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Préambule

Les organismes multicellulaires se forment au cours d'une séquence complexe de changements cellulaires et morphologiques que l'on appelle le développement (ou ontogenèse). Dans la plupart des cas, le développement commence par une unique cellule, le zygote, puis comprend l'ensemble des processus par lesquels cette cellule donne in fine un organisme complet et fonctionnel. En réalité, aucun organisme ne cesse de produire de nouvelles cellules et de régénérer certains tissus au-delà d'un certain stade. Ainsi, le développement ne s'arrête en aucun cas lorsque l'âge adulte est atteint, mais continue au contraire à travers les multiples événements de régénération qui surviennent au cours de la vie. Les processus biologiques qui assurent le développement d'un organisme sont régulés par un certain nombre de gènes et de facteurs épigénétiques qui contrôlent différents mécanismes biologiques fondamentaux : la croissance, la division et la différenciation cellulaire, la morphogenèse, l'apoptose, et le cas échéant la métamorphose. L'action coordonnée de ces processus moléculaires et cellulaires est cruciale pour permettre la transition d'une cellule unique vers un organisme multicellulaire.

À bien des égards, un des aspects les plus remarquables du développement réside dans la façon invariable dont ces mécanismes permettent d'agencer et de différencier l'ensemble des cellules d'un organisme en tissus et en organes fonctionnels selon un plan précis et ordonné dans l'espace. Ce plan d'organisation (aussi appelé Bauplan) est en quelque sorte un schéma d'architecture générale de l'organisme, incluant les éléments structurants comme les axes de symétrie, la segmentation ou la position et le nombre des organes et appendices. Il existe au sein des animaux (i.e. les métazoaires) une incroyable diversité de modes de développement et de plans d'organisation. Depuis plusieurs siècles, les zoologistes et les paléontologues se sont efforcés de trier ces différents plans au sein d'une classification cohérente en regroupant les espèces dont les plans d'organisation sont proches au sein de groupes taxonomiques appelés clades. Par commodité, on utilise généralement certains clades dont le niveau hiérarchique est appelées phylum (ou embranchement) pour contingenter arbitrairement les différents plans d'organisation des animaux [START_REF] Hejnol | Animal evolution: Are phyla real?[END_REF][START_REF] Martinez | The Comparative Method in Biology and the Essentialist Trap[END_REF]. A ce jour, les zoologistes s'accordent sur le fait qu'il existe 34 phyla dans la classification des métazoaires, dont le caractère monophylétique est par ailleurs aujourd'hui communément accepté [START_REF] Dunn | Animal Phylogeny and Its Evolutionary Implications[END_REF][START_REF] Telford | Phylogenomic insights into animal evolution[END_REF]Fig.1).

Le grand nombre de plans d'organisation observé chez les métazoaires soulève une problématique majeure depuis la formulation explicite du processus d'évolution naturelle au début du XIXème siècle [START_REF] Lamarck | Philosophie zoologique[END_REF]Geoffroy Saint-Hillaire, 1830) : par quels mécanismes la diversification évolutive des métazoaires a-t-elle pu produire une telle diversité de plans d'organisation ? Il convient ici de faire le distinguo entre le mécanisme moteur de cette diversification, qui est bien sûr le processus de sélection naturelle formulé par Charles Darwin [START_REF] Darwin | On the origin of species by means of natural selection[END_REF], et les mécanismes moléculaires et génétiques qui la sous-tendent, et qui sont responsables des différences phénotypiques in fine. Afin d'étudier ces mécanismes est née une discipline à l'interface entre la biologie du développement et la biologie évolutive : la biologie évolutive du développement -appelée de façon informelle "evo-devo". Les fondements de l'evo-devo remontent au XIXème siècle, avec les travaux de Ernst Haeckel [START_REF] Haeckel | Die Gastraea-Theorie, die phylogenetische Classification des Thierreichs und die Homologie der Keimblätter[END_REF] portant sur la comparaison anatomique des processus embryologiques de différentes espèces. Cependant, ce n'est que plus récemment que l'evo-devo a été conceptualisée comme une discipline à part entière [START_REF] Carroll | From DNA to Diversity: Molecular Genetics and the Evolution of Animal Design[END_REF][START_REF] De Robertis | Evo-Devo: Variations on Ancestral Themes[END_REF]. L'evo-devo vise à comparer les processus moléculaires et cellulaires qui sous-tendent le développement de différents organismes pour en reconstruire les relations d'évolution. En d'autres termes, elle permet de comprendre la dynamique par laquelle les processus de développement ont évolué d'un organisme à l'autre, aboutissant à la diversité du vivant telle que nous la connaissons. [START_REF] Telford | Phylogenomic insights into animal evolution[END_REF]. Le branchement problématique de certains phyla (ctenophores, placozoaires, ainsi que la plupart des phyla de spiraliens) est représenté de façon consensuelle. Les énigmatiques Orthonectida et Dicyemida sont représentés au sein d'un unique phylum Mesozoa, bien que la monophylie de ce dernier soit incertaine. Les pictogrammes sont adaptés de Phylopic (www.phylopic.org).

Préambule -3

Le développement des techniques de biologie moléculaire au cours des dernières décennies a considérablement étayé notre compréhension de l'evo-devo. Elles ont conduit à l'identification de groupes de gènes hautement conservés parmi les métazoaires jouant un rôle d'architecte dans le développement d'organismes pourtant très différents. Ces gènes sont des morphogènes, des récepteurs et des facteurs de transcription qui sont regroupés au sein d'unités fonctionnelles, appelées voies de signalisation, qui permettent la réalisation et la coordination des processus de croissance, de différenciation cellulaire, et de morphogenèse aboutissant à la mise en place du plan d'organisation. Les voies de signalisation les plus importantes sont les voies Wingless/Wnt (Wnt), Fibroblast Growth Factor (FGF), Hedgehog, Transforming Growth Factor β (TGFβ), Delta-Notch (D/N) et Acide Rétinoïque (RA). Celles-ci sont activées différemment dans l'embryon et interagissent sous la forme de boucles de régulation [START_REF] Basson | Signaling in cell differentiation and morphogenesis[END_REF]. Des modifications légères dans la dynamique de ces voies, ainsi que la modification des répertoires de gènes qui les constituent sous l'action de duplication, dégénérescence et/ou complémentation génétique [START_REF] Force | Preservation of duplicate genes by complementary, degenerative mutations[END_REF] ont permis au cours de l'évolution de modifier substantiellement les modes de développement et de générer la variété de plans d'organisation que nous connaissons. En outre, l'apparition de nouveaux caractères propres à une lignée résulte souvent de la réutilisation pléiotropique de ces mêmes voies de signalisation [START_REF] True | Gene Co-Option in Physiological and Morphological Evolution[END_REF].

A l'instar de la biologie évolutive, l'evo-devo repose sur le concept de l'homologie. L'homologie de deux caractères biologiques signifie que ces deux caractères partagent une même origine évolutive, même s'ils peuvent avoir divergé par la suite pour ne plus présenter de ressemblances évidentes. Elle s'oppose ainsi au concept d'analogie (ou homoplasie), qui lie des caractères morphologiquement semblables mais qui ne partagent pas une origine évolutive unique, et qui peuvent donc résulter d'un phénomène de convergence évolutive. Un cas d'école habituellement utilisé pour illustrer ces notions d'homologie et d'analogie est celui des ailes des oiseaux et des chauves-souris. Ces deux organes sont homologues en tant que membre antérieur des vertébrés tétrapodes, mais sont analogues en tant qu'ailes, car l'aile en tant que telle est formé par les phanères (plumes) chez les oiseaux, tandis qu'elle est formée par la peau qui sépare les phalanges chez les chauves-souris. Cet exemple souligne à quel point l'utilisation d'une terminologie rigoureuse est importante pour définir des caractères comparables. Ainsi, l'utilisation de ces concepts a permis de définir les relations évolutives entre différents taxons en mettant en évidence des caractères partagés qui ont été acquis par un ancêtre commun et des caractères dérivés acquis spécifiquement au sein d'un lignage. Les concepts d'homologie et d'analogie s'appliquent à tous les ensembles biologiques, qu'il s'agisse d'organes, de tissus ou de lignages cellulaires, mais aussi de la structure d'une protéine ou de séquences nucléotidiques. Si par le passé les zoologistes et les paléontologues se sont basés exclusivement sur des caractères morphologiques et anatomiques, c'est réellement l'apport des données moléculaires qui a permis un essor considérable de l'evo-devo au cours des dernières décennies en permettant une analyse des homologies entre taxons à une échelle significativement plus résolutive. De façon globale, l'énorme richesse informative des séquences nucléotidiques s'est traduite par la généralisation des phylogénies moléculaires, qui ont révolutionné notre compréhension de la classification des métazoaires (e.g. [START_REF] Halanych | Evidence from 18S ribosomal DNA that the lophophorates are protostome animals[END_REF][START_REF] Aguinaldo | Evidence for a clade of nematodes, arthropods and other moulting animals[END_REF][START_REF] Adoutte | The new animal phylogeny: Reliability and implications[END_REF][START_REF] Delsuc | Tunicates and not cephalochordates are the closest living relatives of vertebrates[END_REF][START_REF] Dunn | Broad phylogenomic sampling improves resolution of the animal tree of life[END_REF]. Néanmoins, à une échelle plus réduite, la hiérarchisation des données moléculaires, morphologiques et anatomiques dans l'analyse de certains caractères particuliers a été l'objet de nombreux débats. Par exemple, il a été montré que les gènes gouvernant la mise en place de structures homologues peuvent varier entre différentes espèces ("developmental system drift"; [START_REF] True | Developmental system drift and flexibility in evolutionary trajectories[END_REF], ou qu'à l'inverse les mêmes réseaux de gènes peuvent être réutilisés pour la mise en place de structures différentes ("co-option" ou "exaptation" ; [START_REF] True | Gene Co-Option in Physiological and Morphological Evolution[END_REF]. D'une façon générale, tous ces ensembles de données doivent donc être pris en compte à la recherche d'un compromis permettant de proposer un scénario évolutif qui minimise le nombre d'évènements évolutifs (apparition ou perte) tout en permettant d'expliquer la distribution d'un caractère au sein d'un clade donné : c'est le concept de parcimonie.

La question de l'homologie entre le système nerveux hyponeurien (en position ventrale) des arthropodes (Fig. 1) et le système nerveux épineurien (en position dorsale) des vertébrés (Fig. 1) est un débat qui anime les zoologistes depuis près de deux siècles. Ce cas d'école illustre comment l'apport de données moléculaires est nécessaire pour résoudre une controverse pour laquelle les observations anatomiques et paléontologiques seules n'ont pas la résolution nécessaire. En 1822, Étienne Geoffroy Saint-Hillaire fut le premier zoologiste à observer que la position du système circulatoire, du tube digestif et du système nerveux des arthropodes et des vertébrés est similaire le long de l'axe dorso-ventrale, mais inversé en regard de la position de la bouche chez ces deux groupes (Geoffroy Saint-Hillaire, 1830). Il suggéra ainsi une origine évolutive commune à ces différentes structures, mais ayant subit une inversion de l'axe dorso-ventrale chez les deutérostomiens (i.e. clade regroupant notamment les vertébrés et les échinodermes, voir Fig. 1) par rapport aux protostomiens (i.e. clade regroupant notamment les arthropodes, annélides et mollusques, voir Fig. 1). Cette théorie fut accueillie avec scepticisme. Georges Cuvier la rejeta fermement au cours de la célèbre "querelle des analogues" de 1830, et resta convaincu que les animaux présentant des systèmes nerveux hypo-et épineuriens -Articulata et Vertebrata -n'avaient rien en commun [START_REF] Appel | The Cuvier-Geoffroy debate[END_REF]. La question resta périodiquement débattue durant tout le XXème siècle (pour une revue historique, voir Nübler-Jung & Arendt, 1994). Ce n'est que l'élucidation des mécanismes moléculaires à l'origine de la régionalisation des tissus le long de l'axe dorso-ventral, chez la drosophile, la souris et le xénope, qui apporta une crédibilité solide à la théorie de l'inversion de l'axe dorso-ventral au cours de l'évolution des deutérostomes (De Robertis & Sassai, 1996 ;[START_REF] Ferguson | Conservation of dorsal-ventral patterning in arthropods and chordates[END_REF]. Les mécanismes de détermination moléculaire à l'origine d'une face "neurale" (ventrale chez les arthropodes, dorsale chez les vertébrés) et ceux à l'origine d'une face "non neurale" (dorsale chez les arthropodes, ventrale chez les vertébrés) ont en effet été montrés comme étant similaires et contrôlés par les mêmes gradients de morphogènes TGFβ. Ainsi, ce n'est finalement que la position relative de la bouche par rapport à ce gradient qui diverge entre les arthropodes et les vertébrés. Par conséquent, certains auteurs considèrent aujourd'hui que les structures situées le long de l'axe dorso-ventral, incluant le système nerveux, sont probablement homologues, tandis que la bouche elle-même est le résultat d'une convergence évolutive (Arendt & Nübler-Jung, 1999).

Cette idée d'homologie des systèmes nerveux au sein des métazoaires constitue le point de départ de la réflexion de ce travail de thèse. La compréhension de l'évolution des systèmes nerveux est aujourd'hui un thème central de l'evo-devo, et les recherches actuelles tendent à construire un scénario évolutif incluant chacun des 34 phyla de métazoaires. A ce jour, de nombreux événements de ce scénario demeurent incertains et font encore l'objet de vifs débats au sein de la communauté. Par exemple, il existe deux principales théories quant à l'origine du système nerveux : est-il apparu une seule fois au cours de l'évolution des métazoaires, ou est-il apparu de façon convergente chez les cténophores et les cnidaires [START_REF] Moroz | The ctenophore genome and the evolutionary origins of neural systems[END_REF]Marlow & Arendt, 2014) ? Cette question demeure aujourd'hui en suspens car la position phylogénétique des cténophores reste incertaine [START_REF] Pisani | Genomic data do not support comb jellies as the sister group to all other animals[END_REF][START_REF] Whelan | Ctenophore relationships and their placement as the sister group to all other animals[END_REF][START_REF] Simion | A large and consistent phylogenomic dataset supports sponges as the sister group to all other animals[END_REF][START_REF] Feuda | Improved Modeling of Compositional Heterogeneity Supports Sponges as Sister to All Other Animals[END_REF]Fig.1), et les données moléculaires provenant de ce phylum sont parcellaires. Au delà des questions relatives à son origine, un autre point important restant à élucider est celui de la centralisation du système nerveux. Chez les cténophores et les cnidaires, le système nerveux est un réseau diffus localisé sous l'épiderme : on parle alors de plexus basiépidermal (nerve net). A l'inverse, chez de nombreux bilatériens (Fig. 1) le système nerveux est divisé en différentes structures dont l'une d'elle est un centre intégrateur qui joue une fonction de coordination à l'échelle de l'organisme entier. Par exemple, chez les vertébrés ce centre intégrateur est constitué du cerveau et de la moelle épinière : on parle dans ce cas de système nerveux centralisé. Certains auteurs considèrent que la centralisation du système nerveux s'est produite au cours d'un événement évolutif unique, chez l'ancêtre commun des bilatériens (e.g. Tosches & Arendt, 2013). A l'inverse, d'autres auteurs suggèrent que de multiples événements de centralisation ont eu lieu de façon convergente dans différents lignages, en particulier chez les arthropodes, les annélides et les chordés (e.g. [START_REF] Hejnol | Embracing the comparative approach: how robust phylogenies and broader developmental sampling impacts the understanding of nervous system evolution[END_REF][START_REF] Martín-Durán | Convergent evolution of bilaterian nerve cords[END_REF]Fig.1). Pour résoudre cette question, un groupe d'animaux apparaît aujourd'hui central : il s'agit des ambulacraires (Fig. 1).

Les ambulacraires sont un des deux grands clades de deutérostomes. Ils constituent le groupe frère des chordés, auxquels appartiennent les vertébrés [START_REF] Cannon | Phylogenomic resolution of the hemichordate and echinoderm clade[END_REF]Fig.1). Ils regroupent deux phyla : les échinodermes et les hémichordés. Le système nerveux des ambulacraires est notamment formé d'un plexus basiépidermal, contrairement à celui des chordés qui s'organise en un système nerveux centralisé. En plus de ce plexus basiépidermal, les hémichordés possèdent également deux cordes nerveuses, une ventrale et une dorsale [START_REF] Kaul-Strehlow | Neurogenesis in directly and indirectly developing enteropneusts: of nets and cords[END_REF], tandis que les échinodermes présentent cinq cordes nerveuses radiales (Burke et al., 2006). En dépit de la présence de ces cordes nerveuses, dont les fonctions et les relations évolutives demeurent mal comprises, le système nerveux des ambulacraires est dit épithélioneurien, par opposition aux systèmes nerveux centralisés hypoet épineuriens. Il est traditionnellement considéré comme non-centralisé, et deux hypothèses majeures ont été avancées pour expliquer cette absence de centralisation [START_REF] Holland | Early central nervous system evolution: An era of skin brains?[END_REF]. Une première hypothèse propose que la centralisation a été perdue secondairement au cours de l'évolution des ambulacraires. Dans ce cas, l'ancêtre commun des deutérostomes aurait possédé un système nerveux centralisé, corroborant ainsi l'idée d'un unique événement de centralisation au sein des bilatériens [START_REF] Holland | Evolution of bilaterian central nervous systems: a single origin?[END_REF]. A l'inverse, certains auteurs soutiennent que l'ancêtre des deutérostomes ne possédait pas de système nerveux central, et que la centralisation du système nerveux des chordés a été un événement indépendant [START_REF] Lowe | Anteroposterior patterning in hemichordates and the origins of the chordate nervous system[END_REF][START_REF] Saint-Hilaire | Hemichordates and the origin of chordates[END_REF]. L'étude fine, aux niveaux anatomique, fonctionnelle et moléculaire des systèmes nerveux épithélioneuriens apparaît donc cruciale pour éclaircir cette problématique, qui a des conséquences très importantes sur notre compréhension de l'évolution des systèmes nerveux à l'échelle de l'ensemble des métazoaires. A ce jour, de nombreux travaux se sont intéressés aux systèmes nerveux des hémichordés (e.g. [START_REF] Lowe | Anteroposterior patterning in hemichordates and the origins of the chordate nervous system[END_REF][START_REF] Nomaksteinsky | Centralization of the Deuterostome Nervous System Predates Chordates[END_REF][START_REF] Miyamoto | Development of the nervous system in the acorn worm Balanoglossus simodensis: Insights into nervous system evolution[END_REF][START_REF] Pani | Ancient deuterostome origins of vertebrate brain signalling centres[END_REF][START_REF] Miyamoto | Hemichordate neurulation and the origin of the neural tube[END_REF][START_REF] Yao | Cis-regulatory architecture of a brain signaling center predates the origin of chordates[END_REF][START_REF] Kaul-Strehlow | Neurogenesis in directly and indirectly developing enteropneusts: of nets and cords[END_REF]2017), mais il n'existe quasiment aucune donnée moléculaire sur le système nerveux des échinodermes adultes. Par conséquent, ces derniers ont été largement laissés de côté de toutes considérations évolutives [START_REF] Holland | Evolution of basal deuterostome nervous systems[END_REF].

Les travaux réalisés au cours de cette thèse s'inscrivent dans ce contexte. Ils visent à apporter pour la première fois des données moléculaires sur l'organisation et l'architecture du système nerveux des échinodermes adultes, afin de préciser le scénario évolutif des systèmes nerveux chez les deutérostomes, et par extension, chez l'ensemble des métazoaires.

Les échinodermes, dont le nom signifie "peau épineuse" en grec, incluent outre les échinoïdes (oursins), les asteroïdes (étoiles de mer), les ophiuroïdes (ophiures), les holothuroïdes (concombres de mer) et les crinoïdes (lys de mer et comatules) [START_REF] Telford | Phylogenomic analysis of echinoderm class relationships supports Asterozoa[END_REF][START_REF] Cannon | Phylogenomic resolution of the hemichordate and echinoderm clade[END_REF]Fig.2). Ils se caractérisent par leur squelette calcaire poreux appelé stéréome, la présence d'un système aquifère, la disparition des fentes branchiales présentes chez les autres phyla de deutérostomes, et surtout un plan d'organisation radial à cinq axes (on parle de symétrie pentaradiaire) qui se superpose à la symétrie bilatérale inhérente aux deutérostomes. Le système aquifère des échinodermes, aussi appelé système ambulacraire ou "water vascular system", ne doit pas être confondu avec celui des éponges avec Préambule -7 qui il ne partage aucune origine évolutive. Ce système ambulacraire, tout comme la symétrie pentaradiaire, dont il n'existe aucun équivalent chez d'autres groupes d'animaux, ont souvent conduit les zoologistes à regarder les échinodermes comme étant le phylum le plus étrange parmi les métazoaires, à tel point que Libbie Hyman les décrit dans son remarquable traité sur les invertébrés comme "a noble group especially designed to puzzle the zoologist" [START_REF] Hyman | The Invertebrates: Volume 4 (Echinodermata: The coelomate Bilateria)[END_REF]. Les échinodermes ont d'ailleurs été initialement classifiés par Jean-Baptiste de Lamarck et Georges Cuvier dans un groupe réunissant les animaux dotés d'une symétrie radiaire appelé "Radiata", aux côtés des éponges et des cnidaires [START_REF] Lamarck | Philosophie zoologique[END_REF][START_REF] Cuvier | Le règne animal distribué d'après son organisation, pour servir de base à l'histoire naturelle des animaux et d'introduction à l'anatomie comparée[END_REF]. Ce n'est qu'avec la reconnaissance de fossiles présentant une symétrie bilatérale et du caractère bilatérien de leurs larves que les échinodermes ont été repositionnés par la suite au sein des deutérostomes par Rudolf Leuckart ; une position qui est confirmée par les phylogénies moléculaires modernes [START_REF] Leuckart | Über die Morphologie und die Verwandtschaftsverhältnisse der wirbellosen Tiere[END_REF][START_REF] Telford | Phylogenomic analysis of echinoderm class relationships supports Asterozoa[END_REF][START_REF] Cannon | Phylogenomic resolution of the hemichordate and echinoderm clade[END_REF]. Ce plan d'organisation hautement dérivé est habituellement perçu comme un obstacle pour les études comparatives entre les échinodermes et les animaux qui leurs sont apparentés.

Outre ce plan d'organisation si particulier, les échinodermes se singularisent également par leur mode de vie, formant le plus grand phylum de métazoaires dont les représentants sont exclusivement marins et quasiment tous benthiques à l'état adulte : bien que certaines espèces d'holothuries et de crinoïdes puissent nager librement, il n'existe à ce jour qu'une seule espèce connue d'échinoderme holopélagique, l'énigmatique Pelagothuria natatrix [START_REF] Miller | Swimming sea cucumbers: a survey, with analysis of swimming behavior in four bathyal species[END_REF]. Les quelques 7300 espèces d'échinodermes décrites [START_REF] Appeltans | The magnitude of global marine species diversity[END_REF] se distinguent par une étonnante diversité de formes, de couleurs et d'adaptation à des modes de vie extrêmement divers (Fig. 3): prédateurs carnivores (étoiles de mer ainsi que certains ophiures et oursins), herbivores brouteurs (oursins), charognards (étoiles de mer, ophiures et oursins), dépositivores (holothuries, ophiures et oursins) et filtreurs (crinoïdes, holothuries, ainsi que certaines espèces d'étoiles de mer, d'ophiures et d'oursins).

Les échinodermes sont des animaux aux sexes séparés, bien qu'ils ne présentent pas de dimorphisme sexuel. La reproduction est externe et a lieu de façon saisonnière ou cyclique au cours de pontes durant lesquelles mâles et femelles relâchent leurs gamètes en pleine eau. Les ovocytes ainsi fécondés se développent dans la plupart des cas sous la forme de larves. En effet, les différentes classes d'échinodermes présentent un cycle de vie dit indirect, ou bi-phasique, avec une phase larvaire planctonique qui précède la phase adulte benthique. Il existe néanmoins dans chaque classe d'échinodermes quelques espèces dont le stade larvaire a été considérablement raccourci au cours de l'évolution, et dont le développement est dit direct [START_REF] Wray | Parallel Evolution of Nonfeeding Larvae in Echinoids[END_REF]. Chez les différentes classes d'échinodermes dont le développement est indirect, les larves présentent des spécificités anatomiques et leurs noms répondent à une nomenclature complexe (Fig. 44). En raison de la présence d'un squelette visuellement similaire, les larves des échinoïdes et des ophiuroïdes sont toutes deux appelées plutei, bien que les termes échinoplutei et ophioplutei sont (C) Toxopneustes pileolus, l'oursin coussin, présente des pédicellaires modifiés extrêmements toxiques (Euechinoïde)(J.-M. Gradot). (D) Gorgonecephalus arcticus (Ophiuroïde)(D. Keats). (E) Fromia monilis (Asteroïde) (M. Milanesi). (F) Ophotrix suensonii (Ophiuroïde)(A. Anker). (G) Acanthaster planci, la "reine des épines", est une étoile de mer de grande taille, carnassière, toxique et invasive (Asteroïde)(J. Cooper). (H) Xyloplax janetae est une minuscule étoile de mer vivant dans les abysses, dont le plan d'organisation très dérivé à longtemps rendu énigmatique sa position phylogénétique (Asteroïde)(C. Mah). (I) Scotoplanes globosa, le "cochon de mer" est un fascinant concombre de mer des abysses (Holothuroïde)(NeptuneCanada). (J) Apostichopus japonicus (Holothuroïde) (A. Nekrasov). (K) Pelagothuria natatrix, une des rares photographie de la seule espèce connue d'échinoderme holopélagique (Holothuroïde)(NOAA Okeanos Explorer). (L) Lamprometra sp. (Crinoïde)(N. Hobgood). (M) Une commatule inconnue dans l'océan australe (Crinoïde)(P. Chevaldonné). (N) Neocrinus decorus (Crinoïde)(O. Konuralp). également employés pour les différencier chez ces deux classes respectives [START_REF] Mortensen | Studies of the development and larval forms of echinoderms[END_REF]. Les larves des astéroïdes sont appelées successivement bipinnaria puis brachiolaria; et celles des holothuroïdes sont appelées successivement auricularia puis doliolaria (Nielsen, 2012a). À la différence des autres larves qui se nourrissent de microalgues planctoniques (on parle de larves planctotrophiques), les larves des échinodermes dont le développement est direct ne forment pas de bouche, et sont incapables de se nourrir [START_REF] Raff | Constraint, flexibility, and phylogenetic history in the evolution of direct development in sea urchins[END_REF]. Elles vivent ainsi grâce aux réserves d'origine maternelle contenues dans l'oeuf (on parle alors de larves lécithotrophiques). Chez les crinoïdes, toutes les larves sont lécithotrophiques et sont appelées vitellaria [START_REF] Nakano | Larval stages of a living sea lily (stalked crinoid echinoderm)[END_REF]. De façon générale, à l'issue du stade larvaire dont la durée est extrêmement variable, les larves d'échinodermes se posent sur un substrat et se métamorphosent en juvéniles, marquant la transition entre la phase larvaire pélagique et la phase adulte benthique. Néanmoins, chez certaines ophiures et étoiles de mers, les larves se métamorphosent directement dans la colonne d'eau et le juvénile tombe ensuite sur le fond marin. Il faut également noter que certains échinodermes comme les asteroïdes, les ophiuroïdes et les holothuroïdes sont capables de se reproduire asexuellement par fission [START_REF] Lee | The influence of population density in fission and growth of Holothuria atra in natural mesocosms[END_REF], ce qui n'est pas le cas des crinoïdes et des échinoïdes. Une reproduction asexuée par bourgeonnement est également observé chez les larves de tous les échinodermes à l'exception des crinoïdes, bien que ce processus demeure relativement peu étudié et mal compris [START_REF] Eaves | Reproduction: widespread cloning in echinoderm larvae[END_REF].

À l'instar des autres échinodermes, les échinoïdes sont des animaux marins benthiques que l'on rencontre dans tous les océans du globe et à des profondeurs très variables, allant de la zone de balancement des marées Préambule -9 jusqu'aux plaines abyssales. Ce sont des animaux de forme ellipsoïde, dont les caractéristiques morphologiques les plus évidentes sont, outre leur symétrie pentaradiaire, les épines mobiles (appelées radioles) qui couvrent leur test calcaire et le complexe appareil masticateur connu sous le nom de lanterne d'Aristote. On distingue les oursins réguliers, qui se nourrissent principalement de substrats durs tels des algues ou des coraux, des oursins irréguliers au comportement fouisseur qui s'alimentent en ingérant la matière organique des sédiments. La durée de vie moyenne des différentes espèces d'échinoïdes est remarquablement variable, de quelques années à plus de deux cents ans chez certaines espèces [START_REF] Ebert | Longevity and lack of senescence in the red sea urchin Strongylocentrotus franciscanus[END_REF]. Du fait de leur test calcaire, les oursins ont laissé un vaste répertoire de fossiles dont les plus anciens remontent à l'Ordovicien supérieur (~450 Ma). On dénombre aujourd'hui environ 900 espèces décrites et davantage encore d'espèces fossiles [START_REF] Smith | Testing the molecular clock: molecular and paleontological estimates of divergence times in the Echinoidea (Echinodermata)[END_REF].

Les premières descriptions morphologiques et anatomiques des échinoïdes remontent à Aristote, qui en regroupa les espèces méditerranéennes au sein du genre echinos, signifiant littéralement hérisson. Néanmoins, il faut attendre le XIXème siècle et l'essor du naturalisme pour qu'un réel intérêt scientifique soit porté à ce groupe. Les travaux de systématique de [START_REF] Jackson | Phylogeny of the Echini with a revision of the Paleozoic species[END_REF] et Mortensen (1928Mortensen ( -1951) ) sont aujourd'hui des références, tandis que les descriptions morphologiques et anatomiques de [START_REF] Lovén | Études sur les échinoïdées[END_REF], [START_REF] Carpenter | Report upon the Crinoidea collected during the voyage of HMS Challenger during the years 1873-1876, part 1. General morphology with descriptions of the stalked crinoids: Reports of the Scientific Results of the Voyage of HMS Challenger[END_REF], [START_REF] Cuénot | Études morphologiques sur les Echinodermes[END_REF], [START_REF] Hamann | The ancestral retinoic acid receptor was a low-affinity sensor triggering neuronal differentiation[END_REF] et plus récemment [START_REF] Hyman | The Invertebrates: Volume 4 (Echinodermata: The coelomate Bilateria)[END_REF] constituent toujours une base fondamentale pour les biologistes. C'est en outre au cours du XIXème siècle que les zoologistes se sont intéressés aux échinoïdes en tant que modèle pour l'étude des mécanismes du développement embryonnaire. Ils constituent en effet une source de gamètes aisée à obtenir, tandis que les embryons et les larves plutei sont complètement transparents, facilitant ainsi les observations. Derbès (1847) fut le premier à montrer qu'il est possible d'induire la fécondation des ovocytes et à décrire les premières étapes du développement embryonnaire. [START_REF] Driesch | The potency of the first two cleavages cell in echinoderm development: experimental production of partial and double formations[END_REF], et plus tard [START_REF] Hörstadius | Experimental Embryology of Echinoderms[END_REF], ont montré qu'il est possible de manipuler les embryons et d'en isoler les blastomères, réalisant ainsi les premières cartes de territoires présomptifs. L'essor de la biologie cellulaire au cours des dernières décennies a également tiré grand parti des travaux basés sur les échinoïdes, avec des travaux majeurs sur la description et la compréhension de la mitose [START_REF] Mazia | The isolation and biochemical characterization of the mitotic apparatus of dividing cells[END_REF], la structure des réseaux de microtubules [START_REF] Borisy | The mechanism of action of colchicine[END_REF] et également l'identification des protéines cyclines dont le rôle au cours du cycle cellulaire est primordial [START_REF] Evans | Cyclin: a protein specified by maternal mRNA in sea urchin eggs that is destroyed at each cleavage division[END_REF]. En biologie du développement sensu stricto, le modèle oursin a été quelque peu occulté au cours des dernières décennies par des modèles plus puissants au regard des techniques expérimentales qui y ont été développées, notamment car il est difficile à ce jour de créer des lignées transgéniques chez les échinoïdes. Néanmoins en vertu de la facilité avec laquelle il est possible d'obtenir des embryons, ainsi qu'en raison du grand nombre de techniques expérimentales permettant d'altérer le développement précoce de ces embryons (microchirurgie, micro-injections d'ARN ou de morpholinos, traitements pharmacologiques) et des ressources omiques qui sont disponibles, les échinoïdes sont restés un modèle de choix pour déchiffrer les réseaux moléculaires qui gouvernent les premières étapes du développement embryonnaire. Ainsi, des études fonctionnelles sur un grand nombre de gènes ont permis au cours de ces dernières années de décrire les gene regulatory networks (GRNs) des différents tissus embryonnaires de l'oursin (e.g. [START_REF] Davidson | A Genomic Regulatory Network for Development[END_REF][START_REF] Davidson | Gene regulatory networks and the evolution of animal body plans[END_REF][START_REF] Saudemont | Ancestral regulatory circuits governing ectoderm patterning downstream of nodal and BMP2/4 revealed by gene regulatory network analysis in an echinoderm[END_REF]Peter & Davidson, 2011a ;[START_REF] Peter | Evolution of gene regulatory networks controlling body plan development[END_REF]. Différentes espèces d'échinoïdes sont étudiées à travers le monde, suivant une logique de proximité géographique (Fig. 4). Parmi les espèces classiquement utilisées dans le champ de la biologie du développement, il faut citer Strongylocentrotus purpuratus et Lytechinus variegatus que l'on trouve respectivement sur les côtes Ouest et Est des États-Unis. Hemicentrotus pulcherrimus est historiquement l'espèce la plus fréquemment utilisée au Japon, néanmoins le "sand dollar" Peronella japonica y est également étudié comme modèle d'oursin à développement direct, et depuis quelques années l'espèce Temnopleurus reveesi s'y développe également en tant que modèle alternatif. Enfin, les naturalistes européens étudient depuis plus d'un siècle l'espèce Paracentrotus lividus, que l'on rencontre sur la côte atlantique du Maroc à l'Irlande ainsi que sur les rivages méditerranéens.

Ce manuscrit présente mon travail de thèse, réalisé au Laboratoire de Biologie du Développement de Villefranchesur-Mer (Sorbonne Université, France) de 2015 à 2019, sous la direction du Dr. Jenifer Croce, et financé durant les trois premières années par le Ministère de l'Enseignement Supérieur et de la Recherche. Au cours de la quatrième année de cette thèse, dont le financement a été assuré par la Société Japonaise pour la Promotion de la Science, j'ai passé sept mois à la station marine de Shimoda (Université de Tsukuba, Japon) dans le cadre d'une collaboration avec le Dr. Shunsuke Yaguchi, ainsi que deux mois à la station marine de Hopkins (Université de Stanford, États-Unis) dans le cadre d'une autre collaboration avec le Dr. Christopher Lowe.

Le manuscrit de cette thèse s'organise en cinq parties. La première partie est un état de l'art détaillé de nos connaissances sur l'évolution des systèmes nerveux, avec une attention particulière portée au cas des ambulacraires. Cette partie a donné lieu à la publication d'une version modifiée en tant que chapitre de livre pour la série "Results and Problems in Cell Differentiation" (Springer-Nature), et pour cette raison elle est rédigée en anglais.

Les principaux résultats obtenus durant cette thèse sont présentés en trois chapitres. Ayant choisi de focaliser mon étude du système nerveux sur les stades post-métamorphiques, la première étape a été de développer un protocole d'élevage permettant d'obtenir au laboratoire des juvéniles synchrones et en grande quantité pour l'espèce Paracentrotus lividus. J'ai été aidé dans ce travail par Axel Wakefield, un stagiaire en 3e année de Licence professionnelle (Cnam-Intechmer, France) que j'ai encadré durant cinq mois. Le protocole ainsi que les démarches réalisées pour optimiser les élevages sont présentés dans le premier chapitre des résultats. Durant la quatrième année de ma thèse, cela a également été l'occasion pour moi de réemployer mes connaissances en terme d'élevages d'oursins pour optimiser les élevages des espèces japonaises Hemicentrotus pulcherrimus et Temnopleurus reevesii ainsi que des espèces américaine Patiria miniata et Parastichopus parvimensis. A l'occasion de la publication du génome de Paracentrotus lividus et de la création d'une base de donnée génomique et ontologique pour cette espèce ainsi que pour d'autres espèces modèles d'invertébrés marins (www.marimba.obs-vlfr.fr), j'ai ensuite réalisé une description du développement de Paracentrotus lividus depuis la fécondation jusqu'aux stades juvéniles. Ce travail a permis de définir une nouvelle table des stades du développement, et de clarifier certains aspects du développement tardifs. Ces résultats sont présentés dans le chapitre II. Par la suite, j'ai réalisé une étude détaillée de l'anatomie du système nerveux des juvéniles de Paracentrotus lividus. Ce travail a donné lieu à l'écriture d'un article présenté dans le chapitre III et qui sera soumis à la revue Frontier in Zoology avant la soutenance de cette thèse.

Enfin, la dernière partie comprend une conclusion générale sur les résultats obtenus, une discussion sur les limites de mes travaux, ainsi que des données préliminaires sur différents projets que j'ai eu l'occasion de débutter durant ma thèse. En particulier, j'ai exploré divers aspects de l'organisation moléculaire du système nerveux des échinodermes juvéniles, en utilisant les différentes espèces d'oursins sur lesquelles j'ai travaillé, mais également les espèces d'étoile de mer Patiria miniata et de concombre de mer Parastichopus parvimensis dans le cadre de ma collaboration avec le Dr. Lowe.

En parallèle, j'ai également participé au cours de cette thèse à différents projets annexes. J'ai effectué des analyses phylogénétiques sur la famille de gènes Pou dans le cadre d'une collaboration avec l'équipe du Pr. Muriel Umbhauer (Cosse-Etchepare et al., 2018). J'ai par ailleurs contribué à la création de la base de donnée ontologique pour le développement de Paracentrotus lividus (Formery et al., in prep). J'ai également mené en parallèle des expériences portant sur le rôle de la voie de signalisation de l'acide rétinoïque au cours du développement des oursins Paracentrotus lividus et Temnopleurus reveesi, et sur le rôle de la voie Delta-Notch au cours de la neurogenèse chez Paracentrotus lividus. Pour ces travaux, qui faisaient suite à mon travail de stage de master 2, j'ai été aidé par Isabella Schmid, une stagiaire de 2e année de master (Université de Vienne, Autriche) que j'ai encadré durant deux mois. Enfin, j'ai été amené à participer à trois conférences internationales: la conférence Origins of metazoans (Paris, France, 7-8 novembre 2017), le VII th Euro-Evo-Devo Meeting (Galway, Ireland, 26-29 juin 2018) au cours duquel j'ai présenté un poster, et le XXV Developmental Biology of the Sea Urchin Meeting (Woods Hole, États-Unis MA, 17-21 octobre 2018) au cours duquel j'ai donné une présentation orale.

State of the art

Nervous systems: an intricate diversity among metazoans

Since the rise of zoology and systematic from the beginning of the XVIIIth century, multiple attempts were made to classify the animals into well-defined clades. The computation of robust molecular phylogenies over the last decades has led to a current consensus stating that the metazoans form a monophyletic group comprising 34 phyla [START_REF] Dunn | Animal Phylogeny and Its Evolutionary Implications[END_REF][START_REF] Telford | Phylogenomic insights into animal evolution[END_REF]Fig.1). This phylogenetic classification is essential for our understanding of animal evolution and appears as the backbone onto which discrete biological characters can be discussed in order to draw the evolutionary processes that led to the current observed animal diversity. In this part, I will first describe the major groups of the classification that will be used thereafter to discuss the evolution of nervous systems in metazoans, before investigating the variations in the organization of nervous systems in these groups.

An overview of the metazoan phylogeny

Basal metazoans

The first fundamental and consensually accepted dichotomy in the tree of metazoans is the boundary between non-bilaterians and bilaterians. Non-bilaterian animals comprise mostly asymmetrical or radial organisms belonging to the phyla Porifera (sponges; Fig. 5A), Ctenophora (comb jellies; Fig. 5B), Placozoa (small group of creeping animals; Fig. 5C), and Cnidaria (corals, anemones, and jellyfishes; Fig. 5D,E), while bilaterians are a major group of animals displaying an ancestral bilateral symmetry and including all the remaining phyla [START_REF] Dunn | Animal Phylogeny and Its Evolutionary Implications[END_REF][START_REF] Telford | Phylogenomic insights into animal evolution[END_REF]Fig.1). The non-bilaterian phyla are also referred to as "early-branching" or "basal" metazoans and the resolution of their relative position at the base of the animal phylogeny is currently one of the most difficult and controversial challenges of evolutionary biology [START_REF] Dohrmann | Novel scenarios of early animal evolution -Is it time to rewrite textbooks?[END_REF][START_REF] Giribet | Genomics and the animal tree of life: conflicts and future prospects[END_REF]. Traditionally, the sponges have been thought to be the sister group of all other animals (e.g. [START_REF] Pisani | Genomic data do not support comb jellies as the sister group to all other animals[END_REF][START_REF] Simion | A large and consistent phylogenomic dataset supports sponges as the sister group to all other animals[END_REF][START_REF] Feuda | Improved Modeling of Compositional Heterogeneity Supports Sponges as Sister to All Other Animals[END_REF], although other studies raised the possibility that this position is actually occupied by the ctenophores (the so-called "ctenophore-sister hypothesis"; e.g. [START_REF] Dunn | Broad phylogenomic sampling improves resolution of the animal tree of life[END_REF][START_REF] Whelan | Ctenophore relationships and their placement as the sister group to all other animals[END_REF]. This point remains of great importance to decipher the evolutionary origin of several developmental processes, molecular mechanisms or anatomical structures including that of the nervous systems.

Sponges and the intriguing placozoans lack both muscles and true neural cells (Nielsen et al., 2012a). However, sponges do possess secretory paracrine cells and sensory cells which are able to sense the rate of water flow using their flagellum. They also possess myocite-like contractile cells, but these are insensitive to electrical stimuli, making them unlikely to be homologous to muscle cells of other metazoans. In contrast, cnidarians and ctenophores show true neurons and muscular structures. Cnidarians, ctenophores and the bilaterians have thus been grouped together as the neuralians [START_REF] Nielsen | Six major steps in animal evolution: Are we derived sponge larvae?[END_REF]. Hence, the classical view is that the nervous system appeared once in the common ancestor of neuralians. Several theories have been proposed to explain how the nervous system has emerged in this ancestor, and this topic remains the object of intense debates. As all animals with a true nervous system possess muscles, and as the communication between neurons and muscles coordinates animal behavior, it has often been proposed that neurons and muscle cells have co-evolved from a primordial epithelium of electrically-coupled cells. Another concept suggests that secretory cells may have evolved in the epithelium to coordinate surrounding cells in a paracrine fashion. These secretory cells would have subsequently evolved into neurosecretory cells and neurons by developing a conducting segment with electrical properties between its receptive and secretory parts [START_REF] Varoqueaux | Getting Nervous : An Evolutionary Overhaul for Communication[END_REF]. New insights into the question of nervous systems origin have recently been provided by genomic data coming from non-bilaterian metazoans. The genomic analysis of the demosponge Amphimedon queenslandica (Srivastasa et al., 2010) and the placozoan Trichoplax adhaerens (Srivastasa et al., 2008) revealed that animals lacking a nervous system possess a repertoire of genes used for neuronal communication, (e.g. Elav, Musashi, and several genes involved in the synthesis of neurotransmitters and their receptors) in a large extent similar to what is found in higher metazoans displaying true nervous systems. The specific acquisition of neuroligins (i.e. proteins responsible for synaptic adhesion and communication) has been proposed as a key step in the emergence of nervous systems, as they are present in bilaterians but not in poriferans or placozoans. However, such proteins are not found in some cnidarians and it is thus equivocal to conclude on their roles in synaptic communication acquisition [START_REF] Alié | The backbone of the post-synaptic density originated in a unicellular ancestor of choanoflagellates and metazoans[END_REF]. Hence, all metazoans share an initial set of genes for neural communication and it is unlikely that the evolutionary switch between paracrine signaling and synaptic communication was marked by a clear genetic innovation in neuralians [START_REF] Arendt | Gastric pouches and the mucociliary sole: setting the stage for nervous system evolution[END_REF][START_REF] Varoqueaux | Getting Nervous : An Evolutionary Overhaul for Communication[END_REF].

As mentioned above, the phylogenetic position of ctenophores in the metazoan tree of life remains to date uncertain, and thus challenges the traditional view of a single nervous system origin in neuralians (Jékely et al., 2015; Marlow & Arendt, 2014). The ctenophore-sister hypothesis that considers the ctenophores as the sistergroup to all other metazoans implies that the neuralians actually form a paraphyletic group [START_REF] Dunn | Broad phylogenomic sampling improves resolution of the animal tree of life[END_REF][START_REF] Whelan | Ctenophore relationships and their placement as the sister group to all other animals[END_REF]Fig.5F). In turn, this would either mean that: (i) the apparition of a true nervous system would have predated metazoans and such a system would have been secondarily lost in poriferans and placozoans; or (ii) the apparition of true nervous systems would have occurred both in ctenophores and planulozoans (i.e. cnidarians and bilaterians) as the result of an evolutionary convergence [START_REF] Moroz | The ctenophore genome and the evolutionary origins of neural systems[END_REF][START_REF] Moroz | Convergent evolution of neural systems in ctenophores[END_REF][START_REF] Moroz | Unbiased View of Synaptic and Neuronal Gene Complement in Ctenophores: Are There Pan-neuronal and Pan-synaptic Genes across Metazoa?[END_REF]; Fig. 5F). Though the ctenophore-sister hypothesis appears less parsimonious with regards to the evolution of nervous system, the phylogenetic position of ctenophores must be resolved if one wish to comprehensively understand the origins of nervous systems [START_REF] Schierwater | Never ending analysis of a century old evolutionary debate: "unringing" the Urmetazoon bell[END_REF]. This point is of great importance, however it falls outside the scope of this thesis work and will not be discussed further.

Bilaterians

Bilaterian animals are commonly separated of the basal metazoans on the basis of several synapomorphies. According to classical textbooks, they display a bilateral body plan, and conversely to the basal metazoans that only form ectoderm and endoderm during their embryological development, the bilaterians possess a third embryological germ layer: the mesoderm [START_REF] Dunn | Animal Phylogeny and Its Evolutionary Implications[END_REF]. However, it is worth noticing that conversely to the general dogma, some elements of bilateral symmetry are also found in anthozoan cnidarians and in ctenophores [START_REF] Manuel | Early evolution of symmetry and polarity in metazoan body plans[END_REF], and that a mesodermal layer is present in ctenophores [START_REF] Martindale | Intracellular fate mapping in a basal metazoan, the ctenophore Mnemiopsis leidyi, reveals the origins of mesoderm and the existence of indeterminate cell lineages[END_REF] and potentially in various cnidarian groups as well (Seipel & Schmid, 2006). Hence, while there is a strong and consensual phylogenetic support for bilaterians, clear anatomical synapomorphies of this group remain to be identified.

The bilaterians are commonly divided into two major superphyla: Protostomia and Deuterostomia (Fig. 1). The names of these groups are due to a major difference occurring during the embryological development of these animals. In protostomes, the mouth generally derives from the blastopore, while in deuterostomes the blastopore gives rise to the anus, and the mouth is thus secondarily formed [START_REF] Hejnol | The mouth, the anus, and the blastopore -open questions about questionable openings[END_REF]. However, this latter developmental mode is a feature that is unexpectedly found as well in some protostome groups such as the chaetognaths, priapulids and lophophorates (i.e. bryozoans, brachiopods and phoronids) [START_REF] Hejnol | The mouth, the anus, and the blastopore -open questions about questionable openings[END_REF][START_REF] Martín-Durán | Deuterostomic development in the protostome Priapulus caudatus[END_REF]2016). For this reason, lophophorates were historically regarded as members of the deuterostomes (Nielsen, 2012a), though it is now widely accepted that their deuterostomous development is in fact the outcome of a convergent evolution, and that they actually belong to the protostomes (e.g. [START_REF] Halanych | Evidence from 18S ribosomal DNA that the lophophorates are protostome animals[END_REF][START_REF] Matus | Broad taxon and gene sampling indicate that chaetognaths are protostomes[END_REF][START_REF] Martín-Durán | The developmental basis for the recurrent evolution of deuterostomy and protostomy[END_REF]. This leads to a terminological confusion where some animals with deuterostomous development do not belong to the deuterostome clade, however the name of the group comprising chordates and ambulacrarians has still been retained as deuterostomes.

In addition to the protostomes and deuterostomes, the bilaterians further include the phylum Xenacoelomorpha, of which phylogenetic position remains somehow controversial [START_REF] Nakano | Xenoturbella bocki exhibits direct development with similarities to Acoelomorpha[END_REF][START_REF] Giribet | Genomics and the animal tree of life: conflicts and future prospects[END_REF][START_REF] Ruiz-Trillo | Acoelomorpha: earliest branching bilaterians or deuterostomes?[END_REF]. Xenacoelomorpha is an enigmatic phylum of marine bilateral worms comprising the acoels, the nemertodermatids and the xenoturbellids. All xenacoelomorphs are direct-developing benthic animals, and display an extremely simple morphology, lacking coeloms, anus, and organized gonads [START_REF] Rouse | New deep-sea species of Xenoturbella and the position of Xenacoelomorpha[END_REF]. Historically, the acoels and the nemertodermatids were regarded as closely related to flatworms, until molecular phylogenies moved them to a more basal position within the bilaterian clade [START_REF] Ruiz-Trillo | Acoel flatworms: earliest extant bilaterian metazoans, not members of Platyhelminthes[END_REF][START_REF] Jondelius | The Nemertodermatida are basal bilaterians and not members of the Platyhelminthes[END_REF]. On another front, the xenoturbellids were recognized as being basal deuterostomes, despite their very distinct morphology [START_REF] Bourlat | Deuterostome phylogeny reveals monophyletic chordates and the new phylum Xenoturbellida[END_REF]. However, this view was challenged when it appeared that the acoels and the nemertodermatids on one hand and the xenoturbellids on the other hand were more closely related than anticipated, with the acoels and nemertodermatids together (i.e. Acoelomorpha) forming the sister group of the xenoturbellids within the phylum Xenacoeolomorpha [START_REF] Philippe | Acoelomorph flatworms are deuterostomes related to Xenoturbella[END_REF][START_REF] Hejnol | Xenacoelomorpha's significance for understanding bilaterian evolution[END_REF][START_REF] Cannon | Xenacoelomorpha is the sister group to Nephrozoa[END_REF][START_REF] Rouse | New deep-sea species of Xenoturbella and the position of Xenacoelomorpha[END_REF]. Some authors proposed that the xenacoelomorphs might belong to the deuterostomes as the sister-group of ambulacrarians (i.e. Xenambulacraria; [START_REF] Philippe | Acoelomorph flatworms are deuterostomes related to Xenoturbella[END_REF][START_REF] Yaguchi | Temnopleurus as an emerging echinoderm model[END_REF], but the Xenambulacraria hypothesis is not currently supported by other recent molecular phylogenies, which rather place xenacoelomorphs at the basis of bilaterians [START_REF] Hejnol | Xenacoelomorpha's significance for understanding bilaterian evolution[END_REF][START_REF] Cannon | Xenacoelomorpha is the sister group to Nephrozoa[END_REF][START_REF] Rouse | New deep-sea species of Xenoturbella and the position of Xenacoelomorpha[END_REF]Fig.1). Consequently, aside from the xenacoelomorphs, the remaining bilaterians were consequently termed the Nephrozoa as they exhibit organized excretory systems [START_REF] Jondelius | The Nemertodermatida are basal bilaterians and not members of the Platyhelminthes[END_REF]. This phylogenetic position at the basis of bilaterians will be assumed for the further discussion in this manuscript. Hence, Xenacoelomorpha appears as an important phylum to understand many aspects of metazoan evolution, including the evolution of nervous systems [START_REF] Hejnol | Xenacoelomorpha's significance for understanding bilaterian evolution[END_REF].

Protostomes

The protostomes form a large group consisting of three different clades: the Chaetognatha (arrow worms), the Ecdysozoa, and the Spiralia (also referred to as the Lophotrochozoa) (Fig. 1). As mentioned above, some protostomes lineages display deuterostomy, and cases of amphistomy (the blastopore forms a furrow that gives rise to both mouth and anus) can also be identified in some species of nematods and annelids. Therefore, the evolutionary significance of the blastopore fate remains unclear, and the protostomy might not be a true synapomorphy of protostomes [START_REF] Hejnol | The mouth, the anus, and the blastopore -open questions about questionable openings[END_REF]. Consequently, there is no obvious synapomorphy for the protostomes despite the fact that this group is strongly supported by molecular phylogenies. Among protostomes, chaetognaths (arrow worms) are a small group of planktonic organisms that display many genomics and anatomical autapomorphies, and at the same time are characterized by a mix of features from protostomes and deuterostomes (Nielsen, 2012a). This suggests that chaetognaths form an early branching phylum in the protostome lineage, making it a sister group of both Ecdysozoa and Spiralia clades [START_REF] Dunn | Animal Phylogeny and Its Evolutionary Implications[END_REF][START_REF] Telford | Phylogenomic insights into animal evolution[END_REF]Fig.1). Ecdysozoa comprise animals characterized by their growth by molting [START_REF] Dunn | Animal Phylogeny and Its Evolutionary Implications[END_REF]. This clade encompasses 8 different phyla which are well supported by modern phylogenies (Fig. 1), and in terms of species numbers and niche diversity, the Ecdysozoa is from far the most significant clade of animal kingdom since there are over a million described species and an estimated total of more than 5 million living ones (Nielsen, 2012a). Eventually, the spiralians form the largest protostome group in terms of body plan diversity (Fig. 1), all being characterized by a spiral mode of embryonic cleavage. Yet, the spiralians are undoubtedly one of the most poorly resolved branches of the metazoan tree [START_REF] Telford | Phylogenomic insights into animal evolution[END_REF].

