes the corresponding Tubastraea spp. homologs interesting candidates for future studies, as they might be involved in H + extrusion at the sites of calcification, perhaps functioning as pHi regulators.

It is noteworthy that the transporters most enriched in the total colony versus the oral fraction, in Tubastraea spp., belong to the SLC23 family (FC = 916.1), which comprise ascorbic acid transporters (Table 2). This result is in agreement with another RNAseq study, performed on swimming and settled larvae of the coral Porites astreoides, also showing that an SLC23

transporter is among the most highly expressed ion transporters in larvae initiating calcification [431]. Ascorbic acid is an essential enzyme cofactor, that participates in a variety of biochemical processes, most notably collagen synthesis [432,433]. Collagen is a fibrillar protein, that forms one of the main components of extracellular matrices [415]. In corals, collagen has been suggested to play a role in the extracellular calcifying medium (ECM)

between the calicoblastic cells and the skeleton [434,435], where it provides a structural support to which non-collagenous proteins can bind as sites of mineral nucleation and growth [138]. Previous studies have shown that the addition of ascorbic acid stimulates collagen production in many metazoans [436][437][438], including corals [415]. It is thus possible that SLC23 transporters might provide ascorbic acid to the aboral tissue, and potentially the calcifying cells, which use it to promote collagen formation in the ECM. Nevertheless, this hypothesis requires further investigation especially considering that the quantity of collagen in the ECM of Tubastraea spp. is currently unknown.

Focus on calcification-related genes

In the second phase of the data analysis, we performed homology searches between Tubastraea spp. DEGs and symbiotic scleractinian proteins known to play a role in the processing of Ca 2+ , HCO3 -, H + , NH4 + and organic molecules. Most of these calcificationrelated proteins, that fall into two categories (Figure 36) -, have been identified amongst the enriched genes in the total colony versus the oral fraction of Tubastraea spp. (Figure 37).

For example, within the ion transporters/enzyme category, we could identify the SLC4-γ transporter that belongs to the SCL4 family, also known as the bicarbonate-transporter family (Figure 37) [439]. SLC4-γ has been proposed to play a role both in the regulation of intracellular HCO3 -homeostasis -which is critical to buffer excess H + generated during CaCO3 precipitation -and the supply of HCO3 -to the calcifying cells -which is used as a substrate for the precipitation of CaCO3 -in several organisms, including sea urchins [189,440], mussel [188], coccolithophores [441] and corals [154,255]. The identification of this protein in the Tubastraea spp. enriched genes in the total colony versus the oral fraction indicates that it might also take part in pHECM regulation and mineral deposition.

Similarly, an ammonium transporter belonging to the Amt1 sub-clade was also identified among the aboral-specific genes, as previously discussed (Figure 37). These genes have been widely reported in many animal systems [326], and only recently several transcriptomic and immunolocalization studies have supported their potential role in calcification [Capasso et al.,submitted,Ganot et al,in preparation,[START_REF] Luz | Life-history traits of Tubastraea coccinea: Reproduction, development, and larval competence[END_REF]. The presence of such homolog in the Tubastraea spp. enriched genes in the total colony versus the oral fraction underlines its importance and suggests a similar role also in this coral.

Within the organic matrix proteins, we could identify 2 Coral Acidic Rich-Proteins and 1

Small Cysteine Rich Protein (SCRiP) (Figure 37). CARPs are proteins with dominant Low

Complexity Domains (LCDs), the same ones that have been described in the secreted organic matrix of biominerals in different metazoan taxa [442][443][444][445]. CARPs proteins have also been identified in previous proteomic studies on coral skeletons [392] and have been suggested to play a role in CaCO3 formation given their high affinity to positively charged ions (e. g. Ca 2+ ) [446][447][448]. SCRiPs, instead, are a family of putatively coral-specific genes for which roles have been suggested based on several molecular features (i. e. presence of a signal peptide, high amino acidic residues content and cysteine-rich) [393]. The aboral-expression of these proteins as well as in Tubastraea spp. suggests a function related to calcification.

Also, 3 galaxins-like proteins were found to be aboral-specific in Tubastraea spp. (Figure 37). Galaxin was first identified in the exoskeleton of the scleractinian coral Galaxea fascicularis and was described as a tandem repeat structure with a di-cysteine motif fixed at nine positions [411]. Since this discovery, galaxin homologs have been observed in the exoskeleton of other scleractinian species [52,139,449], as well as in mollusks [450] and squid [451]. It has also been shown that galaxin is associated with the developmental onset of calcification after larval stage in A. millepora [452]. The conservation of this protein as well as in Tubastraea spp. suggests that it might play a similar role also in this coral.

Finally, the enriched genes in the total colony versus the oral fraction also contains carbonic anhydrases (CAs) (Figure 37). CAs are metallo-enzymes that catalyze the reversible hydration of CO2 into HCO3 -, the source of inorganic carbon for the precipitation of CaCO3.

In metazoans, CAs belong to multigenic family and are widely known to be involved in calcification in diverse metazoans such as sponge spicules [453,454], mollusk shells [455,456], sea urchin skeleton [457], and bird eggshells [458], as well as stony corals [171,384]. In Tubastraea aurea, CAs were previously identified both in the coral tissues and the skeletal organic matrix, where they have been suggested to play a direct role in calcification [START_REF] Tambutté | Characterization and role of carbonic anhydrase in the calcification process of the azooxanthellate coral Tubastrea aurea[END_REF]. Here, we have identified 3 CAs more expressed in the total colony compared to the oral fraction, which also suggest their potential roles in calcification.

It is noteworthy that other calcification-candidates, from symbiotic scleractinian species, are missing amongst the enriched genes in the total colony versus the oral fraction of Tubastraea spp. (Figure 37). These include: [166]. One possible explanation of this result is that gene gain/loss or change of protein function, that occurred after the divergence of the robust coral S. pistillata and the complex coral Tubastraea spp., resulted in a different "biomineralization toolkit" in these two species.

For instance, rather than using a PMCA homolog to transport Ca 2+ to the sites of calcification, other Ca 2+ transporting proteins, e. g. sarco/endoplasmic reticulum Ca 2+ -ATPase (SERCA) or Na + /Ca 2+ exchangers, might be in place in non-symbiotic scleractinians, as some of these have previously suggested for being involved in calcification in bivalves [460,461]. This hypothesis is further supported by the identification of a sarco/endoplasmic reticulum Ca 2+ -ATPase, within the category of inorganic ion transport and metabolism (P), among the enriched genes in the total colony compared to the oral fraction (not shown).

Overall, our analysis revealed that most of the transmembrane and extracellular matrix proteins, known to play a role in scleractinian calcification, are present amongst the aboralspecific genes of Tubastraea spp., with some exceptions, that might suggest the use of species-specific or clade-specific calcification-related proteins. Taken together these results are consistent with the hypothesis that, although calcification-related proteins from distant organisms share common properties [462], they have evolved independently, through convergent evolution and co-option, in each taxon, thus resulting in contrasting rates of conservation between and within lineages [463].

Conclusion

In this study, we have expanded the transcriptomic resources available for Tubastraea spp., which can be used to promote future research in many fields of coral biology. Most importantly, the analysis of the aboral-specific genes of Tubastraea spp. revealed numerous candidates for a potential role in coral calcification, including both novel (SCL13, -16, -23, and others) ion transporters and those already described (SLC4-γ, Amt-1like) in scleractinian species. The annotation of calcification-related genes presented here will be also helpful for further research, including functional analysis of each gene. Finally, comparative analysis of the calcification-related proteins between non-symbiotic and symbiotic scleractinian corals pointed towards differences in the composition of their "biomineralization toolkit", which also needs to be further studied as it may indicate new calcification-related roles for uncharacterized non-scleractinian proteins.

CHAPTER

Conclusions and Perspectives

Using a microdissection technique to uncover calcification-related ion transporters

Coral calcification is, at least partly, controlled by membrane-bound ion transporters, which dictate the chemical composition and the physicochemical environment in which CaCO3 nucleation and growth occur [START_REF] Tambutté | Coral biomineralization: From the gene to the environment[END_REF]151,464]. The main building cell unit of the coral exoskeleton is the calicoblastic cell that controls the the inward and outward flow of ions, which is vital for calcification [START_REF] Falini | Coral biomineralization: A focus on intra-skeletal organic matrix and calcification[END_REF][START_REF] Tambutté | Coral biomineralization: From the gene to the environment[END_REF]. The calicoblastic model has led to a particularly sophisticated understanding of the cellular ion transporter system associated with calcification, to a point that it is one of the most comprehensive studied to date among calcifying marine invertebrates [START_REF] Clark | Molecular mechanisms of biomineralization in marine invertebrates[END_REF]. However, such understanding is far from complete, and my PhD thesis research aimed at uncovering the unexplored diversity of these ion transport mechanisms, through the use of both targeted and broad approaches.

A targeted approach for the identification of ion transport pathways involved in calcification

Proton transporters

The close relationship between calcification and acid-base-related ion transport [188], as well as the need to remove the excess of H + produced during calcification from the calicoblastic cells and the sites of calcification [START_REF] Venn | Live tissue imaging shows reef corals elevate pH under their calcifying tissue relative to seawater[END_REF], prompted our search for calcification-related candidates among "acid extruders" in the symbiotic coral Stylophora pistillata. Acid extruders include a variety of H + transporter families -the Na + /H + exchanger (SLC9), vacuolar-type electrogenic H + -ATP hydrolase (V-ATPase) and voltage-gated H + channels (HvCN) -all of which have been previously suggested to participate in pHi regulation of calcifying cells in a range of invertebrates, by mediating H + extrusion (see Chapter 2,Paragraph 2.1.1). Amongst these H + transporter families, we also identified two candidates that we consider being potential targets for future studies in coral calcification (Figure 16). The other candidate is SLC9A8, homologous to human SCL9A8. Coral SLC9A8 might play a role in the pHi regulation along the secretory pathway, by regulating H + concentration in the intracellular vesicles, within the calicoblastic cells, that are deposited towards the extracellular calcifying medium (ECM). This hypothesis would imply that SLC9A8 is also located on the apical side of the calicoblastic cells since vesicles involved in calcification result from endocytosis of this membrane (see Chapter 1,Paragraph 1.7.1.1). Such a process agrees with previous studies in epithelial cells of the kidney proximal tubule, which describe the vesicular as well as the apical plasma membrane distribution of the mouse ortholog SCL9A8, suggesting the possibility that it recycles to and from the plasma membrane [262]. It is noteworthy that contrary to HvCN1.1, coral SLC9A8 homologues have not been described to date for their role in calcification in other invertebrates, but this would need further investigation.