Deuterostomes

In comparison to its sister group, the protostomes, the deuterostomes constitute a relatively small group, both in term of body plans and species described (Nielsen, 2012a). The deuterostomes encompass five phyla [START_REF] Telford | Phylogenomic insights into animal evolution[END_REF]: Vertebrata, Tunicata, and Cephalochordata, which together form the group of Chordata on one hand; and Hemichordata and Echinodermata, forming the group of Ambulacraria on the other hand (Fig. 6A). The monophyletic character and inner phylogeny of the deuterostomes are strongly supported by recent molecular studies [START_REF] Delsuc | Tunicates and not cephalochordates are the closest living relatives of vertebrates[END_REF][START_REF] Telford | Phylogenomic analysis of echinoderm class relationships supports Asterozoa[END_REF][START_REF] Cannon | Phylogenomic resolution of the hemichordate and echinoderm clade[END_REF]2016). Only one shared and unambiguous character can be consensually deduced from this phylogeny for all deuterostomes: the presence of a pharynx pierced by several gill slits [START_REF] Brown | Man is but a worm: Chordate origins[END_REF][START_REF] Gillis | A stem-deuterostome origin of the vertebrate pharyngeal transcriptional network[END_REF][START_REF] Lowe | The deuterostome context of chordate origins[END_REF]. Pierced pharynxes have indeed been reported from several extant hemichordate and chordate species, which in all cases are located just posterior to the mouth and contribute to gas exchange and feeding. In addition, homologies in between these structures have been corroborated by both anatomical and molecular specificities [START_REF] Rychel | Development and evolution of chordate cartilage[END_REF][START_REF] Gonzalez | The gill slits and pre-oral ciliary organ of Protoglossus (Hemichordata: Enteropneusta) are filter-feeding structures[END_REF][START_REF] Gillis | A stem-deuterostome origin of the vertebrate pharyngeal transcriptional network[END_REF]. Although no extant echinoderm species exhibit pierced pharynxes, the presence of gill slits has been proposed in some stem species [START_REF] Dohrn | Der Ursprung der Wirbelthiere und das Princip des Functionswechsels. Genealogische Skizzen[END_REF], and is more largely widespread in Endostyle extinct stem deuterostomes [START_REF] Shu | Primitive deuterostomes from the Chengjiang lagerstätte (lower Cambrian, China)[END_REF][START_REF] Ou | Evidence for gill slits and a pharynx in Cambrian vetulicolians: implications for the early evolution of deuterostomes[END_REF]. In addition to the gill slits, some authors made the more controversial assumption that the endostylar function reported in both chordates and hemichordates might be another deuterostomes synapomorphy. In chordates, the endostyle is a pharyngeal-associated organ that participates in food particles trapping and contributes to hormone synthesis. In hemichordates, even though a well-defined endostyle organ does not seem to be present, the pharynx as a whole also broadly accomplishes these functions [START_REF] Gonzalez | The gill slits and pre-oral ciliary organ of Protoglossus (Hemichordata: Enteropneusta) are filter-feeding structures[END_REF][START_REF] Ruppert | Key characters uniting hemichordates and chordates: homologies or homoplasies?[END_REF].

Chordates

Among the three chordate phyla, the cephalochordates have been shown to diverged first, while the tunicates and the vertebrates are more closely related and are grouped together as the Olfactores [START_REF] Delsuc | Tunicates and not cephalochordates are the closest living relatives of vertebrates[END_REF]. Morphologically, chordates display very distinct adult body plans. The basal cephalochordates, also known as amphioxus or lancelets, are small, fusiform sand-dwelling worm-like animals and only comprise a relatively small number of species (roughly thirty described extant species; [START_REF] Appeltans | The magnitude of global marine species diversity[END_REF](Fig. 6B). They harbor in their oral and preoral regions several specialized structures used for feeding and environmental sensing, such as buccal cirri, a wheel organ and velar tentacles (Nielsen, 2012a). By comparison, tunicates (or urochordates) are characterized by a thick tunic made of cellulose and that covers the entire adult body. In addition, the adults do not display any of the chordate anatomical specificities, which are restricted solely to their larval form [START_REF] Holland | Tunicates[END_REF]. Finally, the vertebrate encompass by far the higher number of species among chordates, and are characterized by the modification during the embryonic development of the notochord into the vertebral column. Despite this diversity, the three chordate phyla display a clear structural unity. Chordate synapomorphies include notably the presence of a mesodermic transient structure called the notochord, and a post-anal tail (Fig. 6B). The notochord constitutes a flexible rod-shaped structure made of cartilage [START_REF] Zhang | An evo-devo view on the origin of the backbone: evolutionary development of the vertebrae[END_REF]. It extends all along the body length and is located above the digestive tract. In some chordates, the notochord acts as the primary axial support of the body throughout the animal's lifetime (e.g. cephalochordates). In others, it is present only in the embryo before it is lost at metamorphosis (e.g. tunicates) or before it develops into a more complex structure, such as the vertebral column (or spine) in vertebrates. On the other hand, the muscular post-anal tail is an elongation of the trunk extending beyond the anus [START_REF] Stach | The postanal tail of the enteropneust Saccoglossus kowalevskii is a ciliary creeping organ without distinct similarities to the chordate tail[END_REF]. The tail contains skeletal elements and paired muscles, which are used in aquatic animals, for example, to ensure locomotion through undulatory swimming movements, or in terrestrial chordates to guarantee balance and steering. In some chordates, such as cephalochordates and fish, the tail is maintained throughout the lifespan of the animal. In others, such as tunicates or frogs, it is by contrast present only during embryonic development before it disappears.

Ambulacrarians

Besides chordates, the ambulacrarians comprise two phyla displaying drastically distinct body plans, neither of which appears outwardly to be similar to that of chordates: the echinoderms and the hemichordates. Despite their apparent disparity, both of them exhibit larvae showing obvious anatomical similarities (see below), in particular a trimeric coelom developing by enterocoelie and composed of an unpaired anterior protocoel (axocoel in echinoderms), two mesocoels (hydrocoel in echinoderms) and two posterior metacoels (somatocoel in echinoderms). This coelomic organization is referred to as archimery (Nielsen, 2012a). These shared larval features were highlighted by [START_REF] Metschnikoff | Über die systematische Stellung von Balanoglassus[END_REF], who further proposed the grouping of the hemichordates and echinoderms together as the ambulacrarians. This grouping has since then been supported by molecular phylogenetic studies [START_REF] Telford | Phylogenomic analysis of echinoderm class relationships supports Asterozoa[END_REF][START_REF] Cannon | Phylogenomic resolution of the hemichordate and echinoderm clade[END_REF]2016). The two ambulacrarian phyla are of particular interest in the context of this work and will be here the object of a special focus.

The hemichordates form a small phylum (roughly a few hundred of described extant species; [START_REF] Appeltans | The magnitude of global marine species diversity[END_REF], but their importance for understanding several aspects of metazoan evolution have proven to be crucial in many aspects (e.g. Nübler-Jung & Arendt;1999;[START_REF] Saint-Hilaire | Hemichordates and the origin of chordates[END_REF][START_REF] Brown | Man is but a worm: Chordate origins[END_REF][START_REF] Röttinger | Evolutionary crossroads in developmental biology: hemichordates[END_REF][START_REF] Lowe | The deuterostome context of chordate origins[END_REF]. Hemichordates are divided into two main classes: the pterobranchs and the enteropneusts (the latter encompassing the so-called acorn worms)(Fig. 6C,D). There are two orders of pterobranchs: the Cephalodiscidae and the Rhabdopleuridae, and four orders of enteropneusts: the Spengelidae, the Harrimaniidae, the Ptychoderidae, and the Torquaratoridae. The internal phylogeny of hemichordates remains poorly resolved, but the latest molecular phylogenies indicate that both pterobranchs and enteropneusts are monophyletic [START_REF] Osborn | Diversification of acorn worms (Hemichordata, Enteropneusta) revealed in the deep sea[END_REF][START_REF] Cannon | Phylogenomic resolution of the hemichordate and echinoderm clade[END_REF]. Pterobranchs are small, sessile, mostly colonial organisms and one of their distinctive feature is the presence of several tentacles forming a peculiar lophophore-like organ dedicated to filter-feeding [START_REF] Sato | Developmental biology of pterobranch hemichordates: History and perspectives[END_REF]. Nonetheless, they are remarkably under-studied with almost no molecular data available, due to their difficult collection and husbandry. By contrast, enteropneusts are solitary worm-like animals that burrow in the sand, and they have been the objects of a great scientific interest over the last decade (for reviews, see [START_REF] Röttinger | Evolutionary crossroads in developmental biology: hemichordates[END_REF][START_REF] Lowe | The deuterostome context of chordate origins[END_REF]. Both pterobranchs and enteropneusts exhibit a body segmented into three parts along the antero-posterior axis: a preoral prosome (called proboscis in enteropneusts or cephalic shield in pterobranchs), the mesosome (or collar) that contains the buccal cavity and the pterobranch tentacles, and the metasome (or trunk)(Fig. 6C,D). In addition to the gut and the gonads, the trunk contains the pharynx, which bears characteristic pairs of dorsolateral gill slits, even though they have been secondarily lost in some pterobranch species. Another synapomorphy of the group is the presence of an endodermal structure called the stomochord, which extends from the collar toward the proboscis of the animal. Despite a structural organization that resembles the chordate notochord, the homology of these two structures remains unclear [START_REF] Satoh | How was the notochord born?[END_REF][START_REF] Satoh | On a possible evolutionary link of the stomochord of hemichordates to pharyngeal organs of chordates[END_REF][START_REF] Annona | Evolution of the notochord[END_REF].

By comparison, the echinoderms encompass five extant classes of marine, mostly benthic animals: the basal crinoids (sea lilies and feather stars) as well as the eleutherozoans comprising the echinoids (sea urchins), asteroids (sea stars), ophiuroids (brittle stars) and holothuroids (sea cucumbers)(Fig. 6E,F). The monophyly of echinoderms and eleutherozoans are both strongly supported by current molecular studies [START_REF] Telford | Phylogenomic analysis of echinoderm class relationships supports Asterozoa[END_REF][START_REF] Cannon | Phylogenomic resolution of the hemichordate and echinoderm clade[END_REF], the crinoids hence appearing undoubtedly as the most basal class within the phylum. By contrast, the internal phylogeny of the eleutherozoans has remained unclear until recently. Historically, cladistic analyses of the group gave conflicting results. For instance, considering larval morphology, [START_REF] Hyman | The Invertebrates: Volume 4 (Echinodermata: The coelomate Bilateria)[END_REF] proposed that ophiuroids and echinoids might be sister-group, while some authors conversely argued that the sister-group of ophiuroids might instead be the asteroids, together forming the clade Asterozoa (e.g. [START_REF] Littlewood | The interrelationships of the echinoderm classes: morphological and molecular evidence[END_REF]. More recently, two main contradictory topologies for the eleutherozoan tree have been suggested by molecular phylogenies: (i) the cryptosyringid hypothesis and (ii) the asterozoan hypothesis (for a review, see [START_REF] Telford | Phylogenomic analysis of echinoderm class relationships supports Asterozoa[END_REF]. In the cryptosyringid hypothesis, asteroids are basal to ophiuroids, which in turn are basal to echinoids and holothuroids. The grouping of ophiuroids, echinoids and holothuroids was named cryptosyringid and was united by the presence of sub-epidermal radial nerve cords (see below ;[START_REF] Smith | Classification of the Echinodermata[END_REF]. Conversely, the most recent molecular phylogenies tend to support the competing hypothesis that is the grouping of ophiuroids and asteroids (asterozoans) on one hand and the grouping of echinoids and holothuroids (echinozoans) on the other hand [START_REF] Telford | Phylogenomic analysis of echinoderm class relationships supports Asterozoa[END_REF][START_REF] Cannon | Phylogenomic resolution of the hemichordate and echinoderm clade[END_REF][START_REF] Reich | Phylogenomic analyses of Echinodermata support the sister groups of Asterozoa and Echinozoa[END_REF].

Echinoderms are characterized by several synapomorphies, including a calcite fenestrated endoskeleton called the stereom [START_REF] Smith | Stereom microstructure of the echinoid test[END_REF])(Fig7A-C), a special type of mutable collagenous tissue (Wilkie, 1983;2005), a water vascular system (Fig7D) and more patently an intriguing and somewhat unique pentaradial symmetry (Fig. 6E,F). The most familiar expression of the pentaradiality appears in sea stars, especially those that have clearly delimited arms. The pentaradial organization defines usually five rays to the body, even though this number can be higher in some asteroids and ophiuroids species. Along each ray is found an ambulacrum, which is a skeletal structure overlying the radial canal of the water vascular system. The rays are identified according to the position of the madreporite (i.e. a skeletal element corresponding to the external pore of the water vascular system), which often constitutes the only visible symmetry-breaking element in the adult external anatomy. In the Carpenter nomenclature system [START_REF] Carpenter | Report upon the Crinoidea collected during the voyage of HMS Challenger during the years 1873-1876, part 1. General morphology with descriptions of the stalked crinoids: Reports of the Scientific Results of the Voyage of HMS Challenger[END_REF], each of the five axes is referred to as the A, B, C, D, or E radius, and the corresponding interradii are referred to as AB, BC, CD, DE and EA. The radius opposing the interradius containing the madreporite is the A, and the other radii are denominated clockwise, while the interradius containing the madreporite is hence CD (Fig7E,F). Other equivalent nomenclature systems exist, such as the one of Lovén (1874), however only the Carpenter's system will be used in this manuscript. Because echinoderms are consensually nested within deuterostomes, the fivefold symmetry is undoubtedly an autapomorphy of echinoderms that is overimpressed onto the ancestral bilateral symmetry (for an alternative view, see [START_REF] Yasui | Early development of amphioxus links evolutionary events with vertebrates[END_REF]. This is as well supported by developmental data, as the echinoderm embryos first develop as bilateral larvae before switching to a pentaradial symmetry [START_REF] Hyman | The Invertebrates: Volume 4 (Echinodermata: The coelomate Bilateria)[END_REF]. As revealed by the fossil record, the gill slits characteristic of deuterostomes might have been originally present in stem echinoderms, but then lost secondarily [START_REF] Dohrn | Der Ursprung der Wirbelthiere und das Princip des Functionswechsels. Genealogische Skizzen[END_REF].

Some elements of nervous system anatomy across the metazoans

Metazoans are multicellular animals. Although the rise of multicellular eukaryotes from unicellular ones is a process that is far from being comprehensively understood [START_REF] Nielsen | Six major steps in animal evolution: Are we derived sponge larvae?[END_REF][START_REF] Cavalier-Smith | Origin of animal multicellularity: precursors, causes, consequences-the choanoflagellate/ sponge transition, neurogenesis and the Cambrian explosion[END_REF][START_REF] Arendt | Gastric pouches and the mucociliary sole: setting the stage for nervous system evolution[END_REF]Sebé-Pedros et al., 2017), it is known that it has been accompanied by the specialization of cells into different types. Each of these cell types is devoted to a specific function within a single organism following a process of division of labor, instead of being multifunctional as in colonial unicellular eukaryotes [START_REF] Arendt | The evolution of cell types in animals: Emerging principles from molecular studies[END_REF]Arendt et al., 2009). The number of cell types in metazoans ranges from 5 in sponges to roughly 200 in vertebrates [START_REF] Leys | Cytological basis of photoresponsive behavior in a sponge larva[END_REF]Vickaryous & Brian, 2006). In neuralians, specific cell types have evolved to ensure the intercellular communication at the organism-scale. These cells, which are the neurons, glial cells and receptor cells, constitute together the so-called nervous system.

The nervous system of an organism can be defined as the network formed by the sum of every neuron, glial cell and receptor cell, as well as the connections established between them or with other cell types. The nervous system enables the organism to integrate the physiological activity of its different components and external cues into one functional entity that can successfully interacts with its environment. At a cellular level, the neurons are characterized by being electrically excitable cells [START_REF] Augustine | Human neuroanatomy[END_REF]. They usually display a very specific morphology including a cell body (also called soma or perikaryon) where the nucleus is found, and several cellular processes that extend and connect to other neurons, muscular or endocrine cells. The cellular processes devoted to the reception of signals coming from other neurons are called the dendrites, while the processes emitting the signal are called the axons. Classically, a neuron possesses several dendrites forming a dendritic tree, but only one axon. Yet, during the undifferentiated stages of the neuron's life or when their physiological functions are unknown, all the different processes are termed indistinctly neurites. In addition to the neurons, the nervous communication also involves distinct cell types dedicated to the protection, maintenance and metabolic support of the neurons, which are together called the glial cells [START_REF] Hartline | The evolutionary origins of glia[END_REF]. In vertebrates, these glial cells include the astrocytes, the schwann cells, the oligodendrocytes and the microglia.

Across metazoans, the organization of the nervous systems described from ctenophores to vertebrates exhibits a remarkable range of shapes and forms. They go from simple nerve nets observed in ctenophores and cnidarians to extraordinary complex centralized organs, usually named brains, such as those present in vertebrates and cephalopods [START_REF] Schmidt-Rhaesa | Structure and Evolution of Invertebrate Nervous Systems[END_REF]; see also the seminal work of [START_REF] Bullock | Nervous system development in cephalopods: How egg yolk-richness modifies the topology of the mediolateral patterning system[END_REF]. Despite the large diversity of nervous system architectures observed in metazoans, nervous systems have always been considered as one of the most conserved elements among animals [START_REF] Nielsen | Larval nervous systems: true larval and precocious adult[END_REF]. As a matter of fact, more than a century ago [START_REF] Hatschek | Expression patterns of Hox genes in larvae of the sea lily Metacrinus rotundus[END_REF] already classified the bilaterians into three main groups based on the anatomy and the position of their nervous system: the Zygoneura (former Protostomia), the Chordonia (former Chordata) and the Ambulacraria. The origin and evolution of nervous systems has remained an essential theme in comparative and evolutionary biology since then (for historical reviews, see Arbas et al., 1990;[START_REF] Lichtneckert | Origin and evolution of the first nervous system[END_REF][START_REF] Northcutt | Evolution of centralized nervous systems: Two schools of evolutionary thought[END_REF]. An ideal study of neural evolution would involve a large range of biological organization levels, such as physiological and behavioral properties. Unfortunately, these kinds of data are difficult to obtain outside of well-established biological model organisms. Therefore, the evolutionary scenarios of nervous systems have so far mostly relied on anatomical and molecular data. This has led to the development of a rich neuroanatomic vocabulary devoted to the fine description of the wide diversity of existing nervous system structures and shapes. However, the comparison of anatomical character such as neural structures across different organisms require a precise and consensual nomenclature, thus preventing to refer to two different concepts by the same designation, and reciprocally. A recent summary of the main terms and concepts in neuroanatomy was made by [START_REF] Richter | Invertebrate neurophylogeny: suggested terms and definitions for a neuroanatomical glossary[END_REF] in order to allow comparative biologists to describe neural characters in a way that can be used for meaningful homological reconstructions. Here, before discussing the evolutionary history of nervous systems in metazoans per se, I will briefly yield a description of the general organization and anatomical structures of the nervous systems found across the metazoan phyla using the work of [START_REF] Richter | Invertebrate neurophylogeny: suggested terms and definitions for a neuroanatomical glossary[END_REF], an overall description that will be important for the reading of this manuscript. Nevertheless, it has to be kept in mind that the nervous system of each metazoan clade is somewhat unique, and that the general tendency to group them into large categories in regard to their global organization does not reflect their intrinsic diversity.

Nervous systems in basal metazoans

As mentioned before, while sponges and placozoans lack true neural cells [START_REF] Leys | Cytological basis of photoresponsive behavior in a sponge larva[END_REF][START_REF] Senatore | Neuropeptidergic integration of behavior in Trichoplax adhaerens, an animal without synapses[END_REF], both ctenophores and cnidarians exhibit well-defined neurons forming true nervous systems. In ctenophores, the neurons form two distinct plexus in the epidermis and the mesoglea, and local condensations of neurons are found within the apical organ and in the comb rows (i.e. the specific organs used for locomotion by ctenophores; [START_REF] Jager | New insights on ctenophore neural anatomy: Immunofluorescence study in Pleurobrachia pileus (Müller, 1776)[END_REF]Norekian & Moroz, 2018;Moroz & Norekian, 2018; Fig. 8A-D). In cnidarians, neurons are scattered in both the ectoderm and the endoderm, and include several subtypes such as sensory cells, interneurons, motoneurons, and neurosecretory cells [START_REF] Koizumi | Nerve ring of the hypostome in hydra: is it an origin of the central nervous system of bilaterian animals?[END_REF][START_REF] Marlow | Anatomy and development of the nervous system of Nematostella vectensis, an anthozoan cnidarian[END_REF][START_REF] Satterlie | Do jellyfish have central nervous systems[END_REF]. The cnidocytes, i.e. the specific cnidarian cells devoted to defense and food capture, are also considered as neural cells because they display fast and calcium-dependent exocytic properties [START_REF] Watanabe | Cnidarians and the evolutionary origin of the nervous system[END_REF]. Local condensations of neurons are found both in polyps, as longitudinal axon tracts running along the mesenteries and the oral nerve ring, and in medusae, as the inner and outer nerve rings and the rophaliae (sensory organs; [START_REF] Parkefelt | Prominent system of RFamide immunoreactive neurons in the rhopalia of box jellyfish (Cnidaria: Cubozoa)[END_REF][START_REF] Watanabe | Cnidarians and the evolutionary origin of the nervous system[END_REF][START_REF] Satterlie | Do jellyfish have central nervous systems[END_REF]; Fig. 8E-G). An important wealth of molecular information on the composition and development of the cnidarian nervous system has started to emerge over the last decades from studies of the anthozoan Nematostella vectensis [START_REF] Leitz | Cnidaria[END_REF][START_REF] Layden | The rise of the starlet sea anemone Nematostella vectensis as a model system to investigate development and regeneration[END_REF].

In both cnidarian and ctenophore nervous systems, the neural condensations observed are likely incapable of receiving and processing sensory inputs from the entire body and only act at a local level. Therefore, this type of nervous system organization, lacking a broad integrative center, is called a nerve net [START_REF] Richter | Invertebrate neurophylogeny: suggested terms and definitions for a neuroanatomical glossary[END_REF]Fig.8A-H). Nerve nets, sometimes also called diffuse nervous systems or neural plexus, are defined as a cluster of loosely interconnected neurons that constitute all, or parts, of a nervous system and are arranged in a planar reticular pattern [START_REF] Richter | Invertebrate neurophylogeny: suggested terms and definitions for a neuroanatomical glossary[END_REF]. [START_REF] Atkinson | Unraveling flp-11/flp-32 dichotomy in nematodes[END_REF]. (J) Detail of the brain in Euperipatoides rowelli (Onychophora; from [START_REF] Mayer | A revision of brain composition in Onychophora (velvet worms) suggests that the tritocerebrum evolved in arthropods[END_REF]. (K) Detail of the ventral nerve cord in Drosophila melanogaster (Arthropoda; photo: M. Moffateh). (L) Ventral nerve cord in Pristina leidyi (Annelida; from [START_REF] Zattara | Fine taxonomic sampling of nervous systems within Naididae (Annelida: Clitellata) reveals evolutionary lability and revised homologies of annelid neural components[END_REF]. (M) Tetraneurion in Wirenia argentea (Mollusca; from [START_REF] Redl | Development of the nervous system in Solenogastres (Mollusca) reveals putative ancestral spiralian features[END_REF]. Arrows indicate the ventral nerve cords and asterisks indicate the commissures. (N) Nervous system in Polycelis felina (Platyhelminthes; from [START_REF] Cebrià | Regenerating the central nervous system: how easy for planarians! Development genes and evolution[END_REF]. (O) Ventral and dorsal nerve cord in Panagrellus redivivus (Nematoda; from [START_REF] Atkinson | Unraveling flp-11/flp-32 dichotomy in nematodes[END_REF]. (P) Nervous system in Danio rerio (Chordata; photo: Z. Tobias). Aan: antennal nerve; ao: apical organ; ap: anal pore; bb: basal bulb; br: brain; c: colar; cc: colar cord; cn: central neuropil; cnr: circumpharyngeal nerve ring; dnc: dorsal nerve cord; lg: lateral ganglia; m: mesentery; nt: neural tube; pf: polar field; t: tentacle; ph: pharynx; pr: proboscis; rvg: retrovesicular ganglion; tr: trunk; vg: ventral ganglion; vnc: ventral nerve cord.

Nervous systems in bilaterians

The nervous system of most bilaterian phyla shows diverse degree of centralization (Fig. 8I-P). The centralization of a nervous system is defined as its subdivision into different regions, one of them being an integrative center onto which the other peripheral regions of the nervous system (or peripheral nervous system) give off neural projections. From a physiological point of view, the integrative center (thereafter called central nervous system, CNS) assimilates and processes sensory information coming from the peripheral nervous system (PNS) and initiates body-wide responses [START_REF] Arendt | The evolution of nervous system centralization[END_REF]. The architecture of the CNS diverges greatly among bilaterians, but encompasses in most cases an anterior condensation followed by a longitudinal condensation established along the antero-posterior axis (Fig. 8I-N). Depending on the authors, the anterior condensation is either called the cephalic ganglion or the brain, based on its size and some additional morphological criteria [START_REF] Northcutt | Evolution of centralized nervous systems: Two schools of evolutionary thought[END_REF]. However, following [START_REF] Richter | Invertebrate neurophylogeny: suggested terms and definitions for a neuroanatomical glossary[END_REF], I will refer here to any anterior condensation as brains, since the distinction between cephalic ganglion and brains based on the size of these structures is rather arbitrary. The longitudinal condensation is called the nerve cord, but the specific term spinal cord is used in the case of chordate deuterostomes [START_REF] Richter | Invertebrate neurophylogeny: suggested terms and definitions for a neuroanatomical glossary[END_REF]. Both the nerve cord and the brain are extensively wired by neural projections from the peripheral parts of the nervous system. The centralization of the nervous system has been proposed as a synapomorphy of the bilaterians [START_REF] Dunn | Animal Phylogeny and Its Evolutionary Implications[END_REF], however the presence of nerve nets or non-centralized organizations in several bilaterian clades such as xenoturbellids and ambulacrarians challenges this view (see below; [START_REF] Hejnol | Neural nets[END_REF].

Nervous systems in protostomes

In protostomes, the nervous system is usually centralized and includes a ventral medial nerve cord and an anterior brain. The structure of the brain differs greatly between phyla. In nematodes, nematomorphs, priapulids, kinorhynchs and loricifers, for instance, a cycloneuralian brain is found, meaning that it is a dense, homogenous neuropil surrounding the anterior part of the digestive-tract in a ring-like fashion (Fig. 8I). By comparison, in onychophorans, tardigrades and arthropods, the brain is a syncerebrum, meaning that it is formed by the fusion of distinct metameric ganglia during the development [START_REF] Richter | Invertebrate neurophylogeny: suggested terms and definitions for a neuroanatomical glossary[END_REF]; Fig. 8J). The greatest diversity in brain organization is observed among spiralians, in which it ranges from simple anterior ganglion found for instance in bryozoans to structures of astonishing complexity observed in particular in cephalopod mollusks [START_REF] Gruhl | Bryozoa (Ectroprocta)[END_REF][START_REF] Wollesen | Cephalopoda[END_REF]. In most protostomes, the nerve cord appears as an orthogonal series of ganglia paired in an antero-posterior sequence and connected by longitudinal (connectives) and lateral (commissures) neurite bundles [START_REF] Richter | Invertebrate neurophylogeny: suggested terms and definitions for a neuroanatomical glossary[END_REF]. The number of longitudinal neurite bundles constituting the nerve cord is usually of two, but it may vary in some groups (Fig. 8K-O). In the CNS of the segmented arthropods and annelids, the pairs of ganglia are arranged along two longitudinal neurite bundles, each pair innervating one segment of the animal body. This kind of organization was called a "rope-ladder-like nervous system" by [START_REF] Richter | Invertebrate neurophylogeny: suggested terms and definitions for a neuroanatomical glossary[END_REF]Fig.8K,L). By comparison, in mollusks and entoprocts, there are four longitudinal neurite bundles, and the CNS is therefore called a tetraneurion [START_REF] Wanninger | Shaping the things to come: Ontogeny of lophotrochozoan neuromuscular systems and the tetraneuralia concept[END_REF][START_REF] Richter | Invertebrate neurophylogeny: suggested terms and definitions for a neuroanatomical glossary[END_REF]; Fig. 8M). However, the definition of the nerve cord in protostomes is somewhat vague and the longitudinal neurite bundles have either been regarded in the literature as two parts of a single structure or as two parallel nerve cords linked by commissures. This is true especially for species displaying eccentric neurite bundles that are positioned on the lateral edges of the body instead of being tightly associated in medial position, such as in platyhelminthes (Fig. 8N). In most protostomes, the nerve cord is located ventrally to the digestive system, by opposition to the brain that is almost always located dorsally. In that regard, nematodes are remarkable animals among protostomes as their nerve cord is formed by two longitudinal neurite bundles, the most prominent of which is ventral to the intestine while the other is dorsal to it, and with the commissures between the two systems encircling the digestive tract (Schaffer, 2016; Fig. 8O). The presence of a ventral nerve cord in protostomes had thus been proposed as a synapomorphy for these animals, but this feature is not universal among protostomes and data from the hemichordate deuterostomes, which like nematodes encompass a dorsal and a ventral nerve cord, raise the possibility that this character could actually be an ancestral state of all bilaterians (see below; [START_REF] Lowe | The deuterostome context of chordate origins[END_REF][START_REF] Hejnol | The mouth, the anus, and the blastopore -open questions about questionable openings[END_REF].

Nervous systems in deuterostomes

In deuterostomes, nervous systems exhibit very distinct organizations. In the three chordate phyla, a clear structural unity is found, with a CNS exclusively located dorsally to the digestive system. These animals are thus termed notoneuralian (i.e. animals with a dorsal nerve cord), by opposition to most protostomes that are gastroneuralian (i.e. animals with a ventral nerve cord). The chordate CNS consists of a tubular neuroepithelium containing a fluid-filled canal [START_REF] Richter | Invertebrate neurophylogeny: suggested terms and definitions for a neuroanatomical glossary[END_REF]. This hollow neural tube, which is another chordate synapomorphy, arises through the characteristic morphogenetic process termed neurulation during which the embryonic neuroectoderm is internalized (Lowery & Sive, 2004, see below). During this process, the embryonic neuroectoderm, located just above the notochord, bends inward, rounds up, and fuses, thereby detaching itself from the epidermis and sinking just beneath it. This process is well conserved among all three chordate phyla, even though some differences exist such as the lack of true neural crest cells in tunicates and cephalochordates [START_REF] Stolfi | Migratory neuronal progenitors arise from the neural plate borders in tunicates[END_REF]. The neurulation is then followed by the differentiation of the anterior part of the neural tube into a brain while the posterior part generates the spinal cord (Fig. 8P). In cephalochordates and tunicates, the brain appears as a relatively simple cephalic vesicle, while in vertebrates it exhibits an astonishing complexity. In addition to the CNS, chordate nervous systems comprise a peripheral nervous system (PNS) that encloses all nerves, ganglia and sensory cells that are present throughout the body and branch in and out from the CNS. By contrast, the CNS encompasses the brain and the spinal cord and is meant to integrate nervous inputs from the peripheral nervous system and to coordinate appropriate body-wide responses.

Outside chordates, the nervous systems found in hemichordates and echinoderms appear highly divergent at first sight, however their organizations follow common principles. In both phyla, they encompass a basiepidermal nerve net (i.e. that is integrated in the epidermis), which in hemichordates is predominantly located in the proboscis [START_REF] Bullock | The anatomical organization of the nervous system of Enteropneusta[END_REF][START_REF] Knight-Jones | On the nervous system of Saccoglossus cambrensis (Enteropneusta)[END_REF]. In echinoderms, this nerve net is by comparison, in all five classes, distributed uniformly, beneath the epidermis of the whole animal [START_REF] Cuénot | Études morphologiques sur les Echinodermes[END_REF][START_REF] Hamann | The ancestral retinoic acid receptor was a low-affinity sensor triggering neuronal differentiation[END_REF][START_REF] Smith | The larval stages of the sea urchin, Strongylocentrotus purpuratus[END_REF][START_REF] Weber | Ultrastructure of the basiepithelial nerve plexus of the sea urchin, Centrostephanus longispinus[END_REF]. In addition, ambulacrarian nervous systems include several nerve cords. Enteropneust hemichordates possess two nerve cords, one dorsal that runs from the proboscis to the tip of the trunk and one ventral that is only present in the trunk (Fig. 8H); the two cords being linked at the boundary between the collar and the trunk by a circumferential nerve ring [START_REF] Bateson | Later stages in the development of Balanoglossus Kowalevskii with a suggestion as to the affinities of the Enteropneusta[END_REF]Morgan, 1984;[START_REF] Bullock | The anatomical organization of the nervous system of Enteropneusta[END_REF][START_REF] Knight-Jones | On the nervous system of Saccoglossus cambrensis (Enteropneusta)[END_REF]. In pterobranchs, by comparison, several thickenings of the nerve net, although not explicitly called nerve cords, are present as the branchial and tentacle nerves as well as a ventral stack nerve. Most importantly, a prominent basiepidermal cephalic ganglion is found in the collar [START_REF] Dilly | The pterobranch Rhabdopleura compacta: its nervous system and phylogenetic position[END_REF][START_REF] Rehkämper | Fine structure of the ganglion of Cephalodiscus gracilis (Pterobranchia, Hemichordata)[END_REF][START_REF] Stach | The central and peripheral nervous system of Cephalodiscus gracilis (Pterobranchia, Deuterostomia)[END_REF]. Finally, in echinoderms, five nerve cords are classically observed, one along each axis, which are connected at their proximal ends on the oral side of the animal by a set of commissures that form a circumoral nerve ring [START_REF] Cuénot | Études morphologiques sur les Echinodermes[END_REF][START_REF] Hamann | The ancestral retinoic acid receptor was a low-affinity sensor triggering neuronal differentiation[END_REF][START_REF] Smith | The larval stages of the sea urchin, Strongylocentrotus purpuratus[END_REF][START_REF] Märkel | Ultrastructure and organization of the epineural canal and the nerve cord in sea urchins[END_REF]; see chapter IV).

Complex life cycles and the place of larvae among metazoans

Indirect development represents the mainstream developmental mode of metazoans. Indeed, in most metazoan phyla, the adult stage is generally postponed by one or several larval stages following the embryonic development. The larvae often display their own neural features that can be either conserved or lost during the subsequent metamorphosis to the adult stage, depending on the species. Therefore, the nervous systems diversity that I have outlined above is in fact further complexified by the heterogeneity of the life cycles encountered across the metazoans. The evolutionary significance of the larval neural features, and to some extent of the larval stages as a whole, is rather unclear but they certainly have to be taken into account to depict the evolutionary history of nervous systems comprehensively [START_REF] Raff | Origins of the other metazoan body plans: the evolution of larval forms[END_REF].

Larval diversity in metazoans

A larva is defined as a sexually immature stage of the life cycle that often displays great morphological differences compared to the adult. In addition, larvae are frequently adapted to a lifestyle drastically different from the adult one, generally because of their habitat and feeding mode. In marine organisms, the most common life cycles involve a pelagic larval stage that contributes to the dispersion of the species, followed by a benthic adult stage dedicated to reproduction. The transition between the larval and the adult stage is called the metamorphosis. It is a sequence of morphological changes that can be rather gradual or drastic [START_REF] Laudet | The origins and evolution of vertebrate metamorphosis[END_REF]. As it deeply modifies the lifestyle of the animal, the metamorphosis is primarily triggered by environmental cues, and the morphological changes are subsequently mediated in most cases through a hormonal control. Remarkably, even though the hormonal control of metamorphosis shows some common principles across metazoans [START_REF] Laudet | The origins and evolution of vertebrate metamorphosis[END_REF], the concept of larvae does not include any phylogenetic meaning as it encompasses all kinds of larvae regardless of their evolutionary origin. Nonetheless, larval stages are the rule in the animal kingdom and are thus found in most metazoans phyla. Among the only few exceptions are the placozoans, the xenacoelomorphs, the chaetognaths and the nematodes, which all display direct development (Nielsen, 2012a).

In basal metazoans, sponges are mostly indirect-developers and display at least eight different types of larvae, such as the parenchyma or amphiblastula larvae [START_REF] Maldonado | The ecology of the sponge larva[END_REF][START_REF] Ereskovsky | The comparative embryology of sponges[END_REF]. In ctenophores, the embryonic development gives rise to a cyddipid larva, which displays a morphology that is similar to the one of adult ctenophores of the order Cyddipida [START_REF] Martindale | Evolutionary Developmental Biology of Invertebrates[END_REF]. The morphological transition from the cyddipid larvae to the adult stage is slow and gradual, and does not include major changes in the ecology of the animal. In addition, cases of sexual maturity have been observed in cyddipid larvae [START_REF] Martindale | Marine Biology Larval reproduction in the ctenophore Mnemiopsis mccradyi[END_REF]. Thus, for all these reasons the ctenophores are usually considered as direct-developers [START_REF] Martindale | Evolutionary Developmental Biology of Invertebrates[END_REF], despite the existence of the so-called cyddipid larval stage, which should actually be considered as a juvenile stage. Cnidarians possess complex life cycles, with an alternation of polyps (benthic forms) and medusae (planktonic forms). Yet, the embryonic development almost always gives rise to a ciliated, swimming larva called the planula, which then undergoes a metamorphosis into a polyp or a medusa, depending on the species [START_REF] Leclère | Hydrozoan insights in animal development and evolution[END_REF]Fig.9A).

In bilaterians, complex life cycles are also observed both in protostomes and deuterostomes. Among protostomes, marine arthropods display several larval stages, the first of them being either the nauplius or the zoea larva (Fig. 9B,C). Terrestrial arthropods also possess larval stages, such as the maggots and the caterpillars of holometabolous insects (Nielsen, 2012a). However, the greatest larval diversity is found among spiralians, with the main types including the trochophore larvae of annelids and mollusks (Fig. 9D) and their derivatives (e.g. mitraria, pelagothuria or veliger larvae; Fig. 9E-G), the cyphonautes of bryozoans, the actinotroch of phoronids (Fig. 9H), the pillidium of nemertes (Fig. 9I) and the Goette's and Müller's larvae of polyclad platyhelminthes (Fig. 9J) [START_REF] Nielsen | Trochophora larvae: Cell-lineages, ciliary bands and body regions. 1. Annelid and Mollusca[END_REF]2005a). In deuterostomes, the chordates are either direct-or indirect-developers, the latter presenting chordate-type larvae such as the cephalochordate larvae, or the tadpole larvae of tunicates and amphibians (Fig. 8K,L) (Nielsen, 2012a). On the other hand, the ambulacrarians are mostly indirect-developers and display a remarkable diversity of larval stages. I will here address a special focus on the diversity of ambulacrarian larvae.

In hemichordates, while the pterobranchs and the harrimaniid enteropneusts are exclusively direct-developers, the spengelid, ptychoderid and possibly torquaratorid enteropneusts exhibit a larval stage called the tornaria [START_REF] Nielsen | Origin and evolution of animal life cycles[END_REF]Fig.9M). In echinoderms, the situation is more complex and the life cycles of each class usually involve one or two distinct larval stages [START_REF] Hyman | The Invertebrates: Volume 4 (Echinodermata: The coelomate Bilateria)[END_REF][START_REF] Nielsen | Origin and evolution of animal life cycles[END_REF]2012a). The development of asteroids usually go through a larval stage called bipinnaria and then brachiolaria, based on the elongation of the brachiolarial arms (Fig. 9N,O). In holothuroids, two successive larval stages called auricularia and doliolaria are also usually observed (Fig. 9P,Q). The auricularia closely resembles the bipinnaria of sea stars, with several anatomical specificities such as the lack of bipinnarial arms [START_REF] Strathmann | The feeding behaviour of planktotrophic echinoderm larvae: mechanisms, regulation, and rates of suspension feeding[END_REF]. The doliolaria results from the reorganization of the auricularia into a barrel-shaped larva with four or five rows of ciliated bands [START_REF] Lacalli | Ciliary bands in echinoderm larvae: evidence for structural homologies and a common plan[END_REF]. It is a non-feeding stage that precedes metamorphosis. Actually, the term doliolaria is not restricted to holothuroids but is used to describe any echinoderm larvae with a similar morphology. In echinoids, a single larval stage called the echinopluteus is observed [START_REF] Mortensen | Studies of the development and larval forms of echinoderms[END_REF]; Fig. 9R). Ophiuroids exhibit a larval stage that shares superficial anatomical similarities with the one of echinoids such as the presence of a larval endoskeleton, and has therefore been called ophiopluteus [START_REF] Mortensen | Studies of the development and larval forms of echinoderms[END_REF]Fig.9S). It should be noted, however, that given the phylogenetic position of ophiuroids and echinoids in two distinct sub-phyla, the larval endoskeleton of ophiopluteus and echinopluteus are likely to be independent acquisitions [START_REF] Dylus | Large-scale gene expression study in the ophiuroid Amphiura filiformis provides insights into evolution of gene regulatory networks[END_REF]2018). If true, the morphological similarities of these larvae would then represent a remarkable case of convergent evolution. Of note, the ontogeny of some ophiuroid species may involve a secondary doliolaria stage following the ophiopluteus [START_REF] Hendler | An echinoderm vitellaria with a bilateral larval skeleton: evidence for the evolution of ophiuroid vitellariae from ophioplutei[END_REF][START_REF] Mladenov | Development and metamorphosis of the brittle star Ophiocoma pumila: evolutionary and ecological implications[END_REF]. Eventually, crinoids also display a short larval stage called the vitellaria, which again closely resembles the doliolaria stage of holothuroids [START_REF] Lacalli | Ciliary band formation in the doliolaria larva of Florometra. I. The development of normal epithelial pattern[END_REF]1987;Fig.9T).

Echinoderms larvae present a remarkable evolutionary flexibility, as each of these larval stages may have been lost independently in several species among each echinoderm class. For instance, many asteroid species undergo metamorphosis after the bipinnaria stage without forming the brachiolaria stage [START_REF] Hyman | The Invertebrates: Volume 4 (Echinodermata: The coelomate Bilateria)[END_REF][START_REF] Nielsen | Origin and evolution of animal life cycles[END_REF]. In addition, while most ambulacrarian larvae are planktotrophic, larvae in some species have lost the ability to feed, evolving to a lecithotrophic lifestyle. In rare cases, this lifestyle change has only minor consequences on the larval morphology, but in most cases it is accompanied by a drastic modification in larval morphology, which tends to resemble the one of doliolariae [START_REF] Wray | Parallel Evolution of Nonfeeding Larvae in Echinoids[END_REF][START_REF] Raff | The active evolutionary lives of echinoderm larvae[END_REF]. For instance, all the described crinoid vitellariae are lecithotrophic and usually undergo metamorphosis after only a few days of development [START_REF] Lacalli | Ciliary band formation in the doliolaria larva of Florometra. I. The development of normal epithelial pattern[END_REF]1987;[START_REF] Nakano | Larval stages of a living sea lily (stalked crinoid echinoderm)[END_REF]. Pushing this evolutionary logic even further, several ambulacrarian species have secondarily switched to a direct development after the larval stage was lost through evolution [START_REF] Wray | Parallel Evolution of Nonfeeding Larvae in Echinoids[END_REF]. This type of evolutionary transitions have been particularly well studied in the sea urchin genus Heliocidaris, in which the two known species Heliocidaris tuberculata and Heliocidaris erythrogramma respectively display a classical development through an echinopluteus larva and a direct development [START_REF] Raff | Constraint, flexibility, and phylogenetic history in the evolution of direct development in sea urchins[END_REF][START_REF] Raff | A novel ontogenetic pathway in hybrid embryos between species with different modes of development[END_REF][START_REF] Israel | Comparative developmental transcriptomics reveals rewiring of a highly conserved gene regulatory network during a major life history switch in the sea urchin genus Heliocidaris[END_REF]. Besides this apparent diversity, it is often postulated that the ambulacrarian ancestor already had a larval stage, from which evolved all the larval types observed in modern enteropneusts and echinoderms [START_REF] Strathmann | Larvae, phylogeny, and von Baer's law[END_REF][START_REF] Lacalli | Ciliary bands in echinoderm larvae: evidence for structural homologies and a common plan[END_REF][START_REF] Nielsen | Origin and evolution of animal life cycles[END_REF]; but see also [START_REF] Nezlin | Tornaria of hemichordates and other dipleurula-type larvae: a comparison[END_REF][START_REF] Nezlin | Structure of the nervous system in the tornaria larva of Balanoglossus proterogonius (Hemichordata: Enteropneusta) and its phylogenetic implications[END_REF]. This ancestral larva has been called the dipleurula larva [START_REF] Semon | Conserved roles of ems/Emx and otd/Otx genes in olfactory and visual system development in Drosophila and mouse[END_REF], and by extension the term dipleurula-type larva refers to any modern ambulacrarian larva.

Evolutionary history of larval diversity

Numerous scenarios have been elaborated to account for the existence of such larval stage diversity in metazoans. Among these scenarios, the three that I will describe herein remain the most actively debated: the gastraea theory, the pelago-benthic ancestor theory and the larval intercalation theory.

Gastraea theory

The gastraea theory (also referred to as terminal addition theory) lies on the hypothesis that all metazoans have evolved from a sexually mature, pelagic, and planktotrophic larva-like ancestor called the gastraea (Fig. 10A). This scenario was first envisaged by [START_REF] Haeckel | Die Gastraea-Theorie, die phylogenetische Classification des Thierreichs und die Homologie der Keimblätter[END_REF], who postulated that the swimming gastrulae observed in many marine animals are the recapitulation of an ancestral gastrula-shaped organism autonomous for feeding and reproduction, the gastraea [START_REF] Haeckel | Die Gastraea-Theorie, die phylogenetische Classification des Thierreichs und die Homologie der Keimblätter[END_REF]. According to Haeckel, the gastraea was mostly composed of choanocytes resembling those of extant sponges, and which allowed the gastraea to swim and feed [START_REF] Haeckel | Die Gastraea-Theorie, die phylogenetische Classification des Thierreichs und die Homologie der Keimblätter[END_REF]. Although this theory fell at first from favor, it has later been revived by [START_REF] Nielsen | Larval ciliary bands and metazoan phylogeny[END_REF] and is still under debate at the present day [START_REF] Nielsen | Animal phylogeny in light of the trochea theory[END_REF]1998;2008;2009, 2012a;2013).

In light of the gastraea theory, all extant larvae deriving of this ancestral larval form are homologous, including for instance the planula larvae of cnidarians, the larvae of spiralians such as the trochophores of annelids and molluscs, and the dipleurula larvae of ambulacrarians. Sponge larvae may also be considered to derive from the gastraea, however less is known about their development. A common feature of all these larvae is that they achieve swimming using ciliated structures, which are assumed to be ancestral characters inherited from the gastraea. These larvae were named primary larvae by [START_REF] Jägersten | Evolution of the Metazoan Life Cycle: A Comprehensive Theory[END_REF], in opposition to the larval stages thought to have been acquired only secondarily, and which were named accordingly secondary larvae [START_REF] Jägersten | Evolution of the Metazoan Life Cycle: A Comprehensive Theory[END_REF]. Secondary larvae generally correspond to modified juvenile stages of what were originally direct-developing groups and are generally seen in arthropods, parasitic flatworms and chordates. For instance, in Jägerten's view, the larvae of holometabolous insects are secondary adaptations to their terrestrial lifestyle, and thus they represent an independent acquisition rather than being derived of the ancestral gastraea. Similarly, tadpoles of tunicates and frogs, as well as the clearly derived larval stages of neodermatid platyhelminthes also fall into the category of secondary larvae. Likewise, the nauplius and zoea larvae of marine arthropods and the larvae of other ecdysozoans phyla such as loriciferans and kynorhynchs display several features of the adult organisms, which are nothing more than the result of their growth through molting (Nielsen, 2012a). Thus, they have traditionally not been considered as primary larvae in the light of the gastraea theory, however this point remains equivocal because such features might result of heterochronic development [START_REF] Richter | Nervous system development in bilaterian larvae: testing the concept of primary larvae[END_REF][START_REF] Marlow | Evolutionary Development of Marine Larvae[END_REF]. Interestingly, in agreement with their classification as secondary larvae, both nauplius and chordate larvae further swim using their musculature instead of specific ciliated structures as observed in characteristic primary larvae. Support to the gastraea theory has additionally come from modern discoveries regarding the genetic control of development. These studies have conveyed the idea that the events involved in early development are actually a widely shared patterning process, which [START_REF] Davidson | Spatial mechanisms of gene regulation in metazoan embryos[END_REF] called type I embryogenesis. This process includes a cleavage that is stereotypical and limited to about 10 rounds of cell division as well as a patterning of the embryo that is controlled by inductive interactions between individual blastomeres. As observed in a number of marine phyla, type I embryogenesis is sufficient to build a primary larva and these larvae contain many of the (1972) and [START_REF] Nielsen | Animal phylogeny in light of the trochea theory[END_REF], the cnidarians (planulae), planarians (Müller's larvae), annelids (trochophores) and echinoderms (dipleurulae) ciliated primary larvae, among others, share a single evolutionary origin. Secondary, non-ciliated larvae such as the one of arthropods and chordates are secondary acquisitions. (A) In the gastraea theory, the nephrozoan ancestor was a holopelagic sexually mature gastraea, and the adult forms were secondary acquisition. (B) In the pelago-benthic ancestor scenario, the nephrozon ancestor already had a bi-phasic life-cycle with a gastraea-like larva. The lower panel shows the larval intercalation theory. (C) According to [START_REF] Raff | Origins of the other metazoan body plans: the evolution of larval forms[END_REF], the bilaterian ancestor was a benthic direct-developer, and all larvae appeared independently. Acoel drawing is adapted from [START_REF] Martín-Durán | Convergent evolution of bilaterian nerve cords[END_REF]. Cnidarian, planula, planarian, annelid, echinoderm, chordate and chordate larva drawings are adapted from [START_REF] Leuckart | Über die Morphologie und die Verwandtschaftsverhältnisse der wirbellosen Tiere[END_REF].

differentiated cell types that we see in modern bilaterian adults, including ectoderm, skeleton, muscles and gut. In addition, [START_REF] Davidson | Origin of Bilaterian Body Plans -Evolution of Developmental Regulatory Mechanisms[END_REF] also proposed the drastic "set-aside cells theory" accounting for an explication as to how independent acquisitions of adult forms could have occurred several times independently during animal evolution.

According to this theory, sexually mature adults arose independently from imaginal subset of high-potential larval cells [START_REF] Davidson | Origin of Bilaterian Body Plans -Evolution of Developmental Regulatory Mechanisms[END_REF][START_REF] Peterson | Set-aside cells in maximal indirect development: evolutionary and developmental significance[END_REF].

Despite the rational of all these arguments, a number of authors have questioned the gastraea and set-aside cells theories (e.g. [START_REF] Knoll | Early animal evolution: emerging views from comparative biology and geology[END_REF][START_REF] Rouse | Polychaetes have evolved feeding larvae numerous times[END_REF][START_REF] Bishop | On nitric oxide signaling, metamorphosis, and the evolution of biphasic life cycles[END_REF]. Indeed, the amount of convergent evolutionary events needed to explain the similarity of developmental patterns found in most metazoan adult stages appear excessively high to support an independent origin of adult forms [START_REF] Holland | Early central nervous system evolution: An era of skin brains?[END_REF][START_REF] Raff | The active evolutionary lives of echinoderm larvae[END_REF][START_REF] Raff | Origins of the other metazoan body plans: the evolution of larval forms[END_REF]. In addition, major difficulties hold in envisioning which selective pressures could have driven the emergence of the high body plan diversity observed in metazoans from set-aside cells in such a relatively short time period -i.e. the Cambrian explosion [START_REF] Wolpert | From egg to adult to larva[END_REF][START_REF] Brusca | A critical reappraisal of the fossil record of the bilaterian phyla[END_REF][START_REF] Sly | Who came first -Larvae or adults? Origins of bilaterian metazoan larvae[END_REF][START_REF] Raff | Origins of the other metazoan body plans: the evolution of larval forms[END_REF][START_REF] Cavalier-Smith | Origin of animal multicellularity: precursors, causes, consequences-the choanoflagellate/ sponge transition, neurogenesis and the Cambrian explosion[END_REF]. The gastraea theory is also challenged by the phylogenetic position of the xenacoelomorphs at the basis of bilaterians [START_REF] Hejnol | Xenacoelomorpha's significance for understanding bilaterian evolution[END_REF][START_REF] Cannon | Xenacoelomorpha is the sister group to Nephrozoa[END_REF][START_REF] Rouse | New deep-sea species of Xenoturbella and the position of Xenacoelomorpha[END_REF]. Since xenacoelomorphs are all direct-developing benthic animals, it was first proposed that the primary larva in this phylum could have been lost during the course of evolution [START_REF] Rm | The nervous system of Isodiametra pulchra (Acoela) with a discussion on the neuroanatomy of the Xenacoelomorpha and its evolutionary implications[END_REF]. Loss of the primary larva is not unprecedented and have been exemplified for instance among many ambulacrarian groups [START_REF] Wray | Parallel Evolution of Nonfeeding Larvae in Echinoids[END_REF]. However, this loss is often noticeable by the presence of vestigial larval structures [START_REF] Raff | The active evolutionary lives of echinoderm larvae[END_REF], which are not found during the development of xenacoelomorphs [START_REF] Nakano | Xenoturbella bocki exhibits direct development with similarities to Acoelomorpha[END_REF]. Alternatively, the simple morphology of the xenacoelomorphs has been regarded as a derived form of the ancestral gastraea, which would have acquired bilateralism and undergone an evolutionary switch from a pelagic to a benthic lifestyle thereafter [START_REF] Nielsen | Life cycle evolution: Was the eumetazoan ancestor a holopelagic, planktotrophic gastraea?[END_REF]. According to this idea, the direct development of xenacoelomorphs would then be the result of a complete life cycle as a gastraea-like stage, without the acquisition of a secondary "adult" stage [START_REF] Nielsen | Life cycle evolution: Was the eumetazoan ancestor a holopelagic, planktotrophic gastraea?[END_REF].

Pelago-benthic ancestor theory

The pelago-benthic ancestor theory has its roots in the idea that the metazoan ancestor might have presented already a bi-phasic life cycle with a larval and an adult stage [START_REF] Jägersten | Evolution of the Metazoan Life Cycle: A Comprehensive Theory[END_REF]Fig.10B). In this non-haeckelian model, the larva would have resembled the gastraea proposed by Nielsen and would have been acquired once in the common ancestor of metazoans, while the adult form would have been either a benthic filter-feeding or a worm-like ("acoeloid") organism also present in the last metazoan common ancestor [START_REF] Marlow | Evolutionary Development of Marine Larvae[END_REF]. Through evolution, the larva and adult organization plans would have further undergone a parallel diversification and the larval stage might have been lost secondarily in some phyla (e.g. [START_REF] Wray | Parallel Evolution of Nonfeeding Larvae in Echinoids[END_REF]. This pelago-benthic ancestor theory, which recognizes the homology of the primary larvae, has received overall less attention than the gastraea theory, even though it might be more parsimonious in terms of evolutionary acquisitions. Indeed, by opposition to the gastraea theory, the pelago-benthic ancestor theory accounts for both larval and adult similarities, without resorting to extensive events of evolutionary convergence [START_REF] Richter | Nervous system development in bilaterian larvae: testing the concept of primary larvae[END_REF][START_REF] Cavalier-Smith | Origin of animal multicellularity: precursors, causes, consequences-the choanoflagellate/ sponge transition, neurogenesis and the Cambrian explosion[END_REF][START_REF] Marlow | Evolutionary Development of Marine Larvae[END_REF]. Nonetheless, in this scenario, the significance of the xenacoelomorphs remains unclear. As in the gastraea theory, their case can be considered either as modified primary larva or as having lost the primary larva.

Larval intercalation theory

The third theory posits that the larval stages could have been acquired secondarily in several phyla independently to improve species dispersal in a competitive perspective [START_REF] Sly | Who came first -Larvae or adults? Origins of bilaterian metazoan larvae[END_REF][START_REF] Degnan | The origin of the pelagobenthic metazoan life cycle: What's sex got to do with it?[END_REF][START_REF] Raff | Origins of the other metazoan body plans: the evolution of larval forms[END_REF] Fig. 10C). The adult stage would have been delayed in time by the intercalation of a larval stage after the embryonic development [START_REF] Raff | Origins of the other metazoan body plans: the evolution of larval forms[END_REF]. In this view, the concept of primary larvae has no real meaning because every larval stage would have been an independent adaptation to a transient pelagic phase, whichever the underlying ontogenic process was: (i) the development of ciliated structures at the onset of the gastrulation in trochophore and dipleurula larvae, or (ii) the use of the first appendages as an active swimming apparatus in arthropod nauplii. Therefore, according to the intercalation theory, the bilaterian ancestor could have been a benthic worm-like organism resembling xenacoelomorphs and exhibiting a direct development [START_REF] Raff | Origins of the other metazoan body plans: the evolution of larval forms[END_REF]. However, the larval intercalation theory also fails to account for the molecular similarities observed in larval patterning without resorting to extensive convergent evolutions. Nonetheless, some authors argue that such convergences are inevitable since all larvae would have emerged from comparable gastrula-like embryos, which would have exhibited a highly conserved molecular signature across metazoans. Therefore, the larval structures would have developed within a conserved genetic framework, which would have necessarily led to evolutionary convergences [START_REF] Wolpert | From egg to adult to larva[END_REF].