One is

From our data we can suggest that the higher expression of these H + transporting pathways (HvCN1.1 and SLC9A8) in the aboral tissue of Stylophora pistillata is thus consistent with the observed stable pH value in the calicoblastic cells [START_REF] Venn | Live tissue imaging shows reef corals elevate pH under their calcifying tissue relative to seawater[END_REF], and the need to regulate pH in the intracellular vesicles and the ECM [151]. However, it is noteworthy that these candidates have not been identified amongst the enriched genes in the total colony compared to the oral fraction of Tubastraea spp., and other comparative studies, including other coral species, should be performed in the future, as these differences might indicate the use of different "biomineralization toolkits" between complex and rubust corals.

Also, although these proteins represent good candidates for calcification, some key questions about their transport mechanisms remain to be answered. Heterologous expression in other cellular system (e. g. Xenopus oocytes), in conjunction with electrophysiology techniques [465], could be performed to evaluate their function by monitoring the transport of their substrate, as well as their kinetic parameters (e. g. rate constants and substrate affinities). This would aid in knowing how these coral homologs function and whether they actually transport H + across plasma membranes. Moreover, study of their expression under light/dark conditions might give information on their potential involvement and contribution to light-enhanced calcification (LEC) (see Chapter 1, Paragraph 1.9). Indeed, one specific feature of symbiotic corals is that exposure to light and darkness influences both pH regulation and calcification [180]. During LEC, corals calcify faster in light than dark and therefore the removal of H + , as well as the supply of Ca 2+ and HCO3 -, from the sites of calcification must be augmented, as previously observed for other symbiotic calcifying invertebrates [466]. Thus, a higher gene and protein expression levels of coral acid extruders, in light versus dark conditions, might be expected during LEC.

Use of biochemistry techniques, producing costume made antibodies against these calcification-related candidates, might further elucidate their cellular distribution and cell/organelle transport pathways together with potentially western-blot analysis of protein level in different conditions (light/dark). Follow-up work of the current study could also employ previously developed in vivo approaches [START_REF] Venn | Live tissue imaging shows reef corals elevate pH under their calcifying tissue relative to seawater[END_REF][START_REF] Sevilgen | Full in vivo characterization of carbonate chemistry at the site of calcification in corals[END_REF], to characterize the effects of H + transporters inhibitors (e. g. ZnCl2, amiloride analogues, bafilomycin) on pH in the calicoblastic cells and in the ECM, in living corals.

Response to Ocean Acidification (OA)

OA impacts physiological traits, such as calcification and pH regulation, in a wide range of coral species [START_REF] Tambutté | Morphological plasticity of the coral skeleton under CO2-driven seawater acidification[END_REF]159,168,175], including S. pistillata [START_REF] Tambutté | Morphological plasticity of the coral skeleton under CO2-driven seawater acidification[END_REF], but the discrepancy at the molecular level of coral responses to OA makes it difficult to elucidate the mechanisms underpinning such response. Here, we have shown that the gene expression of the two candidates identified in S. pistillata for roles in calcification, HvCN1.1 and SLC9A8, is stable under seawater acidification conditions (Figure 18). Although, mRNA levels do not necessarily reflect protein levels and transporter activity and thus it is possible that the response to OA may occur at a different scale. For example, post-transcriptional (e. g.

alternative splicing, etc.) and post-translational (e. g. phosphorylation, acetylation, glycosylation, etc.) controls can regulate the activity of pre-existing transcripts or proteins [467], perturbing the pHi regulatory machinery without impacting their transcript level. Future research to provide a comprehensive elucidation of the coral molecular response to OA might thus consider studying the protein abundance level, and potentially its associated posttranslational modifications and protein activity.

Also, intraspecific and genotype-specific variability in response to environmental stressors are common in marine invertebrates and might signal selection for certain genotypes [272].

Having identified these calcification-related candidates in corals, the challenge is now to study their expression, also in other coral species, that are less resistant to OA than S.

pistillata [468]. This could highlight species-or clade-specific H + transporter expression patterns and potentially identify OA-resistant species.

Ammonium transporters

Although investigations of the role of ammonium in calcification have a long history . g. 225,227,322], with very few data available at the molecular level [START_REF] Levy | A stony coral cell atlas illuminates the molecular and cellular basis of coral symbiosis, calcification, and immunity[END_REF].

It is now evident, taking into account our molecular biology and biochemistry studies, that ammonium transporters actually play a role in the calcifying tissue, in support of previous studies. However, many questions regarding the functional characterization of this transporter, its potential interactions with calcification and its role in other calcifying coral species remain to be answered in future experiments. As mentioned for the H + transporters in the previous paragraph, to resolve these questions, we first need to express this calcificationrelated transporter in an heterologous system to monitor, through the use of electrophysiological techniques for example, the transport of its substrate, as well as its kinetic parameters (e. g. rate constants and substrate affinities). Heterologous expression in other cellular system (e. g. Xenopus oocytes, yeast, etc.), in conjunction with voltage clamp electrophysiology techniques, have already been used to evaluate the functional characteristics of ammonium transporter homologs of the coral Acropora yongei [338], the mosquito Anopheles gambiae, the tomato plant and human [372,470]. Obtaining this type of information also for the coral Amt1d could bring fundamental clues into its function and its transport mechanism, that would help improve the current model formulated for its role in calcification. In addition, comparing Amt1d kinetic parameters with those of other S. pistillata ammonium transporters, e. g. oral-specific or ubiquitous, would also help to investigate possible differences between these homologs. The presence of only one aboralspecific gene, in S. pistillata, already suggests sub-functionalization, a process by which individual family members acquire specialized functions during their evolutionary history

[468], and, in case Amt1d would have kinetic parameters different from other S. pistillata ammonium transporters, this could clarify why this homolog has been selected for calcification, over the others.

Secondly, we need to better understand the importance of this transporter in coral calcification. As ammonium transporters have never been characterized in corals before this study, their expression has never been monitored under calcification-enhancing conditions. In this regard, we know that nitrogen containing compounds enhance calcification [278,279,471] but, although localization of Amt1d might suggest a role in calcification, we do not know whether the increase in calcification is actually linked to Amt1d expression or activity.

Experiments considering measuring Amt1d gene expression levels following exposure to nitrogen-containing compounds in seawater might help elucidating whether Amt1d is involved in this enhancement. Also, since it has been reported, for plants and algal homologs, that the expression of ammonium transporter genes is known to be regulated by environmental ammonium concentrations [374,472,473], Amt1d transporter expression patterns could reveal information about the ammonium transport experienced at the level of the calicoblastic epithelium. However, to avoid any effect due to the light-dependency expression, this type of comparison would be preferable to be performed in the dark (or in a non-symbiotic specie). Indeed, we also know that light enhances calcification [180], but it is unknown whether Amt1d transcriptional activity is under light-dependent regulation. This could also be assessed in future experiments by comparing Amt1d gene expression levels under light and dark conditions. Indeed, light-dependent expression has been studied in the past to identify genes principally involved either in coral dinoflagellate symbiosis or in circadian rhythm [397,474,475], whereas only limited information is available for calcification-related genes under light-dependent regulation [384].

Future work should also be performed to develop custom-made antibodies and characterize the associate protein levels as well, using ELISA techniques or Western blots for example.

We have also shown differences in Amt1 genomic organization between robust and complex corals (Figure 29), which organize into distantly related phylogenetic groups (Figure 28), perhaps due to functional differences. A major caveat to this, however, is that, apart our comparative study in Tubastraea spp. suggesting a functional conservation between Amt1 family homologs, no comparable functional data are yet available for members of the complex clade. Hopefully, this deficiency will be addressed in the near future, providing broader perspectives on coral biomineralization toolkits and on the functional differences between Amt1s in robust and complex corals.

In addition to investigating this transporter in different coral species, its characterization could also be performed in other calcifying invertebrate species. Indeed, a common feature of skeletal proteomes is the presence of both taxonomically widespread proteins with homologs in other -not necessarily calcifying organisms -and lineage-specific innovations [139].

Establishing whether Amt1s are also expressed in the calcifying cells of other invertebrate calcifying species could further provide insights into the evolution of invertebrate calcification.

A broad approach for the identification of ion transport pathways involved in calcification

Transcriptomic studies are necessary to generate hypothesis and accelerate discoveries in many areas of coral biology, as they represent a powerful tool to study the totality of gene expression profiles, within a sample, during defined developmental stages and/or under specific treatment conditions [476]. In the last part of my thesis research, we thus exploited the potentiality of this technique for the identification of calcification-related ion transporters in the non-symbiotic model of study Tubastraea spp. This study provides insight into coral physiological processes occurring in the oral and aboral tissue, with the ambition of providing as well new candidates to target in future scleractinian calcification studies.

The identification of such targets was performed among enriched genes in the total colony compared to the oral fraction. Among these, we identified several candidates that play a role in "extracellular matrix", "extracellular matrix organization", "inorganic ion transport and metabolism", and "intracellular trafficking, secretion, and vesicular transport", all functions that recall the fundamental stages of calcification (Figure 34) (see Chapter 1,Paragraph 1.7).

This work has also allowed the identification of ion transport genes belonging to the SoLute Carrier superfamily (SLC), which could represent new targets for future studies in coral calcification (Tables 2 and3). Also, it should be considered exploring the expression of these candidate genes during the developmental stages of Tubastraea spp., as this information would provide further insight into the role they play during skeleton formation. In corals, the transition from free-swimming larvae to the attached benthic form often requires a series of steps which include morphological, physiological, structural, and functional steps, including the initiation of skeleton formation [482,483]. All these steps are under genetic regulatory control and involve expression changes of a large number of genes, whose study can led to the identification of candidate genes associated to skeletal development [164,419,452].

These transporters are also valuable tools to use in comparative studies with other coral species, perhaps determining whether they are also expressed and/or exhibit the same aboral specificity, eventually due to their localization in the calicoblastic cells.

Last but not least, our study also identified, within the list of genes enriched in the total versus the oral fraction, the so-called "dark genes", i.e., genes that lack annotation [396]. These genes are equally important, as they are expressed in the aboral tissue along with other genes whose known function is calcification. It is therefore possible that "dark genes" and calcification-related genes may be linked, as they can be involved in the same pathway, by encoding proteins also specific for calcification, e. g., enzymes and/or regulatory factors.

Heterologous expression of "dark genes" in model systems, easy to manipulate and with available molecular tools for visualizing gene expression and protein localization (e. g.

Nematostella vectensis

), could therefore be taken in consideration to investigate their role and contribute to functional annotation [484].