Larval neural features: homologies and analogies

Interestingly, the plausible homology of the primary larvae has mostly been posited through the study of the morphological and anatomical features that are linked to the organization of their nervous system. Conspicuously, ciliated larvae of cnidarians, spiralians and ambulacrarians (i.e. "primary larvae") share the presence of two neural, ciliated structures, which both disappear either before or during metamorphosis depending on the animal considered [START_REF] Richter | Nervous system development in bilaterian larvae: testing the concept of primary larvae[END_REF]. These two structures are: (i) an apical organ (also called apical ganglion, apical tuft or ciliary tuft), often located at the animal pole and equipped with an apical tuft of long cilia, and (ii) a ciliated epithelium, often displaying at least one innervated ciliary band (except in cnidarians in which the planula larvae are uniformly ciliated) and that ensures swimming. Other neural features specific of larvae such as larval eyes found in various spiralian larvae or in tornariae are believed to be autapomorphies [START_REF] Richter | Nervous system development in bilaterian larvae: testing the concept of primary larvae[END_REF].

Apical organ

With the notable exception of echiures (unsegmented annelid worms) and some bryozoan larvae (reviewed in Rawlinson, 2010), an apical organ is found in most ciliated larvae. It consists of a small set of sensory-neurosecretory columnar or flask-shaped ciliated cells showing serotonin immunoreactivity, in addition to peripheral cells acting as interneurons connecting the flask-shaped cells [START_REF] Richter | Invertebrate neurophylogeny: suggested terms and definitions for a neuroanatomical glossary[END_REF][START_REF] Richter | Nervous system development in bilaterian larvae: testing the concept of primary larvae[END_REF]. It is mostly thought to act as an integrative center triggering the metamorphosis of the larva, however functional data are very scarce [START_REF] Burke | Neural control of metamorphosis in Dendraster excentricus[END_REF][START_REF] Hadfield | The apical sensory organ of a gastropod veliger is a receptor for settlement cues[END_REF]. Depending on the animal considered, the number of the flask-shaped cells varies. In the Müller's larvae of indirect-developing polyclad platyhelminthes, no flask-shaped cells are present, even though serotonin immunoreactive epidermal cells are found near the apical cilium (Rawlinson, 2010). By contrast, in most spiralian larvae, including polychaete trochophores, nemertean pilidia, and the larvae of some brachiopods, entoprocts and bryozoans, two to eight flask-shaped cells are usually found [START_REF] Schmidt-Rhaesa | Structure and Evolution of Invertebrate Nervous Systems[END_REF], and this number can be higher in mollusk trochophores and in phoronid actinotrochs [START_REF] Wanninger | Shaping the things to come: Ontogeny of lophotrochozoan neuromuscular systems and the tetraneuralia concept[END_REF]Temereva & Wanninger, 2012). In the dipleurula larvae of ambulacrarians, the apical organ contains around 20 to 30 serotonin immunoreactive flask-shaped cells at the mature stage [START_REF] Byrne | Apical organs in echinoderm larvae: Insights into larval evolution in the Ambulacraria[END_REF]. The apical organ is consistently lost before or during metamorphosis of all ciliated larvae [START_REF] Chia | Echinoderm metamorphosis: fate of larval structures[END_REF][START_REF] Richter | Nervous system development in bilaterian larvae: testing the concept of primary larvae[END_REF]. However, some authors have suggested that it might actually be partly incorporated in the developing adult brain in some spiralian groups displaying a gradual metamorphosis, such as annelids or platyhelminthes (Rawlinson, 2010;Tosches & Arendt, 2013;Marlow et al., 2014). Based on these anatomical similarities, [START_REF] Wanninger | Shaping the things to come: Ontogeny of lophotrochozoan neuromuscular systems and the tetraneuralia concept[END_REF] suggested that a discrete apical organ containing a few serotonin immunoreactive flask-shaped cells was plesiomorphic for the ancestral spiralian larva (i.e. the so-called trochaea; Nielsen, 2012a) and interpreted its variations as secondary autapomorphies. Going further, [START_REF] Nielsen | Larval and adult brains[END_REF][START_REF] Nielsen | How to make a protostome[END_REF]2015) interpreted the apical organ as an ancestral larval brain inherited from the gastraea.

In addition, recent molecular analyses gave a significant support to the homology of the apical organs. It has been established that apical organs share a common and strikingly conserved expression of a set of transcription factors including notably Sine oculis 3 (Six3), Forkhead box Q2 (FoxQ2) and Retinal homeobox (Rx) in planulae, trochophores and dipleurulae, which has also been interpreted as a support for primary larvae homology (Marlow et al., 2014). However, it should be highlighted that a comparable conserved expression of Six3, FoxQ2 and Rx is similarly found in the anterior neural region of organisms that display direct development (e.g. vertebrates) or lack a primary larva (e.g. insects), as well as in adults of indirect-developing animals such as hemichordates and annelids [START_REF] Steinmetz | Six3 demarcates the anterior-most developing brain region in bilaterian animals[END_REF][START_REF] Posnien | Candidate gene screen in the red flour beetle Tribolium reveals six3 as ancient regulator of anterior median head and central complex development[END_REF][START_REF] Hunnekuhl | An anterior medial cell population with an apical-organ-like transcriptional profile that pioneers the central nervous system in the centipede Strigamia maritima[END_REF]. This finding suggests that this gene network involved in the patterning of the anterior nervous system is an ancestral trait deeply rooted in the metazoan tree. Hence, this gene kernel might have been co-opted during larval development to induce the formation of the apical organ in addition to its role for the development of subsequent anterior neural structures in the adults. Therefore, the conserved expression of these transcription factors can be interpreted as a straight support for larval homology, but conversely it might also be considered as a gene regulatory framework explaining for the convergent evolution of apical organs in the context of the larval intercalation theory.

Ciliary bands

Besides apical organs, another important feature of the nervous systems found in spiralian and ambulacrarian larvae are the ciliary bands. They appear as strands of ciliated cells largely innervated and underlaid by a prominent neurite tract. The ciliary bands are very diverse and their nature and number varies greatly between species. In spiralian trochophores, three ciliary bands are commonly found: the prototroch, the metatroch and the telotroch (Fig. 11A-C). These ciliary bands are formed by multiciliated cells, which together form a downstream-collecting system that enables feeding and locomotion [START_REF] Nielsen | Life cycle evolution: Was the eumetazoan ancestor a holopelagic, planktotrophic gastraea?[END_REF]. However, these structures show a great diversity of forms and ontogeny among trochophores, and their homology has been questioned [START_REF] Rouse | Trochophore concepts: Ciliary bands and the evolution of larvae in spiralian Metazoa[END_REF]Henry et al., 2004;[START_REF] Nielsen | Trochophora larvae: Cell-lineages, ciliary bands and body regions. 1. Annelid and Mollusca[END_REF]2005a, 2013). In ambulacrarians, the dipleurula larvae of echinoderms possess a ciliary band that encircles the mouth called the neotroch (Fig. 11D-I). The neotroch is further split and reorganized during the development to give rise to the epaulettes of echinoplutei and the circular bands of doliolariae [START_REF] Lacalli | Ciliary bands in echinoderm larvae: evidence for structural homologies and a common plan[END_REF]. The neotroch is also found in the tornariae of hemichordates, in addition to two other bands: the perianal opisthotroch and the medial neurotroch (Fig. 11D-F) [START_REF] Nielsen | Development of the Enteropneust Ptychodera flava: Ciliary Bands and Nervous System[END_REF]. The development of the neotroch has been extensively studied at the anatomical and molecular level in echinoids (e.g. [START_REF] Nakajima | Divergent patterns of neural development in larval echinoids and asteroids[END_REF][START_REF] Barsi | Geometric control of ciliated band regulatory states in the sea urchin embryo[END_REF], and to a lesser extent in asteroids [START_REF] Nakajima | Divergent patterns of neural development in larval echinoids and asteroids[END_REF][START_REF] Elia | Nervous system development in feeding and nonfeeding asteroid larvae and the early juvenile[END_REF], ophiuroids [START_REF] Hirokawa | Development of the nervous system in the brittle star Amphipholis kochii[END_REF][START_REF] Dupont | Neural development of the brittlestar Amphiura filiformis[END_REF], holothuroids [START_REF] Nakano | Nervous system development of the sea cucumber Stichopus japonicus[END_REF][START_REF] Bishop | Ontogeny of the holothurian larval nervous system: Evolution of larval forms[END_REF], crinoids [START_REF] Nakano | Nervous system development of two crinoid species, the sea lily Metacrinus rotundus and the feather star Oxycomanthus japonicus[END_REF]Barbaglio et al., 2011;[START_REF] Amemiya | Development of ciliary bands in larvae of the living isocrinid sea lily Metacrinus rotundus[END_REF] and hemichordates (Nakajima et al., 2004a;[START_REF] Nezlin | Structure of the nervous system in the tornaria larva of Balanoglossus proterogonius (Hemichordata: Enteropneusta) and its phylogenetic implications[END_REF][START_REF] Nielsen | Development of the Enteropneust Ptychodera flava: Ciliary Bands and Nervous System[END_REF][START_REF] Miyamoto | Development of the nervous system in the acorn worm Balanoglossus simodensis: Insights into nervous system evolution[END_REF][START_REF] Gonzalez | The development and metamorphosis of the indirect developing acorn worm Schizocardium californicum (Enteropneusta: Spengelidae)[END_REF]. To date, an exhaustive comparison of the molecular patterning of trochophore and dipleurula larvae ciliary bands is still lacking. Nonetheless, at the anatomical level, the neotroch consists of monociliated cells forming an upstream-collecting system [START_REF] Strathmann | The feeding behaviour of planktotrophic echinoderm larvae: mechanisms, regulation, and rates of suspension feeding[END_REF][START_REF] Strathmann | Ciliary feeding of tornaria larvae of Ptychodera flava (Hemichordata: Enteropneusta)[END_REF], which makes it unlikely to be homologous with the downstream-collecting system of trochophores.

To reconcile the differences of spiralian and ambulacrarian ciliary bands with the gastraea theory, [START_REF] Nielsen | Life cycle evolution: Was the eumetazoan ancestor a holopelagic, planktotrophic gastraea?[END_REF] proposed that the ciliary band of dipleurulae and trochophores are analogous, both deriving from the ancestral gastraea, which he envisioned to be uniformly ciliated alike modern planulae. The ciliary bands of both trochophore and dipleurula larvae are lost during the metamorphosis (Nielsen, 2012a), but [START_REF] Nielsen | How to make a protostome[END_REF]2015) argued that they still might contribute to the formation of the adult nerve cords in spiralians.

Nervous system evolution: the general picture

The great diversity of neural features observed in metazoans is appealing to evolutionary biologists as it addresses the question of how the nervous system has evolved within neuralians [START_REF] Schmidt-Rhaesa | Structure and Evolution of Invertebrate Nervous Systems[END_REF]. The study of this evolutionary process is a complex matter, because the neural features exhibited by extant metazoans lack apparent intermediary steps, and also because the neural anatomy is unlikely to be preserved in the fossil record (except in some rare cases, e.g. [START_REF] Ma | Complex brain and optic lobes in an early Cambrian arthropod[END_REF]. However, a scenario for nervous system evolution must parsimoniously account for all the nervous system shapes encountered across the metazoans. In addition, given our current understanding of the evolutionary significance of larval forms, this scenario must integrate both larval and adult features [START_REF] Richter | Nervous system development in bilaterian larvae: testing the concept of primary larvae[END_REF], contrary to what some authors proposed (e.g. [START_REF] Davidson | Origin of Bilaterian Body Plans -Evolution of Developmental Regulatory Mechanisms[END_REF]. In this part, I will summarize the main trends that have been proposed over the last decades to account for the evolution of nervous systems in metazoans.

Nerve nets are found in early branching neuralians (i.e. ctenophores and cnidarians), and it is by now widely accepted that the CNS observed in bilaterians are derived from a nerve-net-like state that is likely to be the ancestral condition of nervous system architecture [START_REF] Hejnol | Xenacoelomorpha's significance for understanding bilaterian evolution[END_REF][START_REF] Arendt | From nerve net to nerve ring, nerve cord and brain -evolution of the nervous system[END_REF]. However, it remains unclear whether the centralization of the nervous system occurred thereafter once at the basis of bilaterians, or whether it convergently appeared several times in various protostome groups as well as in chordates (reviewed in Nortchutt, 2012). Hence, two main ideas emerge among the numerous scenarios proposed for nervous system centralization evolution: (i) a single event of centralization occurred in the bilaterian last common ancestor (Tosches & Arendt, 2013) and was followed by several secondary losses in several phyla, or (ii) multiple independent events of centralization took place in bilaterians, which have been discussed for the CNS as a whole [START_REF] Moroz | On the independent origins of complex brains and neurons[END_REF]Gavilan et al., 2016), for the brains [START_REF] Northcutt | Evolution of centralized nervous systems: Two schools of evolutionary thought[END_REF], or for the nerve cords [START_REF] Martín-Durán | Convergent evolution of bilaterian nerve cords[END_REF]. Here, I will summarize these two main hypotheses.

Single origin of centralized nervous systems

A close-scale examination of the nervous systems of early branching metazoans reveals that their nerve nets are almost never homogenous, but rather display local condensations, such as the rophaliae of medusae or the apical organ of ctenophores. These neural condensations allow functional specializations within the nerve net activity, with selective organs being functionally restricted to dedicated tasks. This hypothesis is evident from the complex behaviors exhibited by the tentacle movements allowing feeding in cnidarians [START_REF] Mcfarlane | Control of mouth opening and pharynx protrusion during feeding in the sea anemone Calliactis parasitica[END_REF]1984;[START_REF] Lawn | Swimming in the sea anemone Stomphia coccinea triggered by a slow conduction system[END_REF]), the bell contractions allowing feeding in medusozoans [START_REF] Satterlie | Neuronal control of swimming in jellyfish: a comparative story[END_REF]2011), or the ciliary beating of the comb plates allowing the very distinct mode of swimming observed in ctenophores [START_REF] Jager | New insights on ctenophore neural anatomy: Immunofluorescence study in Pleurobrachia pileus (Müller, 1776)[END_REF][START_REF] Moroz | Convergent evolution of neural systems in ctenophores[END_REF]. In the sea anemone Nematostella vectensis, the appearance of specialized subunits in the nerve net is allowed by the differential spatial expression of transcription factors such as the Paired box (Pax), Homeotic (Hox) and Sine oculis (Six) gene families during the neurogenic processes, leading to subdivisions in the developing nerve net [START_REF] Arendt | From nerve net to nerve ring, nerve cord and brain -evolution of the nervous system[END_REF]. Based on the comparison of transcription factor expression profiles in Nematostella vectensis, annelids and vertebrates, [START_REF] Arendt | From nerve net to nerve ring, nerve cord and brain -evolution of the nervous system[END_REF] proposed that two regions of the ectoderm of neuralians exhibit conspicuous molecular similarities during early embryogenesis: (i) the apical pole ectoderm, which forms at the animal pole, and (ii) the blastoporal ectoderm, which forms around the blastopore. Consequently, given that the seat of neuronal condensations in cnidarians and ctenophores are located in both the apical and the blastoporal regions, [START_REF] Arendt | From nerve net to nerve ring, nerve cord and brain -evolution of the nervous system[END_REF] emphasized that these two ectodermal territories could define two ancestral hot spots of regionalization and specialization in metazoan nervous systems, from which the CNS of bilaterians may have evolved. [START_REF] Arendt | From nerve net to nerve ring, nerve cord and brain -evolution of the nervous system[END_REF] accordingly named these two areas as the apical nervous system (ANS) and the blastoporal nervous system (BNS), respectively.

The apical nervous system

The ANS corresponds to the specialized portion of the nervous system that develops at or around the apical pole. In cnidarians, the ANS is located within the apical organ of the planula larvae and persists as the basal concentration of neurons found at the feet of the polyps after metamorphosis [START_REF] Grimmelikhuijzen | Antisera to the sequence Arg-Phe-amide visualize neuronal centralization in hydroid polyps[END_REF]. In ctenophores, the situation is more complex due to the paucity of available data and to technical difficulties regarding the conduction of molecular analyses in this phylum. An apical sensory organ is present in adult ctenophores and shows functional similarities with the apical organ of bilaterian ciliated larvae [START_REF] Jager | New insights on ctenophore neural anatomy: Immunofluorescence study in Pleurobrachia pileus (Müller, 1776)[END_REF]Moroz & Norekian, 2018;Norekian & Moroz, 2018). Although it might be a highly derived variant of the cnidarian ANS (Nielsen, 2012a;[START_REF] Arendt | From nerve net to nerve ring, nerve cord and brain -evolution of the nervous system[END_REF], the apical organ of ctenophores exhibits several anatomical peculiarities, such as its location near the anus or its epithelial organization, instead of the ganglionic organization found in other apical organs [START_REF] Jager | New insights on ctenophore neural anatomy: Immunofluorescence study in Pleurobrachia pileus (Müller, 1776)[END_REF]. In addition, the nervous system of ctenophores, as a whole, presents some unique structural and molecular singularities [START_REF] Jager | New insights on ctenophore neural anatomy: Immunofluorescence study in Pleurobrachia pileus (Müller, 1776)[END_REF][START_REF] Moroz | Unbiased View of Synaptic and Neuronal Gene Complement in Ctenophores: Are There Pan-neuronal and Pan-synaptic Genes across Metazoa?[END_REF]2016), and therefore the homology of ctenophore apical organs with a potential ancestral ANS must be taken with extreme cautions. Outside basal metazoans, the ANS first appears in many bilaterians as the apical organ of the ciliated larvae (see above; Yankura et al., 2010;[START_REF] Santagata | Development of the larval anterior neurogenic domains of Terebratalia transversa (Brachiopoda) provides insights into the diversification of larval apical organs and the spiralian nervous system[END_REF][START_REF] Martín-Durán | Evolution and development of the adelphophagic, intracapsular Schmidt's larva of the nemertean Lineus ruber[END_REF][START_REF] Redl | Expression of six3 and otx in Solenogastres (Mollusca) supports an ancestral role in bilaterian anterior-posterior axis patterning[END_REF]. In indirect-developers exhibiting a gradual metamorphosis, and in phyla not displaying primary larvae such as insects and vertebrates, the ANS also includes anterior neural structures that develop in the adult nervous system (i.e. the brain).

The concept of ANS is chiefly grounded on the same cues that those developed in support to the homology of the larval apical organs (see above). As a matter of fact, all the neural structures defined as ANS develops during the embryogenesis at the onset of gastrulation, in the field of the head patterning system, which was shown in cnidarians and in many bilaterians to be orchestrated by the Wnt signaling pathway (reviewed in Tosches & Arendt, 2013;[START_REF] Range | Integration of Canonical and Noncanonical Wnt Signaling Pathways Patterns the Neuroectoderm Along the Anterior-Posterior Axis of Sea Urchin Embryos[END_REF][START_REF] Arendt | From nerve net to nerve ring, nerve cord and brain -evolution of the nervous system[END_REF]. The head patterning system controls the expression of a remarkably conserved set of transcription factors including Six3, Rx, Hbn, Nkx2.1 FezF and FoxQ2, and these transcription factors have been demonstrated to be required for the formation of the anterior neural structures which are the apical organ of ciliated larvae (Yankura et al., 2010;[START_REF] Steinmetz | Six3 demarcates the anterior-most developing brain region in bilaterian animals[END_REF][START_REF] Santagata | Development of the larval anterior neurogenic domains of Terebratalia transversa (Brachiopoda) provides insights into the diversification of larval apical organs and the spiralian nervous system[END_REF][START_REF] Sinigaglia | The bilaterian head patterning gene six3/6 controls aboral domain development in a cnidarian[END_REF][START_REF] Range | Specification and positioning of the anterior neuroectoderm in deuterostome embryos[END_REF]Marlow et al., 2014;[START_REF] Martín-Durán | Evolution and development of the adelphophagic, intracapsular Schmidt's larva of the nemertean Lineus ruber[END_REF][START_REF] Redl | Expression of six3 and otx in Solenogastres (Mollusca) supports an ancestral role in bilaterian anterior-posterior axis patterning[END_REF]Fig.12) and the adult brains of direct-developers and other animals that do not form ciliated larvae [START_REF] Zuber | Specification of the vertebrate eye by a network of eye field transcription factors[END_REF][START_REF] Steinmetz | Six3 demarcates the anterior-most developing brain region in bilaterian animals[END_REF][START_REF] Posnien | Candidate gene screen in the red flour beetle Tribolium reveals six3 as ancient regulator of anterior median head and central complex development[END_REF][START_REF] Vandunk | Development, Maturation, and Necessity of Transcription Factors in the Mouse Suprachiasmatic Nucleus[END_REF][START_REF] Hunnekuhl | An anterior medial cell population with an apical-organ-like transcriptional profile that pioneers the central nervous system in the centipede Strigamia maritima[END_REF]Fig.12). In the case of animals exhibiting a slow and gradual metamorphosis, such as the annelid Platynereis dumerilii, the identification of these transcription factors in both larvae and post-metamorphic stages further revealed that their involvement is not temporarily restricted to the development of either the larval apical organ or the adult brain [START_REF] Denes | Molecular architecture of annelid nerve cord supports common origin of nervous system centralization in Bilateria[END_REF]Tessmar-Raible et al., 2012).

Based on the remarkable conservation of these transcription factors and of their roles in the subsequent formation of the anterior part of the CNS, as well as the structural homologies of the apical organs in ciliated larvae (see below), it was proposed that the ANS is a homologous part of the nervous system across neuralians (Tosches & Arendt, 2013;[START_REF] Nielsen | Larval nervous systems: true larval and precocious adult[END_REF][START_REF] Arendt | Gastric pouches and the mucociliary sole: setting the stage for nervous system evolution[END_REF]Fig.12). [START_REF] Nielsen | Larval and adult brains[END_REF]2015) assumed that the ANS is the legacy of the larval brain of the ancestral gastraea. However, Tosches & Arendt (2013) did not conclude on the meaning of these results for larval evolution. In their view, the ANS should be interpreted as a single conserved entity that is found both in adult brains and in larval apical organs either by a mean of co-option or heterochronic development. From a physiological perspective, Tosches & Arendt (2013) suggested that the collection and integration of photosensory inputs, as well as the release of hormones controlling circadian cycles and metamorphosis, could be the ancestral function of the ANS. Indeed, the apical organ of primary larvae on one hand, and the vertebrate retina, pituitary, pineal and hypothalamus on the other hand are all involved in these functions and their respective development is controlled by the same transcription factors, including Rx and Six3 (reviewed in Tosches & Arendt, 2013).

The blastoporal nervous system

The BNS is the specialized portion of the nervous system that develops on the opposite side of the ANS, from the ectoderm surrounding the blastopore. The existence of such a structure has been pointed out initially from observations made in cnidarians. In several cnidarian species, the ectoderm surrounding the adult mouth and/or that of the tentacles has been shown to both form from the embryonic blastoporal ectoderm and to encompass dense condensations of sensory and motor neurons and of interneurons, along with a thick neuropil [START_REF] Robson | The Nerve-Net of a Swimming Anemone, Stotnphia Coccinea[END_REF][START_REF] Grimmelikhuijzen | Antisera to the sequence Arg-Phe-amide visualize neuronal centralization in hydroid polyps[END_REF][START_REF] Satterlie | Neuronal control of swimming in jellyfish: a comparative story[END_REF]2011;[START_REF] Koizumi | Nerve ring of the hypostome in hydra: is it an origin of the central nervous system of bilaterian animals?[END_REF][START_REF] Marlow | Anatomy and development of the nervous system of Nematostella vectensis, an anthozoan cnidarian[END_REF][START_REF] Watanabe | Cnidarians and the evolutionary origin of the nervous system[END_REF]. In addition, these nervous condensations have been established to assume a major role in orchestrating feeding and swimming movements. They coordinate, for instance, the movements between the tentacles, the oral disk and the mesenteries both in medusozoan polyps and medusae [START_REF] Satterlie | Neuronal control of swimming in jellyfish: a comparative story[END_REF]. Therefore, the BNS of cnidarians represents an important integrative neuronal center that is located on the oral side and arises from the blastoporal ectoderm. Interestingly, it should be noted though that the BNS hypothesis does not extend to ctenophores, which neither exhibit a significant neural condensation in the oral ectoderm nor share the molecular features grounding the BNS concept.

In bilaterians, the existence of a proper BNS does not seem to prevail, neither in the adults nor in the larvae. However, at the end of the XIXth century, Balfour (1880) suggested that if a circumoral nerve ring such as the one seen in cnidarians became longitudinally extended, it could result in two adjacent nerve cords joined at both extremities, in a similar fashion than the rope-ladder-like nervous system observed in most protostomes. More recently, this idea was revived by Tosches & Arendt (2013) who proposed that the extant bilaterian nerve cords would have evolved by the fusion of the two halves of the BNS along the ventral midline. In arthropods and annelids, this midline corresponds to the line formed by the fusion of the two blastoporal lips, while this spatial connection has been lost in vertebrates due to their different mode of gastrulation (i.e. deuterostomy; [START_REF] Arendt | Dorsal or ventral: similarities in fate maps and gastrulation patterns in annelids, arthropods and chordates[END_REF]. Finally, it is to note that both the nerve cords of bilaterians and the BNS of cnidarians ensure similar biological functions, as they both assume the muscular control of the body (Tosches & Arendt, 2013).

As for the ANS, the BNS concept is primarily grounded on a wealth of comparative molecular data. Surveys in the cnidarian Nematostella vectensis, the arthropod Drosophila melanogaster, the annelid Platynereis dumerilii and the vertebrate Mus musculus revealed a conserved medio-lateral patterning program orchestrated by two main signaling pathways: (i) the medial Hedgehog signaling and (ii) the dorso-ventral gradient of Bone Morphogenetic Protein 2/4 (BMP2/4, a member of the TGFβ family) [START_REF] Arendt | The evolution of nervous system centralization[END_REF]2016). Both of these pathways control the sequential expression of a highly conserved set of transcription factors. Among them, FoxA, FoxB, Nkx2, and Lim homeobox (Lhx) are expressed in the medial region, while Pax family members, Nk6, Msh homeobox (Msx), Iroquois homeobox (Irx) Orthodenticle homeobox (Otx) and Distal-less homeobox (Dlx) are expressed more laterally [START_REF] Saha | A Xenopus homebox gene defines dorsalventral domains in the developing brain[END_REF][START_REF] De Jong | Components of both major axial patterning systems of the Bilateria are differentially expressed along the primary axis of a 'radiate' animal, the anthozoan cnidarian Acropora millepora[END_REF][START_REF] Jessell | Neuronal specification in the spinal cord: inductive signals and transcriptional codes[END_REF]Dessaud et al., 2002;[START_REF] Puelles | Forebrain gene expression domains and the evolving prosomeric model[END_REF][START_REF] Denes | Molecular architecture of annelid nerve cord supports common origin of nervous system centralization in Bilateria[END_REF]Fig.13). Outside of well-established models, the conservation of this genetic network extends in a wide range of bilaterian phyla as revealed by additional surveys carried out on platyhelminthes [START_REF] Wang | Hedgehog signaling regulates gene expression in planarian glia[END_REF]), mollusks (Buresi et al., 2016), hemichordates [START_REF] Fritzenwanker | The Fox/Forkhead transcription factor family of the hemichordate Saccoglossus kowalevskii[END_REF], cephalochordates and tunicates [START_REF] Mazet | The evolution of chordate neural segmentation[END_REF][START_REF] Albuixech-Crespo | Molecular regionalization of the developing amphioxus neural tube challenges major partitions of the vertebrate brain[END_REF][START_REF] Li | Conserved gene regulatory module specifies lateral neural borders across bilaterians[END_REF]. From an anatomical point of view, the staggered expression of these factors induces the development of different subsets of neurons. In the arthropod Drosophila melanogaster, the annelid Platynereis dumerilii, and in vertebrates, serotonergic neurons differentiate in the medial Nkx2.2+/Nkx6+ region, while motoneurons differentiate in the Nkx6+/Pax6+ area and interneurons as well as sensory neurons differentiate respectively in the dorsolateral Pax6+/Pax3/7+ and Pax3/7+/Msx+ domains [START_REF] Jessell | Neuronal specification in the spinal cord: inductive signals and transcriptional codes[END_REF]Dessaud et al., 2002;[START_REF] Denes | Molecular architecture of annelid nerve cord supports common origin of nervous system centralization in Bilateria[END_REF].

Given these similarities, and following the evolutionary scenario proposed by Balfour (1880), [START_REF] Arendt | From nerve net to nerve ring, nerve cord and brain -evolution of the nervous system[END_REF] proposed that the BNS is a homologous part of the nervous system of cnidarians and bilaterians. Interestingly, it should be highlighted that back in the XIXth century, the notion of a common origin for at least the bilaterian nerve cords had already been exposed through the concept of dorso-ventral inversion. Geoffroy Saint-Hillaire (1831) was the first to observe that the sequential organization of the organs along the dorso-ventral axis in arthropods and vertebrates is similar, yet inverted in regard to the respective position of the mouth. As a consequence, he suggested that the ventral side of arthropods and the dorsal side of vertebrates might be homologous. This idea implied that the ventral nerve cords of arthropods were equally homologous to the dorsal neural tubes of chordates, and that both structures shared a single evolutionary origin. This single origin of nerve cords was first formulated by Dorhn (1875), and was reasserted several times during the following decades (for historical review see Nübler-jung & Arendt, 1994). Recently, strong support for the dorso-ventral inversion theory was established by the elucidation of molecular patterning mechanisms in the arthropod Drosophila melanogaster, the annelid Platynereis dumerilii, and the vertebrates Mus musculus and Xenopus laevis [START_REF] De Robertis | A common plan for dorsoventral patterning in Bilateria[END_REF]Arendt & Nübler-Jung, 1994;1996;1997;[START_REF] Ferguson | Conservation of dorsal-ventral patterning in arthropods and chordates[END_REF][START_REF] Holley | Fish are like flies are like frogs: conservation of dorsal-ventral patterning mechanisms[END_REF]Fig.14). In these species, a dorso-ventral gradient of BMP2/4 is established during the early embryonic development and is responsible for the formation of the ventral and dorsal sides of these animals. Remarkably, the CNS of these animals always form on the side that does not express BMP2/4 (i.e. ventral in arthropods and annelids and dorsal in vertebrates), an observation that provided a significant support to the nerve cord homology theory (Arendt & Nübler-Jung, 1999;[START_REF] Lichtneckert | Insights into the urbilaterian brain: conserved genetic patterning mechanisms in insect and vertebrate brain development[END_REF]. Thus, the concept of BNS, as proposed by [START_REF] Arendt | From nerve net to nerve ring, nerve cord and brain -evolution of the nervous system[END_REF], is nothing else than a generalization of Dorhn's idea, as it recognizes that all nerve cords found in most bilaterians derive from a single ancestral neural condensation that develops during ontogeny at the edge of the blastopore. This idea was also developed by [START_REF] Nielsen | Trochophora larvae: Cell-lineages, ciliary bands and body regions. 2. Other groups and general discussion[END_REF]2012;2015), who considered however the BNS as the "adult nervous system" because it appears later during the ontogeny of some neuralians, by opposition to the ANS which is already present in larval stages (2005b; 2012b; 2015). 

The ANS-BNS fusion and the chimeric-brain hypothesis

Building on these concepts, Tosches & Arendt (2013) further proposed that the ANS and BNS are two specialized subunits that were already present in the ancestor of cnidarians and bilaterians, and possibly ctenophores as well. In the bilaterian lineage though, both subunits could have progressively evolved as nucleation centers towards the CNS found in most extant bilaterians, following the elegant scenario envisioned by Balfour ( 1880). The precise mechanisms of this evolution in the urbilateria (i.e. the bilaterian ancestor) would have involved the elongation of the BNS towards the anterior pole, and finally its fusion with the ANS, forming the contemporarily observed bilaterian CNS comprising both a brain and a longitudinal nerve cord (Tosches & Arendt, 2013;Fig.15). This scenario implies that these two nucleation centers joined each other at the level of the forebrain, with the vertebrate caudal hypothalamus corresponding to the most anterior part of the BNS. As a consequence, the CNS of extant bilaterians would be an evolutionary chimaera resulting from the merging of a sensory-neurosecretory center controlling the general body physiology (the ANS legacy), and a primordial locomotor center assuming muscular body movements for feeding and locomotion (the BNS legacy).

This hypothesis implies a dual origin for the CNS, but as a single and coordinated event of centralization. It further provides cues that could have enabled the unprecedented diversification found within the divergent bilaterian lineages, and led to the famous Cambrian explosion (Tosches & Arendt, 2013).

Convergent acquisition of centralized nervous systems

The chimeric-brain hypothesis undoubtedly proposes an elegant scenario for nervous system evolution. Yet, it should be noted that it mostly relies on data coming from a small group of well-established biological metazoan model systems, such as the cnidarian Nematostella vectensis, the arthropod Drosophila melanogaster, the annelid Platynereis dumerilii, and the vertebrates Xenopus laevis or Mus musculus. Over the past decades, thanks to the advances in molecular biology and developmental genetics tools, data issued from animals belonging to less studied phyla such spiralians and hemichordates have become available (e.g. [START_REF] Santagata | Development of the larval anterior neurogenic domains of Terebratalia transversa (Brachiopoda) provides insights into the diversification of larval apical organs and the spiralian nervous system[END_REF][START_REF] Hejnol | Embracing the comparative approach: how robust phylogenies and broader developmental sampling impacts the understanding of nervous system evolution[END_REF][START_REF] Martín-Durán | Convergent evolution of bilaterian nerve cords[END_REF]. In parallel, a better reconstruction of evolutionary relationships among animals has emerged through the computation of increasingly robust molecular phylogenies. Interestingly, these new insights have not necessarily supported the theory of a single origin for the centralized nervous systems observed in bilaterians. Instead, they suggest that several independent events of centralization are likely to have led to the diversity observed in bilaterian central nervous systems.

For instance, given the monophyly of bilaterian animals and although the loss of centralized neuronal structures can not be excluded in principle, [START_REF] Moroz | On the independent origins of complex brains and neurons[END_REF] proposed that a single event of centralization in the urbilateria followed by catastrophic reduction, decentralization or losses in multiple phyla appears less parsimonious than the occurrence of several independent events of centralization. According to this view, events of centralization are likely to have occurred independently at least in the five following bilaterian linages: (i) chordates, (ii) arthropods, (iii) nematodes, (iv) annelids and (v) mollusks [START_REF] Moroz | On the independent origins of complex brains and neurons[END_REF]. This point is best illustrated by the situation of mollusks, a phyla with a remarkable diversity of nervous system organizations. As a matter of fact, when looking at the phylogenetic relationships of mollusks and the anatomy of their nervous systems, it is hard to envision how a single centralization event could account for all the central nervous system forms observed. Instead, Moroz proposes that this phylum exemplifies a case of independent cephalization of the anterior neural condensation into a brain [START_REF] Moroz | On the independent origins of complex brains and neurons[END_REF]. [START_REF] Northcutt | Evolution of centralized nervous systems: Two schools of evolutionary thought[END_REF] came to the same conclusion by compiling data on cephalic neural characters across several extant metazoan phyla, although it did not recognize the ring commissure of cycloneuralians as a true brain. Nonetheless, a secondary reduction of the CNS is not unprecedented among metazoans and has been well documented in tunicates. Indeed, except for the basal appendicularians [START_REF] Cañestro | Development of the central nervous system in the larvacean Oikopleura dioica and the evolution of the chordate brain[END_REF], most tunicate groups (i.e. ascidians and thaliaceans) lost most of their CNS during metamorphosis, so the adults display some residual motoneurons only [START_REF] Dufour | Precraniate origin of cranial motoneurons[END_REF][START_REF] Horie | Ependymal cells of chordate larvae are stem-like cells that form the adult nervous system[END_REF]. As the CNS of the tadpoles includes a brain and a spinal cord similar to those observed in vertebrates, this loss is has been proposed to be an autapomorphy of tunicates due to their highly derived adult body plan, which is adapted for a sessile, filter-feeding lifestyle.

Conversely, the loss of a brain appears however unlikely in terms of adaptive evolution in organisms that are generally free living or predatory such as mollusks or nematodes [START_REF] Moroz | On the independent origins of complex brains and neurons[END_REF], thus supporting the idea of convergent acquisition of CNS, at least outside of chordates.

A supplementary support to the concept of convergent acquisition of centralized nervous systems in bilaterians is brought by the fact that multiple origins better explain the extant diversity of nervous system anatomies discerned, as well as the enormous plasticity found in the establishment mechanisms of complex cell phenotypes, development and/or differentiation programs. Indeed, this concept offers the possibility to achieve, for instance, similar nervous system phenotypes as a result of the combination of evolutionarily conserved molecular regulatory modules rather than requiring common ancestry from a single particular cell lineage that would be a predecessor of all nervous systems in more than 30 phyla [START_REF] Moroz | On the independent origins of complex brains and neurons[END_REF]. Consequently, several authors proposed alternative interpretation to account for the conservation of gene expression and cell types in bilaterian nervous systems in the context of independent events of centralization. I will discuss these hypotheses herein.

Challenging the molecular genetics of the ANS concept

The concept of ANS appears well-supported by the conservation of the expression domains of the transcription factors Six3, Rx, Hbn, FezF, FoxQ2, and Nkx2.1 among a wide range of metazoan species [START_REF] Santagata | Development of the larval anterior neurogenic domains of Terebratalia transversa (Brachiopoda) provides insights into the diversification of larval apical organs and the spiralian nervous system[END_REF]. Nevertheless, some limits to the interpretation of the ANS as an ancestral brain have been formulated. Indeed, besides the broad conserved expression of these genes in apical neuroectoderm and anterior neural structures, a similar staggered expression in the neural territories of many spiralian lineages and of some deuterostome lineages is not found [START_REF] Hejnol | Embracing the comparative approach: how robust phylogenies and broader developmental sampling impacts the understanding of nervous system evolution[END_REF]. In addition, the type and organization of the neurons that develop within these domains is inconstant (reviewed in [START_REF] Santagata | Development of the larval anterior neurogenic domains of Terebratalia transversa (Brachiopoda) provides insights into the diversification of larval apical organs and the spiralian nervous system[END_REF]. It has thus been advanced that while the expression of the neurogenic transcription factors Six3, Rx, Hbn, FezF, FoxQ2, and Nkx2.1 at the anterior pole is likely to be a conserved feature already present in the neuralian ancestor, the neural structures that have evolved within this neurogenic field might be the result of a convergent evolution [START_REF] Santagata | Development of the larval anterior neurogenic domains of Terebratalia transversa (Brachiopoda) provides insights into the diversification of larval apical organs and the spiralian nervous system[END_REF]. The similarities in the expression and biological functions of the Wnt, Hh and BMP signaling pathways have also greatly contributed to support the homologous and ancient character of the ANS across cnidarians and bilaterians. However, these systems are deployed within these clades in organisms with diffuse nerve nets and/or centralized nervous systems, indicating that their ancient role might be more generally linked to body plan regionalization than to CNS patterning and neurogenesis specifically.

Broadening the taxonomic sampling disputes the BNS theory

By contrast to the ANS, the concept of BNS is grounded on molecular data coming from a larger set of animals, including in addition to Nematostalla vectensis, Drosophila melanogaster , Platynereis dumerilii, Mus musculus and Xenopus laevis, the cephalopod Sepia officinalis, the planarian Schmidtea mediterranea, the cephalochordate Branchiostoma lanceolatum and the tunicate Ciona intestinalis (for a review, see [START_REF] Arendt | Animal Evolution: Convergent Nerve Cords?[END_REF]. However, molecular analyses performed in species from other spiralian phyla have come to different conclusions [START_REF] Hejnol | Embracing the comparative approach: how robust phylogenies and broader developmental sampling impacts the understanding of nervous system evolution[END_REF][START_REF] Martín-Durán | Convergent evolution of bilaterian nerve cords[END_REF]. Indeed, [START_REF] Martín-Durán | Convergent evolution of bilaterian nerve cords[END_REF] recently published a survey conducted on a wide range of bilaterian animals including the spiralians Epiphanes senta (Rotifera), Lineus ruber (Nemertea), Owenia fusiformis (Annelida), and Terebratalia transversa and Novacrana anomala (Brachiopoda) as well as on the xenacoelomorphs Xenoturbella bocki (Xenoturbellid), Meara stichopi (Nemertodermatid), Nemertoderma westbladi (Nemertodermatid) and Isodiametra pulchra (Acoel). They revealed that in these species, the expression profiles of members of the Nkx, Pax and Msx gene families is significantly different than that observed in the CNS of the species selected to support the BNS theory [START_REF] Martín-Durán | Convergent evolution of bilaterian nerve cords[END_REF]. Indeed, in the seven species analyzed by [START_REF] Martín-Durán | Convergent evolution of bilaterian nerve cords[END_REF], the expression profiles of these transcription factors are not necessarily staggered along the dorso-ventral axis, and they sometimes do not even correlate with the CNS or with any selective neuronal marker location. These results outline striking differences in nervous system patterning between the situation described in arthropods, annelids and vertebrates on one hand, and the species analyzed by [START_REF] Martín-Durán | Convergent evolution of bilaterian nerve cords[END_REF] on the other hand. Therefore, it becomes difficult to convey the idea that an ancestral BNS must have existed, from which all bilaterian nerve cords would have derived.

In addition, [START_REF] Martín-Durán | Convergent evolution of bilaterian nerve cords[END_REF] revealed that in the annelid Owenia fusiformis, the studied transcription factors exhibit a dorso-ventral expression that is different than the one found in Platynereis dumerilii. Although an exhaustive covering of Owenia fusiformis developmental stages would be valuable to confirm these results as the data of [START_REF] Martín-Durán | Convergent evolution of bilaterian nerve cords[END_REF] only come from late larval and early juvenile stages, this suggests that significant differences in dorso-ventral and/or nerve cords patterning might even exist among a given phyla such as that of annelids. A support to this idea has further been brought by Helm et al. (2018), who proposed through the comparison of anatomical data from multiple annelid species that rope-ladder-like nerve cords might have even evolved independently within this phylum. Likewise, a steady scheme does not seem to prevail either among xenacoelomorphs. For instance, the basal xenoturbellids show a very simple and homogenous nerve net [START_REF] Raikova | An immunocytochemical and ultrastructural study of the nervous and muscular systems of Xenoturbella westbladi (Bilateria inc. sed.)[END_REF]Stach, 2016), while the acoelomorphs (i.e. nemertodermatids and acoels) display some elements of centralization, such as some condensed ganglionic structures and a number of nerve cords that may vary from two to four [START_REF] Rm | The nervous system of Isodiametra pulchra (Acoela) with a discussion on the neuroanatomy of the Xenacoelomorpha and its evolutionary implications[END_REF]Gavilan et al., 2016;[START_REF] Raikova | The plastic nervous system of Nemertodermatida[END_REF] for reviews, see [START_REF] Hejnol | Neural nets[END_REF]Hejnol, 2016). In addition, the nervous systems of xenacoelomorphs exhibit a remarkable interspecific diversity. For instance, within the single nemertodermatids, the nerve cords are located ventrally in Nemertoderma westbladi and dorsally in Meara stichopi [START_REF] Martín-Durán | Convergent evolution of bilaterian nerve cords[END_REF]; see also [START_REF] Raikova | The plastic nervous system of Nemertodermatida[END_REF]. Consequently, Gavilan et al. (2016) suggested that the noticeable diversity of nervous system shapes observed among xenacoelomorphs is likely to result from independent cases of simplification and centralization rather than from a common ancestral BNS.

Altogether, [START_REF] Martín-Durán | Convergent evolution of bilaterian nerve cords[END_REF] argued that a convergent evolution of nerve cord appearance and patterning in arthropods, annelids and vertebrates would be more parsimonious than a secondary loss in a large number of phyla, including echinoderms, hemichordates, nemerteans, and brachiopods (Fig. 16). In any event, this current controversy aiming at establishing which scenario was the most parsimonious to explain the emergence of nerve cords in bilaterian CNS illustrate how a large taxonomic sampling and an accurate characterization of every developmental stage is critical to understand the evolution of nervous systems in metazoans.

On the predominant use of molecular data

Overall, all reported data further address the question of the predominant use of transcription factor expression domains as a character to assess homological comparison. The approach of [START_REF] Arendt | From nerve net to nerve ring, nerve cord and brain -evolution of the nervous system[END_REF] in defining the ANS concept is fundamentally based on the molecular conservation of a set of transcription factors concomitantly expressed during the development of anterior neural structures in a wide range of animals. However, this practice has been the object of many criticisms (e.g. [START_REF] Kaul-Strehlow | Ontogeny of the collar cord: Neurulation in the hemichordate Saccoglossus Kowalevskii[END_REF] as it does not take into account the wealth of phylogenetic information contained at the anatomical level, which is nonetheless considered by some authors as higher than the information contained in nucleotide sequences [START_REF] Giribet | A new dimension in combining data? The use of morphology and phylogenomic data in metazoan systematics[END_REF][START_REF] Cavalier-Smith | Origin of animal multicellularity: precursors, causes, consequences-the choanoflagellate/ sponge transition, neurogenesis and the Cambrian explosion[END_REF]. Transcription factors are known to be extensively co-opted for the development of novel structures [START_REF] True | Gene Co-Option in Physiological and Morphological Evolution[END_REF], and conversely homologous structures can result from different gene networks by the effect of developmental system drift [START_REF] True | Developmental system drift and flexibility in evolutionary trajectories[END_REF]. Hence, the striking conservation of transcription factor expression domains, which is unlikely to be the result of a simple convergent evolution, might be explained by the conservation of genetic mechanisms linking upstream morphogenetic gradients with downstream cell differentiation mechanisms, the latter being in turn responsible for the development of non-homologous structures [START_REF] Cavalier-Smith | Origin of animal multicellularity: precursors, causes, consequences-the choanoflagellate/ sponge transition, neurogenesis and the Cambrian explosion[END_REF]. Therefore, an accurate integration of several levels of biological information is required for the reconstruction of nervous system evolution, including not only molecular, but also morphological, anatomical, and paleontological data. 

The origin of deuterostome nervous systems

More than seventy years ago, Theodore Bullock already pointed out that "phylogenetic speculation is expected of every study of Enteropneusta" [START_REF] Bullock | The giant nerve fiber system in balanoglossids[END_REF]. As a matter of fact, the peculiar anatomical and molecular characteristics displayed by hemichordate worms have been at the center of an intense and long-standing debate aiming at reconstructing the neural features of the deuterostome ancestor, which is a critical step to understand nervous system evolution, and in particular to test the parsimony of the chimeric-brain hypothesis (Nübler-Jung & Arendt, 1999;[START_REF] Benito-Gutiérrez | CNS evolution: new insight from the mud[END_REF]. Nonetheless, most authors agree that depicting the morphological and anatomical traits of the deuterostome ancestor has proven to be extremely difficult [START_REF] Nielsen | How did indirect development with planktotrophic larvae evolve[END_REF][START_REF] Onai | The evolutionary origin of chordate segmentation: revisiting the enterocoel theory[END_REF]. Because reconstructing the characters of the deuterostome ancestor is also an important step towards the understanding of our own origins, many authors have tackled this challenge over the years and provided a wealth of hypotheses and valuable observations onto which the nervous system evolution in particular can be discussed. The fossil record, even after the discovery of remarkably well-conserved stem-deuterostome fossils in the Chengjiang Lagerstätte [START_REF] Shu | Primitive deuterostomes from the Chengjiang lagerstätte (lower Cambrian, China)[END_REF], has unfortunately revealed non-helpful in providing clear insights into the ancestral nervous system organization. Therefore, one way to address the reconstruction of the deuterostomes ancestral nervous system may thus simply relies on the careful investigation and interpretation of the shared and derived traits between the five extant deuterostome phyla. In this third part, I will describe the main scenarios proposed for nervous system evolution in deuterostomes, in light of the most recent anatomical and molecular data.

Can we compare pentaradial and bilateral animals?

What is pentaradiality and why is it a problem?

Since the seminal work of Santiago Ramón y Cajal (1894), the nervous systems of chordates have been extensively well studied and characterized at the anatomical and molecular levels, in both larvae and adults (e.g. [START_REF] Mizutani | Threshold-dependent BMP-mediated repression: a model for a conserved mechanism that patterns the neuroectoderm[END_REF][START_REF] Holland | Chordate roots of the vertebrate nervous system: expanding the molecular toolkit[END_REF][START_REF] Horie | Ependymal cells of chordate larvae are stem-like cells that form the adult nervous system[END_REF]Zieger et al., 2017). By comparison, our knowledge on the anatomy and molecular organization of the larval and adult nervous systems of hemichordates has mostly grown over the last decades, as it was recognized that these peculiar and rather neglected animals might actually be the missing link between the chordates and the other bilaterians (e.g. [START_REF] Lowe | Anteroposterior patterning in hemichordates and the origins of the chordate nervous system[END_REF]2006;[START_REF] Benito-Gutiérrez | CNS evolution: new insight from the mud[END_REF][START_REF] Nomaksteinsky | Centralization of the Deuterostome Nervous System Predates Chordates[END_REF][START_REF] Miyamoto | Hemichordate neurulation and the origin of the neural tube[END_REF]. Finally, in echinoderms, most of our awareness on nervous system organization comes from studies conducted on embryos and larvae, while the adult nervous systems have so far received much less attention (Burke et al., 2006;[START_REF] Hinman | Embryonic neurogenesis in echinoderms[END_REF]. Adult echinoderms have long been dismissed from evolutionary biology studies because of their highly apomorphic characters, such as the existence of a peculiar water vascular system or more patently of their pentaradial symmetry [START_REF] Holland | Evolution of basal deuterostome nervous systems[END_REF].

The comparison of anatomical traits across different phyla and the identification of homologous characters are based on the use of shared landmarks as points of reference. These references are usually provided by the body plan of the animal, based on the polarity axes and symmetry plans that are shared by most metazoans [START_REF] Manuel | Early evolution of symmetry and polarity in metazoan body plans[END_REF]. For instance, the homology between the nerve cord of arthropods and the neural tube of vertebrates has only gained significant support when it was shown that these two structures actually share a similar position along the dorso-ventral axis (see above). The embryos and the subsequent dipleurula larvae of echinoderms have proven to be useful for comparative biology because they first develop bilaterally and exhibit the antero-posterior, dorsoventral and left-right axes that are shared among most bilaterians (reviewed in [START_REF] Mcclay | Evolutionary crossroads in developmental biology: sea urchins[END_REF]. In particular, the plutei of echinoids have yielded many insights for our understanding of deuterostome embryonic development (e.g. [START_REF] Davidson | Gene regulatory networks and the evolution of animal body plans[END_REF][START_REF] Angerer | The evolution of nervous system patterning: insights from sea urchin development[END_REF][START_REF] Peter | A gene regulatory network controlling the embryonic specification of endoderm[END_REF]. In echinoderms, the switch from the bilateral symmetry of the larva to the pentaradial symmetry of the adult begins during the larval development and is achieved during the subsequent metamorphosis. Following metamorphosis, the ancestral bilateral symmetry cannot be recognized anymore in the newly formed juvenile. Nonetheless, adult echinoderms possess a mouth, and it is thus tempting to consider it as a landmark for the anterior pole as it is the rule in other bilaterians. Yet, this adult mouth is formed secondarily during the metamorphosis of echinoid and asteroid larvae, which have the remarkable and rather unique ability to produce two different mouths during their ontogeny. By contrast, the larval mouth of ophiuroids and holothuroids is conserved and becomes the definitive adult mouth. Eventually, the situation in crinoids is even more surprising, as all extant described species exhibit lecithotrophic larvae, which do not possess a larval mouth. Hence, the adult mouth is the only one to form during the ontogeny of these animals, but this remarkably occurs at the posterior end of the larva [START_REF] Hyman | The Invertebrates: Volume 4 (Echinodermata: The coelomate Bilateria)[END_REF]. This thus suggests that the formation of the mouth in echinoderms is extremely labile, and makes at least questionable the interpretation of this structure as a true landmark of an anterior pole [START_REF] Lacalli | Echinoderm conundrums: Hox genes, heterochrony, and an excess of mouths[END_REF]. In addition, the existence of the anus and its position varies greatly among echinoderm classes, and it therefore cannot be used either as a reference point to locate a putative posterior pole [START_REF] Mooi | Radial Symmetry, the Anterior/Posterior Axis, and Echinoderm Hox Genes[END_REF]. As a matter of fact, echinoderm zoologists refer to the sides of the adult body of these animals by using the terms oral and aboral, without inferring any homology relationships with the anterior and posterior poles of other bilaterians [START_REF] Smith | Deuterostomes in a twist: The origins of a radical new body plan[END_REF]. As discussed in the preceding part, most of the comparisons between bilaterian nervous systems rely on the study of transcription factor kernels staggered along the anteroposterior and dorso-ventral axes. The echinoderm pentaradial body plan, which lacks both clear antero-posterior and dorso-ventral axes, explains why adults of this phylum have been largely ignored in evolutionary studies so far (e.g. [START_REF] Moroz | On the independent origins of complex brains and neurons[END_REF][START_REF] Holland | Evolution of bilaterian central nervous systems: a single origin?[END_REF][START_REF] Holland | Evolution of basal deuterostome nervous systems[END_REF][START_REF] Lowe | The deuterostome context of chordate origins[END_REF].

Of note, while the anus in echinoids is usually axial and lies in the center of the test on the aboral side of the animal, several echinoid groups display an eccentric position of the anus, aside from the oral-aboral axis (Saucède et al., 2003). This offset is rather slight in most groups, whereas sea urchins of the monophyletic group Irregularia (i.e. sand dollars and heart urchins) show a more pronounced shift, and de facto clearly display a bilateral plan of symmetry (Fig. 4). Indeed, the mouth and the anus in irregular sea urchins have undergone a radical reorganization called exocyclism, which is believed to be an adaptation to their deposit-feeding mode. Nevertheless, the eccentricity of the anus has been convergently acquired at least eight times in echinoids, which clearly indicates that the bilateral symmetry observed in these groups is a secondary modification of the pentaradial symmetry and that it must not be misinterpreted as the ancestral bilateral symmetry (Saucède et al., 2003). Cases of secondarily acquired bilateral symmetry as exemplified by irregular sea urchins also exist in holothuroids, but this notion will not be discussed further in this manuscript.