General conclusions

To conclude, taken together, our findings bring new knowledge into the set of ion transporters used by corals in a range of homeostatic and physiological processes, most notably calcification. The significance of these results can be appreciated in It is noteworthy that many candidates have now been added to the coral calcification model, which is highly enriched compared to previous one (Figure 10). In the light of these results, new research avenues to better understand, and validate as well, the roles of such transporters in coral biology, should now become more open and accessible. In this regard, an important recent development has been the first proof-of-concept application of CRISPR/Cas9 for gene knockout in a scleractinian coral, which marked the beginning of a new era for functional studies in corals, but also the need to define target genes to study [402]. Our work constitutes a valuable resource in this direction, providing a dozen of candidate genes for specific cellular and tissular functions. For example, we found that the S. pistillata calicoblastic cells express an ammonium transporter gene, probably associated with pHECM regulation, and genes associate with H + extrusion, which might either function for pHi homeostasis of the calicoblastic cells or for pHECM regulation or both. We also, identified many ammonium and H + transporter genes associated with the oral tissue, that might take part in the metabolic interactions established between the coral host and the symbiotic dinoflagellates, and a range of "dark genes" specific of the aboral tissue, that might be related either with calcification or with other unknown physiological processes. These are all valuable candidates regarding intrinsic properties of the coral tissues, whose future analysis should also consider combining latest technological advances, such as measurements of cell surface protein levels [485] or spatial transcriptomics [486], to yield a more precise and complex partition within the coral cell type landscape.

The hereby characterization of ion transporter candidates thus lays the foundation for a molecular understanding of scleractinian calcification. This will allow the design and interpretation of studies aimed at determining how specific transporters related to the coral calicoblastic cells regulate the process of coral calcification. As described in previous sections, the ECM is spatially separated from the surrounding seawater by several cell layers and is in direct contact with the calicoblastic ectoderm. The concentration of protons, calcium and carbonate in the ECM are different from seawater and strongly suggest that the calicoblasts exert biological control on ECM chemistry by active transport, i.e. via transporters on cell membranes. This view is consistent with the results of pharmacological and stable isotope pulse chase experiments that have indicated that both calcium and DIC are transported to the skeleton by active, transcellular processes [START_REF] Furla | Sources and mechanisms of inorganic carbon transport for coral calcification and photosynthesis[END_REF][START_REF] Tambutté | A compartmental approach to the mechanism of calcification in hermatypic corals[END_REF]. A number of candidate ion transporters have been characterized

at the molecular level in corals, that are believed to be involved in ion transport linked to calcification. Certain of these have been localized to the calicoblastic ectoderm by means of immunolabelling or in situ hybridization (ISH) in tissue sections taken from areas of colonies overlying mature skeleton in Stylophora pistillata (e.g. (Zoccola et al., 2015;[START_REF] Zoccola | Molecular cloning and localization of a PMCA P-type calcium ATPase from the coral Stylophora pistillata[END_REF]. The identity, putative role and localization of these transporters form an important part of current models of ion transport linked to the coral calcification mechanism. It is important to note that in polarized cells organized in epithelia, specific transporters are generally localized to either apical or basal membranes (with some transporters being latero-basal) (Okamoto, 2017). However, in corals we do not yet know the apical and basal positions of the ion transporters that have been characterized to date, and their proposed localization in Fig. proposes that calcium enters the calicoblasts via a calcium channel at the basal side [START_REF] Zoccola | Cloning of a calcium channel α1 subunit from the reef-building coral, Stylophora pistillata[END_REF] and is released in exchange of protons to the ECM through a Ca 2+ ATPase (plasma membrane calcium ATPase (PMCA), [START_REF] Zoccola | Molecular cloning and localization of a PMCA P-type calcium ATPase from the coral Stylophora pistillata[END_REF] at the apical side. It has been suggested that this calcium/proton exchanger increases the concentration of calcium and decreases the concentration of protons in the ECM, promoting an environment favourable for calcification [START_REF] Tambutté | Coral biomineralization: From the gene to the environment[END_REF]. Dissolved inorganic carbon (DIC) used for calcification could come from external (e.g. from seawater) or internal sources (e. g. metabolism) [START_REF] Furla | Sources and mechanisms of inorganic carbon transport for coral calcification and photosynthesis[END_REF]. CO2 could diffuse out of the calicoblastic ectoderm (Allison et al., 2014) or/and HCO3 -could be transported via bicarbonate transporters belonging to SLC26 and SLC4 families. Notably, the HCO3 -/ Cl -exchanger, SLC4ɣ, is specific to the calicoblastic epithelium suggesting its role involves supply of DIC to the ECM (Fig. X. 10 Zoccola et al., 2015).

Kinetics of the reaction of DIC interconversion is favored by intra-and extra-cellular carbonic anhydrases [START_REF] Bertucci | Carbonic anhydrases in anthozoan corals -A review[END_REF]. Recently, an ammonium transporter (AMT1d), has been located on the apical side of the calicoblastic cells, and is suggested to supply or remove ammonium (NH4 + ) from the ECM (Capasso et al. 2021, submitted). Although its transport

direction has yet to be determined, two roles related to calcification have been proposed for AMT1d: 1) regulation of the conformational stability of organic matrix proteins, by supplying NH4 + to the ECM, and 2) increase in pHECM, by removing NH4 + from the ECM (Capasso et al. 2021, submitted). Additionally several H + transporters (including Na + /H + exchanger-SLC9, vacuolar-type electrogenic H + -ATP hydrolase-V-ATPase and voltage-gated proton channels -HvCN), with a potential role in pH regulation of the calicoblasts, have been identified and molecularly characterized [START_REF] Capasso | Intracellular pH Regulation: Characterization and Functional Investigation of H+ Transporters in Stylophora Pistillata[END_REF], but their specific localization in the coral calicoblastic cells is still undetermined. The calicoblasts also possess an acid-base cellular sensor (e. g. the acid-base sensing enzyme soluble adenylyl cyclase (sAC) (Barott et al., 2020). A number of other transporters involved in ion trafficking have also been molecularly characterized but their role in the calcification mechanism is not clear [START_REF] Bhattacharya | Comparative genomics explains the evolutionary success of reef-forming corals[END_REF].

Localization of all the aforementioned ion transporters in the tissues of the GE has not been published, but the in vivo work with the GE reported in the literature permits some physiological insight into ion transport linked to calcification, supporting the model proposed in Fig. X.10. First, all carbonate chemistry parameters measured in the ECM are more elevated than in seawater implying that active transport is required, likely involving some of the candidate transporters listed above. There are experiments that support this assertion. For example, [START_REF] Comeau | Decoupling between the response of coral calcifying fluid pH and calcification to ocean acidification[END_REF] investigated pH regulation at the GE under different seawater DIC concentrations. Their findings showed that under ambient seawater conditions, the calicoblasts maintain pHi 7.4, as observed in (Venn et al., 2011). However, removal of DIC from seawater led to a depression in both pHi of the calicoblasts and pHECM independently of major implications for our understanding of how calcification works [START_REF] Tambutté | Coral biomineralization: From the gene to the environment[END_REF].

Many models of coral calcification invoke the direct transport of seawater to the site of calcification implying the existence of a leaky, open paracellular pathway between the ECM and seawater (Adkins et al., 2003;Cohen and McConnaughey, 2003;Saenger and Erez, 2016). This view is supported by studies measuring the uptake of metal/calcium isotopes from seawater into the coral skeleton and by the passage of fluorescent dyes via the paracellular pathway (Erez and Braun, 2007;Gagnon et al., 2012;Tambutté et al., 2012). The paracellular pathway involves the movement of ions via the intercellular septate junctions and can be D) gives half-time of calcein influx of 6.37±0.73 min, which can be taken as an indicator of paracellular permeability of the tissue at the growing edge [START_REF] Venn | Paracellular transport to the coral calcifying medium: Effects of environmental parameters[END_REF]. Previous electrophysiological studies performed on microcolonies mounted in Ussing chambers showed that the tissues have intermediate-to-tight permeability characteristics (Tambutté et al., 2012;Taubner et al., 2017). It is important to note that calcein influx is not necessarily representative of the ionic and molecular components of seawater. Indeed, paracellular transport through septate junctions is perm-selective meaning that it is influenced by ion charge and size (Bénazet-Tambutté et al., 1996;Taubner et al., 2017). Moreover tricellular junctions (at the junction of 3 cells) could regulate the paracellular passage of macromolecules, such as calcein, without affecting ion permeability (Krug et al., 2009).

Tricellular junctions have never been characterised in corals and more generally knowledge of coral intercellular junctions and the paracellular pathway is in its infancy in this group of animals. This topic awaits further research and the ability to image the paracellular pathway at the GE (as shown in [START_REF] Tambutté | Coral biomineralization: From the gene to the environment[END_REF][START_REF] Venn | Paracellular transport to the coral calcifying medium: Effects of environmental parameters[END_REF]) is an advantage that should be exploited in future studies.

Finally, in addition to transcellular and paracellular modes of ion/molecule transport, vesicular transport must also be considered. Based on observations in adult corals of vesicles in calicoblastic cells [START_REF] Clode | Low temperature FESEM of the calcifying interface of a scleractinian coral[END_REF] that have the same size as blue calceinstained particles and amorphous calcium carbonate mineral particles in tissues, it was deduced that the primary steps of crystal formation occur under the phase of amorphous calcium carbonate (ACC) in vesicles within the calicoblastic cells (Mass et al., 2017b). Vesicles of the same size were also observed to form from macropinocytosis both in nubbins and at the GE [START_REF] Ganot | Ubiquitous macropinocytosis in anthozoans[END_REF], a process involving non-specific endocytosis of surrounding fluid and nanoparticles in all cell layers. In the calicoblastic cells, macropinocytosis occurs by plasma membrane ruffling and closing at the apical side of the cells that endocytoses the ECM [START_REF] Ganot | Ubiquitous macropinocytosis in anthozoans[END_REF]. Although no data are currently available on the ion composition of macropinosome content or on the fate of macropinosomes after internalization, it is noteworthy that these macropinosomes represent a confined compartment. In this process, the membrane of these large vesicles is made from the cellular phospholipid bilayer cellular membrane, and as such is likely to include the transporters present at the apical side of the calicoblastic cells before endocytosis. Hence, it has been proposed that the content of the macropinosomes becomes actively enriched in Ca 2+ , HCO3 -, and organics; and that protons are actively removed thus providing favourable conditions for the formation of intracellular hydrated amorphous calcium carbonate (ACC-H2O) nanoparticles [START_REF] Sun | From particle attachment to space-filling coral skeletons[END_REF]. It is further proposed that these ACC-H2O nanoparticles are released into the ECM via exocytosis arising through the fusion of macropinosomes with the apical membrane of calicoblastic cells 2019). The source of dissolved inorganic carbon for calcification is partially cell respiration and an external source of bicarbonate [START_REF] Furla | Sources and mechanisms of inorganic carbon transport for coral calcification and photosynthesis[END_REF]. Basal membrane transporters (located on the cell side facing the mesoglea) are proposed to include a bicarbonate transporter (Zoccola et al. 2015), a sodium proton exchanger, a proton ATPase [START_REF] Capasso | Intracellular pH Regulation: Characterization and Functional Investigation of H+ Transporters in Stylophora Pistillata[END_REF]) and a L-type calcium channel [START_REF] Zoccola | Cloning of a calcium channel α1 subunit from the reef-building coral, Stylophora pistillata[END_REF]. Dissolved inorganic carbon is supplied to the ECM through CO2 diffusion (Allison et al, 2014 ) and bicarbonate transport (Zoccola et al, 2015) at the apical side of calicoblastic cells (side of the cells facing the ECM). An ammonium transporter (AMT1) located on the apical calicoblastic membrane either adds or removes NH4 + from the ECM. A calcium ATPase supplies calcium to the ECM and removes protons [START_REF] Zoccola | Molecular cloning and localization of a PMCA P-type calcium ATPase from the coral Stylophora pistillata[END_REF]. A cytosolic soluble adenyl cyclase is involved in Bicarbonate/pH sensing (Barrott et al, 2020). Carbonic anhydrases are involved in CO2/bicarbonate interconversion and catalysing DIC supply to the ECM [START_REF] Bertucci | Carbonic anhydrases in anthozoan corals -A review[END_REF]. The ECM is endocytosed into a calicoblastic cell from its apical side by macropinocytosis ( Ganot et al, 2019), enriched in Ca, HCO3 -, other ions, organic matrix and protons removed, in order to promote the formation of hydrated amorphous calcium carbonate nanoparticles. These nanoparticles are then exocytosed into the ECM and attach to the growing skeleton. Gradually the solid aggregate of nanoparticles and ions dehydrates, crystallizes, and ion attachment fills interstitial spaces. supply Dissolved Inorganic Carbon (DIC) and/or aid in the pHECM regulation 37,40 ; plasmamembrane calcium ATPases (PMCAs), that can take part in the pHECM regulation and in the calcium supply to the ECM 38,40 ; and carbonic anhydrases (CAs), the enzymes that facilitate and catalyse the supply of DIC to the ECM 41-43 . CAs also fall within the category of organic matrix proteins since one isoform is found in coral skeletons 44 . Organic matrix proteins comprise: coral acid rich proteins 45 (CARPs), that interact with calcium ions through their negative charge at neutral pH 46 ; and neurexin, that connects the calicoblastic cells to the organic matrix 47 . By datamining in the genomes of 3 non-scleractinian species ( 2Corallimorphs, 1 Actiniaria) and 12 scleractinian species (6 Robust and 6 Complex), we looked at the distribution of the orthologs of the 7 proteins in species which have a different evolution history (Table S5). Indeed, Scleractinia diverged from Actiniaria approximately 506 Mya, and from Corallimorpharia about 308 Mya at the time they acquired the ability to calcify 38 . Moreover, they divide into Robust and Complex clades, which diverged about 265

Mya and show different skeletal properties 38 . First, our results show that a set of proteins (PMCA, neurexin) are present in the proteomes of all the Hexacorallia with no significant difference in number (Table S5 and Figure S11). Second, we confirm that only SLC4-γ, a duplication of the SLC4β gene, is scleractinian specific (Figure S14). This result underlines the importance of such proteins in the supply of bicarbonate for calcification. Finally, CARPs, Amt1 and CAs possess a higher number of orthologs in the Robust than in the Complex clade (Table S5 andFigures S11 andS12). Our results clearly confirm that co-option of genes and neofunctionalization for calcification occurs during evolutionary history of species".

Annex 7: Gene Ontology enrichment analysis of enriched genes in the oral fraction compared to the total colony. The construction and maintenance of coral reefs primarily depends on the calcification of corals, which produce a rigid skeleton made of CaCO3 in the crystalline form of aragonite.
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99 Figure 23 |

 9923 Figure21| Interconversion of α-ketoglutarate, glutamate and glutamine. Ammonium can be converted into glutamate via two pathways: either is is coupled directly to α-ketoglutarate to form glutamate in a reaction catalyzed by the glutamate dehydrogenase (GDH), or it may be incorporated into glutamine via the glutamine synthetase (GS). Glutamine and α-ketoglutarate can be also converted to glutamate via the glutamate synthetase (GOGAT). Figure modified from [293] ................................................................................................................................ 96 Figure 22| Structure of AmtB trimer from Escherichia coli, containig one monomer shown as a ribbon. Surface view of the AmtB trimer from the extracellular side (a). Side view of the molecular surface of the AmtB trimer (b). Figure from [342]. ................................................ 99 Figure 23 | Mechanism of ammonium transporters 1. The ammonium transporter (teal) spans the whole membrane (grey). The two ends are open to the water-filled environment (cyan),but the only open passage through the centre is strongly water-repellent (pink). The entrance to the water channel has a pocket that specifically recognizes ammonium. 2. Ammonium binds into the pocket near the amino acid Asp160, which is essential to trigger the opening of the channel. The environment inside the pocket also allows ammonium to separate into NH3 and H + . NH3 can now cross the membrane through the hydrophobic channel (pink), and H + crosses separately via the bridge formed of two copies of the amino acid histidine (His168 and His318). 3. Once inside the cell, NH3 and H + recombine to make ammonium (NH4 + ). Figure from [347]. .................................................................................................................. 100
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 242526 Figure 23 | Mechanism of ammonium transporters 1. The ammonium transporter (teal) spans the whole membrane (grey). The two ends are open to the water-filled environment (cyan),but the only open passage through the centre is strongly water-repellent (pink). The entrance to the water channel has a pocket that specifically recognizes ammonium. 2. Ammonium binds into the pocket near the amino acid Asp160, which is essential to trigger the opening of the channel. The environment inside the pocket also allows ammonium to separate into NH3 and H + . NH3 can now cross the membrane through the hydrophobic channel (pink), and H + crosses separately via the bridge formed of two copies of the amino acid histidine (His168 and His318). 3. Once inside the cell, NH3 and H + recombine to make ammonium (NH4 + ). Figure from [347]. .................................................................................................................. 100 Figure 24 | Gene expression of ammonium transporters in the coral S. pistillata. Blue bars correspond to the total colony and grey bars to the oral fraction. Error bars represent the standard deviation for a set of three biological replicates (n=3). Asterisks indicate statistical difference between total colony and oral fraction. From Capasso et al., submitted .............. 103 Figure 25 | Immunofluorescence staining of embedded cross-section of S. pistillata tissues with anti-Amt1d (a) and (b). Nuclei are labelled in blue in the first column (DAPI), Alexa Fluor 555 appears in orange in the second column and merge is shown in the third column. Row (b) is a magnification of the aboral tissue. AEnd = Aboral Endoderm; AEct = Aboral
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 27282930313233 Figure 26 | Model representing a potential role of Amt1d in the coral calicoblastic cells. Only enzymes (CA = carbonic anhydrase) and transporters (PMCA = Ca 2+ -ATPase; SCL4-γ = bicarbonate transporter) involved in the pHECM regulation, on the apical membrane of the calicoblastic cells, are shown[165,166,384,385]. pH values in the calicoblastic cells and the Extracellular Calcifying Medium are those from[START_REF] Sevilgen | Full in vivo characterization of carbonate chemistry at the site of calcification in corals[END_REF]168]. Figure from Capasso et al., submitted. ............................................................................................................................... 105 Figure 27 | Schematic representation of the distribution of S. pistillata ammonium transporters, across the coral tissues, according to the gene expression results as shown in Figure 24. ............................................................................................................................... 106 Figure 28 | Maximum likelihood (Phyml, LG + I + G) phylogenetic tree of Hexacorallia Amt1s from Corallimorpharia (green), Actiniaria (violet), Scleractinia Robust (orange) and Complex (blue). Corallimorpharia species include Amplexidiscus fenestrafer (Afe) and Discosoma sp. (Dsp). Actiniaria species include Exaiptasia diaphana (Edi). Scleractinia Robust species include Stylophora pistillata (Spi), Pocillipora verrucosa (Pve), Pocillipora meandrina (Pme), Orbicella faveolata (Ofa), Goniastrea aspera (Gas) and Fungia sp. (Fun). Scleractinia Complex species include Acropora digitifera (Adi), Acropora millepora (Ami), Galaxea fascicularis (Gfa), Montipora capitata (Mca), Porites lobata (Plo) and Porites lutea (Plu). ....................................................................................................................................... 108 Figure 29 (see previous page) | Genomic organization of Hexacorallia Amt1s from Corallimorpharia (green), Actiniaria (violet), Scleractinia Robust (orange) and Complex (blue). Boxes correspond to coding regions of Amt1 transporters. Each box has been named according to the phylogenetic tree in Figure 28. .................................................................... 110 Figure 30 | Data analysis pipeline The pipeline is divided into three major parts: raw data preprocessing, transcriptome assembly and post-processing, as indicated by areas of different colours. Blank boxes represent datasets, whereas grey boxes represent analyses. The softwares used in each analyses are written at the top of the boxes. Figure modified from [398]. ...................................................................................................................................... 145 Figure 31 | Expression-dependant N50 (ExN50), as calculated against a fraction of the total expressed data (Ex). ExN50 at the point of assembly saturation (97%) and traditional N50 are highlighted. ............................................................................................................................. 147 Figure 32 | Heatmap and hierarchical cluster of 4,483 differentially expressed transcripts. The heatmap was generated using trimmed mean of M-values (TMM). Sample clustering was done using Pearson's correlation. The Z-score scale is shown in the top-right corner ranging from -1 (blue) to +1 (violet). .................................................................................................. 149 Figure 33 | MDS plot of the data set Samples (n = 6) are separated by the biological replicate in the first dimension, and by the coral fraction in the second dimension ............................. 149 Figure 34| Gene Ontology Enrichment Analysis GO-terms associated with enriched genes in the total colony compared to the oral fraction ........................................................................ 150

  Figure38| Model of ion transporters distribution across the coral tissues The model combines the ion transporter families that have been characterized, in the two model of studies, throughout this thesis, notably, H + transporters (illustrated with a circle, see Chapter 2 for further details), ammonium transporters (illustrated with a rectangle, see Chapter 3 for further details) and SLC transporters (illustrated with an hexagon, see Chapter 4 for further details). Members of each family are differently distributed across the coral tissues according to their tissue-specific gene expression profiles, resulting from both targeted and broad approaches. For example, ion transporters ubiquitously expressed in both tissues are colored in green, oral-specific ion-transporters are colored in blue, and those aboral-specific are colored in orange. The position of these ion transporters on the apical (AM) and/or basolateral (BLM) sides of the coral polarized cells has been assigned based on previous immunolocalization studies in other model systems. Eventually, the oral-specific ion transporters could also be located on the symbiosome membrane surrounding the zooxanthellae, but for simplicity reasons this is not shown. It is noteworthy that this is only a model and other more precise techniques need to be performed in the future to establish their exact tissue and cellular localization. ............................................................................................................................ 176
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 1 Figure 1 | Coral Reefs Pictures of tropical (a) and cold water (b) reefs

Figure 2 |

 2 Figure 2 | Bleached corals

  (a) Completely bleached Acropora formosa at Halfway Island, Great Barrier Reef, February 2002

(see Chapter 1 ,

 1 Paragraphs 1.5.1 and 1.5.2), that boost the coral skeleton (and thus, the coral reef) to grow faster than it is eroded by wave action and boring organisms. Because of this symbiotic association, most hermatypic corals are restricted to the photic region (0 -200 m depth) of the ocean, differently from the second group of Scleractinia, the ahermatypic corals, which are mostly found at greater depths [reviewed in 43]. The phylogeny of Scleractinia is characterized by a deep evolutionary split that further divides this order into two major clades:

For

  many decades, scleractinian corals have been used as a model of study in several research fields related to global issues, such as marine ecology, climate change, paleoclimatogy, and metazoan evolution [52]. Most importantly, they have also been the focus of biomineralization research to investigate the basic mechanisms leading to skeleton formation in corals [e. g. 54,55, and others]. As the focus of my thesis research was also on biomineralization, two species of scleractinians were chosen as study models, Stylophora pistillata and Tubastraea spp. (Figure 5).