As the echinoderms undoubtedly belong to the bilaterians [START_REF] Adoutte | The new animal phylogeny: Reliability and implications[END_REF], the pentaradial symmetry is widely accepted to be a secondary acquisition that occurred at the basis of the echinoderm lineage. This implies that the echinoderms had once bilateral ancestors, and one could expect to find remnants of this ancestral bilateral symmetry within the adult body plan of echinoderms. Such traces might be tremendously useful for understanding how the bilaterian antero-posterior, dorso-ventral and left-right axes have been modified into the highly unusual fivefold organization throughout evolution. As the transition from the ancestral bilateral body plan to the pentaradial body plan of echinoderms is expected to be the result of several intermediate stages, this problematic has historically been mostly tackled through paleontological approaches. The echinoderms are well represented in the fossil record due to their calcitic endoskeleton [START_REF] Smith | Classification of the Echinodermata[END_REF][START_REF] Mooi | Not all written in stone: interdisciplinary syntheses in echinoderm paleontology[END_REF], and such intermediary stages between the ancestral bilateral and the derived pentaradial body plans are thus likely to have been preserved as well, assuming that the stereom evolved simultaneously or prior to the pentaradiality. As a matter of fact, paleontologists have shown that the morphological diversity of extinct echinoderms is far greater than the one of extant classes. More importantly, many of these extinct echinoderm classes display less than five axes and do not exhibit the classical pentaradial organization of extant echinoderms (e.g. [START_REF] Smith | Classification of the Echinodermata[END_REF][START_REF] Mooi | Not all written in stone: interdisciplinary syntheses in echinoderm paleontology[END_REF][START_REF] Zamora | Cambrian echinoderm diversity and palaeobiogeography[END_REF]. Unfortunately, while these non-pentaradial echinoderms have long been suspected to be the missing evolutionary link between bilateral and pentaradial forms, their phylogenetic interpretation remains unclear and is still the object of many debates (Box.1). Hence, understanding the origin of echinoderm body plan through the only prism of the fossil record might be a dead-end, as long as new intermediary and unambiguous fossil forms are not discovered.

Box 1: Origin of the echinoderm body plan: insights from the fossil record

Richard Brusca and colleagues stated in their famous treatise on invertebrates that echinoderms "might seem like mutated leftovers from a Precambrian alien's picnic" [START_REF] Brusca | A critical reappraisal of the fossil record of the bilaterian phyla[END_REF], and it is true indeed that they can arguably be considered as the most bizarre animal forms. The oddity of extant echinoderms, however, would fade from a comparison with the vast repertoire of known fossil forms. Echinoderm fossil record is indeed a fantastic bestiary of fanciful body plans, most of them being characterized by their departure from the classical pentaradial symmetry. For instance, the majority of fossil taxa bearing 5 rays does not display a true pentaradial symmetry as observed in today's eleutherozoans, but are rather organized into a 2-1-2 pattern [START_REF] Sprinkle | Morphology and evolution of blastozoan echinoderms[END_REF]. In the 2-1-2 pattern, only three ambulacra emerge from the mouth: two of them soon bifurcate into two other distinct ambulacra, while the last one remains unbranched, creating de facto a plan of bilateral symmetry. Though widespread in fossil echinoderms, the affinity of this 2-1-2 pattern with the ancestral bilateral symmetry remains however unknown and might be the result of a secondary acquisition, as for extant irregular sea urchins. More surprisingly, numerous fossils bear only 1, 2, 3 or 4 rays [START_REF] Mooi | Not all written in stone: interdisciplinary syntheses in echinoderm paleontology[END_REF][START_REF] Smith | The pre-radial history of echinoderms[END_REF]2008;[START_REF] Sumrall | Ontogeny in the fossil record : diversification of body plans and the evolution of " aberrant " symmetry in Paleozoic echinoderms[END_REF][START_REF] Zamora | Deciphering the early evolution of echinoderms with Cambrian fossils[END_REF]. The meaning of these bizarre, non-pentaradial forms in terms of body plan evolution remains unclear, even though they have been the objects of many studies, as numerous paleontologists have suspected that they might be the missing link between the bilateral ancestor and the extant pentaradial forms. Among these intriguing fossils, ctenocystoids, cinctans, solutes and stylophorans are the most enigmatic specimens. Although their stereomic endoskeleton undoubtedly qualifies them as echinoderms [START_REF] Ruta | Brief review of the stylophoran debate[END_REF], cinctans and ctenocystoids display two ambulacra perpendicular to their bilateral plan of symmetry. Solutes and stylophorans are more difficult to interpret. Although they are very diverse, most of them bear a single appendage, which has been interpreted as either a posterior stalk to attach to the sea floor like the one of modern crinoids, or an anterior locomotion apparatus similar to the ambulacra of modern echinoderm [START_REF] David | Are homalozoans echinoderms? An answer from the extraxial-axial theory[END_REF][START_REF] Clausen | Palaeoanatomy and biological affinities of a Cambrian deuterostome (Stylophora)[END_REF]. Eventually, solutes are roughly bilateral, while the stylophorans display no obvious plan of symmetry. Together, these four extinct classes have been grouped as the homalozoans (sometimes referred to as carpoids), yet they might actually form a paraphyletic group [START_REF] Ruta | Brief review of the stylophoran debate[END_REF][START_REF] David | Are homalozoans echinoderms? An answer from the extraxial-axial theory[END_REF][START_REF] Smith | The pre-radial history of echinoderms[END_REF]2008). Because of their unusual characteristics, homalozoans have been subjected to diverse interpretations. For instance, [START_REF] Jefferies | The Ancestry of the Vertebrates. British Museum (Natural History)[END_REF] proposed its "calcichordate theory" which postulates that the homalozoans could be stem-chordates that appeared after the divergence of the chordate and echinoderm phyla. While recent paleontologic, stratigraphic and phylogenetic data have largely pushed the calcichordate theory out of favor [START_REF] Ruta | Brief review of the stylophoran debate[END_REF][START_REF] Northcutt | The new head hypothesis revisited[END_REF], two main interpretations for homalozoan fossils remain debated: (i) homalozoans are basal pre-pentaradial echinoderms; or (i) homalozoans are a monophyletic group derived from an ancestor that resembled modern crinoids, and that have secondarily loss several rays from its initial pentaradial body plan.

The first interpretation about homalozoans is seemingly the most intuitive, as it suggests that they might be pre-pentaradial echinoderms [START_REF] Smith | The pre-radial history of echinoderms[END_REF]2008;[START_REF] Zamora | Plated cambrian bilaterians reveal the earliest stages of echinoderm evolution[END_REF]. According to this theory, the cinctans and ctenocystoids are the most basal groups. They were small and flattened animals, covered by stereomic plates, and probably had a somehow active lifestyle, creeping on the substrate and being deposit feeders [START_REF] Zamora | Plated cambrian bilaterians reveal the earliest stages of echinoderm evolution[END_REF]. Both cinctans and ctenocystoids display a clear bilaterality with an anterior mouth and a posterior anus, which fits better with the features envisioned for a stem-deuterostome lineage. Throughout evolution, their body organization would have undergone several successive modifications: (i) the loss of bilateral symmetry (solutes and stylophorans); (ii) the acquisition of triradial symmetry (helicoplacoids); (iii) the acquisition of the 2-1-2 pentaradial symmetry (edrioasteroids and the intriguing Helicocystis moroccoensis; Smith & Zamora, 2013); (iv) the diversification of the pelmatozoans (blastoids, cystoids, eocrinoids, crinoids); and (v) the apparition of the true fivefold symmetry within eleutherozoans. In this scenario, the loss of bilateral symmetry in solutes and stylophorans is concomitant with the apparition of stalked forms, a process that reminds the loss of symmetry seen in adult tunicates as an adaptation to their sessile filter-feeding life style. Similarly, the transition from 2-1-2 pentaradial to true pentaradial symmetry in the eleutherozoans ancestor is interpreted as an adaptation to a more mobile lifestyle with active predation. Indeed, the characteristic jaw apparatus seen in eleutherozoans would have been far less efficient if the five jaw's elements were not equally distributed around their mouth [START_REF] Sumrall | Ontogeny in the fossil record : diversification of body plans and the evolution of " aberrant " symmetry in Paleozoic echinoderms[END_REF]. Though rather appealing, this interpretation suffers from the fact that the stratigraphic analyses do not support the homalozoans as being older than the other pentaradial echinoderms. Actually, edrioasteroids appeared slightly earlier during the Cambrian than the various homalozoans clades [START_REF] David | Are homalozoans echinoderms? An answer from the extraxial-axial theory[END_REF].

Alternatively, the second hypothesis is supported by the observation that species displaying either two, three, four or sometime more than five ambulacra are widespread among the fossil record of echinoderms. Fossil crinoids, for instance, show a large diversity of axis number, and even several extant species of crinoids, asteroids and ophiuroids display more than five rays (yet usually a multiple of five). Building on this, [START_REF] Sumrall | Ontogeny in the fossil record : diversification of body plans and the evolution of " aberrant " symmetry in Paleozoic echinoderms[END_REF] proposed that this diversity might be the result of an inherent plasticity in the ambulacral branching of echinoderms. The analyses of stylophoran appendages historically gave very conflicting results, most authors having failed to even agree on their anterior or posterior position in regard to the animal body (e.g. [START_REF] David | Are homalozoans echinoderms? An answer from the extraxial-axial theory[END_REF][START_REF] Smith | The pre-radial history of echinoderms[END_REF]2008;[START_REF] Sumrall | Ontogeny in the fossil record : diversification of body plans and the evolution of " aberrant " symmetry in Paleozoic echinoderms[END_REF][START_REF] Mooi | Radial Symmetry, the Anterior/Posterior Axis, and Echinoderm Hox Genes[END_REF][START_REF] Zamora | Plated cambrian bilaterians reveal the earliest stages of echinoderm evolution[END_REF]. Nonetheless, the latest study on remarkably well-preserved cornute stylophorans from the Fezouata Lagerstätte used elemental X-Ray tomography to show the ambulacral-like nature of the appendage, supporting the idea that the uni-rayed and bi-rayed homalozoans would have been simply derived forms of crinoid-like ancestors by losses of several ambulacra, and would therefore be weakly informative for our understanding of stem-echinoderm features [START_REF] Lefebvre | Exceptionally preserved soft parts in fossils from the Lower Ordovician of Morocco clarify stylophoran affinities within basal deuterostomes[END_REF]. If true, this theory indicates that understanding the origin of echinoderm body plan through the only prism of paleontological data might be a dead-end. A putative explanation for this is that the acquisition of the pentaradial symmetry might have predated the acquisition of the stereom, resulting in the earlier, non-calcified putative forms such as the enigmatic Arkarua adami being hardly preserved [START_REF] Mooi | Evolution within a bizarre phylum: homologies of the first echinoderms[END_REF].

The coelomic stacking hypothesis

So far, our best hint to decipher the cryptic pentaradial organization of echinoderms relies in the careful examination of the ontogenic process through which the pentaradial body plan arises. In hemichordates and echinoderms, the larvae exhibit a bilaterally paired, tripartite organization of the coelomic cavities [START_REF] Peterson | The A/P axis in echinoderm ontogeny and evolution: Evidence from fossils and molecules[END_REF]. Because it is well conserved among ambulacrarians, this coelom trimery is thought to be a synapomorphic trait of this group (sometimes referred to as archimery; Nielsen, 2012a). From the anterior to the posterior pole of the larva, the trimeric coelom comprises (i) a pair of compartments called protocoels in hemichordates and axocoels in echinoderms, (ii) a pair of compartments called mesocoels in hemichordates and hydrocoels in echinoderms, and (iii) a pair of compartments called metacoels in hemichordates and somatocoels in echinoderms (Fig. 17). In hemichordates, while they originate within the larva, each one of these three pairs is included into one segment of the adult body, the protocoels developing within the proboscis, the mesocoels within the collar and the metacoeols within the trunk [START_REF] Kaul-Strehlow | A detailed description of the development of the hemichordate Saccoglossus kowalevskii using SEM, TEM, Histology and 3D-reconstructions[END_REF]Fig.17). By contrast, the contribution of the larval coelomic compartments to the echinoderm adult body is far more complex. During the development of echinoderm larvae, the left and right hydrocoels develop asymmetrically. The right one remains rudimentary, while the left one bends around the prospective site of the adult pharynx to form a torus, and puts out five lobes that later form the ambulacra. In echinoids and asteroids, this process is achieved by the formation of a new mouth that develops in the ectoderm lying along the left hydrocoel, hence defining the new oral-aboral axis to the juvenile [START_REF] Okazaki | Normal development to metamorphosis[END_REF][START_REF] Burke | Echinoderm metamorphosis: comparative aspects of the change in form[END_REF]Gosselin & Jangoux, 1998;[START_REF] Lacalli | Echinoderm conundrums: Hox genes, heterochrony, and an excess of mouths[END_REF]. By contrast, in ophiuroids and holothuroids the left hydrocoel migrates to the ventral midline and develops around the larval oesophagus, which persists in the adult [START_REF] Hyman | The Invertebrates: Volume 4 (Echinodermata: The coelomate Bilateria)[END_REF][START_REF] Smiley | Metamorphosis of Stichopus californicus (Echinodermata: Holothuroidea) and its phylogenetic implications[END_REF]Fig.18). In all echinoderm classes, the oral-aboral adult body axis resulting from these successive developmental steps goes through a stack comprising the left hydrocoel, the left somatocoel, and the right somatocoel (Fig. 17). Hence, in crinoids, where the definitive mouth is directed away from the sea floor, the angle between the antero-posterior axis of the larva and the oral-aboral axis of the adult is 180°. In asteroids and echinoids this torsion is 90°, meaning that the oral-aboral axis of the adult forms along the left-right axis of the larva. Eventually, there is simply no torsion in holothuroids and ophiuroids, in which oral-aboral and antero-posterior axes are superimposed [START_REF] Smiley | Metamorphosis of Stichopus californicus (Echinodermata: Holothuroidea) and its phylogenetic implications[END_REF][START_REF] Peterson | The A/P axis in echinoderm ontogeny and evolution: Evidence from fossils and molecules[END_REF]Fig.18). The coelomic stacking of the left hydrocoel, the left somatocoel and the right somatocoel along the adult oral-aboral axis is observed in all extant echinoderms, irrespective of the amount of movements and torsions involved during their ontogeny, and also among fossil classes [START_REF] Mooi | Radial Symmetry, the Anterior/Posterior Axis, and Echinoderm Hox Genes[END_REF]. This intricate ontogenic process does not provide clear cues to understand whether the axes of the bilateral larvae are modified or simply lost during the development of the adult, neither it informs on the possible co-option of the genetic mechanisms driving the establishment of the bilateral body plan into the establishment of the pentaradial one. Conversely, it reveals how much the left hydrocoel plays a central role in the ontogeny of echinoderms. Compared to the homologous mesocoel of hemichordates, the development of the echinoderm hydrocoel follows an unusual path that makes it the main organizer of the pentaradial body plan. For instance, the left hydrocoel induces the differentiation of the vestibular floor, an invagination of the larval epidermis that plays a central role in the formation of the oral structures of the adult, including the adult nervous systems [START_REF] Hörstadius | Experimental Embryology of Echinoderms[END_REF]Fig.19). As an explanation for this unusual developmental path, [START_REF] Lacalli | Echinoderm conundrums: Hox genes, heterochrony, and an excess of mouths[END_REF] proposed that the ectoderm in echinoderm larvae produces significantly less antero-posterior signaling cues than in other deuterostomes, as exemplified by the lack of Hox genes expression in the larval ectoderm [START_REF] Arenas-Mena | Expression of the Hox gene complex in the indirect development of a sea urchin[END_REF]2000;[START_REF] Hatschek | Expression patterns of Hox genes in larvae of the sea lily Metacrinus rotundus[END_REF][START_REF] Morris | Involvement of two Hox genes and Otx in echinoderm body-plan morphogenesis in the sea urchin Holopneustes purpurescens[END_REF]2014;[START_REF] Tsuchimoto | Hox expression in the direct-type developing sand dollar Peronella japonica[END_REF][START_REF] Kikuchi | Patterning of anteroposterior body axis displayed in the expression of Hox genes in sea cucumber Apostichopus japonicus[END_REF]. Consequently, while the ectoderm acts as an important organizer to pattern the body along the antero-posterior axis in other deuterostomes, this loss of antero-posterior registry in echinoderms could be responsible for the highly derived organization shown by the underlying mesodermal structures, in particular by the left hydrocoel [START_REF] Lacalli | Echinoderm conundrums: Hox genes, heterochrony, and an excess of mouths[END_REF]. In parallel to this loss of antero-posterior registry, the left hydrocoel must have acquired specific patterning properties. In echinoids, the expression of Nodal on the right side of the embryo is responsible for the establishment of the left-right asymmetry of the larva, which in turn enables the development of the left hydrocoel by contrast to its right counterpart [START_REF] Aihara | Left-right positioning of the adult rudiment in sea urchin larvae is directed by the right side[END_REF][START_REF] Duboc | Left-right asymmetry in the sea urchin embryo is regulated by nodal signaling on the right side[END_REF]Luo & Yi-Hsien, 2012;[START_REF] Warner | Left-Right Asymmetry in the Sea Urchin Embryo: BMP and the Asymmetrical Origins of the Adult[END_REF]. However, the molecular players acting downstream of the Nodal signaling pathway remains unknown, including those responsible for the radialization of the hydrocoel and the induction of the neighboring tissues such as the vestibular floor. The identification of the molecular mechanisms through which the hydrocoel drives the establishment of the pentaradial symmetry is a critical challenge for echinoderm research in the future.

In any event, even though as adult hemichordates and echinoderms look very much different, given their equivalent coelomic organization, distinct portions of their adult bodies can be considered comparable ontogenically and anatomically when examined selectively. For instance, adult hemichordates and echinoderms both exhibit a pulsatile vesicle, filtrating podocytes and an excretory hydropore that all originate in both phyla from the protocoel/ axocoel: the heart-kindey complex and the axial organ, respectively (Welsch & Rehkämper, 1987;[START_REF] Balser | Structure, ultrastructure, and function of the preoral heart-kidney in Saccoglossus kowalevskii (Hemichordata, Enteropneusta) including new data on the stomochord[END_REF]Nielsen, 2012a). Consequently, comparisons of echinoderm nervous systems with the one of hemichordates, and by extension of other bilateral animals, might also be informative providing that we look at the right scale. 

Where is my brain? On the significance of ambulacrarian larval nervous systems

Now that I have drawn a framework allowing the comparisons of echinoderms with other deuterostomes, I will come back to nervous system evolution per se. For the convenience of the reader, a summary of the main neuroanatomical structures that will be discussed in the following paragraphs is provided in figure 20.

By the end of the XIXth century, the British zoologist Walter Garstang was one of the first to envision an inclusive scenario for deuterostome nervous system evolution [START_REF] Garstang | Preliminary note on a new theory of the phylogeny of the Chordata[END_REF][START_REF] Garstang | The Morphology of the Tunicata, and its Bearings on the Phylogeny of the Chordata[END_REF]. This so-called Garstang's hypothesis was a transitional view between the gastraea and the pelago-benthic ancestor theories (see above), as it postulated that the deuterostome ancestor already presented a dipleurula-like larva and a pterobranch-like sessile adult stage. This adult would have progressively evolved into a shape similar to the one of adult tunicates, while the dipleurulae would have undergone paedomorphosis and eventually given rise to animals resembling cephalochordate larvae. In this scheme, the ciliary band exhibited by the dipleurula larvae would have progressively migrated and fused together to form the chordate neural tube [START_REF] Garstang | Preliminary note on a new theory of the phylogeny of the Chordata[END_REF][START_REF] Garstang | The Morphology of the Tunicata, and its Bearings on the Phylogeny of the Chordata[END_REF]. Although this theory remained broadly accepted for almost a century [START_REF] Harvey | New speculations on the origin of the chordates[END_REF][START_REF] Lacalli | Apical organs, epithelial domains, and the origin of the chordate central nervous system[END_REF], several anatomical observations and the phylogenetic resolution of the tunicate phylum have progressively pushed the Garstang's hypothesis out of favor [START_REF] Nieuwenhuys | Deuterostome brains: Synopsis and commentary[END_REF][START_REF] Lacalli | Protochordate body plan and the evolutionary role of larvae: old controversies resolved[END_REF][START_REF] Northcutt | The new head hypothesis revisited[END_REF][START_REF] Delsuc | Tunicates and not cephalochordates are the closest living relatives of vertebrates[END_REF]. Indeed, studies conducted on several ambulacrarian species have shown that none of the cellular elements of the larval ciliary bands contribute whatsoever to the conception of any of the adult nerve cords. Therefore, discussions on the significance of dipleurula ciliary bands in term of nervous system evolution seem by now irrelevant and will not be discussed further here [START_REF] Haag | Echinoderm rudiments, rudimentary bilaterians, and the origin of the chordate CNS[END_REF]2006). By contrast, a special attention has been brought to the larval apical organs over the last decades. As a matter of fact, [START_REF] Angerer | The evolution of nervous system patterning: insights from sea urchin development[END_REF] recently proposed a distinct evolutionary scenario accounting for the disparity of nervous systems in deuterostomes. According to Burke's view, the nervous systems of extant deuterostomes comprise two distinct components, an apical component and an axial component. In chordates, the apical and axial components are united together as the neural tube, with the apical part being the forebrain and the axial part being the midbrain, hindbrain and spinal cord. In ambulacrarians, by contrast, the two components are separated both in space and time over the lifecycle of these animals. As such, the apical component is restricted to the larvae as the apical organ, and the axial part is restricted to the adult as the dorsal cord in hemichordates or the radial nerve cords in echinoderms. According to this hypothesis, the ambulacrarian larval apical organ would hence be considered as homologous to the chordate forebrain, while the ambulacrarian adult nerve cords would be homologous to the chordate spinal cord [START_REF] Angerer | The evolution of nervous system patterning: insights from sea urchin development[END_REF].

Interestingly, this hypothesis is reminiscent of the chimeric-brain hypothesis formulated by Tosches & Arendt (2013; see above). On one hand, the chimeric-brain hypothesis was designed for bilaterians as a whole and integrates hemichordate data, but does not provide any clue to understand the particular case of echinoderms [START_REF] Benito-Gutiérrez | CNS evolution: new insight from the mud[END_REF]. On the other hand, the concept developed by Burke provides an integrative view of nervous system evolution for all deuterostome phyla, which can be reconciled with the chimeric-brain hypothesis if one assumes that Burke's apical and axial components actually correspond to the ANS and BNS proposed by [START_REF] Arendt | From nerve net to nerve ring, nerve cord and brain -evolution of the nervous system[END_REF], respectively. In the case of ambulacrarians, the complete loss of the apical organ during metamorphosis [START_REF] Chia | Echinoderm metamorphosis: fate of larval structures[END_REF][START_REF] Nakano | Nervous system development of the sea cucumber Stichopus japonicus[END_REF][START_REF] Kaul-Strehlow | Neurogenesis in directly and indirectly developing enteropneusts: of nets and cords[END_REF][START_REF] Gonzalez | The development and metamorphosis of the indirect developing acorn worm Schizocardium californicum (Enteropneusta: Spengelidae)[END_REF] would provide an explanation to the restriction of the ANS to the larval stage in this group, while it persists in the adult in chordates. An evolutionary loss of the brain at metamorphosis does not appear unprecedented, as a similar situation is also found in ascidian and thaliacean tunicates [START_REF] Dufour | Precraniate origin of cranial motoneurons[END_REF][START_REF] Horie | Ependymal cells of chordate larvae are stem-like cells that form the adult nervous system[END_REF], and would reflect an adaptation to the slow metabolic rate of these animals.

In parallel, the BNS in the view of Arendt ancestrally developed at the edge of the blastopore in an animal exhibiting a protostomous development (see above). Arendt suggested that the evolutionary switch towards a deuterostomous development might have segregated the formation of the blastopore and the development of the For the chordates, note that sole the central nervous system is herein represented. BNS into two spatially distinct processes in chordates [START_REF] Arendt | Dorsal or ventral: similarities in fate maps and gastrulation patterns in annelids, arthropods and chordates[END_REF]. Following Burke's idea of a temporal separation in the formation of the ANS and BNS in ambulacrarians, the loss of connection between the gastrulation and the BNS formation may have been pushed even further by the intercalation of a larval stage which would considerably delays the formation of the BNS and restrict it to the adult stage. This idea requires however to consider that protostomy is the ancestral developmental mode in bilaterian, and to accept Raff's intercalation theory as a postulate (see above).

Though rather appealing, this hypothesis suffers from some drawbacks. The arguments in favor of the homology between ambulacrarian apical organs and chordate forebrains rely on the wealth of molecular studies that have been extensively performed in echinoderm larvae and in chordates, and which I have detailed above, together with their main limitations. On the other hand, the characterization of the nerve cords in adult ambulacrarians have received much less attention, but obviously deserves careful examination in order to test both the Arendt's and Burke's hypotheses.

On the significance of ambulacrarian nerve cords

In chordates, the neural tube forms during embryonic development through a specific process called neurulation [START_REF] Colas | Towards a cellular and molecular understanding of neurulation[END_REF][START_REF] Lowery | Strategies of vertebrate neurulation and a re-evaluation of teleost neural tube formation[END_REF]. During this process, the dorsal neuroectoderm infolds and closes over, generating a fluid-filled hollow neural tube, which later differentiates into an anterior brain and a posterior spinal cord. Investigations performed over the years on the ontogeny of ambulacrarian adult nerve cords have interestingly revealed that a similar chordate-like neurulation process also takes place in diverse classes. For instance, in hemichordate enteropneusts this process occurs selectively within the portion of the dorsal cord located in the collar, which has accordingly been called the collar cord [START_REF] Bateson | Later stages in the development of Balanoglossus Kowalevskii with a suggestion as to the affinities of the Enteropneusta[END_REF][START_REF] Morgan | The development of Balanoglossus[END_REF][START_REF] Bullock | The functional organization of the nervous system of Enteropneusta[END_REF][START_REF] Bullock | The anatomical organization of the nervous system of Enteropneusta[END_REF][START_REF] Dawydoff | Embranchement des stomocordés[END_REF][START_REF] Knight-Jones | On the nervous system of Saccoglossus cambrensis (Enteropneusta)[END_REF][START_REF] Miyamoto | Hemichordate neurulation and the origin of the neural tube[END_REF]. As in chordates, the neurulation of the collar cord involves an ectodermal neuroepithelium and is mediated by transversely oriented ependymal cells possessing myofilaments [START_REF] Kaul-Strehlow | Ontogeny of the collar cord: Neurulation in the hemichordate Saccoglossus Kowalevskii[END_REF]. Similarly, in echinoderm holothuroids, ophiuroids, and echinoids the five adult radial nerve cords are subepidermal tubular, fluid-filled neuroepithelia [START_REF] Smith | The larval stages of the sea urchin, Strongylocentrotus purpuratus[END_REF][START_REF] Harrison | Microscopic Anatomy of Invertebrates, Echinodermata[END_REF][START_REF] Heinzeller | The echinoderm nervous system and its phylogenetic interpretation[END_REF][START_REF] Mashanov | Echinodermata[END_REF]. In echinoids, they have been shown to form from the vestibular ectoderm through an invagination process resembling chordate neurulation [START_REF] Macbride | The development of Echinus esculentus together with some points of the development of E. miliaris and E. acutus[END_REF][START_REF] Von Ubisch | Die Entwicklung von Strongylocentrotus lividus[END_REF]. This process has also been observed in the holothuroid species Eupentacta fraudatrix, though restricted to the circumoral nerve ring rather than to the radial nerve cords themselves [START_REF] Mashanov | Developmental origin of the adult nervous system in a holothurian: An attempt to unravel the enigma of neurogenesis in echinoderms[END_REF]. Accordingly, a homology between the enteropneust collar cords, the echinoderm radial nerve cords and the chordate neural tubes has been advanced by some authors [START_REF] Haag | Echinoderm rudiments, rudimentary bilaterians, and the origin of the chordate CNS[END_REF]2006;[START_REF] Angerer | The evolution of nervous system patterning: insights from sea urchin development[END_REF][START_REF] Luttrell | Ptychoderid hemichordate neurulation without a notochord[END_REF].

Besides these ontogenic criteria, several additional anatomical and molecular aspects have further been reported that support the suggested homology between the hemichordate enteropneust collar cord and the chordate neural tube. First, as in chordate brains, giant nerve cells with contralateral neurite projections and numerous peculiar synaptic connections have been reported as well in hemichordate enteropneust collar cords [START_REF] Brown | Man is but a worm: Chordate origins[END_REF][START_REF] Bullock | The giant nerve fiber system in balanoglossids[END_REF][START_REF] Kaul-Strehlow | Ontogeny of the collar cord: Neurulation in the hemichordate Saccoglossus Kowalevskii[END_REF]. Second, the enteropneust endodermal stomochord (an antero-dorsal diverticulum of the pharynx) has been shown to express Hedgehog and has been postulated to act as an organizer of the upstream collar cord, which expresses the Hedgehog receptor Patched [START_REF] Miyamoto | Hemichordate neurulation and the origin of the neural tube[END_REF]. Due to these expression profiles, and although most authors consider unlikely that the stomochord could be homologous to the chordate notochord [START_REF] Satoh | How was the notochord born?[END_REF][START_REF] Satoh | On a possible evolutionary link of the stomochord of hemichordates to pharyngeal organs of chordates[END_REF][START_REF] Annona | Evolution of the notochord[END_REF], a similar relationship than the one between the notochord and the neural tube in chordates has been suggested to exist between the stomochord and the collar cord in enteropneusts [START_REF] Miyamoto | Hemichordate neurulation and the origin of the neural tube[END_REF]. Finally, the molecular mechanisms regulating the dorso-ventral patterning of the collar cord in the enteropneust Balanoglossus simodensis and that of the neural tubes in several chordates have also been revealed to share some similarities, with for instance an equivalent staggered distribution of selective dorso-ventral patterning transcription factors, including Pax3/7 and Pax2/5/8 [START_REF] Miyamoto | Hemichordate neurulation and the origin of the neural tube[END_REF].

However, the theory of a homology between the hemichordate enteropneust collar cords, the echinoderm radial nerve cords and the chordate neural tubes has also been challenged by several other observations. For instance, the nature of the morphogenetic movements leading to the formation of the nerve cords in the distinct ambulacrarian phyla is rather different (Fig. 441). Indeed, while the formation of the collar cord in ptychoderid enteropneusts and of the radial nerve cords in echinoids result from an invagination [START_REF] Morgan | The development of Balanoglossus[END_REF][START_REF] Dawydoff | Embranchement des stomocordés[END_REF][START_REF] Macbride | The development of Echinus esculentus together with some points of the development of E. miliaris and E. acutus[END_REF][START_REF] Von Ubisch | Die Entwicklung von Strongylocentrotus lividus[END_REF], the collar cord in harrimaniid enteropneusts ingresses [START_REF] Bateson | Later stages in the development of Balanoglossus Kowalevskii with a suggestion as to the affinities of the Enteropneusta[END_REF], and the radial nerve cords in the holothuroid Stichopus californicus arise from a cavitation process [START_REF] Smiley | Metamorphosis of Stichopus californicus (Echinodermata: Holothuroidea) and its phylogenetic implications[END_REF]. In addition, the invagination process described in echinoids exhibits clear differences with the situation in chordates, as in this class the internalization of the radial nerve cords is achieved by a mesodermic protrusion of the somatocoel that covers the developing neural sinus [START_REF] Macbride | The development of Echinus esculentus together with some points of the development of E. miliaris and E. acutus[END_REF][START_REF] Von Ubisch | Die Entwicklung von Strongylocentrotus lividus[END_REF][START_REF] Kaul-Strehlow | Ontogeny of the collar cord: Neurulation in the hemichordate Saccoglossus Kowalevskii[END_REF]Fig.441). Whether these observations however truthfully dismiss the aforementioned theory must be tempered, since in chordates different ways of forming a neural tube have also been reported, including invagination, ingression, and cavitation; and some species even exhibit several of these modes when developing distinct portions of their neural tubes [START_REF] Lowery | Strategies of vertebrate neurulation and a re-evaluation of teleost neural tube formation[END_REF]. More importantly though, if the enteropneust collar cords have indeed been shown to form through a neurulation-like process, such process does not seem to occur in pterobranchs in which the cephalic ganglion and the main nerve tracts remain simple basiepidermal condensations of the nerve net [START_REF] Rehkämper | Fine structure of the ganglion of Cephalodiscus gracilis (Pterobranchia, Hemichordata)[END_REF][START_REF] Stach | The central and peripheral nervous system of Cephalodiscus gracilis (Pterobranchia, Deuterostomia)[END_REF]. Similarly, in echinoderms, the nerve cords of asteroids and crinoids remain basiepidermal and are not internalized during their ontogeny [START_REF] Smith | The larval stages of the sea urchin, Strongylocentrotus purpuratus[END_REF][START_REF] Mashanov | Echinodermata[END_REF][START_REF] Ezhova | Axial complex and associated structures of the sea urchin Strongylocentrotus pallidus[END_REF]. Hence, the described neurulation processes might actually simply reflect a secondary acquisition through convergence evolution rather than an ancestral inherited feature. This statement is further supported when considering that pterobranchs and crinoids have both been reported as the most basal class of their respective phyla [START_REF] Cannon | Phylogenomic resolution of the hemichordate and echinoderm clade[END_REF]. Together these dissimilarities have thus led some authors to reject a plausible homology between the enteropneust collar cords, the echinoderm nerve cords and the chordate neural tubes [START_REF] Kaul-Strehlow | Ontogeny of the collar cord: Neurulation in the hemichordate Saccoglossus Kowalevskii[END_REF][START_REF] Nielsen | Homology of echinoderm radial nerve cords and the chordate neural tube???[END_REF][START_REF] Ruppert | Key characters uniting hemichordates and chordates: homologies or homoplasies?[END_REF].

Alternatively, physiological investigations have led to posit the ventral nerve cord of enteropneusts as homologous to the chordate neural tube. Observations on injured animals demonstrated indeed that neither the dorsal cord, nor more specifically the collar cord, merited the term of central nervous system, whereas cutting across the ventral nerve cord prevented by contrast at least some animal's responses [START_REF] Bullock | The functional organization of the nervous system of Enteropneusta[END_REF][START_REF] Knight-Jones | On the nervous system of Saccoglossus cambrensis (Enteropneusta)[END_REF]. This hence prompted the ventral nerve cord, and not the collar cord, as potentially acting as a body-wide integrative center, such as are the chordate central nervous systems. In further support to this view, BMP2/4 ligands have been reported in many chordate and protostome animals as expressed on the side of the body opposed to the one where the nerve cords form and to antagonize the neurogenic ectoderm potential [START_REF] De Robertis | A common plan for dorsoventral patterning in Bilateria[END_REF][START_REF] Mizutani | Threshold-dependent BMP-mediated repression: a model for a conserved mechanism that patterns the neuroectoderm[END_REF]; see above). Accordingly, in hemichordate enteropneusts, BMP2/4 ligands have been reported as being expressed on the dorsal side [START_REF] Lowe | Dorsoventral patterning in hemichordates: Insights into early chordate evolution[END_REF]. Thus, even though BMP signaling does not affect, in these animals, the development of neither the ventral nor the dorsal cord like it does in chordates or protostomes [START_REF] Lowe | Dorsoventral patterning in hemichordates: Insights into early chordate evolution[END_REF], the enteropneust ventral nerve cord has nonetheless been depicted, due to this BMP2/4 expression, as homologous to the chordate neural tubes by some authors [START_REF] Holland | Evolution of bilaterian central nervous systems: a single origin?[END_REF]. In the recent versions of its chimeric-brain hypothesis, Arendt proposed an intermediary view by recognizing both the collar and the ventral nerve cords as homologous to the chordate neural tubes [START_REF] Benito-Gutiérrez | CNS evolution: new insight from the mud[END_REF]. In sum, concluding on the evolutionary relationships between the ambulacrarian adult nerve cords and the chordate neural tubes might still be premature and additional knowledge on both the anatomy and the molecular patterning mechanisms of these structures in more ambulacrarian species are needed in order to confidently resolve this point.

On the significance of ambulacrarian nerve nets

Besides the transcription factors involved in the patterning of the ANS such as Six3, FoxQ2 or Nkx2.1, comparisons between chordates and arthropods have further revealed the deep conservation of a whole core set of transcription factors involved in the patterning of the central nervous system along the antero-posterior axis of these animals [START_REF] Hirth | An urbilaterian origin of the tripartite brain: developmental genetic insights from Drosophila[END_REF][START_REF] Lichtneckert | Insights into the urbilaterian brain: conserved genetic patterning mechanisms in insect and vertebrate brain development[END_REF][START_REF] Holland | Chordate roots of the vertebrate nervous system: expanding the molecular toolkit[END_REF][START_REF] Strausfeld | Deep homology of arthropod central complex and vertebrate basal ganglia[END_REF][START_REF] Semon | Conserved roles of ems/Emx and otd/Otx genes in olfactory and visual system development in Drosophila and mouse[END_REF]Fig.22). Recently, Lowe and colleagues revealed that in the direct-developing harrimaniid enteropneust Saccoglossus kowalevskii, homologs of these genes display an equivalently organized staggered expression along the antero-posterior axis as well [START_REF] Lowe | Anteroposterior patterning in hemichordates and the origins of the chordate nervous system[END_REF]Aronowicz & Lowe, 2006). For instance, Six3 and Nkx2.1, which in chordates are involved in the specification of the anterior portion of the neural tube [START_REF] Lagutin | Six3 repression of Wnt signaling in the anterior neuroectoderm is essential for vertebrate forebrain development[END_REF], were found in the proboscis, i.e. the most anterior region of the enteropneust bodies. Likewise, Otx and Emx, known to be expressed in vertebrate midbrains [START_REF] Prochiantz | Homeoprotein signaling in the developing and adult nervous system[END_REF], were detected in the middle portion, the collar. Finally, genes such as Gbx and the Hox, characteristics of the vertebrate hindbrains and spinal cords [START_REF] Wassarman | Specification of the anterior hindbrain and establishment of a normal mid/hindbrain organizer is dependent on Gbx2 gene function[END_REF][START_REF] Tümpel | Hox genes and segmentation of the vertebrate hindbrain[END_REF], were located in the trunk, i.e. the most posterior region. In addition, the Hox genes in the trunk were shown to display a typical collinear expression profile with the most anterior Hox genes detected close to the collar, while the most posterior Hox genes were perceived, on the opposite side, at the tip of the trunk, a situation resembling the Hox collinearity described in many bilaterian species [START_REF] Carroll | Homeotic genes and the evolution of arthropods and chordates[END_REF]. Given the high number of genes analyzed in these studies and the deep conservation of their deployment along the anteroposterior axis in between chordates and Saccoglossus kowalevskii, the presence of this core set of transcription factors associated with a function in antero-posterior patterning has been advanced as unlikely to result from a case of evolutionary convergence [START_REF] Holland | Early central nervous system evolution: An era of skin brains?[END_REF][START_REF] Lowe | Anteroposterior patterning in hemichordates and the origins of the chordate nervous system[END_REF]. This hypothesis has further been corroborated since then by additional comparable findings reported in two indirect-developing enteropneust species, the spengelid Schizocardium californicum [START_REF] Gonzalez | The Adult Body Plan of Indirect Developing Hemichordates Develops by Adding a Hox-Patterned Trunk to an Anterior Larval Territory[END_REF] and the ptychoderid Balanoglossus misakiensis [START_REF] Kaul-Strehlow | Neuronal patterning of the tubular collar cord is highly conserved among enteropneusts but dissimilar to the chordate neural tube[END_REF].

With that said though, and more importantly, in all the surveys conducted to date on enteropneusts, the authors invariably exposed that the antero-posterior patterning genes investigated were not expressed selectively in one of the animal nerve cords, but were detected instead in broad domains encircling the whole ectoderm [START_REF] Lowe | Anteroposterior patterning in hemichordates and the origins of the chordate nervous system[END_REF]Aronowicz & Lowe, 2006;[START_REF] Gonzalez | The Adult Body Plan of Indirect Developing Hemichordates Develops by Adding a Hox-Patterned Trunk to an Anterior Larval Territory[END_REF][START_REF] Kaul-Strehlow | Neuronal patterning of the tubular collar cord is highly conserved among enteropneusts but dissimilar to the chordate neural tube[END_REF]. In addition, molecular data later published on Saccoglossus kowalevskii equivalently revealed that the genetic mechanisms involved in the regionalization of the three local organizers of the vertebrate neural tube, known as the anterior neural ridge, the zona limitans intrathalamica, and the isthmic organizer, correspondingly pattern the enteropneust ectoderm along the antero-posterior axis [START_REF] Pani | Ancient deuterostome origins of vertebrate brain signalling centres[END_REF]. Indeed, alike observed in vertebrates, the tightly regulated activity of secreted ligands belonging to the Wnt, FGF and Hedgehog signaling pathways has been determined as mediating the position of the anterior end of the proboscis, the boundary between the proboscis and the collar, and the boundary between the collar and the trunk [START_REF] Pani | Ancient deuterostome origins of vertebrate brain signalling centres[END_REF]Fig.22). In addition, the cis-regulatory elements monitoring the localized action of Hedgehog at the proboscis-collar boundary were also shown to be conserved when substituted to those regulating Hedgehog localization in the zona limitans intrathalamica of mice [START_REF] Yao | Cis-regulatory architecture of a brain signaling center predates the origin of chordates[END_REF]. Altogether, this prompted the idea that the central nervous systems in chordates and the basiperdermal nerve nets in enteropneusts, although extremely different in terms of morphology, might derive from the same regulatory scaffold, rather than sharing a simple similarity in the transcriptional profile of the transcription factors registry [START_REF] Holland | Early central nervous system evolution: An era of skin brains?[END_REF][START_REF] Lowe | Anteroposterior patterning in hemichordates and the origins of the chordate nervous system[END_REF][START_REF] Yao | Cis-regulatory architecture of a brain signaling center predates the origin of chordates[END_REF]. However, this statement has major consequences in term of evolution, leading to two possible scenarios for the ancestry and evolutionary history of deuterostome nervous systems [START_REF] Lowe | Anteroposterior patterning in hemichordates and the origins of the chordate nervous system[END_REF][START_REF] Holland | Early central nervous system evolution: An era of skin brains?[END_REF]Lowe, 2008). In the first scenario, the deuterostomes ancestor would have had a centralized, chordate-like nervous system that secondarily evolved apomorphic characteristics within hemichordates and more largely within ambulacrarians (such as the co-option of the antero-posterior patterning core set of genes for the whole ectoderm). By contrast, the second scenario posits that the deuterostome ancestor had a nerve net from which both the ambulacrarian and the chordate nervous systems independently evolved, leading to very distinct types of neural organizations.

The first scenario was initially supported by reports indicating that the broad neurogenic ectoderm described by Lowe and colleagues in Saccoglossus kowalevskii might be the consequence of the direct-development of this species, as a transient ectodermal neurogenic burst reminiscent of the ancestral larval stage [START_REF] Nomaksteinsky | Centralization of the Deuterostome Nervous System Predates Chordates[END_REF][START_REF] Cunningham | Spatiotemporal development of the embryonic nervous system of Saccoglossus kowalevskii[END_REF]. Indeed, it has been shown that the proboscis and collar lose the ubiquitous pan-neural marker expression later in development, while it has been proposed that neurons of the nerve net might reorganize into the well-defined dorsal and ventral nerve cords [START_REF] Cunningham | Spatiotemporal development of the embryonic nervous system of Saccoglossus kowalevskii[END_REF][START_REF] Kaul-Strehlow | Neurogenesis in directly and indirectly developing enteropneusts: of nets and cords[END_REF]. A reminiscent situation is observed in direct-developing echinoderms, in which vestigial larval neural structures are often formed but remain in a rudimentary state before degenerating [START_REF] Bisgrove | Evolutionary conservation of the larval serotonergic nervous system in a direct developing sea urchin[END_REF]. However, the observation of similar expression domains in juveniles of indirect-developing enteropneust species rendered this hypothesis questionable [START_REF] Gonzalez | The Adult Body Plan of Indirect Developing Hemichordates Develops by Adding a Hox-Patterned Trunk to an Anterior Larval Territory[END_REF][START_REF] Kaul-Strehlow | Neuronal patterning of the tubular collar cord is highly conserved among enteropneusts but dissimilar to the chordate neural tube[END_REF]. [START_REF] Nomaksteinsky | Centralization of the Deuterostome Nervous System Predates Chordates[END_REF] also questioned the existence of a nerve net sensu stricto in enteropneusts. Indeed, based on the distribution of molecular markers known to be expressed in peripheral neurons in chordates, they rather suggested that the scattered neurons in the proboscis are more likely to be a peripheral nervous system than a true nerve net. This meets the idea developed by [START_REF] Holland | Evolution of bilaterian central nervous systems: a single origin?[END_REF], who highlighted the fact that in chordates the ectoderm is also mostly neurogenic and gives rise to sensory neurons forming the peripheral nervous system, without nonetheless being referred to as a nerve net. Finally, an important point is that as mentioned before, the formation of both the nerve net and the dorsal and ventral nerve cords are not impaired by alteration of BMP2/4 levels in enteropneusts [START_REF] Lowe | Dorsoventral patterning in hemichordates: Insights into early chordate evolution[END_REF]. This is a significant difference with the nervous systems seen in most other bilaterians, which might exemplified the highly apomorphic character of hemichordate nervous systems, in turn reflecting a more derived states compared to the hypothetical deuterostomes ancestor than the one of chordates [START_REF] Holland | Evolution of basal deuterostome nervous systems[END_REF]. By contrast, in defense to the second scenario, [START_REF] Lowe | Anteroposterior patterning in hemichordates and the origins of the chordate nervous system[END_REF] argued that the relevant outgroup to infer the features of the deuterostomes ancestor are the xenacoelomorphs, which either display nerve nets (i.e. xenoturbellids; [START_REF] Raikova | An immunocytochemical and ultrastructural study of the nervous and muscular systems of Xenoturbella westbladi (Bilateria inc. sed.)[END_REF][START_REF] Stach | Xenortubella[END_REF] or centralized structures that have been proposed to be the result of secondary acquisitions (i.e. acoels and nemertodermatids; Gavilan et al., 2016). Consequently, it would appear more parsimonious to depict the deuterostome ancestor as having a nerve net similar to the one of hemichordates, even though this would imply that the centralization of the nervous system in deuterostomes would have hence been a single secondary event occurring at the base of chordates.

So far, data coming from echinoderms have remained at the edge of this debate. Only a few attempts have been made to investigate the expression of transcription factors associated to the antero-posterior registry in these pentaradial animals. Among these few attempts, the expression of Otx, Dlx and Engrailed have been reported in rudiments or juveniles of several echinoderm species [START_REF] Panganiban | The origin and evolution of animal appendages[END_REF][START_REF] Lowe | Radical alterations in the roles of homeobox genes during echinoderm evolution[END_REF][START_REF] Lowe | Gene expression and larval evolution : changing roles of distalless and orthodenticle in echinoderm larvae[END_REF][START_REF] Nielsen | Evolutionary convergence in Otx expression in the pentameral adult rudiment in direct-developing sea urchins[END_REF]Morris et al., 2003;[START_REF] Morris | Involvement of two Hox genes and Otx in echinoderm body-plan morphogenesis in the sea urchin Holopneustes purpurescens[END_REF][START_REF] Byrne | Engrailed is expressed in larval development and in the radial nervous system of Patiriella sea stars[END_REF]. Likewise, as they are arguably the clearest marker of the antero-posterior registry in most bilaterians, the Hox genes have also been the object of some studies [START_REF] Arenas-Mena | Expression of the Hox gene complex in the indirect development of a sea urchin[END_REF]2000;[START_REF] Morris | Involvement of two Hox genes and Otx in echinoderm body-plan morphogenesis in the sea urchin Holopneustes purpurescens[END_REF]2014 ;[START_REF] Tsuchimoto | Hox expression in the direct-type developing sand dollar Peronella japonica[END_REF][START_REF] Hatschek | Expression patterns of Hox genes in larvae of the sea lily Metacrinus rotundus[END_REF][START_REF] Kikuchi | Patterning of anteroposterior body axis displayed in the expression of Hox genes in sea cucumber Apostichopus japonicus[END_REF]. Yet, despite this interest, Hox expression in the adult body plan of echinoderms remains so far mostly enigmatic (Box.2). Recently, a thorough analysis of the anterior neural patterning core set in the direct-developing sand dollar Peronella japonica gave nonetheless clearer results [START_REF] Adachi | Anteroposterior molecular registries in ectoderm of the echinus rudiment[END_REF]. Remarkably, [START_REF] Adachi | Anteroposterior molecular registries in ectoderm of the echinus rudiment[END_REF] showed that the antero-posterior neural patterning genes expressed in the enteropneust proboscis and collar such as Six3, Otx and Emx are consistently expressed in the ambulacral ectoderm of the rudiment of Peronella japonica. Furthermore, they demonstrated that a sequential expression of these transcription factors along the proximo-distal axis of each ambulacra was not observed, which dismisses the previous ideas that the five echinoderm rays might have arisen by duplication of the ancestral bilaterian anteroposterior axis (Box.2). Alternatively, [START_REF] Adachi | Anteroposterior molecular registries in ectoderm of the echinus rudiment[END_REF] proposed that the ectoderm of the enteropneust proboscis/ collar might be homologous of the echinoderm ambulacral ectoderm. In this view, the ambulacra can be seen as appendages radiating around the mouth, supporting the "rays-as-appendages" hypothesis formulated by [START_REF] Hotchkiss | A "rays-as-appendages" model for the origin of pentamerism in echinoderms[END_REF] based on the expression of Dlx at the tip of the ambulacra [START_REF] Panganiban | The origin and evolution of animal appendages[END_REF][START_REF] Lowe | Radical alterations in the roles of homeobox genes during echinoderm evolution[END_REF][START_REF] Lowe | Gene expression and larval evolution : changing roles of distalless and orthodenticle in echinoderm larvae[END_REF]. Finally, [START_REF] Adachi | Anteroposterior molecular registries in ectoderm of the echinus rudiment[END_REF] interpreted the interambulacral ectoderm as an evolutionary novelty of the echinoderm lineage, though it also expresses some of the transcription factors found in the hemichordate trunk ectoderm such as Pax2/5/8.

Regarding nervous system evolution per se, the ambulacral ectoderm of echinoderms is actually the seat of two distinct neural structures: the nerve net and the radial nerve cords [START_REF] Smith | The larval stages of the sea urchin, Strongylocentrotus purpuratus[END_REF]. So far, the expression of the genes studied in Peronella japonica has been reported as broadly distributed within the entire ambulacral ectoderm, and not just within the radial nerve cords. Thus, despite the modified body plan of adult echinoderms, the same core set of transcription factors depicted in chordates and hemichordates appears to be deployed as well in this phylum, and alike in hemichordate enteropneusts, to be linked to the epidermal ectoderm. Several interpretations can thus be drawn from these results. First, the broad ectodermal deployment of this conserved neurogenic regulatory core set cannot be seen as an oddity of enteropneusts, but should be considered instead as an ancestral condition of at least all ambulacrarians. Second, these findings further bring considerable support to the idea that the deuterostome ancestor had a diffuse nervous system, patterned in the whole ectoderm along the antero-posterior axis, by an ancestral regulatory scaffold equivalent to the currently observed neurogenic regulatory core set. Third, because the radial nerve cords arose in a "collar-like regulatory scaffold", they might indeed share a common origin with the collar cord of enteropneusts, but not necessarily with the chordate neural tube, given the dissimilarities discussed above. Alternatively, it is also possible that as development proceeds towards metamorphosis and adulthood, a reorganization of this neurogenic core set within the radial nerve cords may take place, which would greatly affect the aforementioned conclusions. As a matter of fact, such a gene expression shift has been reported for Otx in the sea urchin Holopneustes purpurescens [START_REF] Morris | Expression of an Otx gene in the adult rudiment and the developing central nervous system in the vestibula larva of the sea urchin Holopneustes purpurescens[END_REF]. Therefore, as for the previous hypotheses, the question of a homology between the ambulacrarian adult nerve nets and the chordate central nervous systems remains hence enigmatic and additional knowledge on both hemichordates and echinoderms must be acquired in order to enable its resolution. The ancestral nerve net hypothesis Schematic representation of the antero-posterior patterning of the nervous system in chordates, hemichordates and echinoderms according to the models proposed by [START_REF] Lowe | Anteroposterior patterning in hemichordates and the origins of the chordate nervous system[END_REF] and [START_REF] Adachi | Anteroposterior molecular registries in ectoderm of the echinus rudiment[END_REF]. The ancestral regulatory scaffold mediated the patterning of three distinct ectodermal regions. In chordates, this scaffold is restricted to the patterning of the neural tube. In hemichordates, it patterns the whole ectoderm in the three parts of the animal. In echinoderms (represented here as the oral side of Peronella japonica), only the anterior parts of the scaffold is deployed in the ambulacral ectoderm. Adapted from [START_REF] Lowe | The deuterostome context of chordate origins[END_REF][START_REF] Adachi | Anteroposterior molecular registries in ectoderm of the echinus rudiment[END_REF].

Box 2: Hox genes in echinoderms

The finding that Homeobox (Hox) genes are expressed in a conserved colinear pattern along the anteroposterior axis of several organisms as distantly-related as arthropods, annelids or chordates was undoubtedly one of the major discoveries in the field of evo-devo over the last three decades (e.g. [START_REF] Carroll | Homeotic genes and the evolution of arthropods and chordates[END_REF]. Consequently, the study of Hox genes in echinoderms has been a long-standing subject of scientific curiosity, as it may reveal how the ancestral antero-posterior axis may have been twisted into a pentaradial organization in the course of this phylum evolution.

Even before the investigation of Hox expression patterns in echinoderms, several hypotheses had been envisioned to account for the affinities between the pentaradial symmetry of adult echinoderms and the anteroposterior axis of other bilaterians. According to a first scheme proposed by [START_REF] Popodi | Evolution of body plans -using homeobox genes to examine the development of the radial CNS of echinoderms[END_REF], the ancestral antero-posterior axis could have been split in two with the ends remaining attached, inducing de facto a circular axis with a mirror expression of Hox genes alongside the ancestral bilateral symmetry plan. Another scenario proposed that the antero-posterior axis could have progressively been circularized in echinoderms, meaning that the five rays of the body would be five metameric structures arranged in a circular fashion [START_REF] Rozhnov | Symmetry of echinoderms: From initial bilaterally-asymmetric metamerism to pentaradiality[END_REF]. This idea was based on the fact that the left hydrocoel, which is distributed along the larval antero-posterior axis among the other coelomic compartments, is circularized during the development [START_REF] Hyman | The Invertebrates: Volume 4 (Echinodermata: The coelomate Bilateria)[END_REF]. According to this scenario, Hox genes would be collinearly expressed along a circular antero-posterior axis. Finally, a last and more influential scenario proposed that the ancestral antero-posterior axis could have been duplicated five times, making each echinoderm ambulacrum homologous to the chordate antero-posterior axis [START_REF] Minsuk | Axial patterning of the pentaradial adult echinoderm body plan[END_REF][START_REF] Morris | Early development of coelomic structures in an echinoderm larva and a similarity with coelomic structures in a chordate embryo[END_REF][START_REF] Byrne | Evolution of a pentameral body plan was not linked to translocation of anterior Hox genes: The echinoderm HOX cluster revisited[END_REF]. Consequently to this idea, the Hox genes would be expressed collinearly along each of the five rays of the animal. However, unfortunately for all these hypotheses, gene expression surveys conducted by now dismissed all these hypotheses and revealed a way more complicated picture.

So far, the clearest data set of Hox expression domains have been obtained in the irregular sand dollar Peronella japonica by [START_REF] Tsuchimoto | Hox expression in the direct-type developing sand dollar Peronella japonica[END_REF], and fits with previous observations carried out in the regular echinoids Strongylocentrotus purpuratus [START_REF] Arenas-Mena | Expression of the Hox gene complex in the indirect development of a sea urchin[END_REF]2000) and Holopneustes purpurascens [START_REF] Morris | Involvement of two Hox genes and Otx in echinoderm body-plan morphogenesis in the sea urchin Holopneustes purpurescens[END_REF]2014), the holothuroid Apostichopus japonicus [START_REF] Kikuchi | Patterning of anteroposterior body axis displayed in the expression of Hox genes in sea cucumber Apostichopus japonicus[END_REF] and the crinoid Metacrinus rotondus [START_REF] Hatschek | Expression patterns of Hox genes in larvae of the sea lily Metacrinus rotundus[END_REF]. These results indicate that in echinoderms the Hox genes can be divided into two groups based on their expression profile: a first group of posterior Hox comprising Hox7, Hox8, Hox9/10 and Hox11/13, which are collinearly expressed in the larval somatocoels, but not in the larval ectoderm [START_REF] Arenas-Mena | Spatial expression of Hox cluster genes in the ontogeny of a sea urchin[END_REF][START_REF] Hatschek | Expression patterns of Hox genes in larvae of the sea lily Metacrinus rotundus[END_REF][START_REF] Tsuchimoto | Hox expression in the direct-type developing sand dollar Peronella japonica[END_REF][START_REF] Kikuchi | Patterning of anteroposterior body axis displayed in the expression of Hox genes in sea cucumber Apostichopus japonicus[END_REF], and a second group comprising Hox1, Hox3, Hox5, and Hox11/13, which are recruited later during development, are expressed radially around the adult mouth, and contribute to the formation of structures such as the spines or the lantern [START_REF] Arenas-Mena | Expression of the Hox gene complex in the indirect development of a sea urchin[END_REF][START_REF] Morris | Involvement of two Hox genes and Otx in echinoderm body-plan morphogenesis in the sea urchin Holopneustes purpurescens[END_REF]2014;[START_REF] Tsuchimoto | Hox expression in the direct-type developing sand dollar Peronella japonica[END_REF]. Interestingly, Hox11/13 belong to both groups, even though a precise mapping of the expression of the different Hox11/13 orthologs remains to be done [START_REF] Tsuchimoto | Hox expression in the direct-type developing sand dollar Peronella japonica[END_REF]. Nonetheless, altogether, these results suggest that while some Hox might be involved in the antero-posterior patterning of the larval coeloms, others are probably co-opted for different functions during the subsequent development of the rudiment. This idea is further supported by the genomic organization of the Hox cluster in echinoderms. Indeed, genome sequencing in echinoids revealed that instead of being collinearly located along the 3' -5' axis of a chromosome as in chordates and arthropods, the anterior Hox are translocated in echinoids at the 5' end of the cluster [START_REF] Sodergren | Sea Urchin Genome Sequencing Consortium[END_REF][START_REF] Cameron | Unusual Gene Order and Organization of the Sea Urchin Hox Cluster[END_REF]. This conspicuous broken topology of the Hox cluster was interpreted as a potential explanation for the development of the derived pentaradial body plan of echinoderms [START_REF] Mooi | Radial Symmetry, the Anterior/Posterior Axis, and Echinoderm Hox Genes[END_REF][START_REF] David | How Hox genes can shed light on the place of echinoderms among the deuterostomes[END_REF]. However, the recent identification of an intact Hox cluster in the crown-of-thorns sea star Acanthaster planci [START_REF] Baughman | Genomic organization of Hox and ParaHox clusters in the echinoderm, Acanthaster planci[END_REF] rendered this hypothesis questionable and rather indicated that the Hox may have simply been co-opted for adult body plan patterning and have lost their ancestral collinearity in both their domains of expression and their genomic organization. Nonetheless, a considerable work is still needed to comprehensively depict the expression pattern of the full Hox repertoire in the diverse echinoderm classes, and to identify the putative ontogenic functions of these genes. Meanwhile, the evolution of the role of the Hox genes and their potential implication in the acquisition of the pentaradiality within echinoderms remain largely unclear. 
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Figure caption

(A) Chromosomic arrangement of the Hox cluster in cephalochordates, hemichordates, asteroids and echinoids. Genetic colinearity is respected in cephalochordates, hemichordates and asteroids but not in echinoids where the anterior Hox1, 2 and 3 are translocated toward the 5' end of the chromosome. Vignettes are from Phylopic (www.phylopic.org). Adapted from [START_REF] Byrne | Evolution of a pentameral body plan was not linked to translocation of anterior Hox genes: The echinoderm HOX cluster revisited[END_REF]. (B) Three hypotheses were envisioned for the putative Hox expression in pentaradial echinoderms: mirror expression of Hox genes along the ancestral antero-posterior axis [START_REF] Popodi | Evolution of body plans -using homeobox genes to examine the development of the radial CNS of echinoderms[END_REF]; circularization of the ancestral antero-posterior axis and of the Hox genes expression [START_REF] Rozhnov | Symmetry of echinoderms: From initial bilaterally-asymmetric metamerism to pentaradiality[END_REF]; fivefold duplication of the ancestral antero-posterior axis, with a colinear Hox expression along each of the five rays [START_REF] Byrne | Evolution of a pentameral body plan was not linked to translocation of anterior Hox genes: The echinoderm HOX cluster revisited[END_REF]. (C) Observed expression domains in Peronella japonica larval coeloms and rudiment [START_REF] Tsuchimoto | Hox expression in the direct-type developing sand dollar Peronella japonica[END_REF]. Note that the apparent bilateral symmetry is a secondary acquisition of irregular echinoids.

Nervous system evolution in deuterostomes: conclusion and perspectives

So far, I have tried to draw a comprehensive view of the most widely accepted theories in regard to nervous system evolution in deuterostomes. I provided a comparative framework for nervous system homologies confronting knowledge acquired in chordates and ambulacrarians and reporting on shared and divergent traits based on structural anatomy, molecular regionalization and neurophysiological functions. Overall, the emerging picture from this analysis is that despite the large interest of the evo-devo community for this topic, we are still fundamentally groping for additional insights that will either firmly establish or steadily refute homologies between the chordate central nervous systems and the ambulacrarian larval neural structures, adult nerve cords or basiepidermal nerve nets. Towards this direction, I showed that data from adult echinoderms would be informative and must be integrated to this framework, rather than being ignored simply on the basis of their pentaradial symmetry, as it has often been the case in previous reports. I truly believe that sustaining the effort in thoroughly investigating the anatomy, neurophysiology, and molecular patterning of both larval and adult echinoderms as well as hemichordates will tremendously be helpful and ultimately lead to resolve the long-standing debated question of the evolution of deuterostome nervous systems.

As of today, gaining knowledge on the ambulacrarian nervous system anatomies, compared to what has already been done, appears challenging, as new techniques are not necessarily yet available. Likewise, the few neurophysiological studies performed over the last decades taught us how much investigating this aspect of ambulacrarian nervous systems remains largely arduous (e.g. [START_REF] Pickens | Conduction along the ventral nerve cord of a hemichordate worm[END_REF][START_REF] Cameron | Conduction pathways in the nervous system of Saccoglossus sp. (Enteropneusta)[END_REF][START_REF] Bullock | Comparative aspects of superficial conduction systems in echinoids and asteroids[END_REF][START_REF] Pentreath | Neurobiology of echinodermata[END_REF]. By contrast, investigating the nature of the molecular mechanisms that pattern the ambulacrarian nervous systems, either larval or adult, appear much more achievable. In this context, some surveys have already revealed critical features, but unfortunately only a couple of hemichordate and echinoderm species have been investigated so far. Most of the work on hemichordates has indeed been carried out on the harrimaniid enteropneust Saccoglossus kowalevskii, while by comparison studies on spengelid and ptychoderid enteropneusts remains sparse and those on pterobranchs almost non-existent. Similarly, in echinoderms, much of the molecular knowledge on adult nervous systems has only been provided by the study of two classes, the holothuroids and the echinoids. In the latter case, the predominant use of the irregular sand dollar species Peronella japonica holds some limitations, as it is known that the rudiment formation in this species exhibits highly derived features [START_REF] Tsuchimoto | Unusual coelom formation in the direct-type developing sand dollar Peronella japonica[END_REF]. Therefore, a better species sampling is also required for echinoids. In addition, asteroids and crinoids exhibit an adult nervous system that is anatomically different than those of the other echinoderm classes, as it comprises basiepidermal nerve cords [START_REF] Smith | The larval stages of the sea urchin, Strongylocentrotus purpuratus[END_REF]. Thus, providing molecular characterizations of the asteroids and/or crinoids nervous systems as well should not be neglected. It will considerably participate in unraveling the architecture of the nervous system of the last deuterostome ancestor.

For all ambulacrarian classes, it would be interesting to establish whether or not the BMP signaling pathway is involved in establishing their related nerve cords as it does in chordates but not in the enteropneust Saccoglossus kowalevskii. As of today, further knowledge concerning this pathway is limited to echinoids in which BMP2/4 signaling participates in positioning the larval ciliary bands [START_REF] Duboc | Nodal and BMP2/4 signaling organizes the oralaboral axis of the sea urchin embryo[END_REF], and is later expressed in the vestibule ectoderm and then in the hydrocoel of the rudiment [START_REF] Koop | Nodal and BMP expression during the transition to pentamery in the sea urchin Heliocidaris erythrogramma: insights into patterning the enigmatic echinoderm body plan[END_REF]). Yet, its potential role in adult neural induction in these animals has not been investigated so far. Comparatively, the Hedgehog signaling pathway has also been determined to play a key role in chordates neurulation as well as later in both antero-posterior and dorso-ventral patterning of their developing neural tubes [START_REF] Dessaud | Pattern formation in the vertebrate neural tube: a sonic hedgehog morphogen-regulated transcriptional network[END_REF]. In Saccoglossus kowalevskii, Hedgehog signaling has been shown to be involved, early on in development, in regulating the antero-posterior patterning of the ectoderm [START_REF] Pani | Ancient deuterostome origins of vertebrate brain signalling centres[END_REF] and it has been suggested in Balanoglossus simodensis to act as an organizer of the collar cord [START_REF] Miyamoto | Hemichordate neurulation and the origin of the neural tube[END_REF]. However, whether this pathway truly fulfills this latter function in enteropneusts remains unknown, as well as whether it might be involved later in defining the anteroposterior and dorso-ventral pattern of the nerve cords. Similarly, in echinoderms, Hedgehog has been shown to be expressed in the ambulacral ectoderm of the sand dollar Peronella japonica, but its role in this territory remains unknown [START_REF] Adachi | Anteroposterior molecular registries in ectoderm of the echinus rudiment[END_REF].

Lastly, it would also be highly informative to investigate in more details the expression profiles of the transcription factors acting downstream of the Hedgehog and the BMP pathways, especially those involved in dorso-ventral patterning. Indeed, the study of the medio-lateral patterning transcription factors has already been shown to be critical in evaluating the conservation of neural structures in protostomes and chordates [START_REF] Arendt | Animal Evolution: Convergent Nerve Cords?[END_REF][START_REF] Martín-Durán | Convergent evolution of bilaterian nerve cords[END_REF]; see above). In ambulacrarians, an attempt was made in the enteropneust Balanoglossus simodensis by [START_REF] Miyamoto | Hemichordate neurulation and the origin of the neural tube[END_REF], however only a few genes were analyzed. The situation is similar in echinoderms, in which the expression domains of some of these transcription factors such as Pax6 or Msx have been investigated during the development of the rudiment of the direct-developing sea urchin Eliocidaris erythrogramma [START_REF] Koop | Nodal and BMP expression during the transition to pentamery in the sea urchin Heliocidaris erythrogramma: insights into patterning the enigmatic echinoderm body plan[END_REF][START_REF] Byrne | Expression of genes and proteins of the pax-six-eya-dach network in the metamorphic sea urchin: Insights into development of the enigmatic echinoderm body plan and sensory structures[END_REF], although their detailed expression along the oral-aboral axis of the radial nerve cords remains unknown. Therefore, a detailed analysis of the expression domains of Pax6, Pax2/5/8, Nkx6, and Msx in the collar cord and the radial nerve cords of more ambulacrarian species is sorely needed.

In sum, in order to resolve the thorny question of the evolution of deuterostome nervous systems, sole a more comprehensive view of the molecular programs that control the ambulacrarian adult nervous systems development appears as the likely solution; a view that should even contribute more largely to pinch off whether or not the central nervous systems observed in distinct bilaterian phyla may have arisen from a single ancestral centralized nervous system.

Introduction

Sea urchin embryos have been a major subject of interest for cellular and developmental biologists since the first half of the XIXth century, when the first in vitro fertilizations and descriptions of early embryogenesis were published (Derbès, 1847;[START_REF] Baer | Auszug aus einem Berichte des Akademikers v. Baer, aus Triest[END_REF]. Since then, sea urchins arose as one of the top tier biological model system for the study of the mechanisms regulating embryogenesis, to the extent that Hinegardner stated in 1969 that more was known about the development of echinoids than any other animals [START_REF] Hinegardner | Growth and development of the laboratory cultured sea urchin[END_REF]. This scientific interest for sea urchin development was due primarily to technical reasons. Indeed, sea urchins of various species are available on almost any shorelines. They produce large number of eggs that can easily be collected, fertilized in vitro, and raised synchronously through the first steps of embryogenesis. The embryos are transparent and can withstand microchirurgical experiments and microinjections, thereby facilitating microscopy analyses as well as a wide range of biological experimental assays. Owing to these advantages, major discoveries on cell division and morphogenesis have accumulated throughout the course of the XXth century thanks to studies on sea urchins (e.g. [START_REF] Boveri | Uber mehrpolige mitosen als mittle zur mnalyse des zellkerns[END_REF]Horstadius, 1939;[START_REF] Mazia | The isolation and biochemical characterization of the mitotic apparatus of dividing cells[END_REF]; see also reviews by [START_REF] Okazaki | Normal development to metamorphosis[END_REF][START_REF] Davidson | Specification of cell fate in the sea urchin embryo: summary and some proposed mechanisms[END_REF]. More recently, the rise of molecular biology also greatly benefited to sea urchin embryology, with most notably high-impact studies on cell cycle progression and gene regulation [START_REF] Evans | Cyclin: a protein specified by maternal mRNA in sea urchin eggs that is destroyed at each cleavage division[END_REF][START_REF] Davidson | A Genomic Regulatory Network for Development[END_REF][START_REF] Davidson | Gene regulatory networks and the evolution of animal body plans[END_REF][START_REF] Saudemont | Ancestral regulatory circuits governing ectoderm patterning downstream of nodal and BMP2/4 revealed by gene regulatory network analysis in an echinoderm[END_REF]Peter & Davidson, 2011a;[START_REF] Peter | Evolution of gene regulatory networks controlling body plan development[END_REF]. This picture must be tempered, however, by some experimental limitations holding to the biological characteristics of sea urchins. Indeed, these animals typically display a biphasic life-cycle, with a larval stage called the pluteus that follows embryonic development, and which gives rise after a drastic metamorphosis to juveniles. In sea urchins, the metamorphosis requires the growth of imaginal adult structures on the left side of the larvae. These adult structures form within a vesicle called the rudiment. Once the rudiment has reached a sufficient size, the larva becomes competent (typically between 20 and 30 days post-fertilization) and can undergo metamorphosis if adequate environmental cues are present. While the process of culturing embryos is somehow easy and mastered since the XIXth century, rearing larvae through metamorphosis and then juveniles up to the acquisition of sexual maturity are far more delicate tasks, which depend on tightly controlled physical, chemical and nutritional parameters. Because of these difficulties and their relatively long life cycles, it was already assumed almost 50 years ago that the challenge raised by achieving complete life cycles in a laboratory environment could reveal detrimental to the use of sea urchins as biological models [START_REF] Hinegardner | Growth and development of the laboratory cultured sea urchin[END_REF]. As a matter of fact, the difficulties in generating stable sea urchin strains have progressively provoked its relegation to a second place, while top tier model systems in developmental biology became in the last decades "genetic models", such as the mouse Mus musculus, the fruit fly Drosophila melanogaster or the nematode worm Caenorhabditis elegans [START_REF] Jarvela | Evo-devo: discovery of diverse mechanisms regulating development[END_REF]. In addition, while the embryonic development of sea urchins has been dissected in exquisite details at the anatomical and molecular levels, the difficulties in rearing larvae to late stages have traditionally prevented the study of many important biological aspects in these animals, such as the mechanisms controlling the formation of their pentaradial body plan, or the hormonal control of their metamorphosis [START_REF] Lowe | Rearing larvae of sea urchins and sea stars for developmental studies[END_REF]Heyland & Hodin, 2014).

In an effort to overcome these issues, a series of attempts to improve the husbandry protocols of sea urchins, to shorten the time needed to complete their life cycle and to promote the establishment of stable strains was initiated since the second half of the XXth century [START_REF] Hinegardner | Growth and development of the laboratory cultured sea urchin[END_REF]. Most of these attempts have dealt with technical aspects such as handling and feeding of the larval cultures in various "classical" species such as Lytechinus pictus, Lytechinus variegatus, or Strongylocentrotus purpuratus (e.g. [START_REF] Cameron | Initiation of metamorphosis in laboratory cultured sea urchins[END_REF][START_REF] Leahy | Laboratory culture of Strongylocentrotus purpuratus adults, embryos, and larvae[END_REF][START_REF] Lowe | Rearing larvae of sea urchins and sea stars for developmental studies[END_REF]; see also reviews by [START_REF] Wray | Culture of echinoderm larvae through metamorphosis[END_REF][START_REF] Hodin | Culturing echinoderm larvae through metamorphosis[END_REF]. Alternatively, some authors have favored the use of other species with shorter life cycles, such as Temnopleurus reveesi [START_REF] Yaguchi | Temnopleurus as an emerging echinoderm model[END_REF], or with abbreviated larval phase (i.e. direct-developing species) such as Heliocidaris erythrogramma [START_REF] Raff | Direct-developing sea urchins and the evolutionary reorganization of early development[END_REF] or Peronella japonica [START_REF] Okazaki | The metamorphosis of partial larvae of Peronella japonica Mortensen, a sand dollar[END_REF]. Nonetheless, the use of these species also suffer from major drawbacks. Some are limited by their geographical availability, while others are impaired by difficulties to adapt to their high yolk content eggs basic biological assays. A contrario, the husbandry methods for some "classical" species such as the mediterranean sea urchin Paracentrotus lividus (have benefited from a renewed interest due to the commercial use of their gonads as edible delicacies.

Due to the high market demand for gonads, natural populations of edible sea urchins are exposed to over fishing in many coastal areas, resulting often in a sharp decline in the abundance of wild stocks [START_REF] Barnes | Quantifying behavioural determinants of the coastal European sea-urchin Paracentrotus lividus[END_REF][START_REF] Pais | The impact of commercial and recreational harvesting for Paracentrotus lividus on shallow rocky reef sea urchin communities in North-western Sardinia, Italy[END_REF][START_REF] Addis | A geostatistical approach for the stock assessment of the edible sea urchin, Paracentrotus lividus, in four coastal zones of Southern and West Sardinia (SW Italy, Mediterranean Sea)[END_REF]Boudouresque & Verlaque 2013). This threat has consequently attracted the interest of many fisheries, prompting research to optimize industrial-scale culture of this species. Through this ongoing research, it has been well documented that the bottlenecks in echiniculture are the transition from the larval to the juvenile stage, because metamorphosis rate can be low, and the transition from post-metamorphosis to gravid adult, as a high mortality is observed in young juveniles [START_REF] Gosselin | Induction of metamorphosis in Paracentrotus lividus larvae (Echinodermata, Echinoidea)[END_REF][START_REF] Grosjean | Land based closed cycle echiniculture of Paracentrotus lividus Lamarck (Echinodermata: Echinoidea): a long term experiment at a pilot scale[END_REF][START_REF] Buitrago | Mass production of competent larvae of the sea urchin Lytechinus variegatus (Echinodermata: Echinoidea)[END_REF]. Interestingly, it has also been shown that maximizing the fitness of the pluteus larvae is critical to improve metamorphosis rates and increase juvenile survival [START_REF] Hart | Functional consequences of phenotypic plasticity in echinoid larvae[END_REF][START_REF] Meidel | Relative importance of parental and larval nutrition on larval development and metamorphosis of the sea urchin Strongylocentrotus droebachiensis[END_REF][START_REF] Liu | The effect of diet type on growth and fatty-acid composition of sea urchin larvae, I. Paracentrotus lividus (Lamarck, 1816)(Echinodermata)[END_REF].

Towards this goal, a tight control of the physico-chemical parameters is critical. It has indeed been well documented by now that echinoderm larvae are particularly delicate and require to keep the larvae at a low concentration, in high-quality sea water, and with adequate oxygenation (see [START_REF] Lowe | Rearing larvae of sea urchins and sea stars for developmental studies[END_REF][START_REF] Hodin | Culturing echinoderm larvae through metamorphosis[END_REF]. The impact of microalgal diet qualities and quantities on the growth and fitness of the planktotrophic echinoderm larvae has also been reported in numerous studies (e.g [START_REF] Strathmann | Heterochronic developmental plasticity in larval sea urchins and its implications for evolution of nonfeeding larvae[END_REF][START_REF] Pedrotti | Effects of food diet on the survival, development and growth rates of two cultured echinoplutei (Paracentrotus lividus and Arbacia lixula)[END_REF][START_REF] Hart | Functional consequences of phenotypic plasticity in echinoid larvae[END_REF]. The choice of adequate diets for larval feeding is hence critical. All the different species of microalgae commonly used for aquaculture have been shown to possess different nutritive contents and to be more or less valuable as part of a food diet (e.g. [START_REF] Carboni | Effects of dietary microalgae on growth, survival and fatty acid composition of sea urchin Paracentrotus lividus throughout larval development[END_REF][START_REF] Qi | The effects of 3 different microalgae species on the growth, metamorphosis and MYP gene expression of two sea urchins, Strongylocentrotus intermedius and S. nudus[END_REF]. It has also been shown that feeding echinoderm larvae with a mixture of different microalgae, which mimics the natural planktonic diet of the larvae and provides a large range of nutritional content usually results in better larval fitness than monospecific diets [START_REF] Basch | Effects of algal and larval densities on development and survival of asteroid larvae[END_REF][START_REF] Cárcamo | Larval development and metamorphosis in the sea urchin Loxechinus albus (Echinodermata: Echinoidea): effects of diet type and feeding frequency[END_REF]. However depending on the species used in the diets, different outcomes are obtained. For instance, for the mediterranean sea urchin P. lividus, several studies have proposed different optimal diets containing different mix of microalgae. [START_REF] Brundu | Effects of larval diet and metamorphosis cue on survival and growth of sea urchin post-larvae (Paracentrotus lividus; Lamarck, 1816)[END_REF] obtained a better larval fitness using a mix of Dunaliella tertiolecta and Chaetoceros gracilis, while Castilla- [START_REF] Castilla-Gavilán | Optimising microalgae diets in sea urchin Paracentrotus lividus larviculture to promote aquaculture diversification[END_REF] obtained a better fitness using D. tertiolecta mixed with Tisochrysis lutea and Rhodomonas salina. On the other hand, [START_REF] Pedrotti | Effects of food diet on the survival, development and growth rates of two cultured echinoplutei (Paracentrotus lividus and Arbacia lixula)[END_REF] and [START_REF] Carboni | Effects of dietary microalgae on growth, survival and fatty acid composition of sea urchin Paracentrotus lividus throughout larval development[END_REF] obtained the best larval fitness by using a monospecfic diet of Chrysotila elongata. This picture is complicated further by the use of different sea urchins species. For instance, Schiopu & Georges (2004) reported that a mix of the microalgae D. tertiolecta and T. lutea is better for the larval fitness of Mellita isometra than D. tertiolecta or T. lutea alone, while [START_REF] Brundu | Effects of larval diet and metamorphosis cue on survival and growth of sea urchin post-larvae (Paracentrotus lividus; Lamarck, 1816)[END_REF] concluded than D. tertiolecta alone was a better diet than mixed with T. lutea for the larval fitness of P. lividus.

The impact of food rations has also been investigated by a series of papers. Negative effects on larval fitness have indeed been demonstrated to be produced by both exceedingly low and high food rations, which results in diet deficiency or water quality decay, respectively [START_REF] Boidron-Metairon | Morphological plasticity in laboratory-reared echinoplutei of Dendraster excentricus (Eschscholtz) and Lytechinus variegatus (Lamarck) in response to food conditions[END_REF][START_REF] Strathmann | Heterochronic developmental plasticity in larval sea urchins and its implications for evolution of nonfeeding larvae[END_REF][START_REF] Fenaux | Five tests of food-limited growth of larvae in coastal waters by comparisons of rates of development and form of echinoplutei[END_REF][START_REF] Kelly | Morphology and survivorship of larval Psammechinus miliaris (Gmelin)(Echinodermata: Echinoidea) in response to varying food quantity and quality[END_REF][START_REF] Sewell | Developmental plasticity in larval development in the echinometrid sea urchin Evechinus chloroticus with varying food ration[END_REF][START_REF] Azad | Effects of diet and temperature on ingestion, absorption, assimilation, gonad yield, and gonad quality of the purple sea urchin (Strongylocentrotus purpuratus)[END_REF]. Likewise, variable food supplies designed to maintain constant food concentrations in the culture vessels were tested by [START_REF] Brundu | Effects of on-demand feeding on sea urchin larvae (Paracentrotus lividus; Lamarck, 1816), development, survival and microalgae utilization[END_REF] and resulted in a better larval fitness than using a typical fixed food supply. However, these results have not been reproduced since then using alternative microalgal diets.

Thus, despite all the efforts undertaken in echiniculture so far, it is still difficult, when comparing the different available datasets, to establish which diet should be preferentially used to obtain optimal larval cultures. In the context of developmental studies, an optimal protocol for larval husbandry should (1) allows the fastest larval development;

(2) keeps a high synchronicity between larvae, and (3) results in the highest number of larvae undergoing metamorphosis. In this study, we hence assessed several microalgal diets and food rations in order to optimize cultures of P. lividus larvae. Our results indicate that out of the microalgae diets we tested, the best condition is likely to rely on the concomitant use of the two microalgae Dunaliella salina and Rhodomonas salina. In addition, we determined that delivery of variable supply is not necessary. Altogether, we provide the description of a first attempt towards delivering an optimized and simple laboratory husbandry protocol for P. lividus echiniculture, which will certainly allow its use in the future to study late developmental steps in sea urchins as well as a genetic model.

Material and Methods

Sea water

The seawater (FSW) used for algal, embryos, and larvae cultures was collected at "point B" (43°41 N 07°19 E) in the bay of Villefranche-sur-Mer (France), at a depth of 20 m, and was filtered using a 0.2 µm mesh. When needed, the salinity was adjusted to 38‰.

Animal collection and husbandry

Adults Paracentrotus lividus used in this study were collected in the bay of Villefranche-sur-Mer (France) during the gravid season (between April and July). They were kept in circulating seawater tanks at 16°C and were fed three times a week with fresh macroalgae also collected in the bay.

Microalgae cultures

Batches of Chaetoceros gracilis (Diatom) (strain UTEX2658), Dunaliella salina (Chlorophyte) (strain MCCV19/18), Tisocrhysis lutea (Haptophyte) (strain CCAP927.14) and Rhodomonas salina (Cryptophyte) (strain CCMR1319) were cultured at 20±1°C in autoclaved FSW containing F/2 medium [START_REF] Guillard | Culture of phytoplankton for feeding marine invertebrates[END_REF] for D. salina or Conway medium [START_REF] Tompkins | Catalogue of strains. Culture Collection of Algae and Protozoa[END_REF] for C. gracilis, T. lutea and R. salina. For C. gracilis, Conway medium was specifically supplemented with silicon. Algal cultures were kept under full-spectrum permanent lights (1660µE/ m²/s) with gentle stirring and oxygenation. Algae were grown for at least one week before being used to feed the larval cultures. This approach was employed to reach high concentrations of algae and allow the algae to consume all culture media, which may be toxic for the larvae. Culture media are indeed assumed to be entirely consumed by the algae by the end of their exponential growth phase [START_REF] Pétinay | Standardisation du développement larvaire de l'oursin, Paracentrotus lividus, pour l'évaluation de la qualité d'une eau de mer[END_REF]Gambardella et al., 2014). Algal concentration was measured using a liquid particle counter (HIAC, Royco 9703, Pacific Scientific Instruments). Algae cultures were typically concentrated at 8.10 5 cells/mL for D. salina and R. salina and 10 7 cells/mL for C. gracilis and T. lutea when used to feed the larvae.

Gamete collection and fertilization

Sea urchin eggs and sperm were collected by dissecting the gonads of ripe adult individuals. For fertilization, a drop of concentrated sperm was diluted in FSW and then mixed with the eggs under constant stirring. The fertilization rate was monitored under a binocular microscope, as the vitelline envelope becomes visible around the oocytes of successfully fertilized eggs within seconds. The fertilization rate of the sea urchin eggs used in this study was always superior to 95%, and the fertilization of all eggs was always synchronous. Following fertilization, the eggs were rinsed twice to get rid of the excess of sperm.

Embryos and larval rearing

Embryos and larvae were cultured in FSW at 19±1°C in large 5L beakers, under constant stirring (Fig. 23A). Embryos were initially cultured at a density of 100 embryos per mL, and the concentration was adjusted to 1 larva per mL at 48 hours post fertilization (hpf ). Starting at 48hpf, two thirds of the water was changed every Monday, Wednesday and Friday. Water changes were performed using a large PVC tube covered on one end by a 100µm nylon mesh. The tube was gently immersed into the culture beaker and the water inside of the PVC tube was aspirated using a vacuum pump. Keeping the flow of the vacuum pump as slow as possible is critical to prevent aggregation of the larvae on the nylon mesh. Following each water change, larvae were fed using either variable or fixed amount of microalgae.

Microalgae diets

Mixes of freshly grown cultures were used. These mixes were composed of either 1:2:1 C. gracilis, D. salina and T. lutea (i.e. diet CDT), 1:1 C. gracilis and D. salina (i.e. diet CD), 1:1 C. gracilis and T. lutea (i.e. diet CT), or 1:1 R. salina and D. salina (i.e. diet RD) (Fig. 23B). For every diet a total of 8.000 cells per mL was used to feed the larvae from day 2 (48hpf ) to day 12. Then a total of 16.000 cells per mL were employed from day 13 up to metamorphosis. These algal quantities were chosen based on [START_REF] Brundu | Effects of on-demand feeding on sea urchin larvae (Paracentrotus lividus; Lamarck, 1816), development, survival and microalgae utilization[END_REF]. When needed, measure of the residual concentration of algae present in the larval cultures was performed using a HIAC. This was done either prior to water change to estimate algal consumption by the larvae, or following water change to determine the precise volume of algae to be added to maintain the food ration (Fig. 23C).

Larval fitness and synchronocity

Larval fitness and synchronicity were assessed once a week, every week, by sampling larval development and metamorphosis rates. We chose not to measure the arm length, which, although widely used in various studies, is a character that is well documented to be correlated with the food availability and to be independent of the developmental trajectory of the larva [START_REF] Strathmann | Heterochronic developmental plasticity in larval sea urchins and its implications for evolution of nonfeeding larvae[END_REF][START_REF] Fenaux | Five tests of food-limited growth of larvae in coastal waters by comparisons of rates of development and form of echinoplutei[END_REF][START_REF] Liu | The effect of diet type on growth and fatty-acid composition of sea urchin larvae, I. Paracentrotus lividus (Lamarck, 1816)(Echinodermata)[END_REF]. At first, cohorts of 10 larvae were analyzed to establish the rate of larvae having reached 4-arm, 6-arm and/or 8-arm pluteus stage within the cultures, as well as when present the size of the rudiments. To evaluate the metamorphosis rate, cohorts of 50 competent larvae were exposed to dibromomethane (DBM) at a final concentration of 700µg/mL. The DBM was diluted in FSW in a glass beaker prior to be added. The rate was then measured one hour after induction using a binocular microscope. Throughout, we also tried to estimate larval survival, another key value in assessing larval fitness. However none of the approaches we used so far provided us with satisfactory results. Concentration in algal cultures and residual concentration in culture vessels were measured through the use of a liquid particle counter (HIAC). A specific volume of each microalgae cultures was then calculated and added to the culture vessel to maintain or deliver a final concentration of 8.000 or 16.000 cells/mL according to the ongoing experiment.

Results and discussion

Effects of distinct microalgae on Paracentrotus lividus larvae

The benefit of three different microalgae on P. lividus larval fitness was assessed. We always tested these benefits in the context of microalgae mixtures to be in optimal conditions. These microalgae were chosen based on their common use in marine animal facility and in previous work on P. lividus echiniculture [START_REF] Carboni | Effects of dietary microalgae on growth, survival and fatty acid composition of sea urchin Paracentrotus lividus throughout larval development[END_REF][START_REF] Brundu | Effects of larval diet and metamorphosis cue on survival and growth of sea urchin post-larvae (Paracentrotus lividus; Lamarck, 1816)[END_REF]Castila-Gavilán et al., 2018). The first microalgae tested was T. lutea for which we compared the larval fitness through the use of the following two microalgae mixtures: CDT (1:2:1 C. gracilis, D. salina and T. lutea) and CD (1:1 C. gracilis and D. salina (Fig. 24). In both conditions, larval development and rudiment growth rates were relatively similar and both presented a high synchronicity, as shown by the low dispersion of the measures (Fig. 24A,A',B,B'). Furthermore, no difference was observed on metamorphosis rates (Fig. 24C,C'). Both conditions yielded extremely high amount of viable postlarval juveniles. Thus, from these observations, it appears that the use of T. lutea in addition to C. gracilis and D. salina did not improve P. lividus larval fitness. This conclusion is in agreement with several previous reports that indicated that T. lutea is relatively poor in nutrients. Its low fatty acid content has for instance been hypothesized to limit larval growth in monospecific diets [START_REF] Pedrotti | Effects of food diet on the survival, development and growth rates of two cultured echinoplutei (Paracentrotus lividus and Arbacia lixula)[END_REF], an idea that has been corroborated by a number of echiniculture studies [START_REF] Hinegardner | Growth and development of the laboratory cultured sea urchin[END_REF][START_REF] Fenaux | Sensitivity of different morphological stages of the larva of Paracentrotus lividus (Lamarck) to quantity and quality of food[END_REF]; Pedrotti [START_REF] Pedrotti | Effects of food diet on the survival, development and growth rates of two cultured echinoplutei (Paracentrotus lividus and Arbacia lixula)[END_REF][START_REF] Schiopu | Diet and salinity effects on larval growth and development of the sand dollar Mellita isometra[END_REF][START_REF] Brundu | Effects of on-demand feeding on sea urchin larvae (Paracentrotus lividus; Lamarck, 1816), development, survival and microalgae utilization[END_REF][START_REF] Castilla-Gavilán | Optimising microalgae diets in sea urchin Paracentrotus lividus larviculture to promote aquaculture diversification[END_REF][START_REF] Qi | The effects of 3 different microalgae species on the growth, metamorphosis and MYP gene expression of two sea urchins, Strongylocentrotus intermedius and S. nudus[END_REF]. Given our results, T. lutea hence appears neither primary nor essential for rearing P. lividus larvae, despite being widely used in larval aquaculture of various marine invertebrates.

Second, we tested the benefit of D. salina on P. lividus larval growth. For this, we compared CDT (1:2:1 C. gracilis, D. salina and T. lutea) and CT (1:1 C. gracilis and T. lutea) diets (Fig. 25). Interestingly, by comparison to larvae raised under the CDT diet, we observed that those fed with the CT diet developed more slowly (Fig. 25A,A') and had not developed a rudiment even up to 19 days post-fertilization when the CDT fed larvae have already reached competence (Fig. 25B,B'). The synchronicity of the culture remained high in both conditions. As no rudiment was formed in CT fed larvae, these larvae unsurprisingly failed to undergo metamorphosis, while once again more than 90% of the larvae fed with the CDT diet gave rise to postlarval juveniles (Fig. 25C,C'). Thus, the presence of D. salina in the microalgae mixture appears critical to improve the larval fitness, at least in the context of a combination with C. gracilis and T. lutea. Interestingly, the use of another species of microalgae of the genus Dunaliella, i.e. Dunaliella tertiolecta, had already been reported as a valuable nutritional source for P. lividus larval cultures, whether used as a monospecific diet or in mixed diets. However, although D. tertiolecta is undoubtedly the most used microalgae in larval echinicultures, its benefits on larval fitness remain controversial. For instance, while [START_REF] Kelly | Morphology and survivorship of larval Psammechinus miliaris (Gmelin)(Echinodermata: Echinoidea) in response to varying food quantity and quality[END_REF] and [START_REF] Jimmy | The effect of diet type and quantity on the development of common sea urchin larvae Echinus esculentus[END_REF] obtained better larval fitness with monospecific Here, we hence report that another Dunaliella species, D. salina, constituted in our experiments a valuable nutritional source for P. lividus larval echiniculture at least when complemented with C. gracilis and T. lutea. Additional experiments will now be required to evaluate its potential benefits when used as a monospecific diet or in combination with other microalgae.

In Castilla- [START_REF] Castilla-Gavilán | Optimising microalgae diets in sea urchin Paracentrotus lividus larviculture to promote aquaculture diversification[END_REF] relatively good larval fitness were obtained when D. tertiolecta was associated with another microalgae i.e. Rhodomonas sp. We next compared the CDT (1:2:1 C. gracilis, D. salina and T. lutea) and the RD (1:1 Rhodomonas salina and D. salina) diets on P. lividus echinicultures (Fig. 26). Strikingly, larvae fed with RD diet developed faster than those fed with CDT diet (Fig. 26A,A',B,B'). About 60% of RD diet larvae had already reached the 6-arm stage by day 7 instead of 28% of the CDT diet larvae. In addition, by day 9 already all RD larvae exhibited a rudiment that was already about 150µm in diameter, while CDT larvae displayed small to no rudiments. Overall, the synchronicity of the cultures remained high in both conditions. By day 19, larvae fed with RD diet also yielded a slightly better metamorphosis rate than the larvae fed with the CDT diet (Fig. 26C,C'). Thus, R. salina appears a valuable microalgae for P. lividus larval culture. In the context of a mixed diet it is at least a more optimal complement for D. salina than C. gracilis and T. lutea. R. salina and D. salina used together indeed allowed to obtain faster and more synchronous cultures than the CDT diet. This conclusion meets empirical observations [START_REF] Hinegardner | Growth and development of the laboratory cultured sea urchin[END_REF][START_REF] Leahy | Laboratory culture of Strongylocentrotus purpuratus adults, embryos, and larvae[END_REF][START_REF] Lowe | Rearing larvae of sea urchins and sea stars for developmental studies[END_REF] and biochemical analyses which revealed the benefit of R. salina based diets for larval culture of echinoids [START_REF] Schiopu | Ingestion rates and dietary lipids affect growth and fatty acid composition of Dendraster excentricus larvae[END_REF][START_REF] Castilla-Gavilán | Optimising microalgae diets in sea urchin Paracentrotus lividus larviculture to promote aquaculture diversification[END_REF] and other echinoderms [START_REF] Basch | Effects of algal and larval densities on development and survival of asteroid larvae[END_REF]. According to Castilla- [START_REF] Castilla-Gavilán | Optimising microalgae diets in sea urchin Paracentrotus lividus larviculture to promote aquaculture diversification[END_REF], the success of R. salina for larval cultures relies on its high carbohydrate content, a hypothesis that is supported by observations made on larval growth in the Pacific oyster Crassostrea gigas [START_REF] Brown | The nutritional value of four Australian microalgal strains fed to Pacific oyster Crassostrea gigas[END_REF]. Castilla-Gavilán et al. ( 2018) observed high lipid content in larvae and hypothesized that the growth of the larvae might be correlated with the rate of carbohydrates ingested. Indeed, lipids can be synthesized through carbohydrates and have been proposed as an indicator of good physiological condition and the capacity for successful metamorphosis [START_REF] Gallager | Lipid as an index of growth and viability in three species of bivalve larvae[END_REF]. Altogether, our data therefore indicate that a RD diet should be preferred over any of the other diets that we have been tested in this study.

Effects of variable versus fixed food supply on Paracentrotus lividus larvae

Next, we compared the benefit of variable food supply with fixed food supply (Fig. 27). In other words, we assessed whether adjusting the level of microalgae supplied to maintain a constant concentration of 8.000 cells per mL from day 2 to day 12 and then 16.000 cells per mL from day 13 to metamorphosis in the culture vessels was better than supplying the larvae with a fixed amount of 8.000 cells per mL from day 2 to day 12 and then 16.000 cells per mL from day 13 to metamorphosis. Comparison of larval development (Fig. 27A,A'), rudiment growth (Fig. 27B,B') and metamorphosis rate (Fig. 27C,C') in between the two conditions indicate no clear differences in larval fitness between on-demand and fixed feeding. We further observed, within our cultures, that algal debris did not accumulate in higher extent in the fixed supply experiment compared to the variable condition (data not shown). We also found that given the relatively low quantity of microalgae remaining in the culture vessels after water changes, the amount of microalgae to be provided under the variable or fixed conditions were not so much different (data not shown). Thus, our results suggest that using a traditional fixed supply method is sufficient to yield large amount of post-larval juveniles at least when culturing larvae in 5L beakers. According to [START_REF] Brundu | Effects of on-demand feeding on sea urchin larvae (Paracentrotus lividus; Lamarck, 1816), development, survival and microalgae utilization[END_REF], variable food supply has the potential to reduce phytoplankton required for feeding. However, given the very low amount of food needed by the larvae in our 5L cultures in regards to the amount produced by even a 0.5L phytoplankton culture, the food has never been for us a limiting factor. Together, our finding may seem trivial, but it actually allows a significant time saving in conducting echinicultures, prevailing additional concentration measurements using the HIAC.

Conclusion

During this study, we have determined that the most efficient diet to feed P. lividus larvae with is a mix of D. salina and R. salina. We have further established that providing the larvae with a fixed amount of microalgae is adequate while producing not excessively time-consuming protocol. Our experiments corroborated the fact that larval echiniculture of P. lividus in a laboratory environment can be achieved and allows to yield high amount of viable juveniles. We were indeed able to obtain up to 3.000 postlarval juveniles for each 5L culture vessel under the CDT, CD or RD diets, a number that is largely sufficient to carry large-scale experiments on late stages and/or raise juveniles to reproductive stages. Taking into account that metamorphosis was always induced in the vessels, this number of postlarval juveniles indicates that about 2.000 larvae did not undergo metamorphosis under our experimental conditions. This may account for the larval survival rate in the cultures but also to the fact that a small portion of the larvae had not yet reached competency at the time of induction.

One remaining bottleneck in echiniculture indeed remains the synchronicity of the cultures and this we observed is highly dependent on the quality of the food supplied, both in terms of the type of microalgae supplied but also the developmental phase of the supplied algae. Microalgae in their exponential phase appeared far much better in terms of larval fitness and synchronicity than algae used before they had reached that phase. It is hence important to be able to maintain good strains of fresh and suitable microalgae for larval feeding. Many studies have highlighted the benefit of fresh microalgae compared to commercial food [START_REF] Jong-Westman | Artificial diets in sea urchin culture: effects of dietary protein level and other additives on egg quality, larval morphometries, and larval survival in the green sea urchin, Strongylocentrotus droebachiensis[END_REF][START_REF] Liu | The effect of diet type on growth and fatty-acid composition of sea urchin larvae, I. Paracentrotus lividus (Lamarck, 1816)(Echinodermata)[END_REF]. Previous studies have also indicated that some microalgae such as Chrysotila elongata might be even more beneficial for larval studies than D. salina or R. salina [START_REF] Pedrotti | Effects of food diet on the survival, development and growth rates of two cultured echinoplutei (Paracentrotus lividus and Arbacia lixula)[END_REF][START_REF] Carboni | Effects of dietary microalgae on growth, survival and fatty acid composition of sea urchin Paracentrotus lividus throughout larval development[END_REF]. However, our own experience showed that contrary to D. salina or R. salina, C. elongata is more difficult to maintain and its benefit on larval growth might be overwhelmed by the additional time spent in culturing this species. In any event, by providing the RD diet that we have been able to obtain larvae that had reached competency in less than 20 days, which makes accessible investigations on developmental processes related to late larval stages and metamorphosis. Future directions now include to repeat some of the conducted experiments, most notably to correctly evaluate larval survival, as well as to perform statistical analyses. In addition, testing other diets and food rations remains required, in particular to improve the synchronicity of the cultures, which is still a crucial step to enable carrying out large-scale experiments without having to manually stage the larvae. Another important point that fell outside the scope of this study is to improve post-metamorphic growth of the juveniles, in order to obtain reproductive adults in the best delays. Several studies on P. lividus juveniles have started tackling this challenge (e.g. [START_REF] Cellario | Paracentrotus lividus (Lamarck) in culture (larval and benthic phases): parameters of growth observed during two years following metamorphosis[END_REF][START_REF] Zupo | Effect of five benthic diatoms on the survival and development of Paracentrotus lividus post-larvae in the laboratory[END_REF], but much more investigations are required in this field.

Introduction

Echinoids, commonly known as sea urchins, are one of the five classes of the phylum Echinodermata, which is part of the infrakingdom Deuterostomia [START_REF] Cannon | Phylogenomic resolution of the hemichordate and echinoderm clade[END_REF]. They are divided into two monophyletic groups, the regular sea urchins and the irregular sea urchins. Irregular sea urchins (sand dollars and heart urchins) display strong anatomical peculiarities and will not be discussed here. All echinoids are marine invertebrates widely distributed in all oceans, from coastal areas to abyssal plains [START_REF] Lawrence | Sea urchins: biology and ecology[END_REF]. They are exclusively benthic at the adult stage, meaning that they live on the seafloor, and form important communities that play key roles in the regulation of their ecosystems [START_REF] Mann | Destruction of kelp-beds by sea-urchins: a cyclical phenomenon or irreversible degradation?[END_REF][START_REF] Hart | Heat waves, baby booms, and the destruction of kelp beds by sea urchins[END_REF][START_REF] Pearse | Ecological role of purple sea urchins[END_REF]. Depending on the species, echinoids graze on algae or feed on sediments or deposits, although few species also feed on other invertebrates [START_REF] Lawrence | Sea urchins: biology and ecology[END_REF]. As echinoderms, they are characterized anatomically by four features: a calcitic endoskeleton exhibiting a peculiar trabecular shape called the stereom; a special type of mutable collagenous tissue; a water vascular system used as a hydroskeleton and for locomotion, and most conspicuously by a pentaradial symmetry (Nielsen, 2012a). The pentaradial symmetry is manifested by usually five rays, which are reflected in the anatomy of the animal by the existence of ambulacral regions (along rays) and interambulacral regions (in-between the rays) [START_REF] Hyman | The Invertebrates: Volume 4 (Echinodermata: The coelomate Bilateria)[END_REF].

Developmental atlas of Paracentrotus lividus from fertilization to juvenile stages (Echinodermata, Echinoidea)

The data presented in this chapter have not been submitted for publication.

Abstract: Study of echinoid development has for long been largely focused on embryonic stages, because the further larval development, metamorphosis, and juvenile growth involve complicated structures and processes, which have no equivalent in other metazoans. A renewed interest for the study of these stages has however started in the last decades, brought by ecotoxicological studies and evo-devo questions regarding body plan homology in bilaterians. In addition, an emphasis is currently growing for the use of invertebrate marine animals as alternative model systems for biomedical investigations. To help future studies of these kinds, we here propose a comprehensive staging scheme for the development of the Mediterranean sea urchin Paracentrotus lividus ranging from fertilization to the exotrophic juvenile stage. Our staging scheme includes three periods divided in 32 stages, and 8 independent stages for the development of the rudiment. For each period, we provide a thorough description of several aspects including cleavage, ciliogenesis, and skeletogenesis, using both light and confocal microscopy. This description is the first of its kind by providing, in a single study, comprehensive details on P. lividus embryos, larvae, and juveniles. The thorough knowledge yielded by this study not only establishes a comparative morphological framework for future comparative studies with other echinoids species or even more distantly related animals, it also generates a nice catalog reference to which any none sea urchin specialist would be able to refer to.

Finally, echinoids are anatomically distinguished of the other echinoderms by the presence of a rigid test and of a complex masticatory apparatus called the Aristotle's lantern (Nielsen, 2012a).

The Echinoids are gonochoric animals, even though male and female are externally indistinguishable. Both male and female gametes are released in the water column during coordinated spawning events. The fertilization is external and can easily be reproduced in laboratory. Upon fertilization, echinoids classically exhibit a typical biphasic lifecycle with in most cases the formation of pelagic pluteus larvae following embryogenesis. The pentaradial body plan of the adult starts to form on the left side of the pluteus, into a vesicle called the rudiment. The rudiment grows until reaching a considerable size. When it is large enough, the larva becomes competent and starts to look for adequate environmental cues to trigger the metamorphosis. In echinoids, this process is fast and includes dramatic changes resulting in the formation of a benthic, tiny juvenile resembling to a miniature version of the adult. The postlarval juvenile soon opens a new mouth and starts to feed by grazing on algae (it is exotrophic). The exotrophic juvenile then grows considerably and eventually develops reproductive organs, marking the transition to the adult stage (Nielsen, 2012a).

In most echinoids, the zygotes give rise to perfectly synchronous and transparent embryos. Due to these advantageous features, echinoid embryos have been classically studied by cellular and developmental biologists for more than a century. Owing to the natural availability of many species on the shorelines of every coastal regions, a few number of echinoid species have also by now been developed as model systems around the world [START_REF] Mcclay | Evolutionary crossroads in developmental biology: sea urchins[END_REF]. Among these, the species Paracentrotus lividus (Lamarck, 1816), widespread in the Mediterranean and Atlantic coasts of Western Europe and North Africa, has attracted the attention of numerous European naturalists and zoologists since a long time and have yielded many important discoveries. For instance, in 1892, Hans Driesch isolated blastomeres from P. lividus embryos at the two-and four-cell stages, and demonstrated that the isolated blastomeres were capable of producing complete embryos, hence demonstrating regulative development [START_REF] Driesch | The potency of the first two cleavages cell in echinoderm development: experimental production of partial and double formations[END_REF]. In 1902, Theodore Boveri, using eggs fertilized with two spermatozoids, showed that development correctly occurs only when a nucleus inherits a complete set of chromosomes. This was the earliest evidence establishing the chromosomal mechanism of inheritance [START_REF] Boveri | Uber mehrpolige mitosen als mittle zur mnalyse des zellkerns[END_REF]. Since the dawn of molecular biology, studies on P. lividus embryos also contributed to other important results, including insights into the establishment of the left-right asymmetry and ectoderm patterning [START_REF] Duboc | Nodal and BMP2/4 signaling organizes the oralaboral axis of the sea urchin embryo[END_REF]Saudemont et al., 2009).

The embryonic development of P. lividus has hence been investigated in great details over the last decades. Classical developmental description of embryos and larvae of this species have been made available by [START_REF] Bury | Studies in the embryology of the echinoderms[END_REF][START_REF] Bury | The metamorphosis of echinoderms[END_REF][START_REF] Von Ubisch | Die Entwicklung von Strongylocentrotus lividus[END_REF] and [START_REF] Hörstadius | The mechanics of sea urchin development, studied by operative methods[END_REF] (reviewed in [START_REF] Hyman | The Invertebrates: Volume 4 (Echinodermata: The coelomate Bilateria)[END_REF][START_REF] Okazaki | Normal development to metamorphosis[END_REF][START_REF] Hörstadius | Experimental Embryology of Echinoderms[END_REF]. The adult stage of P. lividus has also been carefully studied by several zoologists interested in muscular or skeletal anatomies, pigmentation, or calcification (e.g. [START_REF] Goodwin | A study of the pigments of the sea-urchins, Echinus esculentus L. and Paracentrotus lividus Lamarck[END_REF][START_REF] Wilkie | Mechanical properties of sea-urchin lantern muscles: a comparative investigation of intact muscle groups in Paracentrotus lividus (Lam.) and Stylocidaris affinis (Phil.) (Echinodermata, Echinoidea)[END_REF][START_REF] Ameye | Ultrastructure and cytochemistry of the early calcification site and of its mineralization organic matrix in Paracentrotus lividus (Echinodermata: Echinoidea)[END_REF]. By contrast, P. lividus late larval and early juvenile stages have historically received less attention, even though a detailed description of the metamorphosis was recently provided by Gosselin & Jangoux (1998). With the recent and growing interest into the question of the pentaradial body plan development of echinoids (e.g. [START_REF] Tsuchimoto | Hox expression in the direct-type developing sand dollar Peronella japonica[END_REF][START_REF] Israel | Comparative developmental transcriptomics reveals rewiring of a highly conserved gene regulatory network during a major life history switch in the sea urchin genus Heliocidaris[END_REF][START_REF] Byrne | Expression of genes and proteins of the pax-six-eya-dach network in the metamorphic sea urchin: Insights into development of the enigmatic echinoderm body plan and sensory structures[END_REF][START_REF] Adachi | Anteroposterior molecular registries in ectoderm of the echinus rudiment[END_REF], and the progressive establishment of P. lividus as a model system for medical, ecotoxicology, and oceanic change surveys (e.g. [START_REF] His | A comparison between oyster (Crassostrea gigas) and sea urchin (Paracentrotus lividus) larval bioassays for toxicological studies[END_REF][START_REF] Martin | Early development and molecular plasticity in the Mediterranean sea urchin Paracentrotus lividus exposed to CO2driven acidification[END_REF], it seemed however important to us to propose an up to date unifying description of P. lividus development including not only embryonic but also larval and post-metamorphic stages. Thus, In this study, we propose a rigorous staging scheme covering P. lividus development from fertilization to juvenile formation. For all the proposed stages, we provide an exhaustive and detailed morphological description using live imaging and immunostainings. Altogether, this study offers a valuable resource for future developmental, anatomical, medical, and/or ecotoxicological surveys based on the use of this species.

Material and Methods

Staging scheme and nomenclature

All the ontogenic features that we use as markers for the staging are readily visible in whole-mount of live specimens under any compound microscope. To date, there is no consensual nomenclature to identify the larval axes in echinoid plutei, as different terms have been used to identify the same axis in several studies (e.g. [START_REF] Hyman | The Invertebrates: Volume 4 (Echinodermata: The coelomate Bilateria)[END_REF][START_REF] Okazaki | Normal development to metamorphosis[END_REF][START_REF] Smith | The larval stages of the sea urchin, Strongylocentrotus purpuratus[END_REF]. For instance the embryonic antero-posterior axis have been referred in some studies to as anal-abanal or dorso-ventral axis in the larvae. Here, we chose to identify the larval axes following their ontogenetic appearance during the embryonic development, meaning that we consider the blastopore/anus to mark the posterior pole of both the embryo and the larva (Fig. 28). Similarly, we consider the arms of the pluteus subsequently develop on the ventral side, which corresponds to the side where the mouth forms, while the larval apex conversely forms on the dorsal side (Fig. 28). Finally, we refer for adult structures to the side of the mouth by oral side and we used Carpenter's nomenclature [START_REF] Carpenter | Report upon the Crinoidea collected during the voyage of HMS Challenger during the years 1873-1876, part 1. General morphology with descriptions of the stalked crinoids: Reports of the Scientific Results of the Voyage of HMS Challenger[END_REF] to identify the five rays of the pentaradial symmetry, which are thereafter referred to as rays A, B, C, D and E. In this nomenclature, the ambulacrum (i.e. the anatomical structure located along a ray) facing the madreporite is the A ambulacrum and the interambulacrum containing the madreporite is the CD interambulacrum. 
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Figure 28: Nomenclature Schematic representation of the terminology used to refer to the developmental axes of P. lividus. Specimen in the pictures of the following figures are always oriented according to this schematic representation, except when otherwise notified. For the embryonic and larval axes: A, anterior; D, dorsal; L, left; P, posterior; R, right; V, ventral. For the adult axes: A, B, C, D and E correspond to the five axes of the pentaradial symmetry according to Carpenter's nomenclature [START_REF] Carpenter | Report upon the Crinoidea collected during the voyage of HMS Challenger during the years 1873-1876, part 1. General morphology with descriptions of the stalked crinoids: Reports of the Scientific Results of the Voyage of HMS Challenger[END_REF].