Figure 7 |

 7 Figure 7 | (a) Skeletal features of a coral colony and (b) comparison between plocoid (left) and ceroid (right) species. From University of Hawaii powerpoint presentation

  and epithelia-muscular cells, which shape interactions with the external environment[101- 103]. In case of symbiotic corals, such as S. pistillata, the oral endodermal cells also hosts autotrophic dinoflagellates of the Symbiodinaceae family[104,105], which are surrounded by the symbiosome membrane (i. e. a host-derived membrane that separates the endosymbiotic organism from the cytoplasm of the host cell)[106]. These dinoflagellates are unevenly distributed between the two endoderms, being more abundant in the oral than in the aboral endoderm[107,108]. Unlike S. pistillata, Tubastraea spp. is a non-symbiotic coral and does not possess symbiotic dinoflagellates within its endodermal cells.The aboral ectoderm contains the calicoblastic calcifying cells (Figure8)[109], which promote calcification, and desmocytes (not shown), that serve to anchor the tissue to the skeleton[110]

Figure 8 (

 8 Figure8(see previous page) | Simplified representation of a symbiotic coral anatomy, showing the two tisssues (oral and aboral) of which it is composed. Note that the aboral ectoderm is also refferred to as the calicoblastic epithelium and contains the calcifying calicoblastic cells, that are responsible for skeletal deposition. Abbreviations: AM, apical membrane; BLM, basolateral membrane; ER, endoplasmic reticulum; Zoox, zooxanthellae.

  )[130,131]. These roles are supported by in vitro experiments demonstrating that SOM components could affect the polymorphism and morphology of deposited calcium carbonate crystals[132]. The calicoblastic cells are responsible for SOM production as shown by immunohistochemical studies[133,134], and micro-scale observations, using scanning electron microscope (SEM) and transmission electron microscope (TEM), showing the presence of an organic fibrous substance between the calicoblastic epithelium and the skeleton[135][136][137]. Organic matrix proteins are also proposed to be present in the intracellular vesicles where amorphous calcium carbonate (ACC) nanoparticles form (seeChapter 1, Paragraph 1.7.1).

1. 6 . 2

 62 The mineral fractionScleractinian corals produce a mineral made of CaCO3, crystallized under the form of aragonite, characterized by unique crystallization patterns, uniform size and shape, and regular arrangement[141]. At the microstructural level, coral skeleton can be defined under two distinct morphologies, namely, the "centers of calcification" (CoCs, also called Rapid Accretion Deposits) and the "fibers"[142][143][144]. The construction of new skeleton is a continuous process in which CoCs, micrometer-sized, rounded aggregates of randomly oriented CaCO3 crystals, are formed and subsequently overgrown by long (~ 100 μm) and relatively narrow (~ 5 μm) crystal fibers[137,143,145]. The fibrous aragonite composite constitutes the bulk of the skeleton and gives it mechanical strength, while the spatial distribution of the CoCs determines the macroscopic morphology of the skeleton[146].Recent studies on coral crystals and skeletons have located hydrated amorphous calcium carbonate (ACC-H2O)[147,148], disordered aragonite phases, poorly crystalline aragonite (pAra)[148,149], and high magnesium content in the CoCs[147,150]. Whereas, strontium and low amounts of magnesium were detected in the aragonite fibers[150].

  research in the laboratory, field-based mesocosms and at natural CO2-vent sites that demonstrated the ability of several coral species to maintain elevated pHECM despite severe decreases in external seawater pH [172-174]. Venn et al. (2019) have also shown that regulation of pH both in the ECM and in the calcifying cells could, at least partially, explain the pattern of calcification under acidification and thus the resistance/sensibility of corals to this stressor [175].

  scleractinian corals were shown to calcify faster in the light than in the dark[176]. This phenomenon, later confirmed byGoreau (1959), has become commonly accepted and described as Light Enhanced Calcification (LEC) in many latter studies. The physiological mechanisms explaining the stimulation of calcification by light are not completely understood[177], but numerous hypotheses have been proposed. These include: 1) removal of inhibiting substances for calcification, such as phosphates[178]; 2) synthesis of compound necessary for SOM synthesis[179]; 3) production of energy by photosynthesis [180]; 4) O2 release supporting aerobic metabolism[START_REF] Rinkevich | Does light enhance calcification in hermatypic corals?[END_REF]; and 5) modification of the dissolved inorganic carbon equilibrium within coral tissues caused by CO2 uptake for photosynthesis[181], which modifies pH in the coelenteron and influences proton gradients within the ECM[182,183].Concerning the last hypothesis, previous studies have shown that under light conditions, the pH in the coelenteron increases from6.6 to 8.5 [184,185], together with a significant increase in the pHi of the coral endodermal cells containing symbionts from~ 7.1 to ~ 7.4 pH units [186]. Conversely both pHi and pH in the coelenteron decrease under night conditions when only respiration occurs[186]. Despite these pHi changes, cnidarian cells possess efficient acid-base regulatory mechanisms that prevent uncontrolled pH variations[187], suggesting that also coral cells need to possess efficient acid-base regulation mechanisms.

  photosynthesis. The results obtained during my PhD thesis are summarized in three chapters. Chapter 2 contains the characterization of several H + transporter families, in S. pistillata, known to play a role in the intracellular pH regulation of animal cells. These results have been published in the scientific journal BMC Molecular and Cell Biology. Chapter 3 contains the characterization of the S. pistillata ammonium transporters. These results have been submitted in the scientific journal Coral reefs. Finally, Chapter 4 contains the identification of novel ion transporter candidates in Tubastraea spp. The article is in preparation and should be submitted by the end of 2021 to the journal Scientific Reports.

Figure 12 |Figure 13 |

 1213 Figure 12 | Structure of the V-ATPase The V-ATPase complex is composed of a peripheral domain (V1, shown in yellow and orange) and an integral domain (V0, shown in blue and grey). The core of the V1 domain is composed of a hexameric arrangement of alternating A and B subunits, which participate in ATP binding and hydrolysis. TheV0 domain includes a ring of proteolipid subunits (c, c′and c′′) that are adjacent to subunits a and e. The V1 andV0 domains are connected by a central stalk, composed of subunits D and F of V1 and subunit d of V0, and multiple peripheral stalks, composed of subunits C, E, G, H and the N-terminal domain of subunit-a. Subunit-a possesses two hemi-channels and a crucial buried Arg residue (R735), which are required for proton translocation across the membrane. Figure modified from [204].

  The cellular pathways elicited to regulate pHi are fundamentally conserved in animals and include the vacuolar-type electrogenic H + -ATP hydrolase (V-ATPase) [257], the Na + /H + exchanger (SLC9)[219], and voltage-gated H + channels (HvCN)[232]. As mentioned in the previous paragraphs, these H + transporting proteins have been identified in the calcifying cells of a range of invertebrate species, where they have been suggested to prevent cytoplasmic acidification, by mediating H + extrusion[188,227,244]. In corals, apart one study identifying SCL9 homologs in the genome of the scleractinian coral Acropora digitifera [251], a real characterization of these families of transporters has never been performed.

  .1 is the second voltagegated channel, along with the L-type voltage dependent Ca 2+ -channel[167], that has been identified in the calicoblastic epithelium (seeChapter 1, Paragraph 1.8.1). The presence of multiple voltage-gated channels in this epithelium suggests the use of electrical impulses to coordinate cellular activities, as it is generally observed for other tissues with a high number of voltage gated channels[258]. The accumulation of H + within the calicoblastic cells, transported by the membrane transporters (e. g. PMCA, SLC4-γ) located on their apical side, could trigger the opening of this channel as it is indeed activated by membrane depolarization[231,232]. In this regard, HvCN1.1 might play a role in the pHi regulation on the basolateral side of the calicoblastic cells, mediating H + extrusion and preventing cytoplasmic acidification, similarly to the role it plays in coccolithophores[188,244]. The identification of this aboral specific H + channels is consistent also with previous study that identified HvCN homologues in other invertebrate calcifying cells[188,244], thus supporting the existence of an intrinsic mechanism across different calcifying taxa for the regulation of H + efflux during calcification[259].On the other hand, SLC9A8 might play a role in the pHi regulation along the secretory pathway, similar to the role that it plays in the retinal pigment epithelium[260] and in human cell cultures[260,261], where it localizes in protein trafficking compartments (e.g. Golgi, ER) and intracellular vesicles. The coral homolog SLC9A8 might therefore aid in the regulation of the H + concentration in the intracellular vesicles, within the calicoblastic cells, that are deposited towards the extracellular calcifying medium (ECM). In support of this hypothesis is also another study describing the organellar as well as the apical plasma membrane distribution of the mouse ortholog SCL9A8, which recycles to and from the plasma membrane[262].

•Figure 16 |

 16 Figure 16 | Relative mRNA quantification (Rq) of V0 V-ATPase subunit-a, SLC9s, and HvCNs measured in total (total colony) and oral (oral fraction) fractions. Box and whisker plots show the first, second (median) and the third quartile (horizontal lines of the boxes); and respective whiskers (vertical lines spanning to the lowest and highest data point of all data, including outliers). Replicate numbers (n=3) represent separate coral samples. Asterisks and points indicate statistical difference. From [263].

Figure 18 |

 18 Figure 18 | Relative mRNA quantification (Rq) of HvCN1.1 and SLC9A8 plotted against pH 8.1 and 7.2 (n=5) at 1 week (a) and 1 year (b) pCO2 exposure. Box and whisker plots show the first, second (median) and the third quartile (horizontal lines of the boxes); and respective whiskers (vertical lines spanning to the lowest and highest data point of all data, including outliers). Figure extract from [263].

  Figure 19 | Relative changes in NH3 and NH4 + in solution as a function of solution pH. Amounts shown are proportion of total ammonium (sum of both NH3 and NH4 + ) present as NH3 and as NH4 + . From [286]

Figure 20 |

 20 Figure 20 | Transdeamination (transamination + oxidative deamination) are the key reactions of amino acid metabolism. Both reactions are reversible, but here are shown those that lead to ammonium formation. Note that ammonium is produced by the glutamate dehydrogenase (GDH), during oxidative adeamination, through the conversion of glutamate (from transamination reaction) into α-ketoglutarate.

  GDH)[292]. GDH catalyzes the conversion of glutamate to αketoglutarate, while releasing ammonium. In mitochondria are also present some of the other enzymes required for urea production[292].

Figure 23 |

 23 Figure 23 | Mechanism of ammonium transporters 1.The ammonium transporter (teal) spans the whole membrane (grey). The two ends are open to the water-filled environment (cyan), but the only open passage through the centre is strongly waterrepellent (pink). The entrance to the water channel has a pocket that specifically recognizes ammonium. 2. Ammonium binds into the pocket near the amino acid Asp160, which is essential to trigger the opening of the channel. The environment inside the pocket also allows ammonium to separate into NH3 and H + . NH3 can now cross the membrane through the hydrophobic channel (pink), and H + crosses separately via the bridge formed of two copies of the amino acid histidine (His168 and His318). 3. Once inside the cell, NH3 and H + recombine to make ammonium (NH4 + ). Figure from[347].
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Figure 24 |

 24 Figure 24 | Gene expression of ammonium transporters in the coral S. pistillata. Blue bars correspond to the total colony and grey bars to the oral fraction. Error bars represent the standard deviation for a set of three biological replicates (n=3). Asterisks indicate statistical difference between total colony and oral fraction.From Capasso et al., submitted 

Figure 25 |

 25 Figure 25 | Immunofluorescence staining of embedded cross-section of S. pistillata tissues with anti-Amt1d (a) and (b). Nuclei are labelled in blue in the first column (DAPI), Alexa Fluor 555 appears in orange in the second column and merge is shown in the third column. Row (b) is a magnification of the aboral tissue. AEnd = Aboral Endoderm; AEct = Aboral Ectoderm; AT = Aboral Tissue; Co = Coelenteron; OT = Oral Tissue; Sk = Skeleton; Sw= Seawater. Figure extract from Capasso et al., submitted.

Figure 31 |

 31 , as calculated against a fraction of the total expressed data (Ex). ExN50 at the point of assembly saturation (97%) and traditional N50 are highlighted.

  Figure 34|Gene Ontology Enrichment Analysis GO-terms associated with enriched genes in the total colony compared to the oral fraction

Figure 35 |

 35 Figure 35 | EggNOG classifications of enriched genes in the total colony compared to the oral fraction EggNOG categories are shown on the horizontal axis as alphabets with corresponding category names on the right

Figure 37 |

 37 Figure 37 | Heatmap of calcification-related genes differentially expressed between the total colony and the oral fraction

  ): 10/21 being enriched in the oral fraction compared to the total colony (CARPs, CAs and Amt3) and 11/21 (CARPs, SLC4-γ, CAs, galaxins, Amt1 and SCRiPs) being enriched in the total colony compared to the oral fraction. A list of the IDs of these 21 proteins with a potential role in Tubastraea spp. calcification is provided in Annex 10. Tubastraea spp. CARPs and CAs, within the 21 differentially expressed transcripts (Figure 37), were named according to phylogenetic analyses provided in Annexes 11 and 12.

  HvCN1.1, homologous to human HvCN1.1. Although future experiments should be performed, including immunolocalization and functional characterization studies, coral HvCN1.1 might mediate H + extrusion, on the basolateral side of the calicoblastic cells, into the mesoglea. A similar role in the pHi homeostasis of the calcifying cells has also been suggested in coccolithophores [245] and the blue mussel [188].

  So, for example, what are the properties (e. g. affinity, kinetics) of these transporters? Is their expression under lightdependent regulation? What is their cellular localization within the aboral tissue? And, what is their contribution to calcification? These questions could be addressed in the future by performing a series of experiments.

[

  279,281], they have not yet been supported by molecular data. During my thesis, we have identified a gene coding for the Amt1d transporter in the symbiotic coral Stylophora pistillata, as a potential candidate for role in calcification, as suggested by its tissue-specific expression and its cellular localization in the coral calcifying cells (Figures 24 and 25). This results represents an important piece in the current literature on ammonium and calcification, as until now the links between this nitrogen containing molecule and calcification have mainly been reported at the physiological level [e

Figure 38 ,

 38 in which the hereby characterized ion transporters are distributed across the oral-and aboral-tissue, according to their tissue-specific expression pattern. In this model, ion transporter localization in the coral polarized cells has been assumed based on existing literature in other model organisms. Nevertheless, future experiments should be performed in the future to verify their exact localization also for these coral homologs.

X. 10

 10 is based on what is known in other organisms and/or their suggested role in the calcification process. The schematic representation (Fig. X.10) of ion transport mechanisms

  changes in respiration rate. These results indicate that seawater DIC is somehow directly involved in the pH regulation of the calicoblastic ectoderm, either through its capacity to buffer protons exported from this epithelium or in its import into the calicoblasts via a DIC transporter (Fig. X..10). Other work with the GE has revealed that the acid-base sensing enzyme soluble adenylyl cyclase (sAC), which is expressed in the calicoblastic ectoderm (Barrot et al. 2020), is involved in pH regulation of the ECM. Inhibition of this enzyme leads to acidification of the ECM as measured by SNARF-1 and decreases in calcification rate measured by calcein incorporation. Together, these findings underscore the importance of the biological control of the calicoblastic ectoderm on ECM chemistry for calcification. As more work is carried out on the GE in the coming years, the model of ion transport in Fig X10 is certainly likely to evolve with the integration of new discoveries. Crucial to understanding the control of ECM composition, is an appreciation of not just transcellular ion transport but also the passive exchange of ions via the paracellular pathway, which is depicted in Fig X10. Indeed, understanding the extent to which the ECM is a closed, semi-open or open compartment with regards to its exchange with the exterior seawater has

  visualized at the GE by incubating samples with the fluorescent cell impermeant dye calcein (ionic radius of6.5 Å (Zarnitsyn et al., 2008)). At the GE, using an inverted confocal microscope, calcein added to seawater can be observed in the ECM and incorporated in the crystals, as well as passing between the calicoblastic cells (Fig. X.11A-D ((Tambutté et al., 2012; Venn et al., 2020)). Calcein can also be observed very clearly in the intercellular spaces between the overlying endoderm cells (Fig. X.11E-F). Recently, time-lapse imaging to measure the rate at which calcein enters the ECM from the surrounding seawater (Fig. X.11A-

(

  Sun et al. 2020) (Fig. X.10). More generally, we note that the role of vesicles and endocytosis/exocytosis in coral calcification is an evolving area of research and requires further investigation".

Figure X. 10 :

 10 Figure X.10: Schematic representative of proposed cellular mechanisms of coral calcification in Stylophora pistillata adapted from[START_REF] Sun | From particle attachment to space-filling coral skeletons[END_REF]. The values for calcium and carbonate concentrations, pH, and supersaturation with respect to aragonite (Ωarag) in the extracellular calcifying medium (ECM) and seawater were taken from[START_REF] Sevilgen | Full in vivo characterization of carbonate chemistry at the site of calcification in corals[END_REF]. The source of dissolved inorganic carbon for calcification is partially cell respiration and an external source of bicarbonate[START_REF] Furla | Sources and mechanisms of inorganic carbon transport for coral calcification and photosynthesis[END_REF]. Basal membrane transporters (located on the cell side facing the mesoglea) are proposed to include a bicarbonate transporter(Zoccola et al. 2015), a sodium proton exchanger, a proton ATPase[START_REF] Capasso | Intracellular pH Regulation: Characterization and Functional Investigation of H+ Transporters in Stylophora Pistillata[END_REF]) and a L-type calcium channel[START_REF] Zoccola | Cloning of a calcium channel α1 subunit from the reef-building coral, Stylophora pistillata[END_REF]. Dissolved inorganic carbon is supplied to the ECM through CO2 diffusion(Allison et al, 2014 ) and bicarbonate transport(Zoccola et al, 2015) at the apical side of calicoblastic cells (side of the cells facing the ECM). An ammonium transporter (AMT1) located on the apical calicoblastic membrane either adds or removes NH4 + from the ECM. A calcium ATPase supplies calcium to the ECM and removes protons[START_REF] Zoccola | Molecular cloning and localization of a PMCA P-type calcium ATPase from the coral Stylophora pistillata[END_REF]. A cytosolic soluble adenyl cyclase is involved in Bicarbonate/pH sensing(Barrott et al, 2020). Carbonic anhydrases are involved in CO2/bicarbonate interconversion and catalysing DIC supply to the ECM[START_REF] Bertucci | Carbonic anhydrases in anthozoan corals -A review[END_REF]. The ECM is endocytosed into a calicoblastic cell from its apical side by macropinocytosis( Ganot et al, 2019), enriched in Ca, HCO3 -, other ions, organic matrix and protons removed, in order to promote the formation of hydrated amorphous calcium carbonate nanoparticles. These nanoparticles are then exocytosed into the ECM and attach to the growing skeleton. Gradually the solid aggregate of nanoparticles and ions dehydrates, crystallizes, and ion attachment fills interstitial spaces.

Annex 8 :Annex 9 :

 89 Evolutionary Genealogy of Genes: Non-supervised Orthologous Groups (EggNOG) classifications of enriched genes in the oral fraction compared to the total colony. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of enriched genes in the oral fraction compared to the total colony.Approche moléculaire du transport d'ions pour la calcification chez les coraux symbiotiques et non-symbiotiquesRésumé :La construction et le maintien des récifs coralliens dépendent essentiellement de la calcification des coraux, organismes qui produisent un squelette rigide fait de CaCO3, sous la forme cristalline d'aragonite. La plupart de ces coraux vivent en symbiose avec des dinoflagellés photosynthétiques de la famille des Symbiodiniaceae, qui fournissent de l'énergie et des nutriments à l'hôte corallien. Compte tenu de l'importance écologique des coraux constructeurs de récifs, de nombreux progrès ont été réalisés dans l'identification des mécanismes à la base de la calcification des coraux. Néanmoins, il existe encore des lacunes importantes dans la compréhension de ce processus, dont la caractérisation des transporteurs d'ions, utilisés par les cellules calcifiantes pour promouvoir la calcification.Pour contribuer à ce manque de connaissances, des approches ciblées et générales, couplées à des outils moléculaires et bioinformatiques, ont été utilisées tout au long de cette thèse. En utilisant l'approche ciblée, j'ai recherché, dans le génome et le transcriptome du corail symbiotique Stylophora pistillata, des protéines de transport d'ions, précédemment rapportées comme étant impliquées dans la calcification d'autres espèces calcifiantes. En utilisant une approche générale, j'ai étendu la recherche de gènes candidats chez le corail non symbiotique Tubastraea spp. Les deux approches ont contribué à une meilleure compréhension des mécanismes de transport d'ions utilisés par les cellules calcifiantes du corail pour favoriser la calcification dans ce groupe d'animaux marins écologiquement important. Mots clés : [coraux scléractiniaires; hexacorallia; biominéralisation/calcification; transporteurs d'ions; gènes candidats; immunomarquage; transcriptomique; régulation du pH] Molecular insight into ion transport for calcification in symbiotic and non-symbiotic corals Abstract :
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CHAPTER 1. Mechanism of coral calcification: from physiology to molecular biology 1.1 Generalities 1.1.1 Biogenic calcification in the oceans: an overview