Animal husbandry

Adults P. lividus were collected in the bay of Villefranche-sur-Mer (France). Gamete collection and fertilization were performed using one male and at least three different females, following standard procedure [START_REF] Lepage | Purification and characterization of the sea urchin embryo hatching enzyme[END_REF]. Embryos and larvae were cultured at 18-20°C in natural sea water collected at "point B" in the bay of Villefranche-sur-Mer (43°41 N 07°19 E) at a depth of 20 m, and filtered using a 0.2 µm mesh. When needed the salinity was adjusted to 38‰. Embryos and larvae were kept under constant stirring. Following fertilization, embryos were cultured at a density of 100 embryos per mL. After 48 hours of development, the culture concentration was adjusted to 1 larva per mL. From 48 hours of development on, water exchange and feeding were performed every Mondays, Wednesdays and Fridays. Two-thirds of the culture water was changed and the larvae were fed using a 1:1 mix of freshly grown cultures of the microalgae Dunaliela salina (strain MCCV020) and Chaetoceros gracilis (strain UTEX2658). From day 2 to day 10, the larvae were fed with a final concentration of 8.000 cells per mL and from day 11 to metamorphosis with a final concentration of 16.000 cells per mL. The larvae started undergoing spontaneous metamorphosis in the culture tank after roughly 25 days of development.

To document metamorphosis, synchronous metamorphosis of competent larvae was also specifically triggered by adding dibromomethane [START_REF] Taniguchi | Dibromomethane, a Chemical Inducer of Larval Settlement and Metamorphosis of the Sea Urchin Strongylocentroutus nudus[END_REF][START_REF] Agatsuma | Instantaneous effect of dibromomethane on metamorphosis of larvae of the sea urchins Strongylocentrotus nudus and Strongylocentrotus intermedius[END_REF] in the culture vessel at a final concentration of 700µg/mL.

Light microscopy

For light microscopy, P. lividus specimens were collected in the culture beaker and mounted alive. Pictures were taken with a Zeiss A2 axioimager using either a differential interference contrast or a polarized light setting, or with a Zeiss V20 stereo discovery. Pictures were processed using Adobe Photoshop.

Immunofluorescence and laser scanning confocal microscopy

For immunofluorescence assays, P. lividus specimens were collected in the culture beaker and fixed in 4% formaldehyde diluted in FSW for 10 minutes. After 4 washes in phosphate-buffered saline containing 0,05% Tween-20 (PBST), specimens were incubated for one hour in Pierce Superblock (Pierce Chemicals) containing 0.05% Triton X-100. Specimens were incubated in primary antibodies diluted in PBST overnight at 4°C. Primary antibodies used in this study are 1/2 synaptotagmin-B [START_REF] Nakajima | Development and neural organization of the tornaria larva of the Hawaiian hemichordate, Ptychodera flava[END_REF]; 1/200 serotonin (Immunostar); 1/200 acetylated-tubulin (Sigma-Aldrich). In addition, 0,005U/µL phalloidin conjugated with rhodamine (ThermoFischer) was used in parallel of the primary antibodies to label actin. After primary antibody incubation, specimens were rinsed three times with PBST and incubated with 1/200 secondary antibodies conjugated with cyanine 3 (Bethyl Laboratories) or Alexa Fluor® 647 (Abcam) for an hour at room temperature. Nuclear staining were subsequently performed using 1/400 TO-PRO1-Iodide (ThermoFischer) diluted in PBST for 10 minutes. Eventually, specimens were rinsed three times with PBST and mounted in PBST. Pictures were taken with a Leica SP8 confocal microscope. Pictures were processed using ImageJ and Adobe Photoshop.

Results and Discussion

We propose a consistent staging scheme for P. lividus development from fertilization up to the development of the exotrophic juveniles. Our staging scheme is comparable to those from other echinoid species [START_REF] Okazaki | Normal development to metamorphosis[END_REF][START_REF] Chino | Formation of the adult rudiment of sea urchins is influenced by thyroid hormones[END_REF][START_REF] Smith | The larval stages of the sea urchin, Strongylocentrotus purpuratus[END_REF][START_REF] Vellutini | Embryonic, larval, and juvenile development of the sea biscuit Clypeaster subdepressus (Echinodermata: Clypeasteroida)[END_REF]Heyland et al., 2014). It is subdivided into three main periods: embryonic period (thereafter referred to as embryogenesis), larval period, and adult period (Fig. 29; Table 1). The embryonic period covers the development of the embryo. It starts upon fertilization and stops at the prism stage, right before the opening of the larval mouth and the development of the larval body plan. This period lasts about two days. The larval period covers the growth of the larva and the formation of the adult rudiment within the larva. It starts upon the opening of the larval mouth and ends with the metamorphosis. Depending on the rearing conditions, this period lasts usually between three to four weeks. Finally, the adult period covers the growth of the juvenile, the acquisition of sexual maturity and ends with death. This period starts right after metamorphosis, with the emergence of the benthic pentaradial postlarval juvenile and the total life span of P. lividus individuals was estimated in the wild to range between 6 to 9 years [START_REF] Crapp | Age determination in the sea urchin Paracentrotus lividus (Lamarck), with notes on the reproductive cycle[END_REF].

Each of these three developmental periods is then further subdivided into several stages that cover various time spans (Fig. 28; Table 1). Stages during embryogenesis have been defined based on previous descriptions [START_REF] Hörstadius | Experimental Embryology of Echinoderms[END_REF] and the same applies for the larval stages (e.g. [START_REF] Gosselin | From competent larva to exotrophic juvenile: morphofunctional study of the perimetamorphic period of Paracentrotus lividus[END_REF]. Importantly, larval growth and development following embryogenesis rely on food uptake. The larval growth is correlated to the amount of food ingested, and even within a single culture vessel with non-limiting food rations differences in feeding are observed within larvae [START_REF] Strathmann | Heterochronic developmental plasticity in larval sea urchins and its implications for evolution of nonfeeding larvae[END_REF]. This creates a heterogeneity in the larval cultures leading to a certain degree of heterochrony in the ontogenic events occurring during this time period. Such heterochrony has also been reported for cultures of other echinoid species [START_REF] Chino | Formation of the adult rudiment of sea urchins is influenced by thyroid hormones[END_REF]Heyland & Hodin, 2014). In P. lividus, it most notably concerns the development of the rudiment. As a matter of fact, the developmental trajectory of the rudiment cannot be coupled with the one of the pluteus larva itself. Depending on the culture batches, the rudiment can start to form in 6-arm or 8-arm pluteus larvae. Nonetheless it always follows the same path that can be subdivided into 8 distinct stages, which we here expose as a distinct sequence of events occurring as a subset of the larval period (Table 1). Our staging of these 8 events follows the one proposed by Heyland & Hodin (2014). Another heterochrony observed in P. lividus is the time at which the metamorphosis occurs. Even without specific inductive cues, this process usually occurs spontaneously in the culture vessels, but with important time variations ranging usually from a few days for most larvae up to several weeks. For this study, we indicated that metamorphosis occurs at 30 days post-fertilization, which corresponds to the average timing of spontaneous metamorphosis we observed in our culture vessels without any specific inductive cues. The staging scheme provided here is from Heyland & Hodin (2014) and relies on features observable on the soft tissues of the rudiment (not on the skeleton).

Fertilization

P. lividus eggs have a size of about 90 µm. They are spherical and mostly transparent, although they display a conspicuous subequatorial band of orange-pigmented granules. This pigment band, which is a specificity of P. lividus [START_REF] Boveri | Die polaritat von oocyte, ei und larvae des Strongylocentrotus lividus[END_REF][START_REF] Sardet | A marker of animal-vegetal polarity in the egg of the sea urchin Paracentrotus lividus: the pigment band[END_REF], is visible prior to fertilization and can still be observed until at least the 60-cell stage (Fig. 30). Throughout micromanipulations conducted in the late 1970s, the pigment band has further been shown to mark the presence and position of the first embryonic axis, i.e. the animal-vegetal axis. This animal vegetal-axis is indeed already set up in unfertilized eggs and is located perpendicular to the pigment band (Fig. 30A) (Horstadius, 1973).

Embryonic development starts with the fertilization of a female gamete (the egg) by a male gamete (the spermatozoid). As in other echinoderms, P. lividus fertilization takes place externally. Spawning season in P. lividus usually occurs from February to July, although there are marked regional variations [START_REF] Ouréns | Geographic, population, and seasonal patterns in the reproductive parameters of the sea urchin Paracentrotus lividus[END_REF]. Entry of the sperm within the oocyte triggers in the egg the separation of the vitelline envelope from the egg surface. Within seconds, this envelope inflates and surrounds the zygote as a thin translucent membrane (Fig. 30A). 

Cleavage

Following fertilization, P. lividus zygotes enter in a period of rapid cell division called cleavage. As in other echinoids, this period is marked by a stereotypical radial pattern of holoblastic cleavages [START_REF] Okazaki | Normal development to metamorphosis[END_REF], which leads to a significant increase in the number of cells but without increasing the overall size of the embryo. At 18°C, the first division occurs around 1 hour and 40 minutes post-fertilization (1:40hpf ). This gives rise to a 2-cell stage embryo (Fig. 30B). This first cleavage is meridional, which means that the two resulting blastomeres are separated along a plane parallel to the animal-vegetal axis. The two blastomeres hence contain both animal and vegetal cytoplasm. The second cleavage occurs around 2:30hpf and results in a 4-cell stage embryo (Fig. 30C). The second plan of division is also meridional, yet perpendicular to the first one. At the 4-cell stage, the embryo is hence composed of four blastomeres of equal size and containing each an equal volume of both animal and vegetal cytoplasm. The third cleavage takes place around 3:20hpf and result in a 8-cell stage embryo. This cleavage is equatorial, meaning that it is perpendicular to the two first ones. It separates the animal from the vegetal territory, each of which is now composed of four blastomeres of equal size (Fig. 30D). The fourth cleavage occurs around 4:10hpf and result in a 16-cell stage embryo (Fig. 30E,F). Cell divisions have now started to become unequal. In the animal hemisphere, the fourth cleavage takes place meridionally, hence generating eight blastomeres of equal medium size (referred to as the mesomeres). In the vegetal hemisphere, the fourth cleavage is by contrast equatorial and unequal. It produces four large cells (referred to as the macromeres) positioned below the equator and four small cells (referred to as the micromeres) at the vegetal pole (Fig. 30E,F). Following the fourth cleavage, the cell divisions become asynchronous, each cell type exhibiting a distinct division plan and the mesomeres and the macromeres dividing prior to the micromeres. The fifth cleavage, which starts around 4:45hpf, gives rise to an intermediate 28-cell stage before producing a 32-cell stage. At first, the eight mesomeres, forming the animal half of the embryo, divide equatorially and equally, producing the animal tiers an1 at the animal pole and the animal tier an2 located below an1. Meanwhile, the macromeres divide meridionally, forming a ring of eight equal cells located below an2 (Fig. 30G). At this stage, the embryo thus comprises 28 cells (Fig. 30G). It is only about 15 minutes later that the micromeres divide. This division is equatorial and unequal, producing four large micromeres and four small micromeres, the latter marking the vegetal pole. By now, the embryo is hence composed of 32-cells (Fig. 30H,I). The sixth cleavage occurs around 5:30hpf and takes place once again differently and asynchronously in between the cell tiers. Cells of the an1 and an2 cell tiers undergo a meridional and equal division, thereby increasing in number laterally. By contrast, the macromeres divide equatorially and equally, generating two vegetal cell tiers, the veg1 tier located below the an2 tier and the veg2 tier located below the veg1 tier, which are each composed of 8 cells of equal volume. At this time, the embryo is composed of 56 cells (Fig. 30J). It is only around 5:50hpf that the large micromeres eventually achieve their sixth cleavage, which is meridional and equal, hence generating a ring of 8 cells of equal volume. By contrast, the small micromeres will not undergo any division at this stage and will only divide once more later in development. By 6hpf the embryo has hence reached the characteristic 60-cell stage at which it is composed of, from the animal to the vegetal pole, 16 an1-cells, 16 an2-cells, 8 veg1-cells, 8 veg2-cells, 8 large micromeres and 4 small micromeres (Fig. 30K,L).

Blastula

After the 60-cell stage, cell divisions continue. The embryo stops however exhibiting any visual landmark allowing differentiating the distinct cell tiers (Fig. 31). It is by now organized as a spherical monolayer of cells that display more or less the same size and surround a central fluid-filled cavity called the blastocoel. As such, the embryo is now defined as a blastula and one of its characteristics is that each of its cells is in contact on the inside with the blastocoel and on the outside with the hyaline layer. Of note, even though the blastocoel starts forming during the 4-cell stage, as the space located between the four blastomeres, in classical sea urchin embryology, the so-called blastula period only starts when the cellular lineage of the micromeres becomes impossible to observe without specific lineage tracing experiment, and thus after the 60-cell stage [START_REF] Okazaki | Normal development to metamorphosis[END_REF]; Table 1). Following this stage, due to the absence of landmarks on the embryos and the fact that the fifth and sixth cleavages were achieved after about one hour, the subsequent blastula stages have historically been defined every hours. Thus, one hour after the 60-cell stage, i.e. around 6:50hpf, P. lividus embryos are classically at the very early blastula stage, also referred to as the blastula 1 (B1) stage. The embryo is then formed of about 120 cells, taking into account that the large micromeres descendants still divide with a slight delay compared to the other cells (Fig. 31A,A'). Thereafter are the early blastula stage (B2) (7:50hpf ), the mid-blastula stage (B3) (8:50hpf ), and the late blastula (B4) (9:50hpf ) stages. During the progression of these blastula stages, the cells continue to divide and get progressively smaller, while the blastocoel gets wider and the general size of the embryo remains unchanged (Fig. 31B,B'). Importantly, the synchrony of cell divisions even within the cell tiers ends. Cell divisions now proceed by waves from the vegetal to the animal pole. The cells further start secreting a basal lamina and form a true, impermeable epithelium surrounding the blastocoel. Finally, they also begin to develop cilia on their outer surface. Synchronous beating of these cilia allow the embryo to rotate within the vitelline envelope. Following the late blastula stage, around 11hpf, the cells composing the animal half of the embryo start synthesizing and secreting the hatching enzyme, a metalloprotease that will digest the vitelline envelope and free the embryo [START_REF] Lepage | Spatial expression of the hatching enzyme gene in the sea urchin embryo[END_REF]. This developmental step is referred to as the hatching blastula stage (Fig. 31C,C'). About one hour later, around 12hpf, all embryos have hatched from the vitelline envelope and swim freely using the ciliary beating of the cells. This stage is therefore referred to as the swimming blastula stage (Fig. 31D). At this stage, the embryos further remain practically spherical although their animal-vegetal axis becomes morphologically discernable. Indeed, at the swimming blastula stage, the cells at the vegetal pole start to thicken and flatten, featuring the so-called vegetal plate, i.e. the prospective site of the gastrulation (Fig. 31D). Around 13hpf, the embryos still referred to as swimming blastulas have further elongated along the animal-vegetal axis and their vegetal cells continued to thicken especially on each side of the vegetal pole, giving to the vegetal plate a characteristic "V" shape (Fig. 31E).

Gastrulation and formation of the digestive tract

Gastrulation is an important period in the lifespan of every metazoan. It is the period during which distinct primordial tissues called the germ layers are being partitioned, and during which morphogenetic movements take place to generate a three dimensional animal with inner and outer tissues. During the gastrulation, a portion of the cells constituting the blastula are internalized through invagination, ingression or migration movements. These internalized cells form in triploblastic animals such as echinoids two inner germ layers, i.e. the endoderm and the mesoderm. By contrast, the cells remaining outside spread over the whole surface of the embryo and form an outer germ layer, i.e. the ectoderm. As in most other echinoids (e.g. [START_REF] Gustafson | The cellular basis of morphogenesis and sea urchin development[END_REF], the gastrulation in P. lividus involves two main successive events. The first event is the ingression of the skeletogenic mesoderm (SM) (also historically referred to as the primary mesenchyme cells, PMCs) which will give rise to the skeleton of the larvae (see below). The second event is the invagination of the archenteron, which is pulled by the non-skeletogenic mesoderm (NSM) (or secondary mesenchyme cells, SMCs) and the endoderm, which will generate the digestive tract.

The ingression of the skeletogenic mesoderm marks the beginning of the gastrulation process in echinoids. It occurs throughout the mesenchyme blastula stages (Fig. 32A,B). During this event, the progeny of the large micromeres at the center of the vegetal plate (about 32 cells) undergoes an epithelium-to-mesenchyme transition (Fig. 32A,B). The cells progressively lose their apico-basal polarity and their lateral junctions. They round-up and dissociate from the epithelial monolayer. Once in the blastocoel, they further extend, project, and contract filopodia, spreading over the basal surface of the remaining vegetal plate (Fig. 32A,B). There, they explore and sense the blastocoel wall looking for selective patterning cues provided by the surrounding tissues. Overall, the ingression of all SM cells into the blastocoel takes about one hour. The vegetal plate is subsequently composed of the small micromeres at the center, the NSM surrounding them and finally the endoderm delimitating the outside of the vegetal plate. Meanwhile, a patch of cells at the animal pole becomes thicker. It is the beginning of the development of the animal pole domain (Fig. 32B) within which the neuroectoderm region will then form (see below).

In P. lividus, the invagination of the archenteron starts around 18hpf. This stage is referred to as the blastopore gastrula stage (Fig. 32C,D). During the blastopore gastrula stage, the cells within the vegetal plate reinforce their adhesive properties and undergo important shape changes following the ingression of the skeletogenic mesoderm. For instance, some of the NSM cells adopt a bottle-cell shape. These changes mechanically trigger the bending inwards of the vegetal plate within the blastocoel and by the formation of the blastopore (Fig. 32C), which is the first opening of the embryo that will later give rise to the larval anus. Meanwhile, the SM cells within the blastocoel adopts a characteristic pattern, forming a ring all around the anlage of the archenteron (Fig. 32D). Subsequently, during the early gastrula stage (Fig. 32E,F), the NSM cells further invaginate and the archenteron reaches about a quarter of the blastocoel height (Fig. 32E). Note that the embryo remains relatively round at that stage, when looking through the vegetal pole. In parallel, the ring formed by the SM cells around the archenteron organizes as a ventral and a dorsal chain. At their junction, two aggregates of SM cells called the ventrolateral clusters form (Fig. 32F), and eventually some SM cells migrate from the ventrolateral clusters toward the blastocoel roof, forming two additional lateral chains. In parallel, the SM cell ring around the archenteron organizes as a ventral and a dorsal chain. At their junction, two aggregates of SM cells called the ventrolateral clusters form (Fig. 32F), and eventually some of them migrate from the ventrolateral clusters toward the blastocoel roof, forming two additional lateral chains (Fig. 32E). At the mid-gastrula stage (Fig. 32G,H), the archenteron reaches about half of the blastocoel height (Fig. 32G). This extension is due to the invagination of endoderm cells within the blastocoel. Depending on the sea urchin species, either convergence-extension movements and/or cell division also contribute to the elongation of the archenteron [START_REF] Martik | New insights from a high-resolution look at gastrulation in the sea urchin, Lytechinus variegatus[END_REF]). In the case of P. lividus, the contribution of these two mechanisms remains non-established. At this stage, some of the NSM cells constituting the tip of the archenteron start to ingress within the blastocoel. These cells undergo an epithelium-to-mesenchyme transition, extending and projecting thin filopodia to detach from the archenteron (Fig. 32G). Eventually, they migrate toward the blastocoel walls, where they give rise to pigment cells and blastocoelar cells constituting the future immune system of the larvae [START_REF] Hibino | The immune gene repertoire encoded in the purple sea urchin genome[END_REF]. At this stage, looking at the embryos from the vegetal pole further highlights the presence of the first morphological landmark of the second embryonic axis, i.e. the ventral-dorsal axis. Indeed, the ventral-dorsal axis is established in P. lividus at the molecular level as early as at the 60-cell stage [START_REF] Duboc | Nodal and BMP2/4 signaling organizes the oralaboral axis of the sea urchin embryo[END_REF] but only becomes morphologically distinguishable by the mid-gastrula when the ventral ectoderm starts to flatten and to become thicker (Fig. 32H). Finally, the last step of archenteron elongation makes it reach the blastocoel roof. This is the late gastrula stage (Fig. 32I,J). This step has been described in other echinoid species to be ensured by the protrusions of filopodia from the NSM cells, which from the tip of the archenteron, attach to the blastocoel roof and pull the archenteron (Fig. 32I).

As in other echinoids, the process of gastrulation per se stops in P. lividus with the late gastrula stage. Nonetheless, following this stage, the fully elongated archenteron gets organized in three distinct regions and eventually fuses to the ventral ectoderm to form the mouth, generating a fully functional digestive tract (Fig. 32K-P). Subsequently to the gastrula stages, the prism stage occurs around 36hpf and marks the last step of embryonic development (Fig. 32K,L). This stage is characterized by the typical triangular ("prism") shape acquired by the embryo. The ventral ectoderm is now completely flat, making an almost perfect right angle with the vegetal, blastoporal ectoderm. In addition, a small depression called the stomodeum appears within the ventral ectoderm and marks the position of the future mouth (Fig. 32K,L). On the other side, the dorsal ectoderm rounds up and elongates, forming the anlage of the larval apex. In the blastocoel, the archenteron bends toward the stomodeum and a constriction appears below its tip (Fig. 32K). This constriction marks the separation between the future esophagus and stomach of the larva. The fusion of the stomodeum with the tip of the archenteron leads to the formation of the larval mouth (Fig. 32M,N). This event occurs around 40hpf and marks the end of the embryonic period and the beginning of the larval period, starting by the early pluteus stage (Fig. 32M,N). At the same time, the regionalization of the archenteron (which is now called digestive tract) continues. The separation between the esophagus and the stomach is even more visible, and that in between the stomach and the intestine starts to form (Fig. 32M). Meanwhile, some NSM cells have started to become pigmented and have inserted into the dorsal ectoderm. By the 4-arm pluteus stage (Fig. 32O,P), which occurs around 48hpf, the digestive tract has finished its development. It is now tripartite and becomes completely functional. The larva is already capable of swallowing and digesting the microalgae required for its growth. No further significant changes will affect the morphology and organization of the digestive tract between this stage and the metamorphosis. 

Embryonic and larval skeletogenesis

Among echinoderms, echinoids and ophiuroids form a peculiar larval endoskeleton, which is required to maintain the complex structure of the pluteus larvae [START_REF] Hyman | The Invertebrates: Volume 4 (Echinodermata: The coelomate Bilateria)[END_REF]. In P. lividus, the formation of the larval endoskeleton begins at the blastopore stage, with the specific organization of the SM cells inside the blastocoel around the archenteron. As mentioned above, the SM cells migrate along the blastocoel wall towards the animal pole while the archenteron elongates, forming two lateral chains. In addition, they get organized around the archenteron into a ventral and a dorsal chain connected together on the left and right sides by two aggregates referred to as the ventrolateral clusters (Fig. 33A). Along both chains and within the ventrolateral clusters, the SM cells start at the early gastrula stage to extend filopodial cytoplasmic projections that fuse together and form syncytial cables (Fig. 33B). The syncytium secretes a spicular matrix that trigger the calcification of the skeletal elements [START_REF] Okazaki | Skeleton formation of sea urchin larvae: II. Organic matrix of the spicule[END_REF]1965). The first calcified structures appear at the mid-gastrula stage within the ventrolateral clusters as two calcite crystals of rhombohedral shape (Fig. 33C,D). The crystals positioned on each side of the archenteron then grow as development proceeds. By the late gastrula stage, three apices develop from each crystal, forming an angle of 120° between each other (Fig. 33E,F). The crystals thus become spicules exhibiting a typical triradiate shape. Each spicule will then extend generating by the prism stage two mirrored skeletal elements composed of three skeletal rods (Fig. 33G,H). As reported in other sea urchin species, the skeletal elements in P. lividus include at this stage two rods growing towards the animal pole (the dorsoventral connecting rod) (Fig. 33G). By the prism stage, this rod already almost reaches the blastocoel roof and starts to bend towards the ventral ectoderm (Fig. 33G,H).

In parallel, the posteroventral transverse rods grow towards each other on a vegetal position between the ventral ectoderm and the archenteron (Fig. 33G). Finally, the body rods grow also on a vegetal position but from the dorsal side of the embryo towards the apex (Fig. 33H).

As larval development proceeds, additional skeletal rods appear and make the larval endoskeleton more complex. By the early pluteus stage the dorsoventral connecting rods bends towards the ventral side of the larva to form at the anterior pole the anterolateral rods (Fig. 33H). At the early pluteus stage, the anterolateral rods hold the oral hood, i.e. the ventral ectoderm positioned above the mouth (Fig. 33I). At that stage, a secondary branching appears on the proximal part of each body rods that extends toward the oral side of the larva and forms the postoral rods supporting the postoral arms (Fig. 33I,I'). Concomitantly; the body rods join together at the larval apex which is now pointed (Fig. 33I,I'). Subsequently, the anterolateral rods protrude outside the oral hood and form the two anterolateral arms (Fig. 33J). The apparition of these arms marks the beginning of the 4-arm pluteus larva stage. This stage goes from about 2 to 9 days post-fertilization (9dpf ) and is marked by a dramatic extension of the skeletal rods. Note that in P. lividus the skeletal rods are spiny and not fenestrated (Fig. 33N), unlike in plutei of many other echinoid species [START_REF] Mortensen | Studies of the development and larval forms of echinoderms[END_REF]. During the 4-arm pluteus stage, additional branches also appear. The recurrent rods that form at the junctions between the dorsoventral connecting rods and the anterolateral rods and that grow towards the stomach (Fig. 33J').

As development proceeds, an additional aggregate of SM cells forms de novo in the oral hood, above the esophagus (Fig. 33O). This aggregate produces a novel, independent triradiate spicule, which develops into the dorsal arch (Fig. 33O,P). The skeletal rod of the dorsal arch facing the apex of the larva does not undergo significant growth, while the two others facing the mouth extend laterally towards the anterolateral rods (Fig. 33K,K'). When they reach the edge of the esophagus, these two rods bend along a 120° angle and then extend ventrally towards the posterior side as the preoral rods. In addition, two other aggregates of SM cells form de novo above the junctions between the dorsovental, postoral and body rods (Fig. 33K,K'). Again, they produce novel rhombohedral-shaped crystals, which subsequently develop in three apices and form triradiate spicules (Fig. 33Q). Only one of the three apices undergoes significant growth toward the ventral side of the larva, first forming a bud protruding outside the larval ectoderm (Fig. 33Q), and thereafter elongating as the posterodorsal rods supporting the posterodorsal arms (Fig. 33K,K'). The presence of this posterodorsal buds marks the beginning of the 6-arm pluteus stage. By contrast the two other apices of this triradiate spicule remain relatively shorter. They nonetheless extend slowly above and below the stomach and eventually form at the 8-arm pluteus stage the anteroventral and anterodorsal transverse rods (Fig. 33R,M'). By the end of the 6-arm pluteus stage, the two preoral rods have extended ventrally within the oral hood. They eventually protrude outside the oral hood, forming two buds corresponding to the developing preoral arms (Fig. 33L,L'). The emergence of the preoral arms marks the beginning of the 8-arm pluteus larva stage, which goes from about 12 to 20 dpf. Finally, the last event taking place in the context of larval skeletogenesis during the 8-arm pluteusstage is the rupture of the body rods at the larval apex (Fig. 33M,M',S). This rupture provokes a considerable enlargement of the larval body at the level of the stomach, resulting in a reduction of the angle in between the postoral arms. This modification in the larval shape is actually critical to allow the growth of the rudiment on the left side of the stomach without being constrained by the larval skeletal rods.

Embryonic and larval ciliogenesis

As any other echinoid larvae, the plutei of P. lividus fall into the large category of the ciliated larvae, which swim in the water column using the beating of ciliated structures [START_REF] Nielsen | Origin and evolution of animal life cycles[END_REF]. To illustrate the development and organization of these ciliated structures through the P. lividus embryonic and larval periods, we performed anti-acetylated tubulin immunostainings. In P. lividus, the first cilia appear on the apical side of each embryonic cell at the mid-blastula stage (Fig. 34A,B). At that stage, most of the cilia already exhibit a metachronal beating that allows the blastula to rotate within the vitelline envelope and to swim freely in the water column after hatching. As development proceeds, the cilia borne by the cells constituting the animal pole domain become longer than the cilia present on the other ectoderm cells (Fig. 34C). They reach a size that is of about 100µm by the beginning of the gastrulation (Fig. 34C). These long animal cilia are immotile and form a conspicuous patch of cilia referred to as the apical tuft. During the invagination of the archenteron, short cilia also start forming on the apical side of the endodermal cells (Fig. 34D). These cilia present in the lumen of the archenteron are devoted to digestive processes [START_REF] Strathmann | The feeding behaviour of planktotrophic echinoderm larvae: mechanisms, regulation, and rates of suspension feeding[END_REF].

The most drastic and important changes in terms of ciliogenesis take place during the larval stages. At the early pluteus stage, the apical tuft is still present at the tip of the developing oral hood, although it soon starts to regress (Fig. 34E). By the 4-arm pluteus stage, the apical tuft has thus completely disappeared (Fig. 34F). Concomitantly, the ciliation pattern of the ectoderm has also progressively become heterogeneous due to changes in cell morphologies. Indeed, through the 4-arm pluteus stage, the epidermal cells constituting the pluteus arms (ventral ectoderm) proliferate and adopt a cuboidal shape, while the epidermal cells composing the pluteus larval body and apex (dorsal ectoderm) remain squamous (Fig. 34G-I). In both cases each cell bears a single cilium, but in the ventral ectoderm the cuboidal cells are organized into three compact rows delineating a clear structure called the ciliary band (Fig. 34F-I) (also referred to by some authors as the neotroch, see [START_REF] Nielsen | Origin and evolution of animal life cycles[END_REF].

Starting at the 4-arm pluteus stage, the ciliary band further forms distinguishable loops that detach and form additional ciliated structures called the epaulettes. The first epaulettes form at the hinges between the anterolateral arms and the postoral arms. There, the noetroch forms on each side of the larva a loop that start to cut off and progressively migrate dorsally by the 6-arm pluteus larva stage (Fig. 34J-L). These detached loops each constitutes an independent ciliated band that gives rise to the anterior epaulettes (Fig. 34M). Similarly, on the opposite side, the part of the ciliary band located between the two postoral arms also forms two loops that later also detaches and gives rise in turn to the two posterior epaulettes (data not shown). In parallel to the formation of the epaulettes, note that the development of the additional posterodorsal and peroral arms further complicate the ciliary apparatus of the larvae. Thus, at the 8-arm pluteus stage, the ciliary band now runs along the four pair of arms (Fig. 34N,O). In addition, the development of the preoral arms modifies the initial position of the ciliary band from the edge of the oral hood to a more dorsal bugle that rises over the upper lip of the mouth (Fig. 34N). Finally, as development proceeds within the 8-arm pluteus stage, the two anterior and posterior epaulettes considerably expand laterally and continue to migrate dorsally (Fig. 34P-R). They also grow in size and thicken significantly, reaching up to 8 rows of ciliated cells (Fig. 34Q,R). Eventually, they fuse together at the level of the larval anus (Fig. 34S,T), resulting in two complete half-circles encircling the larval apex (Fig. 34P). Interestingly, on the lateral sides of the larvae, the ciliary band further forms two supplementary loops between the postoral and the posterodorsal arms, which delineates a portion of the epidermis called the lateral fields (Fig. 34O,P). In many echinoid species such as Echinus esculentus or Strongylocentrotus purpuratus [START_REF] Macbride | The development of Echinus esculentus together with some points of the development of E. miliaris and E. acutus[END_REF][START_REF] Smith | The larval stages of the sea urchin, Strongylocentrotus purpuratus[END_REF], these loops generate a third pair of epaulettes that detach and migrate to a position more dorsal than the two initial pairs. In P. lividus, however, the ciliary band remains intact in the lateral fields and such dorsal epaulettes do not form (Fig. 34P). 

Embryonic and larval coelomogenesis

An important feature during the lifespan echinoderms is the ontogeny of the larval coeloms from which the adult body plan arises. In P. lividus, coelomogenesis starts by enterocoely at the prism stage. The progeny of the small micromeres and the endoderm cells located at the tip of the archenteron start to bulge on each side of the archenteron (Fig. 35A). From the bulges forms a bilobed sacs, also referred to as two coelomic pouches. The two pouches are separated by an isthmus (Fig. 35B). They then progressively elongates on each side of the esophagus (Fig. 35C), up until they cut off and form two well-individualized epithelial pouches, one on each side of the digestive tract (Fig. 35D). This usually takes place by the early pluteus stage (Fig. 35D). The development of the coelomic pouches represents the first morphological sign of the left-right asymmetry in P. lividus larvae, with the left coelomic pouch being slightly more elongated and larger than the right one (Fig. 35C,D). The left-right asymmetry becomes more obvious with the development of a thin protrusion of mesenchymal cells extending only from the left coelomic pouch towards the juxtaposed ectoderm at the 4-arm pluteus stage (Fig. 35E). This protrusion forms a tubular canal which eventually opens above the esophagus, in between the preoral rods (Fig. 35F). This canal is called the primary pore canal, while the opening is called the hydropore. Adult echinoderms are characterized by the presence in their body of a specific hydraulic water-vascular system, which consists of internal fluid-filled canals that give off externally through multiple podia (or tube feet) [START_REF] Nichols | The water-vascular system in living and fossil echinoderms[END_REF]. The opening of the hydropore through the larval epidermis allows the left coelomic pouch to communicate with the exterior environment and thus marks the first step in the development of the water vascular system.

As the 4-arm pluteus stage proceeds, the right and left coelomic pouches also extend along the esophagus. By the 6-arm pluteus stage they reach the stomach and each acquires in the first tier a constriction that segregates an anterior and a posterior sac (Fig. 35G,H). At this point, morphological events on the left side of the larva become more complex in comparisons to their right counterparts. The left sacs significantly elongates towards both the mouth and the apex and ultimately forms several tubular structures that will greatly contribute to the adult body plan (Fig. 35I). Thus, by the onset of the 8-arm pluteus larva stage, the left anterior sac is then divided into three interconnected and morphologically distinguishable compartments, which from the mouth to the stomach are the left axocoel, the stone canal and the left hydrocoel (Fig. 35I). Concomitantly, the left posterior sac also grows in size and forms the left somatocoel (Fig. 35I). As revealed by anti-acetylated tubulin immunostainings, the left axocoel and hydrocoel, as well as the stone canal, which link the two together, further developed a dense ciliature by contrast to the left somatocoels (Fig. 35J,K). This dense ciliature is consistent with the observed water flow going in and out the developing water vascular system. Meanwhile on the right side, the anterior sac produces the right axohydrocoel while the posterior sac generates the right somatocoel (Fig. 35I,J). Earlier reports indicates that the axohydrocoel further divides much later into the right axocoel and the right hydrocoel, of which the contribution to the adult body plan remains limited. The right axocoel thus forms the dorsal sac, a small structure associated to the axial organ, whereas the right hydrocoel will degenerate [START_REF] Ziegler | Comparative morphology of the axial complex and interdependence of internal organ systems in sea urchins (Echinodermata: Echinoidea)[END_REF]. By contrast, the right somatocoel contributes along with the left somatocoel to generate the adult perivisceral cavities [START_REF] Ezhova | Axial complex and associated structures of the sea urchin Strongylocentrotus pallidus[END_REF].

As development proceeds, the complex formed by the hydropore, the primary pore canal, the left axocoel, and the stone canal undergoes several changes in its organization. The hydropore migrates in a more medial position, right underneath the branching point of the dorsal arch (Fig. 35K). Concomitantly, the axocoel forms a blindended, pulsatile sac now connected to the stone canal and the primary pore canal by a single opening (Fig. 35K-N). This pulsatile sac was proposed to ensure circulatory and excretory functions of the developing sea urchin (Welsch & Rehkämper, 1987).

Embryonic and larval myogenesis

The first muscles to differentiate in P. lividus start to form at the early pluteus stage. They develop from the coelomic pouches and form circumferential fibers that surround the esophagus (Fig. 36A,B). The circumesophageal muscles become functional concomitantly to the digestive tract. They allow the contraction of the esophagus required for the swallowing of food particles. The delamination of the muscles cells from the coelomic pouches has been studied in great details (e.g. [START_REF] Gustafson | Cellular movement and contact in sea urchin morphogenesis[END_REF][START_REF] Ishimoda-Takagi | Evidence for the involvement of muscle tropomyosin in the contractile elements of the coelom-esophagus complex in sea urchin embryos[END_REF][START_REF] Burke | Development of the esophageal muscles in embryos of the sea urchin Strongylocentrotus purpuratus[END_REF]. Interestingly, the timing and outcome of this process appear largely similar in these species and in P. lividus.

To go a step further in our description of P. lividus larval myogenesis, we then took advantage of the actin enrichment of muscles to observe their organization through time. For this we performed phalloidin immunostainings, which selectively label F-actin (Fig. 36C-G). These phalloidin stainings revealed, by the 4-arm pluteus stage, the presence of two additional sets of muscles in the oral hood region in addition to the circumferential fibers, i.e. the dilator muscles and the lateral muscles. The dilator muscles are located at the base of the left and right anterolateral arms (Fig. 36C). Their function is primarily to widen the mouth aperture, while later at the 8-arm pluteus larva stage they also mediate the relative positioning of the anterolateral and preoral arms to optimize particles catching [START_REF] Strathmann | The feeding behaviour of planktotrophic echinoderm larvae: mechanisms, regulation, and rates of suspension feeding[END_REF]. The lateral muscles are found on each side of the esophagus and they connect the esophagus with the stomach as well as the epidermis of the oral hood (Fig. 36C,D). During our analysis, we could observe up to three pairs of lateral muscle fibers (Fig. 36D). Intriguingly, only few surveys have so far reported the existence of these specific muscular fibers in sea urchin larvae [START_REF] Dyachuk | Larval myogenesis in Echinodermata: conserved features and morphological diversity between class-specific larval forms of Echinoidae, Asteroidea, and Holothuroidea[END_REF], and their precise functions hence remain to be investigated. Finally, the circumesophageal muscles of the cardiac sphincter (the boundary between the esophagus and the stomach) exhibit a distinct organization with fibers both parallel and perpendicular to the esophagus (Fig. 36C).

During the subsequent development of the larva, the general shape of the circumesophageal, dilator and lateral muscles remains largely unchanged, even though their size extend concomitantly to the important growth exhibited by the larvae (Fig. 36E,F). In addition, several other muscle fibers become visible. This includes a pair of muscle fibers attaching the lower portion of the stomach to the larval epithelium (Fig. 36E,F). The muscles surrounding the pyloric sphincter, which separates the stomach from the intestine, as well as those located at the anus also become distinguishable (Fig. 36F,G). Several thin fibers surrounding the stomach and called the mesenteries develop by the end of the 8-arm pluteus stage (Fig. 36G). Finally, new muscles associated to the developing adult structures also appear. These muscles are particularly obvious in the rudiment where they are associated to the primary podia and the basis of the spines, as well as in the pedicellariae on the opposite side (Fig. 36G).

Embryonic and larval neurogenesis

Next, we investigated the development of the nervous system in P. lividus embryos and larvae. For this, we carried out immunostainings for two neuronal markers classically used in echinoid species, serotonin and synaptotagmin-B (e.g. [START_REF] Bisgrove | Development of the nervous system of the pluteus larva of Strongylocentrotus droebachiensis[END_REF][START_REF] Nakajima | Development and neural organization of the tornaria larva of the Hawaiian hemichordate, Ptychodera flava[END_REF][START_REF] Yaguchi | Early development and neurogenesis of Temnopleurus reevesii[END_REF]. These analyses revealed that the first differentiated neurons appear in P. lividus at the prism stage, in the animal pole domain, hence constituting the first elements of the future larval apical organ. These neurons usually consist in two bottle-shaped cells located on the lateral sides of the apical tuft and they are serotonin but not synaptotagmin-B immunopositive (Fig. 37A). This suggests that at least in P. lividus all neurons are not synaptotagmin-B positive, by contrast to previous statements [START_REF] Nakajima | Development and neural organization of the tornaria larva of the Hawaiian hemichordate, Ptychodera flava[END_REF]. In addition to these bottle-shaped neurons, other round-shaped serotonergic positive cells are observed in a more basiepithelial position (Fig. 37A). However, whether these basiepithelial cells are differentiated neurons, neuronal precursors that will then migrate into the epithelium to form bottle-shaped neurons, or bottleshaped neurons that migrated out the epithelium, remains to date unknown and future investigations based on live-imaging are required to distinguish in-between these distinct possibilities. Finally, prism stage embryos also exhibit discrete synaptotagmin-B neurite bundles that are present on the lateral hinges of the oral hood, where the anterolateral arms will develop (Fig. 37A). Of note these bundles appear solely synaptotagmin-B positive and not serotonergic positive.

By the early pluteus stage, additional bottle-shaped serotonergic neurons appear in the epithelium of the apical organ, as well as additional round-shaped serotonergic cells underneath it (Fig. 37B). By now, all these serotonergic structures are further connected together by neurites running at the basal side of the apical organ (Fig. 37B). In addition to these, longer synaptotagmin-B neurite bundles are now visible along the epithelium of the developing ciliary band, on the lateral sides of the oral hood (Fig. 37B). These ciliary-band neurites remain only positive for synaptotagmin-B, while the bottle-shaped neurons and their connected neurites present in the apical organ remain solely serotonergic positive (Fig. 37B). As development progresses towards the 4-arm pluteus larva stage, synaptotagmin-B positive neurites also start running below the apical organ, forming together with the serotonergic neurites the basal neuropile of the apical organ (Fig. 37C,D). Within the apical organ additional serotonergic bottle-shaped neurons further form during this developmental period. Likewise, along the basiepithelial neurites present in the ciliary band epithelium synaptotagmin-B positive cell bodies start differentiating at regular interval (Fig. 37C), although they will only become clearly distinguishable at the 4-arm pluteus stage. The neural control of the beating of the cilia present in the ciliary band is key to enable the plutei to adopt a controlled swimming and generate a water flow directing particles towards the mouth, allowing it to feed on phytoplancton [START_REF] Strathmann | The feeding behaviour of planktotrophic echinoderm larvae: mechanisms, regulation, and rates of suspension feeding[END_REF][START_REF] Hart | Particle captures and the method of suspension feeding by echinoderm larvae[END_REF].

By the 4-arm pluteus stage, the nervous system thus comprises a prominent apical organ, constituted of usually 3 to 6 bottle-shaped serotonergic neurons, a couple of round-shaped basiepithelial serotonergic neurons, and a dense serotonergic and synaptotagmin-B neuropil, along with an extended synaptotagmin-B circuitry running all along the ciliary band and displaying throughout several scattered cell bodies (Fig. 37D,E). In addition to these main structures, an upper lip ganglion has also formed within the epithelium of the mouth. This upper lip ganglion establishes extensive neurite projections towards the apical organ and the ciliary band nerves present in the oral hood (Fig. 37E,E'). From the ciliary band some neurites further extend towards the apex of the larva (Fig. 37E). In the subsequent developmental stages, although the general architecture of the nervous system mostly remains unchanged new elements form and make it more complex. Indeed, due to the formation of the epaulettes and of the 3rd and 4th pairs of arms at the 6-arm and 8-arm stage, the shape of the ciliary band gets deeply modified. First, additional ciliary band synaptotagmin-B positive neurites and neurons appear at the level of the new arms and the epaulettes, with an intrinsic organization that nonetheless remains similar, i.e. with regularly spaced neurons within the epithelia (Fig. 37F,G). Second, at the level of the mouth, the upper-lip ganglion progressively detaches from the neuropile, extends laterally and ultimately migrates above the apical ganglion, being pushed away by the growth of the preoral arms. Therefore, by the 8-arm pluteus larva stage, the upper lip ganglia and the apical organ appear as two clearly distinct structures (Fig. 37F',G'). Meanwhile, new serotonergic bottle-shaped neurons develop within the apical ganglion, reaching by the 8-arm pluteus stage a total number of about 30. These neurons are progressively segregated into two well-defined clusters positioned at the base of each anterolateral arm, while the apical organ neuropile connecting these two clusters becomes significantly thicker (Fig. 37G'). These serotonergic neurons also progressively extend neurites from the apical organ into the ciliary band. These serotonergic neurites run in parallel to the synaptotagmin-B positive nerves along the larval arms (Fig. 37H). They further project from the two clusters two prominent serotonergic nerves, which we refer to as the oral hood lateral nerves. These nerves run along each side of the mouth and reach the region of the stomach (Fig. 37H-J). Interestingly, by the end of 8-arm pluteus stage, the left lateral nerve establishes conspicuous connections with the envelope of the rudiment (Fig. 37I-I''). In parallel, the lower-lip of the mouth also displays an additional ganglion, which is composed of a synaptotagmin-B neuropile and several serotonergic round-shaped neurons (usually around 20) (Fig. 37F',H). Finally, supplementary neural structures form de novo during the course of the 8-arm pluteus stage in the developing adult structures, i.e. the rudiment and the pedicellariae (Fig. 37G,I).

Development of the adult structures

In echinoids, the development of the adult tissues starts by the establishment of an imaginal rudiment that develops on the left side of the larval stomach [START_REF] Hyman | The Invertebrates: Volume 4 (Echinodermata: The coelomate Bilateria)[END_REF]. The formation of the rudiment is a complex sequence of organogenetic changes involving both larval mesodermal tissues (i.e. coeloms) and the overlying epithelium.

Rudiment morphogenesis

Development of the rudiment starts when the larval epithelium located at the basis of the left postoral and posterodorsal arms thickens and invaginates towards the adjacent left coeloms, forming the so-called vestibule (Fig. 35I). This is the vestibule invagination stage, i.e. the first stage of rudiment development. This vestibular invagination comes in contact with the left hydrocoel and flattens along its side. This is the contact stage (Fig. 38A ,B). Subsequently, the invagination cuts off from the larval epidermis, forming an internal vesicle that lies on the top of the left hydrocoel. This marks the vestibule vesicle stage. The part of the vesicle that is in contact with the left hydrocoel is named the vestibular floor, that underlying the larval epidermis is called the vestibular roof, and both are connected together by the vestibular walls, hence delineating a vestibular cavity (Fig. 38C,D). The left hydrocoel, which so far was a simple vesicle of mesodermal epithelium also starts to undergo critical changes. Five lobes form from the left hydrocoel epithelium that is in contact with the vestibular floor, highlighting the first stage in the acquisition of the adult pentaradial symmetry (Fig. 38D). At the 5-fold mesoderm stage, the five lobes of the left hydrocoel protrude into the vestibular floor, and lumens start to expand within the lobes (Fig. 38E,F). These lumens represent the anlage of the five radial canals of the adult water vascular system. At that stage, the anlage of the ring canal, which will later connect the five radial canals together at the level of the adult mouth, is not yet closed but rather appears with a characteristic "C-shape" (Fig. 38F). At the five-fold ectoderm stage, the vestibular floor in turn adopts the pentaradial organization of the underlying hydrocoel, and starts to protrude into the vestibular cavity (Fig. 38G). At the same time, in the hydrocoel the extremities of the C-shaped ring canal fuse together (Fig38H). Given that at that stage the ring canal is already connected to the stone canal, itself connected to the left axocoel and the hydropore, the developing water vascular system is already functional, with water flow being visible within the five lobes of the hydrocoel that further exhibit a certain motility. These five lobes actually represent the anlage of the five primary podia of the future sea urchin juvenile.

As development proceeds, the five lobes formed by the left hydrocoel further extend, giving rise to the primary podia. At the primary podia stage, the primary podia are already composed on the outside by the vestibular floor and on the inside by the left hydrocoel, which delineates extensions of the radial canals (Fig38I). Meanwhile, the left somatocoel has extended along the stomach wall, and is now present underneath the left hydrocoel. There, it also adopts a pentaradial symmetry and forms five buds in between each of the primary podia (Fig. 38I). These buds correspond to the dental sacs, a mesenchyme that later generates the first set of spines and some elements of the masticatory apparatus, including the teeth [START_REF] Hyman | The Invertebrates: Volume 4 (Echinodermata: The coelomate Bilateria)[END_REF]. Then, the primary podia considerably grow in size, extending into the vestibular cavity and progressively bending inward into it due to the small space available (Fig. 38J,K). This is the primary podia-folded stage. Optical cross-sections within the podia at that stage further allow to visualize the radial canal extension constituting the center of these appendages (Fig38J). Ultimately, the five primary podia touch each other below the vestibular roof (Fig. 38L). This marks the primary podia-touching stage. Other important changes occur at this stage. First, the water vascular system continues to develop and starts to carry circulating coelomocytes (Fig. 38M), which are being pushed back and forth along the radial canals due to the water flow. Second, the dental sacs differentiate at the periphery of the rudiment into four spine sacs (Fig. 38N), each of which will later develop a spine. At this stage, most of the organogenesis in the soft tissues of the rudiment is completed. Up to the competency though, the primary podia will continue to grow in size, further extending at their extremities the papilla, i.e. flat, discoid structures (Fig. 38O). The rudiment also continues to expand, reaching a width of about 300µm. Two different types of spines develop: twenty definitive spines that arose from the dental sacs and will persist in the adult and ten juvenile spines that will however be lost during juvenile growth (Fig. 38O). Finally, by the 8-arm competent pluteus stage, the vestibular roof ruptures, forming a vestibular pore (Fig. 38O) through which the primary podia extend to explore the outer environment, looking for cues to trigger the metamorphosis.

Rudiment skeletogenesis

In parallel to the development of the soft-tissues described above, the rudiment is further the seat of important skeletogenetic events. In the rudiment and the adult, most skeletal elements form by successive branching of spicules into distinct ossicles. Heyland & Hodin (2014) previously reported a precise sequence of ossicles formation in the rudiment of S. purpuratus. However our observations in P. lividus revealed a certain heterochrony among individuals in the progress of this sequence. Therefore, we here decided not to include any skeletogenic event in the definition of our rudiment-staging scheme. In any event, skeletogenesis usually took place within the rudiment at the primary podia touching stage, although it sometimes started as early as during the primary podia folded stage. In both cases, though, the first skeletogenic event observed was the same than reported by Heyland & Hodin (2014), i.e. the formation in the papilla of the primary podia of a skeletal ring (also referred to as the primary podia skeletal ring) (Fig. 39A). The formation of the primary podia skeletal ring starts with the emergence of a single typical triradiate spicule, alike those previously observed in the larvae (see above). Of the three apices composing this spicule though only the two lateral ones grow laterally and eventually fuse to give rise to the ring which encircles the radial canal at the tip of the podia. The primary podia skeletal ring thus results from the outgrowth of a single calcite element, which is not going to be the case for the skeletal rings observed in subsequent adult podia (see below). Following this event, other spicules appear in the spine sacs and at the periphery of the rudiment. The spicules in the spine sacs are remarkable since they display a hexaradiate structure (i.e. a structure with six apices instead of three as previously seen) (Fig. 39B). In addition, the development of these hexaradiate spicules is also remarkable in that the six apices do not grow further laterally. Instead a perpendicular branching appears at the center of the spicule that grows towards the tip of the spine sac. This branch gives rise to six trabeculae joined together by several stereomic bridges (Fig. 39B,C). All these structures together constitute the architecture of the definitive spines. In parallel to these, the juvenile spines also develop at that stage. They form from triradiate spicules emerging from distinct mesodermal bulges of the left somatocoel. Such as for the definitive spines, the triradiate spicules constituting the juveniles spines extend 3 to 4 trabeculae that are perpendicular to the rudiment skin and are linked together by stereomic bridges. Ten of these juveniles spicules are located on the rudiment surface on each side of the primary podia (Fig. 39B,D).

Within the rudiment, additional triradiate spicules further undergo an extensive branching pattern resulting in the formation of endoskeletal plates. To give explicit the nomenclature used to label these plates, we provide here a small summary of the plates observed in adult echinoids (see Fig. 7). In echinoids, the adult body is formed of endoskeletal plates that are tightly interlocked, hence giving a rigid structure to the test. In the rudiment though, the plates are not yet interlocked, and five different types of plates can be easily differentiated: the genital plates, the ocular plates, the ambulacral plates, the interambulacral plates and the buccal plates. In the adult, the five genital plates are the most aboral and are pierced by gonopores allowing to release the gametes. One of them is also pierced by the hydropore and is called the madreporite. The madreporite is the only conspicuous element departing from the pentaradial symmetry in regular sea urchins and has hence been used to identify the five ambulacra. According to the Carpenter's nomenclature system [START_REF] Carpenter | Report upon the Crinoidea collected during the voyage of HMS Challenger during the years 1873-1876, part 1. General morphology with descriptions of the stalked crinoids: Reports of the Scientific Results of the Voyage of HMS Challenger[END_REF], the ambulacra are denominating by the letter A to E clockwise, with the ambulacrum facing the madreporite being the ambulacraum A. The genital plates have interambulacral positions, and they are thus named by the letter of the ambulacra on each side, the madreporite thus being the genital plate CD. The ocular plates are located more orally, in-between the genital plates. They mark the aboral end of the ambulacra [START_REF] Mooi | Arrays in rays: terminal addition in echinoderms and its correlation with gene expression[END_REF]. Below the ocular plates are found two rows of ambulacral plates, which are pierced by pores allowing the protrusion of the podia, and one row of unperforated interambulacral plates on each side of the ambulacral plates. Finally, the buccal plates are located around the mouth. Thus, at the primary podia-touching stage, several triradiate spicules form from the left somatocoel at the periphery of the rudiment and correspond to the anlages of 20 interambulacral plates and 5 ocular plates (Fig. 39E). The interambulacral plates appear in the spine sacs, in-between the primary podia. The ocular plates form at the basis of the primary podia, in between the definitive spines, and they are hence the first plates to appear in ambulacral regions (Fig. 39E). Importantly though, not all the ocular plates form from triradiate spicules. Some of them differentiate from bulges of the larval rods (namely those located in the rays A and E) (Gosselin & Jangoux, 1998). As they grow, the interambulacral plates connect with the stem of the definitive spines and the ocular plates connect with the stem of the juvenile spines (Fig. 39C,D,F). By the 8-arm competent pluteus stage, the rudiment hence encompasses several skeletogenic structures that are clearly visible under polarized light (Fig. 39G). These include primary podia skeletal ring, definitive spines, juvenile spines, ocular and interambulacral plates. In addition, at the center of the rudiment additional protrusions appear in the dental sac, at the center of which form a rhombohedral crystal that corresponds the primordia of the future adult teeth (Fig. 39H).

Pedicellariae and genital plates development

Importantly though, the development of the adult structures is not restricted to the events taking place within the rudiment. This is the case for the pedicellariae and the genital plates, which developed on the right side of the larvae, i.e. on the opposite side of the rudiment. The pedicellariae are a special type of appendages found in asteroids and echinoids and that are devoted to the protection of the animal [START_REF] Hyman | The Invertebrates: Volume 4 (Echinodermata: The coelomate Bilateria)[END_REF]. Their development start by a condensation of mesenchymal cells that are located below the larval epidermis, at the branching point between the right posterodorsal, the right postoral and the right dorsoventral connecting rods in the right lateral field (Fig. 40A). This condensation then forms a well-differentiated bud protruding outside the larval epidermis (Fig. 40B) and into which skeletal spicules develop (Fig. 40C). The bud further evolves into a dense meshwork segregating three distinct lobes (Fig. 40D). The three lobes progressively differentiate into three calcified jaws with indented extremities, covered by a thin epidermis. At this stage, while the jaws of the first pedicellaria to form become motile and functional (Fig. 40E,F), additional pedicellariae may start to develop next to the first one (Fig. 40G). We usually saw between one to four pedicellariae in 8-arm competent pluteus stage, although sometimes some larvae had none.