  

	LogFC	Log Fold Change
	Ma	Megaannum
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1 From ions to minerals: a pathway paved by transporters

  ,163,164] and targeted gene approaches[165][166][167], significantly contributed to the current knowledge of the skeletal organic matrix component and the Ca 2+ and DIC transporters operating in the calicoblastic cells. Conversely, H + transporters involved in the H + removal from the sites of calcification have received less attention and are by far the The maintenance of different Ca 2+ , DIC, and H + concentrations between the ECM and seawater relies on ion transport[START_REF] Tambutté | Coral biomineralization: From the gene to the environment[END_REF]161]. It is now accepted that ion transport for coral calcification occurs through a combination of paracellular (i. e., between the septate junctions

	least characterized.
	1.8.DIC transport to the calcification sites is more diverse since, unlike Ca 2+ , which comes
	exclusively from seawater, it can come from multiple sources. These can be of external origin
	(e. g. seawater), such as for bicarbonate (HCO3 -) and carbonate (CO3 2-), or of internal origin
	(e. g. cellular respiration), such as for carbon dioxide (CO2). The relative contribution of these

[START_REF] Green | Biomass: Impact on Carbon Cycle and Greenhouse Gas Emissions[END_REF] Paragraph 1.6.1)

,

[START_REF] Frankel | Magneto-aerotaxis in marine coccoid bacteria[END_REF] 

the transport of Ca 2+ and dissolved inorganic carbon (DIC) to the sites of calcification (see

Chapter 1, Paragraph 1.8.1)

, and (3) the removal of H + from the sites of calcification (see

Chapter 1, Paragraph 1.8.2) [161]

. Over the past years, a combination of proteomic and mass spectrometry analysis

[139,162]

, together with transcriptomic [99connecting cells in the calicoblastic epithelium

[START_REF] Ganot | Structural Molecular Components of Septate Junctions in Cnidarians Point to the Origin of Epithelial Junctions in Eukaryotes[END_REF]

) and transcellular pathways (i. e., vesicular transport and ion transport proteins

[e. g. 52,139,141]

). Over the past years, pharmacological experiments, using ion transporter inhibitors, and/or gene expression studies combined with immunolocalization, have identified a range of ion transporters and enzymes specific of the calicoblastic cells. For simplicity and clarity reasons, these transporters are shown in a schematic representation, in which the intracellular process of calcification is not shown (Figure

10

).

The increase of Ca 2+ at sites of calcification compared (ECM and vesicles) to seawater involves the transcellular transport of Ca 2+ by at least two proteins, identified for the first time in the model study S. pistillata. One is the L-type voltage-dependent Ca 2+ channel, located on the basal side of the calicoblastic cells, that transports Ca 2+ into the calicoblastic cells

[153,167]

. The other is the plasma membrane Ca 2+ -ATPase (PMCA), located on the apical side of the calicoblastic cells, that transports Ca 2+ , from the calicoblastic cells to the ECM or the intracellular vesicles, in exchange for H + [166]. As PMCA removes H + from the ECM, while transporting Ca 2+ into the ECM, it has also been suggested to play an important role in pH regulation at the ECM (pHECM)

[166]

. sources in coral calcification is a matter of debate. Indeed, some studies report that the major contribution comes from coral respiration (70-75% of total CaCO3 deposition)

[169]

; whereas other studies argue that the coral respiration rate is too low to be a single and consistent source of DIC for calcification, suggesting other DIC sources for skeleton formation

[170]

.

1.

8.2 The removal of H + from the sites of calcification

  Maintaining an elevated pH is a critical step to initiate and sustain coral calcification, and this is accomplished via the removal of H + from the sites of calcification. H + removal from the sites of calcification arises from 1) the need to create a chemical micro-environment favorable for mineralization (e. g. high Ωarag)[START_REF] Sevilgen | Full in vivo characterization of carbonate chemistry at the site of calcification in corals[END_REF]168], and 2) the closely associated need to prevent pH decreases at the ECM due to the excess of H + produced by ion-by-ion filling[151]. It is noteworthy that the continuous H + removal from the sites of calcification severely challenges the calcifying cells with an acidic load. Thus, existing mechanism for H + buffer/transport must account for regulating these H + fluxes not only at the sites of calcification but also in the coral cells in contact with these sites[168].

CHAPTER 3. Targeting ammonium transport for role in coral calcification

  

	With recent physiological studies suggesting a role for ammonium in invertebrate
	calcification [277-282], ammonium transporters have become interesting candidates to look
	at in order to elucidate the mechanistic transport behind this process. Despite their
	attractiveness, to our knowledge, no study to date has investigated the totality of this family of

2.4.4.1 Publication Capasso L., Ganot P., Planas-Bielsa V., Tambutté S. and Zoccola D. Intracellular pH regulation: characterization and functional investigation of H + transporters in Stylophora pistillata. BMC Molecular and Cell Biology. 10.1186/s12860-021-00353-x 3 transporters in corals, which we will present and describe here for the first time, in the coral S. pistillata. This coral is a suitable model for this type of study as dedicated molecular tools and bioinformatic databases are available, in addition to physiological data showing an increase in calcification rate upon addition of external ammonium sources [278].

4 Nitrogen excreting strategies

  

	Ammonium accumulation in animal cells, extracellular fluids, as well as exposure of animals
	to environmental conditions that prevent ammonium excretion, cause severe deleterious
	effects [297,303,304]. In fishes, for instance, exposure to high environmental ammonium
	(HEA) critically reduces swimming velocity [305,306], disturbs branchial gas exchange and
	oxidative metabolism [307]. Ammonium toxicity has also been documented in several aquatic
	invertebrates, particularly commercially relevant crustaceans, e. g. shrimp [308], lobster
	[309], and crayfish [310], which experience reduction in the total number of immune active
	hemocytes and/or disruption in ion regulatory functions. Several hypothesis have been
	proposed to explain such toxicity, including disturbance of electrochemical gradients [311],
	inhibition of enzymatic reactions [311] and/or intra-/extra-cellular pH changes [303].
	), out of ammonium and
	glutamate; whereas glutamate can be synthesized by the glutamate synthetase (GOGAT) out
	of glutamine and 2-oxoglutarate [294]. Both glutamine and glutamate are critical for
	ammonium sequestration in organisms and virtually all cells possess at least one of the two
	pathways, GS/GOGAT and/or GDH/GS, for incorporating or removing α-amino groups
	within these two amino acids [295]. Additional sources of ammonium include purine,
	methylamine and creatine metabolism [290]. Also, ammonium can be released from urea by

the action of urease, an enzyme that is present in the digestive tract of most vertebrates (i. e. microbial urease)

[290]

, as well as in mollusks

[281]

, and corals

[279]

. Following ammonium release, a biochemical trident in the road occurs whereby ammonium can either be recycled

3.1.

To cope with such toxicity, animals have developed different nitrogen excreting strategies that rely either on direct excretion of ammonium or indirect excretion after ammonium conversion into less toxic products

[290]

. With some exceptions

[289,312]

, water availability is a key determinant in the form of nitrogenous waste that an animal excretes. The main nitrogenous waste compounds, in order of increasing water solubility, are uric acid, urea, and ammonium

[290]

. While ammonium is the most soluble of the nitrogenous wastes, it is also the most toxic form and, therefore, its excretion demands significant water availability to maintain non-toxic levels internally. Accordingly, aquatic animals generally excrete the majority of nitrogenous wastes in the form of ammonium. This phenomenon has been documented in many invertebrate and vertebrate animal groups including crustacea

[313,314]

, mollusks

[315,316]

, teleost fish

[317], and insects [314,318]

. Conversely, water retention is paramount for terrestrial and semi-terrestrial animals, and these typically convert ammonium into less soluble urea or uric acid forms which can be concentrated in the body with minimal toxic effect

[319]

.

  + [285]. The transport of ammonium requires therefore the action of transmembrane proteins that increase ammonium permeability across cell membranes, that are accordingly classified as ammonium transporters[324,325].

	While animal genomes generally contain AMT [333-336] and Rh genes [326,337,338] -with
	the exception of vertebrates that possess only Rh genes (mostly known as blood group-related
	proteins) [339,340].

Ammonium transporters (AMT/MEP/Rh) form a ubiquitous group of integral membrane proteins, found in almost all prokaryotic and eukaryotic lineages, that specifically transport ammonium across cell membranes

[326]

. In 1994, the first characterized sequences of ammonium transport proteins were for MEP1 from Saccharomyces cerevisiae [327] and AMT-1;1 from Arabidopsis thaliana [328], followed by the first complete prokaryotic AMT sequence from Corynebacterium glutamicum

[329]

. Today, a large amount of available sequence data outlines distinct protein families with a high degree of conservation, comprising ammonium transport proteins (AMT), methylammonium permease (MEP) and rhesus proteins (Rh)

[326]

. The evolution of the AMT/MEP/Rh family is extremely complex, and individual genomes may contain more than one ammonium transporter gene, with potentially different evolutionary histories

[326]

.

Genomes from microorganisms and plants mainly contain

.

  .

	KO term Ion transporters unigenes	Functional annotation	FC
	K00799	TRINITY_DN1669_c0_g1_i3.p1 TRINITY_DN12289_c0_g1_i14.p1	glutathione S-transferase	3.2 4.8
	K03320	TRINITY_DN16401_c0_g1_i7.p1	ammonium transporter, Amt family	4.1
	K05038	TRINITY_DN12243_c1_g1_i1.p1 TRINITY_DN8948_c0_g1_i15.p1	solute carrier family 6, member 5/9	5.1 2.9
	K05039	TRINITY_DN7450_c0_g1_i13.p1	solute carrier family 6, member 6	5.7
		TRINITY_DN2910_c0_g1_i4.p1		3.3
	K05048	TRINITY_DN609_c1_g1_i14.p1	solute carrier family 6, member 15/16/17/18/20	3.6
		TRINITY_DN609_c1_g1_i13.p1		3.9
	K05399	TRINITY_DN12573_c1_g1_i4.p1	lipopolysaccharide-binding protein	2.1
	K05643	TRINITY_DN2705_c1_g1_i6.p1 TRINITY_DN170738_c0_g1_i2.p1	ATP-binding cassette, subfamily A (ABC1), member 3	2.3 23.7
	K05655	TRINITY_DN13741_c0_g1_i13.p1 ATP-binding cassette, subfamily B (MDR/TAP), member 8	333.1
		TRINITY_DN73454_c0_g1_i2.p1		8.9
	K05673	TRINITY_DN43332_c0_g1_i2.p1	ATP-binding cassette, subfamily C (CFTR/MRP), member 4	39.9
		TRINITY_DN29216_c2_g1_i3.p1		13.6
	K05678	TRINITY_DN8486_c0_g1_i4.p1	ATP-binding cassette, subfamily D (ALD), member 4	3.5
	K06580	TRINITY_DN1639_c0_g1_i6.p1 TRINITY_DN11254_c0_g1_i6.p1	SLC42A; ammonium transporter Rh	3.1 317.7
		TRINITY_DN57711_c0_g1_i2.p1		39.2
	K08187	TRINITY_DN26257_c3_g1_i4.p1 TRINITY_DN16679_c0_g2_i1.p1	solute carrier family 16 (monocarboxylic acid transporters), member 10	5.3 4.2
		TRINITY_DN104999_c0_g1_i1.p1		62.1
		TRINITY_DN19075_c0_g1_i1.p1		4.3
	K08204	TRINITY_DN84629_c0_g1_i1.p1 TRINITY_DN23500_c0_g1_i4.p1	solute carrier family 22 (organic anion transporter), member 7	42.5 8.8
		TRINITY_DN23500_c0_g1_i3.p1		6.5
	K09866	TRINITY_DN9220_c0_g1_i2.p1	aquaporin-4	43.4
	K14387	TRINITY_DN6094_c0_g1_i13.p1	solute carrier family 5 (high affinity choline transporter), member 7	52.7
	K13868	TRINITY_DN7767_c0_g1_i15.p1	solute carrier family 7 (L-type amino acid transporter), member 9/15	53.2
	K14445	TRINITY_DN38284_c0_g1_i1.p1 TRINITY_DN20897_c0_g1_i1.p1	solute carrier family 13 (sodium-dependent dicarboxylate transporter), member 2/3/5	16.4 6.4
	K14453	TRINITY_DN16687_c0_g1_i7.p1	solute carrier family 26	4.2

Table 2 |

 2 List of enriched transcripts, involved in ion transport, in the total colony compared to the oral fraction

	KO term Ion transporters unigenes	Functional annotation	FC
	K11536	TRINITY_DN3340_c0_g2_i6.p1	pyrimidine nucleoside transport protein	5.3
	K12385	TRINITY_DN8972_c0_g1_i9.p1 TRINITY_DN2483_c0_g1_i6.p1	Niemann-Pick C1 protein	3.1 2.5
	K11518	TRINITY_DN2445_c7_g1_i4.p1	mitochondrial import receptor subunit TOM40	2.8
	K14611	TRINITY_DN1292_c0_g1_i23.p1 TRINITY_DN1292_c0_g1_i21.p1	solute carrier family 23 (nucleobase transporter), member 1	6.8 916.1
	K15104	TRINITY_DN18817_c0_g1_i1.p1	solute carrier family 25 (mitochondrial oxoglutarate transporter), member 11	95.7
	K15108	TRINITY_DN12359_c10_g1_i3.p1	solute carrier family 25 (mitochondrial thiamine pyrophosphate transporter), member 19	32.2
	K15109	TRINITY_DN22386_c0_g1_i6.p1 TRINITY_DN17474_c0_g1_i7.p1	solute carrier family 25 (mitochondrial carnitine/acylcarnitine transporter), member 20/29	6.4 35.1
	K14686	TRINITY_DN90716_c0_g1_i1.p1	solute carrier family 31 (copper transporter), member 1	8.6
	K15015	TRINITY_DN14356_c0_g1_i5.p1 TRINITY_DN68697_c0_g1_i1.p1	solute carrier family 32 (vesicular inhibitory amino acid transporter)	2.9 5.7
	K14683	TRINITY_DN5423_c0_g1_i6.p1	solute carrier family 34 (sodium-dependent phosphate cotransporter)	4.2
	K15281	TRINITY_DN9775_c0_g1_i5.p1	solute carrier family 35	3.2
	K14994	TRINITY_DN9280_c0_g1_i8.p1	solute carrier family 38 (sodium-coupled neutral amino acid transporter), member 7/8	6.3
	K14995	TRINITY_DN19648_c0_g1_i1.p1	solute carrier family 38 (sodium-coupled neutral amino acid transporter), member 9	3.2
	K14613	TRINITY_DN9535_c0_g1_i2.p1 TRINITY_DN38892_c0_g1_i1.p1	solute carrier family 46 (folate transporter), member 1	2.7 49.4
	K15381	TRINITY_DN1196_c2_g2_i3.p1 TRINITY_DN15243_c0_g1_i12.p1	MFS transporter, FLVCR family, disrupted in renal carcinoma protein 2	2.9 500.7
	K17769	TRINITY_DN45389_c0_g1_i4.p1	mitochondrial import receptor subunit TOM22	61.4
		TRINITY_DN29747_c0_g1_i6.p1		100.7
	K21396	TRINITY_DN29747_c0_g1_i3.p1 TRINITY_DN10851_c0_g1_i5.p1	ATP-binding cassette, subfamily G (WHITE), eye pigment precursor transporter	12.4 85.5
		TRINITY_DN10851_c0_g1_i4.p1		3.8
	K21862	TRINITY_DN9832_c0_g1_i2.p1 TRINITY_DN29586_c0_g1_i7.p1	voltage-gated cation channel	4.6 8.5
	K21988	TRINITY_DN5910_c4_g1_i1.p1	transmembrane channel-like protein	7.4
	K22190	TRINITY_DN43565_c0_g1_i3.p1	membrane-spanning 4-domains subfamily A member 3/4/8/12/15/18	206.8
	K21893	TRINITY_DN88858_c0_g1_i5.p1	neuroglobin	182.3

Table 3 (

 3 continued) | List of enriched transcripts, involved in ion transport, in the total colony compared to the oral fraction

	Ion transporters/enzymes		Organic matrix proteins
	Amts		
	H v CNs		CARPs
	SLC9s	CAs	Neurexins
	SLC4-γ		Galaxins
	PMCAs		SCRiPs
	VGCCs		

  Plasma Membrane Ca 2+ -ATPase (PMCA), which have been suggested to take part in Ca 2+ supply to the sites of calcification in mussels[188], as well as in the pHECM regulation of the ECM in corals [166], neurexins, that connect the calicoblastic cells to the extracellular matrix in corals[START_REF] Wang | Stepwise evolution of coral biomineralization revealed with genome-wide proteomics and transcriptomics[END_REF] and 5) Voltage-Gated Ca 2+ -channels (VGCC), which have been suggested to facilitate Ca 2+ transport in the calcifying epithelium of oysters[459] and corals

	1) voltage-gated H + channels (HvCN), that have been
	suggested to participate in the pHi homeostasis of calcifying coccolithophore cells [244], in
	the larval development and shell formation of the blue mussel [188] and in the calicoblastic
	cells of the coral Stylophora pistillata [263]; 2) SLC9s, that have been suggested to play a
	role in H + removal during trochophore development in mussels [188] and coral calcification
	[263], 3)

  + from the calicoblastic cells to the extracellular space. We have also identified genes belonging to the SLC13 [478] and SLC23 [433] families, which facilitate the transport of citrate and ascorbic acid, respectively, two essential molecules involved in vertebrate bone thickening and stabilization [425] and collagen maturation[479].

	Future studies might consider exploring this type of transporters also in other coral species,
	and might reveal the existence of conserved patterns related to calcification across distant
	Phyla, as previously demonstrated for other genes (e. g. bone morphogenetic proteins -BMPs
	[480], calcitonin [481], etc.). Interestingly, molecules transported by these SLC transporters
	(e. g. ammonium, citrate, aspartic acid, monocarboxylic acids) have never even been
	described in the coral calcification process, which suggests a series of revaluation on the
	mechanisms underlying this process that can be done once more precise studies have
	ascertained the location of these transporters (e. g. immunohistochemistry studies).

These include members of the SLC16 family -notably the monocarboxylic acid transporters (MCTs) [477]-which represent potential mechanisms for pHi regulation, by transferring H

Figure 38 | Model of ion transporters distribution across the coral tissues

  The model combines the ion transporter families that have been characterized, in the two model of studies, throughout this thesis, notably, H + transporters (illustrated with a circle, see Chapter 2 for further details), ammonium transporters (illustrated with a rectangle, see Chapter 3 for further details) and SLC transporters (illustrated with an hexagon, see Chapter 4 for further details). Members of each family are differently distributed across the coral tissues according to their tissue-specific gene expression profiles, resulting from both targeted and broad approaches. For example, ion transporters ubiquitously expressed in both tissues are colored in green, oralspecific ion-transporters are colored in blue, and those aboral-specific are colored in orange. The position of these ion transporters on the apical (AM) and/or basolateral (BLM) sides of the coral polarized cells has been assigned based on previous immunolocalization studies in other model systems. Eventually, the oral-specific ion transporters could also be located on the symbiosome membrane surrounding the zooxanthellae, but for simplicity reasons this is not shown. It is noteworthy that this is only a model and other more precise techniques need to be performed in the future to establish their exact tissue and cellular localization.34.Hoeksema, B.W. and Cairns S. 2019 World list of Scleractinia. World Regist. Mar. Plawen L V. 1978 On the origin and evolution of the lower Metazoa. J. Zool. Paragraph "Calicoblastic cells and control of ECM composition" from the Chapter: "Coral calcification at the cellular scale: insight through the 'window' of the growing edge" (authors: Venn A. A., Tambutté E., D. Zoccola D., Capasso L., Allemand D., Caminiti-Segonds N., Techer N., Ganot P. & Tambutté S.), extracted from the book "Physiology of Invertebrates from Selected Taxa Extracted", by Saber Saleudding, Sally Leys, Robert Roar and Ian Wilkie. Apple Academic Press (publication expected by 2022).
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Annexes

Annex 1: Telomere dysfunction is associated to dark-induced coral bleaching in the reef coral Stylophora pistillata of Alice Rouan, Mélanie Pousse, Eric Tambutté, Nadir Djerbi, William Zozaya, Laura Capasso, Didier Zoccola, Sylvie Tambutté and Eric Gilson accepted in Molecular Ecology (2021). Most reef-building corals live in symbiosis with photosynthetic dinoflagellates of the Symbiodiniaceae family, which provide the coral host with energy and nutrients. Given their ecological importance, much progress has been made in identifying key elements of the mechanisms underlying coral calcification. Nevertheless, there are still significant gaps in our understanding. Foremost is the characterization of ion transporters, used by the coral calcifying cells to promote calcification. To contribute to this lack of knowledge, targeted and broad approaches, coupled with molecular and bioinformatics tools, have been used throughout this thesis. Using the targeted approach, ion transporter proteins, previously reported to be involved in calcification of other calcifying species, have been identified for the first time in the genome and transcriptome of the symbiotic coral Stylophora pistillata.

Whereas, using a broad approach, novel candidate genes for roles in calcification have been identified in the non-symbiotic coral Tubastraea spp. Overall, both approaches contributed to a better understanding of the ion transporting mechanisms used by the coral calcifying cells to promote calcification in this ecologically important group of marine animals.

Keywords : [scleractinian corals; Hexacorallia; biomineralization/calcification; ion transporters; candidate genes; immunolabelling; transcriptomics; pH regulation]