The genital plates form after the pedicellariae and their appearance is the last skeletogenic event preceding the acquisition of the competency. The genital plates AB and DE develop from the right postoral and the right posterodorsal rods respectively, and are both often associated with pedicellariae (Fig. 40H,I). From each of them two juvenile spines further develop (Fig. 40H,I). In parallel, the genital plate CD, which will give rise to the future madreporite, develops at the branching point of the dorsal arch and encompasses the hydropore (Fig. 40J). From this plate, another juvenile spine develops in a ventral position relative to the dorsal arch (Fig. 40J). Finally, the genital plates BC and EA, unlike the genital plate AB, CD and DE, are not associated to any larval rods. They form respectively in the right lateral field (Fig. 40H,I) and on the dorsal midline of the larva (Fig. 40H,K). They both nonetheless form a juvenile spine, but note that the development of the genital plate EA is usually delayed compared to the four others.

Settlement and metamorphosis

The full development of the rudiment within the larvae and the opening of the vestibular pore are with no doubt two required features to consider any echinoid larvae as competent to undergo metamorphosis. Competency indeed means that the larvae have acquired the ability to undergo metamorphosis, however a clear morphological character associated with this competence stage is lacking [START_REF] Strathmann | The evolution and loss of feeding larval stages of marine invertebrates[END_REF] and metamorphosis is not necessary triggered immediately after the acquisition of the competency. As a matter of fact, the induction of metamorphosis requires specific environmental cues, implying that it can be delayed in the wild for up to several weeks if such aforementioned cues are not present. Once competency is acquired, the competent larvae usually display a typical behavior. First, they swim near the water surface with their eight arms oriented toward the water surface, and they periodically sink to the bottom by stopping the ciliary beating of their epaulettes (Fig. 41A). Then, at some point they stay on the bottom of the vessel and bend their arms, thereby allowing the vestibular pore to distend and the primary podia to protrude outside their body. The primary podia thus start sensing the substrate, looking for proper environmental cues to settle and trigger metamorphosis (Gosselin & Jangoux, 1998;Burke, 1980b). If such cues are not detected, the primary podia retract and the larva swims away, looking for a better settlement place. Conversely, if the substrate-test is successful, the primary podia vigorously bind to the substrate and the metamorphosis is initiated.

Once the larvae are settled, the metamorphosis itself is a catastrophic event leading to radical changes in both the lifestyle and the anatomy of the animal. Biologically, it marks the transition from the pelagic lifestyle of the larvae to the benthic one of the adult. On the other hand, from an anatomical point of view, the metamorphosis marks the switch between the bilateral organization of the larvae and the characteristic pentaradial organization of adult echinoderms. In P. lividus, the metamorphosis is usually completed in less than one hour and involves two main processes: (1) the resorption of the larval tissues and (2) the evagination of the rudiment. The resorption of the larval tissues starts at the distal tip of the arm skeletal rods, which protrude outside the epidermis (Fig. 41B). This is the first morphological sign indicating the beginning of metamorphosis. Then, the skeletal rods are progressively The larval epidermis is completely resorbed, letting the skeletal rods naked. The rudiment evaginate, with the podia and the spine protruding through the vestibular pore. (E) The larval arms break off. The rudiment is now evaginated, with the podia and the spine forming a crown around the larval body. On the right side of the larva, the genital plates are relocated to adopt their pentaradial conformation. (F) Metamorphosis is complete, the newly-formed postlarval juvenile is now able to move slowly on the substrate by means of the primary podia. For all images, scale bar = 300µm. DS: definitive spine; Ep: epaulette; JS: juvenile spine; Ped: pedicellaria; PP: primary podium; Rud: rudiment; SR: skeletal rod. stripped, while the larval epidermis shrinks toward the larval body (Fig. 41C,D). Eventually, most of the arm rods will break off (Fig. 41E) and other larval tissues will be discarded such as the larval oral hood and the mouth. Indeed, concomitantly to the resorption of the larval tissues, the larval esophagus and anus close over and will not be inherited by the juvenile. In parallel to these events, the evagination of the rudiment takes place. The protruding primary podia and the spines of the rudiment spread laterally, enlarging considerably the vestibular pore. Progressively, this process allows the rudiment to protrude outside the larval body, while the vestibular wall is pushed toward the right side of the larval body and spreads over the resorbed epidermis, epaulettes, and closed larval anus (Fig. 41C,D). On the right side, meanwhile, the five genital plates migrate and organize themselves as a large ring covering the prospective aboral side of the juvenile (where the adult anus will form). The genital plate CD remains associated with the hydropore, which slightly moves toward a more aboral position. During all these events, the primary podia exhibit an intense activity and continuously detach, retract, stretch, and fix to the substrate. By the end of this process, the spines and primary podia form an equatorial ring around the postlarval juvenile. They are located in the so-called coronal region described by Gosselin & Jangoux (1998), and that separates the prospective oral side, also called the infracoronal region, from the aboral side, also called the supracoronal region (Fig. 41E,F).

Post-metamorphic development

Following metamorphosis, the juvenile enters a phase of gradual reorganization of its appendages and internal anatomy. This chiefly occurs in the course of two main developmental stages: the postlarval juvenile stage during which the juvenile is endotrophic and the exotrophic juvenile stage that is initiated once the juvenile has acquired a functional digestive tract.

As previously mentioned, metamorphosis may take place within a couple of days to weeks following the acquisition of competency by the larvae. During this time delay, adult structures continue to develop within the larvae. This results in anatomical heterogeneities observed postlarval juveniles, with some of them exhibiting anatomical characters more mature than others. This heterogeneity appears in the number of stereomic bridges within the spines and in the extent of the endoskeletal plates. Therefore, the general anatomy and organization of all postlarval juveniles remain mostly similar. The postlarval juvenile stage lasts roughly one week, up until the adult mouth and anus open. During this period, the juveniles do not feed. They usually remain close to their settlement spot, and grow thanks to their internal resources. Anatomically, postlarval juveniles resemble miniature adult sea urchins. They display a central, spherical body bearing different kind of appendages, including podia, spines and pedicellariae (Fig. 42A). At this stage, the test exhibits the endoskeletal plates inherited from the rudiment. Thus, they still lack a large portion of the future adult endoskeleton. In particular, on the oral side the ambulacral and bucal plates are not yet formed, while the ocular and interambulacral plates are present (Fig. 42A,B). Importantly, in the middle of the infracoronal region, 25 small ossicles are distinguishable. They will form the different components of the Aristotle's lantern of the adult sea urchin (Fig. 42B). As such, they include 5 teeth primordia, 5 pairs of hypophyses, and 5 pairs of epiphyses, which are each equally distributed as five groups of five elements with a central teeth primordium flanked by first a pair of hypophyses and then a pair of epiphyses (Fig. 42B). In parallel on the aboral side the five genital plates have also been inherited from the larva. They are already organized in postlarval juveniles following the definitive clockwise pattern that will be later be observed in adult sea urchins (Fig. 42C). Of note, at that stage, the plates AB, CD, and DE, usually still carry the proximal tip of the larval rods close to which they initially develop within the larvae. These rods will subsequently disappear, being discarded or incorporated in the future aboral endoskeleton of the juvenile.

The subsequent developmental events occurring during the postlarval juvenile period can be summarized in four main processes: (1) the maturation of the appendages, (2) the development of the oral side (including the formation of the buccal plates, the Aristotle's lantern, and the mouth), (3) the shaping of the digestive tract and (4) the opening of the anus. In regards to the appendages, at the time of metamorphosis both the pedicellariae (Fig. 42D) and the primary podia (Fig. 42E,F) inherited from the larva and the rudiment, respectively, are already fully-developed. The pedicellariae remain associated with the genital plates and will do so for most of the juvenile stages, even though they will eventually be replaced by stalked pedicellariae after several month of growth (data not shown) (Gosselin & Jangoux, 1998). Likewise, the primary podia are already fully functional upon metamorphosis, being capable of retraction and extension. However, soon after metamorphosis, they start to regress, reducing in size and exhibiting less activity. In the meantime, as they are no longer contained into the larval vesicular cavity, it is easier to observe in detail their mature skeletal ring (Fig. 42F). Aside from these two appendages, important changes occur during the postlarval juvenile stage regarding the spines and the development of secondary podia. At the time of metamorphosis, both the definitive and juvenile spines have not reached their maximal length, and exhibit rounded distal ends (Fig. 42G,H). During the postlarval juvenile stage, both undergo an important growth, which is completed generally within a few days (Fig. 42I,J). Mature definitive spines display a single, pointed end resulting of the fusion of the six trabeculae constituting their stem. More importantly, they are motile by means of an articulated basal tubercule (Fig. 42I) surrounded by a ring of muscles. In parallel, mature juvenile spines have developed a characteristic multi-pointed aspect due to the growth, away from the spine axis, of the tips of the three or four trabeculae constituting their stem (Fig. 42J). In addition, in contrast to the definitive spines, juvenile spines are immotile. Aside from the degenerating primary podia, postlarval juveniles further grow additional new podia, referred to as secondary podia. At the time of metamorphosis, secondary podia are still simple buds protruding in the oral epidermis, although already branched to the water vascular system. They are at a total number of ten, i.e. five groups of two located in between the definitive spines, underneath the primary podia (Fig. 42A). As the postlarval juvenile stage proceeds, these secondary podia considerably grow in size, reaching a length that is comparable to those of the primary podia. At their tip a skeletal ring also forms, which is composed of three distinct ossicles fused together, unlike in the primary podia (Fig. 42K). As time goes, multiple other secondary podia will further emerge reaching a total number of hundreds by the time of adulthood and death. The development of these secondary podia alternates on each sides of the ambulacra, following a stereotypical pattern referred to as the "baaba pattern" [START_REF] Mooi | Arrays in rays: terminal addition in echinoderms and its correlation with gene expression[END_REF][START_REF] Morris | On the sites of secondary podia formation in a juvenile echinoid: growth of the body types in echinoderms[END_REF].

During the postlarval juvenile stage, prominent changes also occur on the oral side. First, two series of 10 triradiate spicules each appear (Fig. 42L). The first 10 spicules are located next to the developing secondary podia (Fig. 42L), and undergo an extensive branching pattern that leads to the formation of 10 ambulacral plates. These plates do not bear appendages at this stage. The 10 other are located in the center of the oral epidermis, next to smaller buds corresponding to the prospective buccal podia (a special type of secondary podia located around the mouth) (Fig. 42L). These 10 other spicules also branch several times, forming the buccal plates (Fig. 42M-O). The buccal plates are characterized by the presence of pore through which the buccal podia will protrude (Fig. 42O). Notably, in the center of the oral region, an area remains free of any endoskeleton. This is the peristome, and corresponds to the region in which the mouth will later open (Fig. 42M). Underlying the buccal plates the teeth also start to form during the postlarval stage. They grow from the teeth primordia towards the center of the peristome. At this stage, they are bifid, and the two tips of each tooth primordium will fuse, thereby forming a single pointed, functional tooth by the end of the postlarval juvenile stage (Fig. 42N,O). In parallel of these events, as mentioned above, the complete digestive tract of the juvenile will be re-shaped during the postlarval juvenile stage. Part of the larval stomach will be inherited and will grow connecting on one side to the Aristotle's lantern and opening on the other through the anus. As of now we have not been able to observe these reorganizations mainly due to the opacity the juveniles. In any event, the end of the postlarval juvenile stage is marked by the opening of the mouth in the center of the peristome, allowing the teeth to protrude outside and the juvenile to feed by grazing on algae.

Once the mouth has opened, the juvenile growth starts to be ensured by feeding, instead of inner resources. The juveniles are hence by now exotrophic. The exotrophic juvenile stage usually lasts for up to several months up until the development of the reproductive apparatus, which marks the transition to the adult stage. Here, note that we only consider and describe the initial aspects of the exotrophic juvenile stage and not its subsequent grow up to the adult stage and further (for description of the growth in exotrophic juveniles and adult echinoids, see Gosselin & Jangoux, 1998[START_REF] Mooi | Arrays in rays: terminal addition in echinoderms and its correlation with gene expression[END_REF]. During the exotrophic juvenile stage, the size of tjuvenile expands dramatically.

It goes from a few millimeters to up to several centimeters in width. Exotrophic juveniles display a prominent endoskeleton, in which all ambulacral, interambulacral and buccal plates start to fuse together, providing rigidity to the developing test (Fig. 42P,Q). The genital and ocular plates have also fused, forming a complex meshwork of stereom on the aboral side (Fig. 42R). The suture between these plates are no longer observable and at this stage only the position of the appendages can inform on the identity of the rays. For instance the podia delineate the ambulacral plates, the definitive spines the interambulacral plates, the juvenile spines the ocular plates, the buccal podia the buccal plates, and the pedicaellariae as well as the most aboral juvenile spines the genital plates. The periproct, a small set of plates surrounding the anus, is not yet discernable (data not shown). Overall, the exotrophic juveniles move actively using their secondary podia. These are by now fully formed and their skeletal ring is clearly visible at their tip (Fig. 42Q,S,T). Besides the 10 secondary podia that formed during the postlarval juvenile stage, additional secondary podia have further developed by now along the ambulacra, while the primary podia are no longer visible in exotrophic juveniles. The only remnants of their presence are the so-called tongues, which correspond to protrusions at the level of the ocular plates (Fig. 42U). Instead, specific round-tipped appendages called the sphaeridiae have developed from the ocular plates (Fig. 42V, see also Fig. 42P,Q). These sphaeridiae are believed to correspond to sensory organs involved in the balance of the animal [START_REF] Märkel | The sphaeridia of sea urchins: ultrastructure and supposed function (Echinodermata, Echinoida)[END_REF].

Conclusion

In this study, we provided a detailed staging system and thorough description for the development of the Mediterranean sea urchin P. lividus, going from fertilization to the exotrophic juvenile stage. For staging, we used only easily observable characters than can be seen under a simple compound microscope. Based on this, we proposed a comprehensive staging scheme including 32 stages (plus 8 independent stages for rudiment formation) grouped in three different periods. For each of these stages, we further provided all of their key anatomical characteristics. Some of these descriptions were supported by immunostaining assays to provide more details in the formation for instance of the cilia, the muscles and the nervous system. A contrario, a certain number of morphological events involved in both larval and adult development were not described, since we could not observed them given our experimental settings. These events will require further investigations using more sophisticated tools such as histological sections and live lineage tracing. As an example, the vestibular floor is the seat of key events during the formation of the rudiment, including more specifically in regards to the adult nervous system, as previously described by the seminal work of [START_REF] Macbride | The development of Echinus esculentus together with some points of the development of E. miliaris and E. acutus[END_REF][START_REF] Von Ubisch | Die Entwicklung von Strongylocentrotus lividus[END_REF]. Despite this knowledge, a thorough reappraisal of this work using modern tools is critically needed in echinoids as this process is critical for our understanding of nervous system evolution in metazoans. Furthermore, as suggested by [START_REF] Smith | The larval stages of the sea urchin, Strongylocentrotus purpuratus[END_REF], while the embryonic skeletogenesis has been dissected in great details in various echinoid species [START_REF] Mcintyre | Branching out: origins of the sea urchin larval skeleton in development and evolution[END_REF], our current understanding of skeletogenesis in the rudiment remains relatively poor. Even though we know it involves the contribution of triradiate and hexaradiate spicules, the precursor cells that initiate the calcification of these spicules are unknown. Yet, it would be interesting to identify their origin and their potential similarities with the embryonic SM cells.

Most of the anatomical characteristics discussed in this study have already been reported in great details for a number of other echinoid species. For instance larval and perimetamorphic events have been described in Echinus esculentus by [START_REF] Macbride | The development of Echinus esculentus together with some points of the development of E. miliaris and E. acutus[END_REF], Peronella japonica by [START_REF] Okazaki | The metamorphosis of partial larvae of Peronella japonica Mortensen, a sand dollar[END_REF], Echinocardium cordatum by [START_REF] Nunes | Larval growth and perimetamorphosis in the echinoid Echinocardium cordatum (Echinodermata): the spatangoid way to become a sea urchin[END_REF] and Clypeaster subdepressus by [START_REF] Vellutini | Embryonic, larval, and juvenile development of the sea biscuit Clypeaster subdepressus (Echinodermata: Clypeasteroida)[END_REF]. The skeletogenesis events have also been carefully dissected by [START_REF] Gordon | VII. The development of the calcareous test of echinus miliaris[END_REF][START_REF] Gordon | VI. The development of the calcareous test of Echinocardium cordatum[END_REF]Gordon ( , 1929) ) in E. esculentus, E. cordatum, Echinarachnius parma and Arbacia lixula, and by Devanessen (1922) in E. miliaris. The nervous system development have mainly been investigated recently since the rise of immunochemistry techniques, but has been since then the subject a number of studies in a broad range of echinoid species (e.g. [START_REF] Bisgrove | Development of the nervous system of the pluteus larva of Strongylocentrotus droebachiensis[END_REF][START_REF] Bisgrove | Evolutionary conservation of the larval serotonergic nervous system in a direct developing sea urchin[END_REF]Beer et al. 2001;[START_REF] Nakajima | Development and neural organization of the tornaria larva of the Hawaiian hemichordate, Ptychodera flava[END_REF][START_REF] Bishop | Development of nitric oxide synthase-defined neurons in the sea urchin larval ciliary band and evidence for a chemosensory function during metamorphosis[END_REF][START_REF] Bishop | Neural development in Eucidaris tribuloides and the evolutionary history of the echinoid larval nervous system[END_REF][START_REF] Yaguchi | Early development and neurogenesis of Temnopleurus reevesii[END_REF]. Staging scheme for echinoid development have also been proposed by [START_REF] Okazaki | Normal development to metamorphosis[END_REF] for several species, and by [START_REF] Smith | The larval stages of the sea urchin, Strongylocentrotus purpuratus[END_REF] and Heyland & Hodin (2014) for S. purpuratus, the latter being restricted to the processes occurring in the rudiment. Despite these previous studies, our work nonetheless provides the first comprehensive staging scheme encompassing all the developmental stages from fertilization to post-metamorphic stages for any echinoid species. For the larval stages, the main difference between our staging scheme and the one proposed by [START_REF] Smith | The larval stages of the sea urchin, Strongylocentrotus purpuratus[END_REF] holds in the integration of the rudiment stages not as larval stages per se but as a subset of the 8-arm stage, as recommended by Heyland & Hodin (2014). In addition, our study is the first to provide in P. lividus immunostaining assays enabling us to detail ciliogenesis, myogenesis and neurogenesis.

In sum, we believe that this work will facilitate future studies based on the use of P. lividus embryos, larvae or juveniles, with a particular focus on ecotoxicological, medical or evo-devo surveys. We also hope to have developed further interest in the study of late larval and juvenile stages, which up to now have unfortunately stayed out of the scope of sea urchin developmental biologists.

Introduction

Echinodermata are a large phylum of exclusively marine, mostly benthic invertebrates comprising about 7300 extant known species [START_REF] Appeltans | The magnitude of global marine species diversity[END_REF]. They encompass five extant classes: the crinoids (feather stars and sea lilies), the asteroids (sea stars), the ophiuroids (brittle stars), the holothuroids (sea cucumbers) and the echinoids (sea urchins). From an anatomical point of view, all echinoderms are characterized by four synapomorphies. First, they display a radial adult body plan, which is usually pentaradial [START_REF] Smith | Deuterostomes in a twist: The origins of a radical new body plan[END_REF]. This pentaradial symmetry appears through the even distribution around the oral-aboral axis of five rays comprising equivalent structures, as most clearly illustrated by the five arms of asteroids and ophiuroids. Second, they possess an endoskeleton made of calcium carbonate ossicles [START_REF] Hyman | The Invertebrates: Volume 4 (Echinodermata: The coelomate Bilateria)[END_REF][START_REF] Smith | Stereom microstructure of the echinoid test[END_REF]. These ossicles display a peculiar trabecular structure referred to as stereom. Third, they possess a specific hydraulic water-vascular system which consists of internal fluidfilled canals giving off along each ray appendages called podia [START_REF] Nichols | The water-vascular system in living and fossil echinoderms[END_REF]. This system operates under water pressure and is used for locomotion. Last, they exhibit a unique type of connective tissue constituted of mutable collagen, which is capable of rapid and reversible changes of tensile strength [START_REF] Wilkie | Variable tensility in echinoderm collagenous tissues: A review[END_REF][START_REF] Wilkie | Is muscle involved in the mechanical adaptability of echinoderm mutable collagenous tissue[END_REF]. This tissue fulfills mechanical functions associated with body stiffness and extensibility.

Another common feature of all echinoderms lies on their indirect-mode of development, with the formation following embryogenesis of larvae exhibiting a bilateral symmetry. The emergence of the adult body plan subsequently takes place through the formation within the larvae of an imaginal rudiment which already exhibits the future pentaradial symmetry [START_REF] Hyman | The Invertebrates: Volume 4 (Echinodermata: The coelomate Bilateria)[END_REF]. Once the rudiment is well developed, the larvae undergo dramatic changes in the course of a process called metamorphosis. During this process, the larval tissues are reorganized and a pentaradial juvenile, referred to as a postlarval juvenile, is formed. Postlarval juveniles resemble miniature versions of the adults, and they already exhibit all echinoderm synapomorphies as well as most of the specificities of each echinoderm class.

Importantly, echinoderms develop two distinct nervous systems during their lifecycle, one in the larva and one in the adult [START_REF] Hinman | Embryonic neurogenesis in echinoderms[END_REF]. The larval nervous system develops during the embryogenesis and is completely lost during metamorphosis [START_REF] Chia | Echinoderm metamorphosis: fate of larval structures[END_REF][START_REF] Bisgrove | Evolutionary conservation of the larval serotonergic nervous system in a direct developing sea urchin[END_REF][START_REF] Heinzeller | The echinoderm nervous system and its phylogenetic interpretation[END_REF]. By contrast, the adult nervous system develops de novo in the rudiment and is maintained during metamorphosis [START_REF] Nakano | Nervous system development of the sea cucumber Stichopus japonicus[END_REF][START_REF] Hirokawa | Development of the nervous system in the brittle star Amphipholis kochii[END_REF][START_REF] Dupont | Neural development of the brittlestar Amphiura filiformis[END_REF][START_REF] Katow | Development of nervous systems to metamorphosis in feeding and nonfeeding echinoid larvae, the transition from bilateral to radial symmetry[END_REF]. Anatomically, the echinoderm adult nervous system is primarily composed of five radial nerve cords, which run along the proximal-distal axis of each ray. On their proximal ends, these nerve cords are further joined together by a circumoral nerve ring that surrounds the pharynx [START_REF] Hyman | The Invertebrates: Volume 4 (Echinodermata: The coelomate Bilateria)[END_REF][START_REF] Smith | The larval stages of the sea urchin, Strongylocentrotus purpuratus[END_REF]. Several peripheral structures have also been described. These include peripheral ganglia that are located in external appendages such as in the podia, peripheral nerves that innervate from the radial nerve cords the body muscles and the podia, as well as plexus that innervate the epithelial lining of the viscera, the water vascular system, and the body wall [START_REF] Smith | The larval stages of the sea urchin, Strongylocentrotus purpuratus[END_REF][START_REF] Mashanov | Echinodermata[END_REF].

Owing to the available anatomical and ultrastructure knowledge, some authors have surmised that the echinoderm adult nervous system is organized as a central nervous system, with the five radial nerve cords acting as an integrative center capable of receiving peripheral sensory information from the whole body and accordingly controlling in turn behavioral outputs [START_REF] Arshavskii | Coordination of arm movement during locomotion in ophiurans[END_REF][START_REF] Haag | Echinoderm rudiments, rudimentary bilaterians, and the origin of the chordate CNS[END_REF][START_REF] Mashanov | Echinodermata[END_REF]. However, some surveys established that peripheral structures are capable of local, autonomous neural processing [START_REF] Kinosita | Conduction of impulse in superficial nervous system of sea-urchin[END_REF][START_REF] Bullock | Comparative aspects of superficial conduction systems in echinoids and asteroids[END_REF][START_REF] Campbell | Observations on the activity of echinoid pedicellariae: I. Stem responses and their significance[END_REF]. Consequently, other authors have alternatively proposed that adult echinoderms actually lack a bona fide central nervous system and simply rely on local integrations and controls, in a way similar to what is reported for instance in cnidarians nerve nets [START_REF] Smith | The larval stages of the sea urchin, Strongylocentrotus purpuratus[END_REF][START_REF] Cobb | Neurobiology of the Echinodermata[END_REF]. This controversy on the nature of the echinoderm nervous systems has important repercussions in the context of the evolutionary history of nervous systems in deuterostomes, a subject that remains as of today one of the main challenge in the field of evolutionary developmental biology [START_REF] Holland | Evolution of basal deuterostome nervous systems[END_REF][START_REF] Lowe | The deuterostome context of chordate origins[END_REF]. Phylogenetically, echinoderms form together with hemichordates the superphylum of ambulacrarians, which in turn is the sister group of chordates (Satoh et al., 2014a;[START_REF] Cannon | Phylogenomic resolution of the hemichordate and echinoderm clade[END_REF]. The organization of the adult nervous system in hemichordates remains unclear [START_REF] Lowe | Anteroposterior patterning in hemichordates and the origins of the chordate nervous system[END_REF][START_REF] Nomaksteinsky | Centralization of the Deuterostome Nervous System Predates Chordates[END_REF][START_REF] Kaul-Strehlow | Neurogenesis in directly and indirectly developing enteropneusts: of nets and cords[END_REF], while in chordates it has been invariably reported as centralized [START_REF] Holland | Chordate roots of the vertebrate nervous system: expanding the molecular toolkit[END_REF]. Thus, settling on the structure of the echinoderm adult nervous system is important to decipher the evolutionary origin of deuterostomes central nervous system. So far, the nervous systems of holothuroids has arguably been the best described among those of adult echinoderms from an anatomical point of view [START_REF] García-Arrarás | The enteric nervous system of echinoderms: unexpected complexity revealed by neurochemical analysis[END_REF][START_REF] Mashanov | Ultrastructure of the circumoral nerve ring and the radial nerve cords in holothurians[END_REF]Diaz-Balzac et al., 2007, 2010;[START_REF] Hoekstra | Novel insights into the echinoderm nervous system from histaminergic and FMRFaminergic-like cells in the sea cucumber Leptosynapta clarki[END_REF]. On the other hand, description on the nervous system of adult echinoids remains fragmentary. Our knowledge of the organization of adult nervous systems in echinoids mostly relies on classical histological studies, such as the work of Hamman (1887); Cuénot (1891) and [START_REF] Smith | The larval stages of the sea urchin, Strongylocentrotus purpuratus[END_REF], also reviewed by [START_REF] Hyman | The Invertebrates: Volume 4 (Echinodermata: The coelomate Bilateria)[END_REF] and [START_REF] Mashanov | Echinodermata[END_REF]. Besides this, an important wealth of ultrastructural studies by mean of transmitted light microscopy (TEM) was accumulated over the second part of the XXth century (reviewed in Harrisson & Chia, 1994). In echinoids, the anatomy of the Aristotle's lantern and its associated muscles have received the most attention (e.g. [START_REF] Märkel | Structure and growth of the cidaroid socket-joint lantern of Aristotle compared to the hingejoint lanterns of non-cidaroid regular echinoids (Echinodermata, Echinoidea)[END_REF][START_REF] Stauber | Comparative morphology of muscle-skeleton attachments in the Echinodermata[END_REF][START_REF] Märkel | The interpyramidal muscle of Aristotle's lantern: its myoepithelial structure and its growth (Echinodermata, Echinoida)[END_REF]Wilkie et al., 1992;[START_REF] Stauber | The lantern of Aristotle: organization of its coelom and origin of its muscles (Echinodermata, Echinoida)[END_REF][START_REF] Ziegler | Evolution of a novel muscle design in sea urchins (Echinodermata: Echinoidea)[END_REF]. However, important ultrastructural studies of the radial nerve cords [START_REF] Cobb | The significance of the radial nerve cords in asteroids and echinoids[END_REF][START_REF] Märkel | Ultrastructure and organization of the epineural canal and the nerve cord in sea urchins[END_REF], of the basiepidermal plexus (Weber & Grosman, 1977), or of the innervation of the lantern [START_REF] Cobb | The lantern of Echinus esculentus (L). II. Fine structure of hyponeural tissue and its connections[END_REF] and the appendages [START_REF] Cobb | The fine structure of the pedicellariae of Echinus esculentus (L.) II. The sensory system[END_REF][START_REF] Chia | Histology of the globiferous pedicellariae of Psammechinus miliaris (Echinodermata: Echinoidea)[END_REF][START_REF] Coleman | Ultrastructure of the tube foot wall of a regular echinoid, Diadema antillarum[END_REF][START_REF] Florey | Ultrastructure of sea urchin tube feet[END_REF][START_REF] Mann | Destruction of kelp-beds by sea-urchins: a cyclical phenomenon or irreversible degradation?[END_REF][START_REF] Peters | The innervation of spines in the sea-urchin Echinus esculentus[END_REF][START_REF] Peters | Morphology of the nervous and muscular systems in the heads of pedicellariae from the sea urchin Echinus esculentus[END_REF][START_REF] Agca | Neurosensory and neuromuscular organization in tube feet of the sea urchin Strongylocentrotus purpuratus[END_REF] have shed some lights on the nervous system anatomy. In addition to these ultrastructural studies, insights into the organization of the sensory system were recently obtained in echinoid juveniles through the analysis of opsin localization [START_REF] Lesser | Sea urchin tube feet are photosensory organs that express a rhabdomeric-like opsin and PAX6[END_REF][START_REF] Ullrich-Lüter | Unique system of photoreceptors in sea urchin tube feet[END_REF]2013). However, all of these studies have been reported independently of each other and have often relied on the use of different species. Therefore, a more comprehensive investigation is required, involving further modern approaches and a broad selection of markers to obtain an organism-scale view.

Studying whole-mount mature adult echinoids though remains harsh and challenging owing to their anatomy. By contrast, postlarval juveniles resembles their adult counterparts, but have an overall simpler anatomy because they have not yet started the metameric growth characteristic of echinoids [START_REF] Mooi | Arrays in rays: terminal addition in echinoderms and its correlation with gene expression[END_REF]. More importantly, they are amenable for various experimental investigations, including whole-mount immunostaining. Thus, to fill the gap on the current comprehension of echinoid adult nervous system, we investigated the neuromuscular anatomy of 4-days old postlarval juveniles of the sea urchin Paracentrotus lividus. We conducted this analysis through confocal microscopy of whole-mount immunofluorescence assays, combining staining of the nervous system with antibodies against synaptotagmin-B and acetylated α-tubulin, with that of nuclei, skeleton and/or muscles. Together, this work provides the first comprehensive description of the neuromuscular anatomy in a post-metamorphic echinoid. It therefore nicely complements previous ultrastructure studies, although providing organism-scale observations and more complete interpretations. In addition, by yielding a broader comprehension of the neural circuitry that mediates the organism's behavior, it delivers a new tool for further neurophysiological and developmental studies in echinoids. Last, and with the recognized caveat that it is based on an analysis carried out on postlarval juveniles and not on adults, it provides a thoughtful comparable framework enabling inferences about the evolutionary origin and history of nervous systems among deuterostomes.

Material and Methods

Animal husbandry

Adults P. lividus were collected in the bay of Villefranche-sur-Mer (France). Gamete collection and fertilization were performed using 1 male and at least 3 different females, following standard procedure [START_REF] Lepage | Purification and characterization of the sea urchin embryo hatching enzyme[END_REF]. Embryos and larvae were cultured at 18-20°C in natural filtered sea water collected at "point B" in the bay of Villefranche-sur-Mer (43°41 N 07°19 E) and at a depth of 20 m, and filtered using a 0.2 µm mesh. When needed the salinity was adjusted to 38‰. Embryos and larvae were kept under constant stirring. Following fertilization, embryos were cultured at a density of 100 embryos per mL. After 48 hours of development, the culture concentration was adjusted to 1 larva per mL. From 48 hours of development on, water exchange and feeding were performed every Mondays, Wednesdays and Fridays. Two-thirds of the culture water was changed and the larvae were fed using a 1:1 mix of freshly grown cultures of the microalgae Dunaliela salina (strain MCCV020) and Chaetoceros gracilis (strain UTEX2658). From day 2 to day 10, the larvae were fed with a final concentration of 8.000 cells per mL and from day 11 to metamorphosis with a final concentration of 16.000 cells per mL. The larvae started undergoing spontaneous metamorphosis in the culture tank after roughly 25 days of development. At 4 days post-metamorphosis, the so-called postlarval juveniles were anesthetized and deciliated by transfer for a couple of seconds in 2x concentrated artificial sea water (1.032 M NaCl, 20 mM KCl, 22 mM CaCl2•2H2O, 68 mM MgCl2•6H2O, 44 mM MgSO4•7H2O, 20 mM EPPS, adjusted to pH 8.2). They were then collected and fixed for scanning electron microscopy (SEM), histology or immunofluorescence assays.

Scanning electron microscopy (SEM)

For SEM, specimens were fixed overnight at 4°C in 2.5% glutaraldehyde in 0.2 M sodium cacodylate buffer (pH7.4) prepared in filtered artificial seawater. After fixation, the specimens were rinsed three times in distilled water for 15 minutes at room temperature (RT). The samples were then dehydrated in a series of ethanol baths, 10 minutes each at RT, with increasing concentrations of alcohol diluted in distilled water: 25%, 50%, 75%, 96%, and finally 100% three times. After a final bath in hexamethyldisilazane (HMDS) (Sigma-Aldrich) for 5 minutes at RT, the samples were left at RT overnight to dry out. The specimens were coated with platinum (3 nm) prior to observations. SEM observations were performed with a Tescan Vega-3-XMU scanning electron microscope at an accelerating voltage of 5 kV.

Histology

For histology assays, 4-days old, deciliated postlarval juveniles were fixed overnight at 4°C in 4% paraformaldehyde prepared in natural filtered sea water containing 10mM EPPS. The specimens were then dehydrated in a series of ethanol baths made in phosphate-buffered saline solution (PBS) 1x with increasing concentrations of alcohol: 25%, 50%, 75%, and 100%. Each bath was conducted for 1 hour at RT. Dehydrated specimens were subsequently transferred in butanol overnight at 4°C before being embedded in paraffin wax. Transversal semithin sections (5 µm) were generated using a hand-operated microtome. The sections were then stained with hematoxylin and eosin. For this, the sections were incubated 2 times for 10 minutes at RT in 100% xylene (Sigma-Aldrich) to remove the wax. They were then rehydrated by passing them through a graded series of ethanol solutions prepared in distilled water (100%, 90%, 70%, 50%, 0%). Each bath was performed twice for 5 to 30 minutes at RT. The sections were subsequently stained in Mayer's hematoxylin (Sigma-Aldrich) for 3 minutes at RT, and then washed for about 10 minutes under running tap water. The sections were then quickly rinsed once with distilled water before being soaked into a 95% ethanol solution for 30 minutes at RT. Staining in 1% Eosin Y solution (Sigma-Aldrich) was performed for 15 seconds at RT. Two baths of 5 minutes in 95% ethanol were then conducted followed by 2 washes for 5 minutes in 100% ethanol. The sections were subsequently placed in a solution of 100% xylene. Mounting of the sections was carried out in Permount Mounting Medium (Thermo Fisher Scientific). Imaging of the stained sections was performed using a Zeiss Axio Imager 2 research microscope with differential interference contrast (DIC) optics.

Immunofluorescence

For immunofluorescence assays, 4-days old, deciliated postlarval juveniles were fixed for 10 minutes at RT in 3.7% formaldehyde prepared in natural filtered sea water. They were then washed 4 times in PBS containing 0.05% Tween-20 (PBST). A pre-blocking was carried out by an incubation for 1 hour at RT in SuperBlock Blocking Buffer (Thermo Fischer Scientific). The specimens were then incubated overnight at 4°C with primary antibodies diluted in PBST plus 0.005U/µL rhodamine phalloidin (Thermo Fischer Scientific cat# R415) to co-stain F-actin-rich structures such as muscles. The primary antibodies employed were: a mouse anti-msp130 (mesenchyme-specific cell surface glycoprotein-130; also called 1d5) [START_REF] Mcclay | Patterns of antigenic expression in early sea urchin development[END_REF] used at 1:2; a mouse anti-Synaptotagmin-B [START_REF] Nakajima | Development and neural organization of the tornaria larva of the Hawaiian hemichordate, Ptychodera flava[END_REF] used at 1:2; a mouse anti-acetylated α-tubulin (Sigma-Aldrich, cat#T6793) used at 1:200; and a rabbit anti-serotonin (ImmunoStar cat#20080) used at 1:200. Removal of the primary antibodies was carried out by three baths of 10 minutes each at RT with PBST. The specimens were then incubated for 1 hour at RT with one of the two following secondary antibodies diluted at 1:200 in PBST: Alexa Fluor 647 goat anti-mouse IgG H&L (Abcam cat#ab150115) or Cy5 goat anti-rabbit IgG H&L (Bethyl Laboratories cat#A120-201C5). Nuclear staining was thereafter performed for 10 minutes at RT using TO-PRO1-Iodide (Thermo Fischer Scientific) diluted at 1:500 in PBST. Removal of the endoskeleton was carried out by successive washes of 10 minutes at RT in 50mM EDTA diluted in PBST. Subsequently, the juveniles were rinsed 3 times for 5 minutes in PBST and incubated in a series of 20%, 40%, 60% and 80% fructose diluted in PBST to clarify the tissue (procedure adapted from [START_REF] Ke | SeeDB: a simple and morphology-preserving optical clearing agent for neuronal circuit reconstruction[END_REF]. Each fructose-wash was conducted for at least 1 hour at RT. Clarified juveniles were mounted in 80% fructose diluted in PBST. Immunostaining observations and acquisitions were performed using a Leica SP8 confocal microscope. Series of optical sections were taken at a z-step interval of 1-2 µm. Confocal optical sections were compiled into z-projections using ImageJ 1.44o [START_REF] Schneider | NIH Image to ImageJ: 25 years of image analysis[END_REF]. Depth-encoded images were generated using the ImageJ plugin "Temporal-Color Code" developed by Kota Miura and Johannes Schindelin. In both cases, the obtained images were processed (e.g. oriented and sized) using Adobe Photoshop CS5 (Adobe Systems Incorporated). For 3D reconstructions, synaptotagmin-B and phalloidin maximum projections were surface rendered in Imaris 7.5.0 (Bitplane AG) and the background was removed using a particle size threshold. The obtained images were then further processed using Blender 2.79 (Blender Foundation).

Results

External anatomical features of P lividus postlarval juveniles

The initial observations of the juveniles were made using regular stereomicroscopes with transmitted light. At that stage, the specimens already exhibit a central, spherical body which bears at its periphery a crown of single pointed, long, motile spines (referred to as definitive spines since they will be maintained in the adult), some multi-pointed, immotile spines (also called juveniles spines since they will be lost as development proceeds), and five podia that are composed of a basal and extensible tubular stem terminated by an apical flattened and discoid papilla (Fig. 43A). Postlarval juveniles are further dotted with several red pigment spots that spread all over the test as well as on the spines and podia. Sizewise, 4-days old P. lividus postlarval juveniles are about 300 µm in diameter, including the test plus the spines. The length of the spines is usually around 100 µm for definitive spines and 50 µm for juvenile spines. The length of the podia may vary depending on their state. Podia can indeed be withdrawn or extended, and their span then can reach up to about 400 µm.

To go further, we performed scanning electron microscopy analyses. The body of echinoid postlarval juveniles can be subdivided in three regions along the oral-aboral: the infracoronal region that constitutes the oral surface (i.e. the one in contact with the substrate), the coronal region around the midline, and the supracoronal region that constitutes the aboral surface (Fig. 43B) [START_REF] Gosselin | From competent larva to exotrophic juvenile: morphofunctional study of the perimetamorphic period of Paracentrotus lividus[END_REF]. The supracoronal region bear usually 7 juvenile spines, which are characterized by triraradiate, or sometimes tetraradiate tips (Fig. 43B,C). In addition, round-shaped appendages are also present on the supracoronal region (Fig. 43B,C). These are called the pedicellariae and are organs devoted to the protection of the sea urchin. In most cases, two pedicellariae were found by specimens, although in rare cases none or up to four pedicellariae were present. Finally, even though it will later form in the center of the supracoronal region, the anus is not yet formed at this stage (Fig. 43C). On the sides, the coronal region bears most of the appendages of the sea urchin. The most aboral of these appendages are five pairs of juvenile spines aligned together into a circle parallel to the midline of the sea urchin (Fig. 43B-D). These juvenile spines are anatomically undistinguishable of the one in the supracoronal region. Below the juvenile spines are found the definitive spines, which are arranged into five quartets distributed around the animal (Fig. 43B-D). Alternating with the quartet of spines are five groups of podia, each comprising a central primary podium and two smaller secondary podia on each sides of the primary (Fig. 43D). Finally, the infracoronal region is composed of a large and smooth epithelium called the peristome. The peristome will later be pierced in the middle when the mouth will be opened, but at the postlarval stage the center of the peristome is still covered by a thin epidermis (Fig. 43D). This is consistent with the fact that at this stage the juveniles are endotrophic and do not feed yet. In addition, five buccal podia in development surround the center of the peristome (Fig. 43D). These buccal podia are much smaller than the primary and secondary podia and appear as simple buds protruding through the peristomial epidermis. Overall, the distribution of the appendages allow to visualize the position of the five ambulacra. In echinoderms, the ambulacra are anatomical regions distributed along the five rays of the animal and composed of a several anatomical structures. The ambulacra can be visualized here as running from the center of the peristome to the primary podia (Fig. 43D). As such, each ambulacrum has proximal side (near the center of the peristome) and a distal side (near the primary podium). Each pair of secondary podia and juvenile spines in the coronal regions are located on either side of an ambulacrum. By contrast, the five buccal podia are located on a specific side of each ambulacrum: going clockwise, one is on the left, two are on the right, another is on the left and the last one is on the right. This specific pattern is called "baaba" and characterizes the position of several organs along the ambulacra in echinoderms [START_REF] Mooi | Arrays in rays: terminal addition in echinoderms and its correlation with gene expression[END_REF][START_REF] Morris | On the sites of secondary podia formation in a juvenile echinoid: growth of the body types in echinoderms[END_REF]. Finally, the quartets of spines are located in between the ambulacra, in regions accordingly called interambulacra.

Besides this general picture, we wanted to gain additional insights into the detailed anatomy of each type of appendages. First, the pedicellariae at this stage are of the ophiocephallous type (Gosselin & Jangoux, 1998). They are formed by three movable jaws that can be closed (Fig. 43E) or opened (Fig. 43F) to protect the sea urchin against parasites or predator. These pedicellariae are sessile, meaning they are directly positioned on the epidermis of the animal, by contrast with adults in which the pedicellariae are stalked on a motile rod. Second, as mentioned above, there are different types of podia. The primary podia form in the rudiment and are inherited by the juvenile through metamorphosis, while the secondary podia develop upon metamorphosis. Anatomically, these two types of podia appear mostly similar, although the primary podia are larger at this stage. Both are anchored in the animal body wall by a striated, stretchy stem and terminated by a discoid papilla (Fig. 43G). Additional secondary podia will form throughout the whole life of the sea urchin, forming successive pairs on each side of the ambulacra following the baaba pattern [START_REF] Mooi | Arrays in rays: terminal addition in echinoderms and its correlation with gene expression[END_REF]. As a matter of fact, at the stage investigated a third secondary podium was budding just below the primary podium in each ambulacrum (Fig. 43G). The buccal podia are a distinct type of secondary podia that grow on the edge of the future mouth. Similarly to the growing secondary podia, they are still developing at this stage and just appear as buds protruding in the peristome. In addition to the podia, another structure was observed in each ambulacrum, below the primary podium. This is the sphaeridia, a presumptive balance organ [START_REF] Märkel | The sphaeridia of sea urchins: ultrastructure and supposed function (Echinodermata, Echinoida)[END_REF], nonetheless at this stage it is still developing and also appears as a simple bud (Fig. 43G). Finally, the four definitive spines constituting each of the five quartets display the same anatomy. They are irregular, periodically ornamented with spiky protrusions, and each of them is attached to the body wall through a basal tubercle (Fig. 43H). Within a quartet, the four spines are sequentially arranged along the oral-aboral axis of the sea urchin, with one oral spine, two medial spines and one aboral spine (Fig. 43H).

Endoskeleton anatomy of P lividus postlarval juveniles

Then, we examined the anatomy of the endoskeleton of postlarval juveniles to inform on the subsequent localization of neuromuscular structures. Echinoid endoskeletons are made of calcite elements that are refractive to light. Given this property, the classical way to observe the endoskeleton is to place them under polarized light (Fig. 44A). This enables to distinguish the calcite ossicles present in the spines, in the podia papilla, and in the test (Fig. 44A). The test is constituted by several plates, which appear more clearly in the infracoronal region. There, a series of buccal plates are arranged in a circular pattern below the peristome epidermis and exhibit the characteristic fenestrated structure of the stereom (Fig. 44A). However, given the opacity of the juveniles, internal elements are not discernable. Thus, we subsequently performed immunostaining assays to obtain a more comprehensive view of the postlarval juvenile endoskeleton (Fig. 44B-H). We used an antibody directed against the mesenchyme-specific cell surface glycoprotein msp-130, which is commonly employed in sea urchin larvae to label the skeletogenic mesenchyme cells. In juveniles, we found that this antibody labels the nuclei of the endoskeletal cells embedded in the stereom and the endoskeletal matrix. On the aboral side, msp-130 staining reveals the structure of the juvenile spines and a homogeneous layer of stereom covering the supracoronal and the aboral part of the coronal regions (Fig. 44B). The plates constituting this part of the test are already too imbricated to be individually distinguished (Fig. 44C). By contrast, the buccal plates on the oral side are not yet imbricated and can be distinguished. In particular, they are clearly separated from the ambulacral and interambulacral plates constituting the test of the coronal region (Fig. 44C). In addition, five of the 10 buccal plates are pierced following the baaba pattern by a circular pore of about 15µm in diameter, which corresponds to the position of the buccal podium (Fig. 44C,D). The buccal plates delineate a central region free of endoskeleton, which corresponds to the future site of the mouth (Fig. 44C). In this area appear five developing teeth that are located above the buccal plates (Fig. 44D). At this stage, the tip of these teeth is bifid, meaning they did not finish their growth and do not exhibit a single-pointed tip yet. Above the teeth, msp-130 staining reveals the general shape of the future adult masticatory apparatus. This masticatory apparatus is called the Aristotle's lantern and is formed of five trapezoidal jaws, each of which is known to be composed mainly of two prism-shaped hemipyramids (Fig. 44E) [START_REF] Stauber | The lantern of Aristotle: organization of its coelom and origin of its muscles (Echinodermata, Echinoida)[END_REF]. Msp-130 staining also reveals the structure of the endoskeleton within the podia and the definitive spines. In both primary and secondary podia, the endoskeleton is restricted to a single flat disk called the skeletal disk and which is located in the papilla, perpendicular to the stem (Fig. 44C,F,G). The disk in both primary and secondary podia is about 50µm in diameter and exhibit a central pore of about 15 to 20µm in diameter. However, the structure of the stereom is different in primary and secondary podia skeletal disks. To this regard, the main difference is that in primary podia it is formed of a single ossicles, while in secondary it results of the fusion of three distinct ossicles fused together at 120° angles (Fig. 44F,G). Finally, the endoskeleton in the definitive spines exhibits a peculiar and unique hexaradiate organization, with six trabeculae alternating with six strands of interstitial tissue and all of them surrounding a central, skeleton-free, porous region within the core of the spine (Fig. 44H). 

Muscular anatomy of P lividus postlarval juveniles

To gain additional insights into the internal anatomy of P. lividus postlarval juveniles, we revealed the structure of the muscular system using a rhodamin-conjugated phalloidin probe labelling F-actin, which is particularly enriched in muscular fibers. F-actin was counterstained with nuclear staining and in some cases with msp-130 staining. This staining revealed several set of muscles all along the oral-aboral axis of the animal (Fig. 45A). On the aboral side, the most conspicuous muscular structures are those associated with the pedicellariae, the axial organ (a contractile chamber which is part of the water vascular system) and the tubercles of the aboral definitive spines (Fig. 45B). By contrast, the juvenile spines are not associated with any muscular structure, which is consistent with their lack of motility. A network of thin muscular fibers that lie underneath the test and are called mesenteries is also found on the aboral side (Fig. 45B). These mesenteries maintain the internal organization of the perivisceral cavity, which at this stage is mostly occupied by the digestive tract (Fig. S1). Most of these mesenteries run towards a central point roughly located at the center of the aboral side, which we assume to be the site of the future anus (Fig. 45B). The mesenteries extend towards the midline of the sea urchin (Fig. 45C). At the same level are also found the most aboral muscles of the Aristotle's lantern, and some other elements of the water vascular system wrapped by muscles fibers, including the ring canal, which surrounds the esophagus, and the stone canal, which ensures the connection of the system with the outside (Fig. 45B). Finally, the oral side of the juveniles displays the most complex muscular architecture with most of the muscles associated with the Aristotle's lantern, muscles associated with the primary and secondary podia, and muscles associated with the tubercles of the medial and oral definitive spines (Fig3D). The Aristotle's lantern comprises 8 different set of muscles: the elevators, comminators, depressors, levators, retractors, protractors, postural and dental promoters (Fig. 45E-H). These muscles are either paired (meaning there are ten of them) or unpaired (meaning there are five of them) and range in different shapes and sizes. Altogether, they exhibit a complex spatial arrangement for which we provide a 3D representation explicating the relative positions of the main of them (Fig. 45I). The most aboral of these muscles are the elevator muscles (Fig. 45E). They are wide and flat unpaired muscles composed of several parallel strands about 100µm long, stretching from in between the rays in interambulacral positions. They are organized together into a pentagonal structure which marks the aboral end of the lantern. More orally are found the most prominent muscles of the lantern, the comminators (Fig. 45F,G). The comminator muscles are located in ambulacral position. They extend from the aboral to the oral part of the lantern and surround the pharyngeal area, intercalated between the five jaws (Fig. 45F). They are composed of numerous and tightly packed parallel strands that are about 25µm long (Fig. 45G). When these strands contract, the five jaws are drawn together, pushing the teeth on contact with each other (Lanzavechia et al., 1988). In addition, two smaller sets of muscles are tightly associated with the comminator muscles on the pharyngeal side, the paired pharyngeal levators and the unpaired pharyngeal depressors (Fig. 45F). Both of them connect the pharyngeal epithelium with the lantern, but are used for the formation of the alimentary bolus rather than the masticatory process itself [START_REF] Stauber | The lantern of Aristotle: organization of its coelom and origin of its muscles (Echinodermata, Echinoida)[END_REF]. In interambulacral position in-between the comminator muscles are three other muscles involved in the masticatory process, the retractor, protractor, and postural muscles (Fig. 45G). All three are long and thin paired muscles located on each side of the comminators. The retractors and protractors link the oral and aboral side of the jaws with the interambulacral plates of the test, respectively, while the postural muscles are lateral prolongation of the protractor muscles (Fig. 45G,I) [START_REF] Ziegler | Evolution of a novel muscle design in sea urchins (Echinodermata: Echinoidea)[END_REF]. Finally, in between the retractor and protractor muscles is also found a small unpaired muscle, the dental promoter. It lies at the midline between the oral and aboral end of the lantern, right above the junction in between the two hemipyramids constituting a jaw (Fig. 45G). In adults, they act concomitantly to the comminators to move the teeth along the furrow formed by the two hemipyramids [START_REF] Ellers | Muscles advance the teeth in sand dollars and other sea urchins[END_REF].

Below the lantern, the peristome epidermis is also provided with radial and circumferential muscular fibers that control the opening of the mouth (Fig. 45J). The radial muscular fibers are thin strands that are about 40µm long and are radially arranged from the rim of the mouth, running on each side of the developing teeth (Fig. 45J,K). They are usually paired, but additional radial strands are observed in some specimens (Fig. 45J). The circumferential muscular fibers spread from the center of the peristome, where the mouth will open, to its periphery (Fig. 45J). The concentration of these fibers appeared as decreasing with the distance from the center of the peristome, although they are present underneath the entire peristome epidermis (Fig. 45J). The water vascular system is also provided with specific muscular structures (Figs. 3C,E,). In echinoids, the stone canal links the exterior of the sea urchin on the aboral side with the water vascular system. It first gives off the axial organ (see Fig. 45C), and then descends towards the oral side of the animal to connect to the ring canal [START_REF] Nichols | The water-vascular system in living and fossil echinoderms[END_REF]. From the ring canal, which surrounds the pharynx on the top of the lantern (see Fig. 45E), extend five radial canals which run along each ambulacrum up to the primary podium (data not shown) [START_REF] Nichols | The water-vascular system in living and fossil echinoderms[END_REF]. In each ambulacrum, lateral canals alternatively branch off the radial canal and give off to small contractile chambers called the ampullae (Fig. 45L). The ampullae further branch to the secondary podia and are used to squeeze in or force out water as the podia respectively extend or withdraw [START_REF] Nichols | The water-vascular system in living and fossil echinoderms[END_REF]. While the radial canals and lateral canals are lacking specific musculature, the epithelium of the ring canal and the stone canal are surrounded by a thin network of circumferential muscular fibers (Fig. 45E,L). The axial organ also display an important concentration of muscular fibers that are likely to be responsible for its pulsatory activity [START_REF] Boolootian | A primitive heart in the echinoid Strongylocentrotus purpuratus[END_REF]) (Fig. 45C). The ampullae are particularly enriched in muscular fibers, with both circumferential and longitudinal fibers (Fig. 45L). Finally, the podia exhibit the most conspicuous musculature, with dense and thick longitudinal muscles that run along the stem and reach the tip of the papilla by going through the central pore of the skeletal disk (Fig. 45L-N). Of note, the longitudinal muscles appear less dense in the secondary podia than in the primary podia (Fig. 45C), but this is likely to be due to the fact that secondary podia have not yet achieved their development at the stage investigated. Accordingly, no longitudinal fibers were detected neither in the developing buccal podia nor in the additional growing secondary podia (Fig. 45K,L).

Finally, the spines and the pedicellariae are also associated with specific muscles. In the definitive spines, a ring muscle is located at the level of the tubercule (Fig. 45O,P). The ring muscle is constituted by several strands that are about 50µm long, arranged longitudinally along the proximo-distal axis of the spine. They are attached on one side to the sea urchin test and on the other side to the spine skeleton, allowing the spine to move in every direction. In the pedicellariae, three thin proximal abductor muscles and three larger and wider distal adductor muscles connect the three jaws together, forming a peculiar and characteristic triangular structure (Fig. 45Q,R). The coordinated action of these two sets of muscles allows the jaws of the pedicellariae to open and close [START_REF] Cobb | The fine structure of the pedicellariae of Echinus esculentus (L.) II. The sensory system[END_REF].

Neuroanatomy of P lividus postlarval juveniles

To investigate the architecture of the nervous system in P. lividus postlarval juveniles, we first looked at the distribution of serotonergic neurons. Interestingly, while serotonergic immunoreactivity is nicely observed in P. lividus larvae, no specific staining can be detected neither in rudiments within the larvae nor in postlarval juveniles (Fig. S2). Then, we surveyed the organization of the nervous system using acetylated α-tubulin and synaptotagmin-B antibodies, counterstained with nuclear staining and in some cases with phalloidin. The nervous system in P. lividus postlarval juveniles is highly complex and in the next section we will first address a general description (Fig. 46), before going into more details regarding the structure of the radial nerve cords (Fig. 47) and of neural structures associated with the appendages (Fig. 48).

The nervous system comprises a number of distinct structures distributed along the oral-aboral axis of the sea urchin (Fig. 46A). On the aboral side, a broad basiepidermal plexus is revealed by both acetylated α-tubulin and synaptotagmin-B staining (Fig. 46B,C). This plexus underlies the epidermis and is constituted by numerous neurons exhibiting usually short processes with apparently random spatial orientation (Fig. 46B-E). Within this plexus appears a couple of local condensations associated with the pedicellariae (Fig. 46B,C). At the periphery of the aboral side, longer and thicker neurites converge from the plexus towards ring-shaped ganglia located around the tubercle of the aboral definitive spines (Fig. 46B,C). At the midline of the juveniles, the basiepidermal plexus is more difficult to observe, while the medial spines display similar ring-shaped ganglia (Fig. 46F). In addition, distinct plexus appear in the primary and secondary podia (Fig. 46F). The most conspicuous feature is however the aboral end of the radial nerve cords which are located in ambulacral position next to the comminator muscles (Fig. 46F). The five radial nerve cords run along the epidermis towards the oral side of the sea urchin, where they connect together by forming the circumoral nerve ring which surrounds the pharynx (Fig. 46G). Similarly to the aboral side, the basiepidermal plexus appear more clearly on the oral side than on the midline (Fig. 46G). However, it displays on this side a higher degree of organization, with neurites circumferentially arranged below the peristome epidermis and radially arranged around the mouth, in a way reminiscent of the underlying circumferential and radial muscular fibers (Fig. 46G,H).

The most prominent features of the nervous system in P. lividus juveniles are the five radial nerve cords. Of note, the five radial nerve cords exhibit rigorously the same structure and are anatomically undistinguishable. Hence, the results presented below apply for any of the five radial nerve cords. They originate on the oral side of the lantern, beneath the comminator muscles and extend along the inner side of the test in ambulacral position (Fig. 47A,B). They are linked together at their oral ends by five straight neurite tracts forming the circumoral nerve ring, which lies below the Aristotle's lantern (Fig. 47B-D). Each of these tract is about 50µm long and 5µm thick, and gives to the circumoral nerve ring an overall pentagonal shape with five distinct segments. Interestingly, the circumoral nerve ring appears to lack any perikaryon and seems to be only formed by fasciculate neurites, in agreement with previous report [START_REF] Cobb | The significance of the radial nerve cords in asteroids and echinoids[END_REF]. To note, five peculiar prism-shaped ganglia are located in a medial position along each of the five segments of the circumoral nerve ring, but do not form obvious connection with the latter (Fig. 47C,D). The localization of these prism-shaped ganglia correspond to the position of the dental promoter muscles. More importantly, five other paired ganglia are also present above the circumoral nerve ring (Fig. 47E-I). These ganglia are located in between two radial nerve cords, on both sides of the prism-shaped ganglia, and above the circumoral nerve ring (Fig. 47E-I). They are connected together and to the circumoral nerve ring by several neurite tracts (Fig. 47F-H). Together, these neurite tracts form a second, thinner nerve pentagon that overlays the circumoral nerve ring and that is distinct from it (Fig. 47F). Of note, the angles of the hyponeural ring are interconnected with those of the circumoral nerve ring (Fig. 47E,F,I). We refer to these paired ganglia as the hyponeural ganglia and to this ring as the hyponeural ring.

The inner structure of the radial nerve cords is more complex, and can be revealed by transversal sections (Fig. 47J-L). It comprises a medial row of neurons, whose the perikarya are densely packed into a curved, C-shaped layer that is about 60µm wide and 15µm thick (Fig. 47J-L). The layer of perikarya is partially enclosed by the epineural canal, a fluid-filled canal that marks the outer side of the radial nerve cord and which appear more clearly on histological sections (Fig. 47J-L). Although it originates from the same neuroepithelium that gives rise to the radial nerve cords [START_REF] Märkel | Ultrastructure and organization of the epineural canal and the nerve cord in sea urchins[END_REF], the part of the epithelium flanking the epineural canal on its outer side appears mostly non-neural (Fig. 47K,L). On its aboral side, the epineural canal is bordered by the outer neurons of the perikarya layer, which develop short cilia into the canal as revealed by the α-acetylated tubulin staining (Fig. 47K). On the other side of the radial nerve cords, the neurons located in the perikarya layer project towards the inner side numerous neurites forming a dense neuropile (Fig. 47J-L). In cross-sections, this neuropile exhibits a triangular shape that is about 40µm wide and 20µm thick. On the inner side, the neuropile is flanked and separated of the lantern by non-neural tissue which includes most notably the radial canal in addition to other canals of coelomic origin (data not shown) [START_REF] Ezhova | Axial complex and associated structures of the sea urchin Strongylocentrotus pallidus[END_REF].

The aboral end of each radial nerve cord is located at the midline of the body, at the basis of the primary podium that terminates the corresponding ambulacrum. There, the radial nerve cord neuropile is reduced into two short and more or less individualized terminal nerves that connect to the basis of the primary podium (Fig. 48A,B). The neuroanatomy of the primary podium itself comprises distinct structures (Fig. 48B-D). First, a dense neural plexus underlies the entire epidermis of the stem, up until within the papilla (Fig. 47B,C). This plexus is separated from the muscular fibers running within the stem by a thin layer of connective tissue (see the podia in Fig. 48B,C), suggesting that it is more likely to have a sensory function rather than a motor function, as previously advanced [START_REF] Florey | Ultrastructure of sea urchin tube feet[END_REF]. The plexus is not uniform around the circumference of the stem, as a slight longitudinal condensation is present on the side of the podia facing the ambulacrum, which is in the continuity of the radial nerve cord. Aside this longitudinal condensation, three supplementary circumferential condensations perpendicular to the stem are also present at (i) the base of the podium, (ii) the base of the papilla, and (iii) the surface of the papilla (Fig. 48.B-D) The latter is thus specifically associated with the tip of the muscular fibers and spread in between the most distal part of the papilla epidermis and the tip of the water vascular system (Fig. 48B-D). Finally, a prominent ganglion is located at the junction between the longitudinal condensation and the discoid condensation at the base of the papilla (Fig. 48C-F). It consists in a flat neuropile that bulges on the side of the podia facing the ambulacrum and reaches the outer epithelium of the podium. We call this ganglion the podial distal ganglion.

The structure of the nervous system in secondary podia is strikingly similar to the one of the primary podia (data not shown). However, secondary podia differ from the primary in the way they are linked to the radial nerve cords. Indeed, unlike the stem of the primary podia that are in the continuity of the radial nerve cords, the stem of the secondary podia are located on the right and left side of the radial nerve cords. Thus, instead of terminal nerves, the secondary podia are connected to the radial nerve cords through lateral neurite bundles (Fig. 47K,L), which have been described in adults as the podial lateral nerves [START_REF] Märkel | The sphaeridia of sea urchins: ultrastructure and supposed function (Echinodermata, Echinoida)[END_REF]. These podial lateral nerves emerge from the lateral side of the radial nerve cord neuropiles as single neurite bundles that divide in two tracts encircling the base of the secondary podia (Fig. 47K,L). Of note, in 4-days old postlarval juveniles, these features are only observed in the older secondary podia, while additional growing podia and buccal podia are still in a rudimentary state and do not yet display developed neural structures.

Besides the podia, other appendages display prominent neural structures. Unlike the juvenile spines that do not exhibit any neural structure, consistently with their lack of motility and their transitory fate, the definitive spines are highly innervated. As previously mentioned, the definitive spines are formed by six trabeculae (see Fig. 44H). Acetylated α-tubulin and synaptotagmin-B stainings reveal the presence of six nerves running all along the spines, located within the connective tissue in between the trabeculae (Fig. 48G,H). We refer to these nerves as the spines nerves. Along their way, the spine nerves further connect with discrete neurons located within the epidermis of the spines (Fig. 48G,H). The spine nerves are connected to a dense circular neuropile, which is positioned in the tubercule, perpendicular to the axis of the spines, and surrounds the medial part of the ring muscle by circumferential neurites (Fig. 48G,H). A cluster of perikarya is also present above the neuropile, in a more intern and distal position within the spine tubercle (Fig. 48H). The circular neuropile and the associated perikarya have previously been referred together as the nerve ring by some authors (e.g. [START_REF] Peters | The innervation of spines in the sea-urchin Echinus esculentus[END_REF]. Here however we chose to call it the basal spine ganglia in order to avoid any confusion with the circumoral nerve ring. The basal spine ganglia are connected to the basiepidermal nerve net by several neurites radiating from its proximal side (Fig. 48G), and to the radial nerve cords by larger bundles of neurites that we refer to as spine lateral nerves. The spine lateral nerves of the aboral spine connect to the radial nerve cords at their distal end, just beneath the terminal nerves (Fig. 48I-K). By contrast, the spine lateral nerves of the medial and oral spines connect to more oral portions of the radial nerve cords, at the same level than the podial lateral nerves (Fig. 47K-L). There, they connect to the radial nerve cords on the lateralmost sides of their neuropile (Fig. 47K-L).

Finally, on the aboral surface of the postlarval juveniles, pedicellariae also exhibit specific neural structures. They display three distinguishable neurite tracts lying at the junction in between the three adductor muscles and ascending towards the distal part of the pedicellariae (Fig. 48L-P). These neurite tracts are referred to as the valve nerves. The valves nerves are connected together by three intervalve linkage nerves which are positioned underneath the adductor muscles and together form a characteristic triangular structure (Fig48L-O). The perikarya associated with these different nerves are not easily discernable, yet most of them appear scattered in the epidermis located below the intervalve linkage nerves and at the distal tip of the valve nerves, (Fig. 48O), where they presumably have a sensory function [START_REF] Cobb | The fine structure of the pedicellariae of Echinus esculentus (L.) II. The sensory system[END_REF]Burke, 1980a;[START_REF] Peters | Morphology of the nervous and muscular systems in the heads of pedicellariae from the sea urchin Echinus esculentus[END_REF]. Importantly, while several neurites connect the valve and intervalve linkage nerves to the basiepidermal plexus (Fig. 48O), we did not observed any connection between the neural structures of the pedicellariae and the radial nerve cords.

Discussion

Over the past decades, the anatomy of echinoid nervous system has been extensively studied both in larvae and adults. In adults, these studies have involved classical histology, light microcopy, transmission electron microscopy and immunostainings (e.g. [START_REF] Smith | The larval stages of the sea urchin, Strongylocentrotus purpuratus[END_REF]Cobb, 1969a;1970;Märkel & Roser, 1991). Despite these, the echinoderm nervous system is probably the least well studied of all major phyla and persistent misunderstanding of echinoderm nervous systems has hampered discussions of neural evolution in deuterostomes [START_REF] Holland | Evolution of basal deuterostome nervous systems[END_REF].

To help in resolving this issue, our study provides a first comprehensive body-scale map of the architecture of the nervous system in relation to the muscular system in a post-metamorphic echinoderm, the postlarval juvenile of the Mediterranean sea urchin P. lividus.

Compared neuroanatomy in P lividus postlarval juveniles and adults

Our data show that the nervous system in P. lividus is particularly well-developed only four days after metamorphosis, with a large repertoire of distinct neural structures which are mostly associated with the lantern, the water vascular system and the appendages. Compared to what is known in the adult, we only could not identify equivalent structures to the visceral nervous system that have been described in details in holothuroids (Garcíaarrarás et al., 2001;Diaz-Balzac et al., 2007, 2010) and to a lesser extent in echinoids (Cobb, 1969b). However, this is consistent with the fact that at the stage we investigated the digestive is not yet functional, lacking both a mouth and an anus.

By contrast we could clearly detect ten paired ganglia that we assumed to be the hyponeural ganglia previously described by [START_REF] Cobb | The lantern of Echinus esculentus (L). II. Fine structure of hyponeural tissue and its connections[END_REF]. The term hyponeural comes from a particularity of echinoderms, in which the nervous system has traditionally been described as coexisting entoneural, ectoneural and hyponeural subsystems. The entoneural subsystem is only found in crinoids, and remains broadly unstudied (Heinzeller & Welsch, 1994). By contrast, the ectoneural and hyponeural subsystems are present in all echinoderm classes, with the ectoneural system forming the outer part of the radial nerve cords and the hyponeural subsystem being thought to control mostly locomotory functions and to occupy the inner part of the radial nerve cords [START_REF] Hyman | The Invertebrates: Volume 4 (Echinodermata: The coelomate Bilateria)[END_REF][START_REF] Smith | The larval stages of the sea urchin, Strongylocentrotus purpuratus[END_REF][START_REF] Mashanov | Echinodermata[END_REF]. The hyponeural subsystem is thus particularly developed in classes exhibiting an important musculature, such as asteroids, ophiuroids and holothuroids, while it is reduced in echinoids and crinoids concomitantly with the lack of large muscles in the body wall of these animals [START_REF] Mashanov | Echinodermata[END_REF]. In echinoids, it is believed that the hyponeural subsystem is reduced to ten ganglia located at the basis of the radial nerve cords and devoted to the control of the muscles of the Aristotle's lantern [START_REF] Cobb | The lantern of Echinus esculentus (L). II. Fine structure of hyponeural tissue and its connections[END_REF]. To our knowledge, these hyponeural ganglia have not been directly observed since then (Märkel & Roser, 1991;Sly et al., 2002) but the paired ganglia that we observed aborally of the circumoral nerve ring fit with the description made by Cobb & Laverack and are clearly associated with the muscles of the lantern. The neurites tract connecting them and we referred to as the hyponeural nerve ring has not been described previously in echinoids, but is present in ophiuroids and crinoids, overlying the circumoral nerve ring [START_REF] Cobb | The giant neurone system in ophiuroids. III. The detailed connections of the circumoral nerve ring[END_REF], Heinzeller and Welsch 1994[START_REF] Hyman | The Invertebrates: Volume 4 (Echinodermata: The coelomate Bilateria)[END_REF]).

Nervous system organization in P lividus postlarval juveniles

In metazoans, a central nervous system is defined as an integrative center which processes sensory information coming from the periphery, and initiates body-wide responses via direct stimulation of the body musculature. The sensory organs and the nerves connecting them to the central nervous systems, as well as the motoneurons connecting the central nervous system to the muscles form by opposition the peripheral nervous system. During our analysis we observed that the postlarval juvenile nervous system comprise a central structure defined by the five radial nerve cords, the circumoral nerve ring and the hyponeural ganglia. Our data confirm previous observations showing that the circumoral nerve ring lacks cellular bodies [START_REF] Märkel | Ultrastructure and organization of the epineural canal and the nerve cord in sea urchins[END_REF]Burke et al., 2006). Hence, conversely to what has been suggested by some authors [START_REF] Arshavskii | Coordination of arm movement during locomotion in ophiurans[END_REF], the circumoral nerve ring is unlikely to act as an integrative center but might instead be devoted to the neural communication between the five radial nerve cords [START_REF] Astley | Getting around when you're round: quantitative analysis of the locomotion of the bluntspined brittle star, Ophiocoma echinata[END_REF][START_REF] Clark | The function of the ophiuroid nerve ring: how a decentralized nervous system controls coordinated locomotion[END_REF]. This hypothesis is supported by recent physiological studies performed in ophiuroids since through local anesthesia and cuts of different body parts, it has been shown that the ophiuroid nervous system is organized into functional subunits [START_REF] Matsuzaka | Non-centralized and functionally localized nervous system of ophiuroids: evidence from topical anesthetic experiments[END_REF]) and that the nerve ring is required for the transmission of information between them [START_REF] Clark | The function of the ophiuroid nerve ring: how a decentralized nervous system controls coordinated locomotion[END_REF]. By contrast with the structure of the circumoral nerve ring, the radial nerve cords are tubular neuroepithelia comprising a dense layer of perikarya and a neuropile innervating various organs, which is the typical structure observed in integrative centers of other deuterostomes such as the spinal cord of vertebrates. We therefore postulate that they constitute the integrative centers of the central nervous system in adult echinoids. Nonetheless, our data confirm the five radial nerve cords are structurally indistinguishable from each other, hence making unclear whether some kind of hierarchy exist between them. Again, our best insights to this questions come from studies on ophiuroids locomotion that have demonstrated that the general behavior of the animal is alternatively controlled by one or the other radial nerve cord that takes the lead over the four others [START_REF] Astley | Getting around when you're round: quantitative analysis of the locomotion of the bluntspined brittle star, Ophiocoma echinata[END_REF][START_REF] Clark | The function of the ophiuroid nerve ring: how a decentralized nervous system controls coordinated locomotion[END_REF]. Hence, the radial nerve cords might be interpreted as five coexisting central nervous systems rather than a single one. It is to note, however, that in holothuroids the anatomical structure of the circumoral nerve ring is similar to that of the radial nerve cords, with the presence of perikarya and a fluid-filled epineural canal [START_REF] Mashanov | Ultrastructure of the circumoral nerve ring and the radial nerve cords in holothurians[END_REF]2015). This particularity of holothuroids might be explained by the ability of these animals to only move along their anterio-posterior axis, rather than other echinoderms which can move alternatively towards the five axes of the pentaradial symmetry [START_REF] Kerr | Bi-penta-bi-decaradial symmetry: A review of evolutionary and developmental trends in holothuroidea (echinodermata)[END_REF], and would have been mediated during evolution through the transfer of the integrative center from the five radial nerve cords towards a single structure [START_REF] Mashanov | Ultrastructure of the circumoral nerve ring and the radial nerve cords in holothurians[END_REF].

Outside of the central nervous system are found numerous neurons and ganglia which mostly innervate the appendages. We propose here that these neural structures, comprising podial distal ganglia, the basiepidermal plexus of the podia, the podial and spine lateral nerves and the spine basal ganglia constitute a peripheral nervous system which conduct neural information from and towards the radial nerve cords. It has been now well-demonstrated that the podia act as sensory organs, with the presence in their tip of both mechanosensory cells and photoreceptors (Burke, 1980b;[START_REF] Lesser | Sea urchin tube feet are photosensory organs that express a rhabdomeric-like opsin and PAX6[END_REF]. In addition, it has been shown in juveniles of the sea urchin Strongylocentrotus purpuratus by the study of opsin localization that numerous photoreceptors are present at the stem and the tip of the podia [START_REF] Ullrich-Lüter | Unique system of photoreceptors in sea urchin tube feet[END_REF]. This corresponds to the localization of the proximal condensation in the plexus and to the podial distal ganglia. A local integration of the sensory information by the muscles is unlikely as our results clearly show that there is no direct connections between them and the neural structures in the podia. By contrast, and even though this should be confirmed by neurophysiological studies, the architecture of the system indicates that sensory information is likely to be transmitted from the plexus and the ganglia towards the radial nerve cords, which might in turns act as integrative centers to coordinate the response of the effectors (the muscle fibers associated with the podia and the ampullae). In addition to the podia, we assume that the definitive spines might also be part of the peripheral nervous system. Indeed, there is clear connections between the radial nerve cords and the basal ganglia, by means of the spine lateral nerves. The case of the spines might however be more complex, and will be discussed further below. Interestingly, our data indicate in P. lividus postlarval juveniles the presence of a neural structure that does not fall into the categories of the central or peripheral nervous system. This structure is the observed basiepidermal plexus that underlies the epidermis of the animal body. From an anatomical point of view, this plexus is distinct from the peripheral nervous system as the constituting neurons are arranged as a planar reticular pattern and do not form hierarchically organized connection towards the radial nerve cords. We refer to this kind of organization as a nerve net. We define a nerve net as group of neurons which receives sensory input and processes locomotory output only locally by the direct interconnection of sensory neurons and effector neurons, without central integration. The existence of such nerve net meets the idea of [START_REF] Smith | The larval stages of the sea urchin, Strongylocentrotus purpuratus[END_REF], who described the nervous system in echinoderms as "diffuse", and the ultrastructural analyses of [START_REF] Weber | Ultrastructure of the basiepithelial nerve plexus of the sea urchin, Centrostephanus longispinus[END_REF] who described the basiepidermal plexus using transmission electron microscopy in the echinoid Centrostephanus longispinus. The function of the nerve net is thought to be mostly sensorial [START_REF] Cobb | The fine structure of the pedicellariae of Echinus esculentus (L.) II. The sensory system[END_REF]1970), and the sensory information is likely to be processed locally and to directly trigger the response of local effectors. For instance, the nerve net might directly control the mutable collagen present in the body wall, as a direct innervation of the extracellular matrix has recently been shown in ophiuroids [START_REF] Zueva | The complex simplicity of the brittle star nervous system[END_REF]. Importantly, our observations indicate that the nerve net is not homogeneous and encompasses several local condensations such as the ganglia of the pedicellariae. According to our data, the pedicellariae lack any connections with the radial nerve cords and might respond uniquely to their own sensory inputs, hence making them unlikely to be part of the peripheral nervous system but rather to be local, independent neural condensation of the nerve net. Besides anatomical data, this view is supported by behavioral studies that have shown that the pedicellariae act mostly independently of any other organs (von Uexküll, 1899; [START_REF] Campbell | The responses of pedicellariae from Echinus esculentus (L.)[END_REF]. Other reports suggest that a degree of coordination between the pedicellariae might be achieved through the basiepidermal plexus, but agree that they are definitely not controlled by the central nervous system [START_REF] Campbell | Observations on the activity of echinoid pedicellariae: I. Stem responses and their significance[END_REF]. Going further, it is to note that the pedicellariae present in postlarval juveniles are one of the first adult structure to form in the larva on the right side of the larval epidermis (Burke, 1980a). They are later inherited by the juvenile through the metamorphosis. Interestingly, they are already fully functional in the larva yet they appear completely independent of both the larval nervous system and the developing adult nervous system in the rudiment, which further demonstrate their autonomous character.

The pedicellariae are not the only local condensation observed in the nerve net. Although we have described above the basal ganglia of the spines as parts of the peripheral nervous system, these structures deserves further comments in the light of our discussion on the nerve net. The basal ganglia of the definitive spines are clearly connected to the radial nerve cords by the spine lateral nerves, but our data show that they also exhibit evident connections between each other and towards the surrounding basiepidermal plexus. It is therefore unclear, from the single prism of anatomical structure, whether the basal ganglia are truly parts of the peripheral nervous system or constitute more autonomous condensations. Insights to this question might be brought by physiological and behavioral analyses. Only few neurophysiological studies were performed in echinoids, as this kind of experiment have proven to be extremely difficult in echinoderms as a whole, and a thorough reappraisal of the field is needed [START_REF] Bullock | Comparative aspects of superficial conduction systems in echinoids and asteroids[END_REF][START_REF] Pentreath | Neurobiology of echinodermata[END_REF]. On the other hand, behavioral studies gave conflicting results. Unlike pedicellariae which exhibit a relatively simple repertoire of behavioral responses (closure or opening of the jaws), the spine show a broad range of highly complex responses [START_REF] Peters | The innervation of spines in the sea-urchin Echinus esculentus[END_REF]. von Uexküll primarily described the spines as fully autonomous organs, hence envisioning the global behavior of echinoids as a "republic of reflex", i.e. as the sum of independent reflex arcs (von Uexküll, 1900). However, more recent studies have challenged this view and came to the conclusion that the neural control of the spines is likely much more complex than simple independent reflex arcs, with a higher level of integration both by local (spine basal ganglia) and central (radial nerve cords) neural centers [START_REF] Kinosita | Conduction of impulse in superficial nervous system of sea-urchin[END_REF][START_REF] Bullock | Comparative aspects of superficial conduction systems in echinoids and asteroids[END_REF][START_REF] Millott | The shadow reaction of Diadema antillarum. IV. Spine movements and their implications[END_REF][START_REF] Peters | The innervation of spines in the sea-urchin Echinus esculentus[END_REF]. Therefore, to which extent the spines are primarily controlled by the central nervous system or by the local nerve net remains to be elucidated, and their case remains difficult to interpret until an unambiguous behavioral and/or neurophysiological neural control model is proposed.

Evolutionary significance of the echinoderm nervous system

Phylogenetically, echinoderms form together with hemichordates, the superphylum of the ambulacrarians, which is the sister group of chordates. Echinoderms and chordates together compose the deuterostomes [START_REF] Cannon | Phylogenomic resolution of the hemichordate and echinoderm clade[END_REF]Satoh et al., 2014a). Because of this phylogenetic position, determining the nature of the nervous system in echinoderms is crucial in order to reconstruct the characters of the deuterostome ancestor [START_REF] Lowe | The deuterostome context of chordate origins[END_REF]. Surprisingly however, due to the peculiar body plan of these animals, the lack of studies on their adult echinoderm nervous system and the lack of a clear definition of their neural organization, echinoderms have remained theoretical objects, while most of the anatomical and molecular data grounding the scenarios of nervous systems evolution in deuterostomes have been provided by chordates and hemichordates (e.g. [START_REF] Holland | Evolution of basal deuterostome nervous systems[END_REF].

From an evolutionary point of view, the radial nerve cords of echinoderms have been the object of many conjectures over the last decades. For instance, they have recurrently been proposed to be homologous with the chordate neural tube [START_REF] Haag | Echinoderm rudiments, rudimentary bilaterians, and the origin of the chordate CNS[END_REF]2006;[START_REF] Angerer | The evolution of nervous system patterning: insights from sea urchin development[END_REF][START_REF] Mashanov | Echinodermata[END_REF]. The main hint supporting this view is that during the formation of the rudiment in echinoid larvae, the vestibular floor, which is the neurogenic ectoderm that gives rise to the adult nervous system, is internalized into a fluid-filled tubular canal by an invagination process resembling chordate neurulation [START_REF] Macbride | The development of Echinus esculentus together with some points of the development of E. miliaris and E. acutus[END_REF][START_REF] Von Ubisch | Die Entwicklung von Strongylocentrotus lividus[END_REF]. According to this view, the epineural canal of each radial nerve cord is homologous to the lumen of the neural tube, while the podial lateral nerves emerging from the neuropile correspond to the spinal nerves. In addition, the collar cord of hemichordates, which is a portion of the dorsal cord located in the collar of the animal, is also internalized by a neurulation process at least in some species (Bateson 1884;[START_REF] Morgan | The development of Balanoglossus[END_REF][START_REF] Bullock | The anatomical organization of the nervous system of Enteropneusta[END_REF][START_REF] Knight-Jones | On the nervous system of Saccoglossus cambrensis (Enteropneusta)[END_REF]. This prompted the idea that the hemichordates collar cord could also be homologous to the chordate neural tube and the echinoderm radial nerve cords, or at least that a molecular toolkit inducing the formation of the nervous system through invagination of a neurogenic ectoderm was already present in the deuterostome ancestor [START_REF] Kaul-Strehlow | Ontogeny of the collar cord: Neurulation in the hemichordate Saccoglossus Kowalevskii[END_REF]. This hypothesis nonetheless suffers from major drawbacks. First, the neurulation-like process leading to the formation of the radial nerve cords has only been observed in echinoids by the studies of [START_REF] Macbride | The development of Echinus esculentus together with some points of the development of E. miliaris and E. acutus[END_REF][START_REF] Von Ubisch | Die Entwicklung von Strongylocentrotus lividus[END_REF]. A comprehensive re-examination of this process with modern tools is sorely needed. In addition, the ontogenic process described by [START_REF] Macbride | The development of Echinus esculentus together with some points of the development of E. miliaris and E. acutus[END_REF][START_REF] Von Ubisch | Die Entwicklung von Strongylocentrotus lividus[END_REF] involves the covering of the neuroepithelium by a tissue of mesodermal origin (the dental sac) rather than a closure of the epineural folds [START_REF] Macbride | The development of Echinus esculentus together with some points of the development of E. miliaris and E. acutus[END_REF][START_REF] Von Ubisch | Die Entwicklung von Strongylocentrotus lividus[END_REF][START_REF] Kaul-Strehlow | Ontogeny of the collar cord: Neurulation in the hemichordate Saccoglossus Kowalevskii[END_REF]. This is a clear difference with chordate neurulation, which might however been a mechanical adaptation to the pentaradial landscape of echinoids. Second, the tubular structure of the radial nerve cords themselves present numerous differences with the chordate neural tube. For instance, our data support previous reports by showing that the outer epithelium of the epineural canal is non-neural (Märkel & Röser;1991), which differs from the roof plate of the chordate neural tube. Third, the formation of the radial nerve cords in echinoids does not necessarily reflect the situation in other echinoderm classes. Indeed, holothuroids and ophiuroids do possess internalized fluid-filled radial nerve cords exhibiting a highly similar structure, however their development has not been described in ophiuroids, and in holothuroids the only report available to our knowledge indicates a development by cavitation rather than invagination [START_REF] Smiley | Metamorphosis of Stichopus californicus (Echinodermata: Holothuroidea) and its phylogenetic implications[END_REF]. More importantly, the internalization of the radial nerve cords as a subepidermal fluid-filled canal is not observed in asteroids and crinoids in which they remain basiepidermal. Because the crinoids are basal to the other echinoderms [START_REF] Telford | Phylogenomic analysis of echinoderm class relationships supports Asterozoa[END_REF][START_REF] Reich | Phylogenomic analyses of Echinodermata support the sister groups of Asterozoa and Echinozoa[END_REF], basiepidermal nerve cords have been interpreted as the ancestral state of echinoderms by some authors [START_REF] Smith | Classification of the Echinodermata[END_REF]. However, the latest phylogenies of the phylum in which ophiuroids and asteroids form a monophyletic group imply that ancestral subepidermal nerve cords with a convergent evolution towards basiepidermal nerve cords in crinoids and asteroids is a more parcimonious scenario [START_REF] Telford | Phylogenomic analysis of echinoderm class relationships supports Asterozoa[END_REF][START_REF] Reich | Phylogenomic analyses of Echinodermata support the sister groups of Asterozoa and Echinozoa[END_REF]. Comparisons of radial nerve cords development and anatomy throughout all five echinoderm classes will be required to settle on this question.

Most importantly, the hypothesis focusing on the plausible homology of the radial nerve cords with the chordate neural tube does not account for the existence and the significance of a nerve net in echinoderms. Over the last decade, the existence of a nerve net in hemichordates has been discussed by many authors and led to two alternative hypotheses about the state of the deuterostomes ancestor. On one hand, some authors suggsted that the last common ancestor of deuterostomes possessed a non-centralized nervous system organized similarly to the nerve net observed in extant hemichordates [START_REF] Lowe | Anteroposterior patterning in hemichordates and the origins of the chordate nervous system[END_REF][START_REF] Holland | Early central nervous system evolution: An era of skin brains?[END_REF][START_REF] Saint-Hilaire | Hemichordates and the origin of chordates[END_REF][START_REF] Kaul-Strehlow | Neuronal patterning of the tubular collar cord is highly conserved among enteropneusts but dissimilar to the chordate neural tube[END_REF]. On the other hand, some authors postulated that the deuterostomes ancestor must have had a chordate-like centralized nervous system from which have evolved the nerve cords of extant hemichordates [START_REF] Holland | Early central nervous system evolution: An era of skin brains?[END_REF]2015;[START_REF] Nomaksteinsky | Centralization of the Deuterostome Nervous System Predates Chordates[END_REF][START_REF] Holland | Evolution of bilaterian central nervous systems: a single origin?[END_REF]. The anatomy of the nerve net in hemichordates has been carefully by Kaul-Strelhow et al., 2015, and have been the object of several molecular investigations [START_REF] Lowe | Anteroposterior patterning in hemichordates and the origins of the chordate nervous system[END_REF][START_REF] Pani | Ancient deuterostome origins of vertebrate brain signalling centres[END_REF][START_REF] Kaul-Strehlow | Neuronal patterning of the tubular collar cord is highly conserved among enteropneusts but dissimilar to the chordate neural tube[END_REF]. However, its functions and interplays with the nerve cords remain to be elucidated by further neurophysiological and behavioral studies. In any event, a satisfying answer to this question can only be reached by integrating data from all five deuterostome phyla, including the echinoderms [START_REF] Moroz | On the independent origins of complex brains and neurons[END_REF][START_REF] Lowe | The deuterostome context of chordate origins[END_REF]Formery et al., 2019). To this regard, our study is the first to describe the anatomy of the nerve net in a post-metamorphic echinoderm using a comprehensive immunostainings approach. We believe that this work will constitute a useful basis for re-examining the position of echinoderms in deuterostome evolutionary scenarios and for future molecular, neurophysiological and behavioral analyses that need to be done in this phylum. ***

Conclusion and prospects

The work presented in this manuscript takes place in the context of body plan evolution, a central problematic of evo-devo over the last decades. I have considered this very broad topic through the angle of nervous system, which is usually considered as a system conserved enough to carry an important wealth of phylogenetically relevant information [START_REF] Nielsen | Larval nervous systems: true larval and precocious adult[END_REF]. As I started to discover the sea urchin model during my master internship and the beginning of my Ph.D, I have been disconcerted by how this animal has been at the same time so important for our understanding of embryology, and so neglected when it comes to the study of the later stages of its development. Indeed, while a significant part of our knowledge on gastrulation mechanisms or genetic regulation of embryogenesis comes from the study of sea urchins, we know virtually nothing about the mechanisms driving the establishment of their adult body plan or controlling their dramatic metamorphosis. From this situation results a surprising paradox. On one hand, many studies on sea urchin embryology are justified because as deuterostomes, sea urchins are close relatives to our own kind of animals and can therefore be highly informative to infer on vertebrate embryogenesis [START_REF] Cary | Echinoderm development and evolution in the post-genomic era[END_REF]. On the other hand, a significant number of authors argue that the little interest in the study of later stages makes sense because the sea urchins are "too derived" (e.g. [START_REF] Nielsen | Homology of echinoderm radial nerve cords and the chordate neural tube???[END_REF]. It is true indeed that sea urchins (in fact, echinoderms in general) present a remarkable set of morphological oddities which, at first sight, makes any comparisons with other animals difficult once the gastrula stage has been passed: a peculiar mode of development driven by the unusual fate of the hydrocoel; a unique water vascular system which has no equivalent in any other animals; and perhaps most importantly the lack of obvious antero-posterior and dorso-ventral axes which by contrast are remarkably well conserved in most other bilaterian groups. This being said, the echinoderm sister-group, the hemichordates, have long been known to be highly informative for comparative biology and evo-devo. As such, Theodores Bullock stated more than 50 years ago: "Phylogenetic speculation is expected of every study of Enteropneusta" [START_REF] Bullock | The giant nerve fiber system in balanoglossids[END_REF]. Interestingly, when it comes to hemichordates, most authors tend to agree that not only the embryos but also the larvae and the adults are relevant for comparisons with vertebrates. The value of such comparisons has been largely confirmed over the last decade by a number of studies on juvenile hemichordates which brought important insights into our understanding of the evolution of key developmental mechanisms in deuterostomes. For instance, recent surveys have deciphered the deployment of the vertebrate neural patterning and segmentation programs in Saccoglossus kowalevskii and shed new light on our understanding of the ancestral genetic programs shared by all deuterostomes [START_REF] Pani | Ancient deuterostome origins of vertebrate brain signalling centres[END_REF][START_REF] Yao | Cis-regulatory architecture of a brain signaling center predates the origin of chordates[END_REF][START_REF] Gonzalez | The Adult Body Plan of Indirect Developing Hemichordates Develops by Adding a Hox-Patterned Trunk to an Anterior Larval Territory[END_REF][START_REF] Fritzenwanker | Untangling posterior growth and segmentation by analyzing mechanisms of axis elongation in hemichordates[END_REF].

In this manuscript, I have attempted to show that echinoderms are very similar to hemichordates despite their pentaradial symmetry (oversimplifying, hemichordates can be considered as echinoderms without the pentaradial symmetry). Therefore, my opinion is that body plan formation in adult echinoderms deserves the same attention than in hemichordates, and that the study of such mechanisms in echinoderms can in turn brought highly valuable insights to our understanding of two distinc topics. The first of these topics is to depict the ancestral condition of deuterostomes, a long-lasting quest that have fascinated evolutionary biologists and paleontologists over more than a century (e.g. [START_REF] Garstang | The Morphology of the Tunicata, and its Bearings on the Phylogeny of the Chordata[END_REF][START_REF] Lacalli | Protochordate body plan and the evolutionary role of larvae: old controversies resolved[END_REF][START_REF] Shu | Primitive deuterostomes from the Chengjiang lagerstätte (lower Cambrian, China)[END_REF][START_REF] Holland | Walter Garstang: a retrospective[END_REF][START_REF] Ou | Evidence for gill slits and a pharynx in Cambrian vetulicolians: implications for the early evolution of deuterostomes[END_REF]. The second topic is tied to the venerable and unresolved curiosity about the emergence of a pentaradial symmetry in echinoderms (e.g. [START_REF] Huxley | Anatomy of invertebrate animals[END_REF]. This questions is today mostly tackled by paleontologists (e.g. [START_REF] Lefebvre | Exceptionally preserved soft parts in fossils from the Lower Ordovician of Morocco clarify stylophoran affinities within basal deuterostomes[END_REF][START_REF] Topper | A stem group echinoderm from the basal Cambrian of China and the origins of Ambulacraria[END_REF], but could find its way in the field of molecular evo-devo by testing how genetic programs have been deployed in animals with a pentaradial body plan. The results presented in this manuscript have been obtained in this context. In this last part, I will discuss the significance of these results, and present additional preliminary data obtained during my thesis that have the potential to bring new insights into these two topics.

Husbandry of echinoderms, the backbone of developmental studies?

During my Ph.D, I have sought to improve the rearing protocol of Paracentrotus lividus larvae by different means, including aquarium design, sea water quality and food diet. This was an essential preliminary step to obtain the biological material (late larvae and juveniles) for further reliable molecular work on the adult nervous system in this animal. My revised protocol for husbandry (see Chapter I) allows to obtain around 3000 juveniles for each 5L culture vessel in about 20 to 30 days. In addition, I had the occasion to work on the husbandry of four other echinoderm species: the sea urchins Hemicentrotus pulcherrimus and Temnopleurus reevesii, the sea star Patiria miniata and the sea cucumber Parastichopus parvimensis during my collaborations with Drs. Shunsuke Yaguchi (Shimoda Marine Research Station, University of Tsukuba) and Christopher Lowe (Hopkins Marine Station, Stanford University). Interestingly, while the protocols used to raise larvae were different in each laboratory, the problematic faced was unvaryingly the same: obtaining as much juveniles as possible while minimizing the time and space needed for the cultures. Both the team of Dr. Shunsuke Yaguchi in Shimoda and the team of Dr. Christopher Lowe in Hopkins have developed strategies different than the one I used during my Ph.D in Villefranche-sur-Mer to achieve this goal. Larval cultures in Shimoda are performed in very small volumes (resulting in very few larvae, given the density constraints), few water changes (less than once a week) and a weekly input of commercial microalgae. The time and space needed to run these cultures are remarkably low, but I have observed that the number of juveniles obtained is usually insufficient to carry proper analyses on them. By contrast, in Hopkins, the culture of P. miniata and P. parvimensis larvae are performed in very large (100L) cylinders, with three water changes a week and a daily dose of fresh microalgae. The time needed to run such cultures is considerable (in fact, before my arrival, a technician was using half of his weekly work time just to maintain the algae and larval cultures), and the large space needed makes it unsuitable for most laboratory. In Villefranche for instance, the space available for larval husbandry was by far too small to set up a similar system. Despite this impressive husbandry system, the technical handling of the cultures in Hopkins (water changes and tanks cleaning) usually results in high mortality, and I observed during my two month stay that the number of juveniles obtained after one culture was not significantly better than the one I obtained with my 5L culture vessels. Similar considerations can be applied for the microalgae cultures used to feed the larvae, with different protocols resulting in different quality of food, directly impacting larval fitness and growth rates. In addition, experience feedback from Drs. Yaguchi and Lowe confirmed that the use of commercial microalgae (used in Shimoda) is a bad quality diet, while the combination of Rhodomonas sp. and Dunaliella sp. seems the best diet to obtain fast and synchronous larval growth. Therefore, my opinion is that, assuming a similar sea water quality in all three laboratories, the larval culture protocol I devised is by far the most efficient to keep the ratio between the number of juvenile produced and the time and space needed as high as possible, and can theoretically be used for any of the five echinoderm species.

The next step however remains to improve the culture of the juveniles up to the acquisition of sexual maturity. Besides a handful of studies (e.g. [START_REF] Cellario | Paracentrotus lividus (Lamarck) in culture (larval and benthic phases): parameters of growth observed during two years following metamorphosis[END_REF][START_REF] Grosjean | Land based closed cycle echiniculture of Paracentrotus lividus Lamarck (Echinodermata: Echinoidea): a long term experiment at a pilot scale[END_REF][START_REF] Zupo | Effect of five benthic diatoms on the survival and development of Paracentrotus lividus post-larvae in the laboratory[END_REF], juvenile rearing has been the object of less interest in scientific research than larval rearing. Similarly, I have attached less importance to this task during my Ph.D because my goal was initially to work on juveniles and not on later stages. However, improving juvenile husbandry remained for me a relatively important side-project for different reasons. First, rearing sea urchins during their complete lifecycle in the laboratory unlocks the possibility to generate transgenic lineages as a tool to study various developmental processes. This point is particularly important because the tools used for functional analyses in sea urchins are not suitable to work on late developmental stages. Indeed, injection of oligomorpholinos, DNA or RNA in eggs give good results for the study of embryogenesis but their effect cannot be assessed after a few days of development [START_REF] Materna | Using morpholinos to probe gene networks in sea urchin[END_REF]Heyland et al., 2014). Second, the ability to raise juveniles up to the acquisition of sexual maturity provides a large pool of gravid animals that can be used for spawning, rather than collecting animal in the wild. My personal observations have further showed than juveniles raised in the laboratory are desynchronized of the natural spawning season and are gravid year-round, which is a clear benefit for laboratories using sea urchin eggs routinely.

To raise sea urchin juveniles, the usual protocol consists in immersing petri dishes in running seawater to trigger the development of a biofilm onto which the juveniles can graze as soon as the adult mouth is formed [START_REF] Cellario | Paracentrotus lividus (Lamarck) in culture (larval and benthic phases): parameters of growth observed during two years following metamorphosis[END_REF][START_REF] Grosjean | Land based closed cycle echiniculture of Paracentrotus lividus Lamarck (Echinodermata: Echinoidea): a long term experiment at a pilot scale[END_REF][START_REF] Yaguchi | Temnopleurus as an emerging echinoderm model[END_REF]. After a few weeks, the growth of the juveniles allow them to eat larger particles, and the diet have to be complemented with an additional food source. Typically, this consists in macroalgae such as Ulva lactuca [START_REF] Zupo | Effect of five benthic diatoms on the survival and development of Paracentrotus lividus post-larvae in the laboratory[END_REF], but other food sources can also be used, for instance the land lettuce Lactuca sativa (Vizzini et al., 2017). In Shimoda, H. pulcherrimus juveniles are fed with grinded dried kelp leaves that can be stocked year-round in the laboratory. By contrast, T. reevesii is one of the rare sea urchin species to be strictly carnivorous and the juveniles are fed with commercial fish flakes or grinded seafood as soon as they finish to graze on the biofilm [START_REF] Yaguchi | Temnopleurus as an emerging echinoderm model[END_REF]. For my own experiments in Villefranche, I used a mix of macroalgae collected in the bay and sliced in small pieces to feed P. lividus juveniles. The use of macroalgae as diet usually results in high heterochrony in the cultures, not all juveniles being able to access to the same amount of food, even when distributed as homogeneously as possible (Fig. 49A,B). In addition, the presence of macroalgae in the culture vessels complicates the management of the culture because sea urchins naturally hide themselves using macroalgae, and given the small size of post-metamorphic specimens, it becomes challenging to keep a precise count of the juveniles. Nonetheless, by sampling the largest specimens in a given culture to minimize the effects of heterogeneity, I observed that the growth of the juveniles is exponential (Fig. 49C), and a small portion of them can reach a size of 2-3 cm in about 6 months. I further obtained the first sexually mature P. lividus juveniles between 6 to 8 months after metamorphosis. In Shimoda, the time required to raise T. reevesii from metamorphosis to the sexual maturity is roughly similar and usually takes around 6 to 10 months [START_REF] Yaguchi | Temnopleurus as an emerging echinoderm model[END_REF]. By contrast, sea star and sea cucumber juveniles are more difficult to rear because unlike sea urchins, they do not feed by grazing on algae. Adult sea stars feed by devaginating their stomach onto their prey, which are classically bivalve mollusks or other echinoderms. Yet, the feeding of sea star juveniles that are too small to prey on mollusks is not known. In Hopkins, P. miniata juveniles are fed with a mix of commercial fish flakes and microalgae, though this diet is probably suboptimal. During my two month stay in Hopkins, some sea star juveniles undergone a growth of several millimeters, but the heterogeneity within the culture vessels was significant. Adult sea cucumber are detritivorous and harvest the seafloor using their tentacles. In cultures, P. parvimensis juveniles usually feed on wastes of other animals. Because they can be preyed by sea stars, a good solution is to culture them together with a grazing species of sea urchins that produce important waste. In any event, even if many aspects of juvenile rearing remains to be improved for all these species (in particular the design of the aquarium and the food supply), the procurement of sexually mature sea urchins of both P. lividus and T. reevesii in a relatively short time following metamorphosis allowed me to carry over to the next step and to make first attempts in establishing echinoid transgenic lines.

During my stay in Shimoda, I took advantage of the well-established husbandry protocol for T. reevesii to initiate a transgenic line experiment using a CRISPR/Cas9 approach (Lin & Su, 2015). This project was designed as a follow-up of my master internship work, which aimed to establish the role of retinoic acid (RA) during sea urchin development. RA is a morphogen that controls an important intercellular signaling pathway by binding to its receptor, the retinoic acid receptor (RAR). The RA signaling pathway is involved in numerous key processes during vertebrate development, ranging from developmental patterning to organogenesis [START_REF] Theodosiou | From carrot to clinic: an overview of the retinoic acid signaling pathway[END_REF]Cunnigham & Duester, 2015). Interestingly, while it is known that the main components of the pathway are present in echinoderms (in particular RAR; [START_REF] Campo-Paysaa | Retinoic acid signaling in development: tissuespecific functions and evolutionary origins[END_REF], the role of retinoic acid during the development of these animals remains largely unknown, even though a recent study have found evidences of an involvement of the pathway during the metamorphosis of the sea star Patiria pectinifera [START_REF] Yamakawa | The role of retinoic acid signaling in starfish metamorphosis[END_REF]. During my master internship, I obtained results suggesting that a modification of RA levels during P. lividus embryogenesis led to slight defects in the organization of the larval apical organ. I thereafter hypothesized that RA might be involved later in the formation of the adult nervous system, and this would be consistent with the possible ancestral role of RA in bilaterians as a regulator of neuronal differentiation [START_REF] Hamann | The ancestral retinoic acid receptor was a low-affinity sensor triggering neuronal differentiation[END_REF]. To test this, I chose a transgenic approach suitable to carry out functional analyses in late developmental stages, i.e. a CRISPR/Cas9 mediated knock-out in the Japanese species T. reevesii. Thus, I injected a guide RNA targeting an exon-splicing site of the T. reevesii RAR. The embryos survived and developed normally, and sequencing of bulk larvae by PCR revealed a good mutagenesis efficiency. However, I did not obtained so far any clear results from the conducted experiments, and have not been able to assess whether RAR knockout act on neurogenesis either in the late larval or rudiment stages. Therefore, I did not include these results to the present manuscript. In any events though, this experiment shows that thanks to a robust husbandry protocol, functional analyses using transgenesis are now likely to be possible in sea urchins and that there are no particular obstacle to the generation of the first sea urchins transgenic lines, ultimately unlocking the functional study of adult body plan development.

Developmental atlas of P lividus

As a second step, I established a staging scheme describing in great detail the development of the echinoid P. lividus from the fertilization up to the beginning of the exotrophic juvenile stage (see Chapter II). This work unifies several older echinoid staging schemes into a single, comprehensive nomenclature and summarize our anatomical knowledge of P. lividus development with up-to-date immunostaining methods. Overall, this developmental atlas will provide a valuable reference point for all kind of studies on this animal. Furthermore, it will ultimately be incorporated in the online database MARIMBA that is currently under development and which exposes genomic and transcriptomic resources for several marine invertebrate species, along with an ontogenetic database. However, in the context of nervous system evolution, this work shows some limits because I could not observed the morphological events taking place in the vestibular floor at the time of nervous system development, using only live microscopy and immunostainings. These events are crucial to compare the similarities of the radial nerve cord formation in echinoids with the chordate neurulation, but have so far been only described by the drawings of [START_REF] Macbride | The development of Echinus esculentus together with some points of the development of E. miliaris and E. acutus[END_REF][START_REF] Von Ubisch | Die Entwicklung von Strongylocentrotus lividus[END_REF]. Obtaining a better view of this developmental process using sections or live imaging using fluorescent reporters seems crucial to me, and could be the object of an interesting comparative study if it incorporates similar approaches in asteroids and holothuroids, as these three classes exhibit to this regard important morphological differences (see [START_REF] Smiley | Metamorphosis of Stichopus californicus (Echinodermata: Holothuroidea) and its phylogenetic implications[END_REF][START_REF] Mashanov | Developmental origin of the adult nervous system in a holothurian: An attempt to unravel the enigma of neurogenesis in echinoderms[END_REF]. In addition, among echinoderms, echinoids are undoubtedly the best-studied class, at least throughout embryogenesis, and the impact of establishing such a developmental atlas for instance on asteroids or holothuroids would have been probably greater. Indeed, to my knowledge, no staging scheme is available for holothuroid development, and only one has been proposed so far for the asteroid P. miniata [START_REF] Hinman | Expression and function of a starfish Otx ortholog, AmOtx: a conserved role for Otx proteins in endoderm development that predates divergence of the eleutherozoa[END_REF]. However, it only includes 9 stages and does not cover neither the brachiolaria stage, nor the process of metamorphosis, nor the juvenile stages.

The organization of echinoderm nervous system

The most important part of my PhD has been to reinvestigate the organization of the adult nervous system of sea urchins using P. lividus juveniles (see Chapter III). By combining whole-mount immunostainings and 3D reconstructions, I have been able to provide for the first time a comprehensive view of the muscular, and more importantly of the nervous system in a juvenile echinoid. Besides a wealth of anatomical information on the organization of several structures, I have shown with this work that the nervous system in P. lividus juveniles is not strictly organized into a centralized nervous system from an anatomical point of view, and instead includes both components of centralized nervous systems and nerve nets. Interestingly, during my two months stay in Hopkins, I could performed the same kind of analyses on P. miniata (Fig. 50) and P. parvimensis juveniles (Fig. 51). Most of these analyses have been done so far using only anti-acetylated tubulin antibodies and actin staining using phalloidin probes (Appendix.2), but I could also tried other antibodies that I did not use at the time in P. lividus, i.e. anti-synapsin and anti-GABA antibodies (Fig. S3).

In P. miniata, as in other sea stars, the ambulacra are perpendicular to the oral-aboral axis (Fig. 50A). They are terminated by five eye-spots (sometimes called optic cushions), which appear as baskets of red pigments just below the stem of the primary podia (Fig. 50A). The interambulacra are much larger than in echinoids and bear at their extremity two groups of four to five petaloid spines (Fig. 50A,B). The aboral side in covered by short immotile spines, but do not exhibit pedicellariae at this stage (Fig. 50B). In term of musculature, phalloidin staining reveal at least a dozen types of muscles (Fig. 50C-E). While the muscles in the podia appear highly similar to those in P. lividus, the muscles at the basis of the petaloid spines are much simpler than the ring muscles of echinoid definitive spines and probably only allow unidirectional movements. Most other muscles are associated with arm movements and digestive processes. Regarding P. parvimensis, the data presented here show doliolaria stages, which corresponds more to the end of the metamorphosis than a juvenile stage per se. However, the metamorphosis in holothuroids is much slower and gradual than in other echinoderm classes [START_REF] Smiley | Metamorphosis of Stichopus californicus (Echinodermata: Holothuroidea) and its phylogenetic implications[END_REF][START_REF] Morgan | Metamorphosis in larvae of the temperate sea cucumber Australositchopus mollis[END_REF] and late doliolaria in P. parvimensis are already settled, using their only secondary podium located at the posterior side to attach to the substrate (Fig. 51A). This secondary podium indicates the ventral side of the animal. By contrast, the five primary podia, also called tentacles, are located on the anterior side and are distributed around the mouth (Fig. 51A). Finally, the musculature in P. parvimensis appears simpler than in P. lividus and P. miniata. Indeed, at this stage the only conspicuous muscles already formed are the muscles of the podia and strands of muscles running along the ambulacra, the ventral one being the most prominent (Fig. 51B).

The organization of the nervous system in both P. miniata and P. parvimensis juveniles appears to share many similarities with the one of P. lividus. The most obvious of these similarities is the presence of five radial nerve cords connected by a circumoral nerve ring (Fig. 50D; Fig. 51C,D). The structure of the nervous system in the podia is highly similar in all three species (Fig. 50D,F,G; Fig. 51C-E). As such, the tentacles of P. parvimensis appear clearly homologous in term of neural and organization to the primary podia in echinoids and asteroids. In addition, a prominent basiepidermal plexus is also found in P. miniata and P. parvimensis, and as for P. lividus, is easier to visualize on the aboral side (Fig. 50F; Fig. 51H). It is particularly well developed in P. parvimensis doliolariae, but it cannot be excluded that a part of the plexus at this stage includes remnants of the nerves associated with the ciliary bands that will be later discarded or integrated in the adult nervous systems. In holothuroids more than in other classes, a sequential description of the nervous system organization is needed from the young doliolaria stage up to the late pentaculata stage. Because of time constraints, I could not perform similar immunostainings on later pentaculata during my stay in Hopkins, but I hope to be able to do so in future analyses. Besides these similarities, there are also compelling differences between the three species. As a rule, the nervous system organization in P. miniata is simpler than in P. lividus or P. parvimensis. The petaloid spines are innervated by several nerves, but do not exhibit a complex basal ganglion as in echinoid definitive spines (Fig. 50I) P. miniata juveniles also lack pedicellariae at the developmental stage investigated, and therefore the complexity of the nervous system outside the radial nerve cords and the podia is much lower than in echinoids. Nonetheless, a dense neuropile is present at the edge of the ambulacrum which has no equivalent in P. lividus (Fig. 50F). In addition, the circumoral nerve ring in P. miniata is entirely provided with neuron cellular bodies, unlike in P. lividus where it only consists of commissural neurites. Whether this layer of cellular bodies is homologous as a whole with the hyponeural ganglia described in P. lividus is unclear. Finally, an important difference, as already pinpointed in many studies, is that the radial nerve cords in P. miniata are basiepidermal, meaning that there are no ectoneural canals unlike in P. lividus [START_REF] Smith | The larval stages of the sea urchin, Strongylocentrotus purpuratus[END_REF]. As in P. miniata, no pedicellariae nor spines are present in P. parvimensis (even though immotile spines develop at later stages), and the circumoral nerve ring is also outlined by a complete layer of neuron cellular bodies. Besides this, the specificity of P. parvimensis nervous system comes from the fact that all five radial nerve cords are not equivalent in term of organization (Fig. 51C). The ventral radial nerve cord, which is giving off the only secondary podium is the most developed of the five, exhibiting a subepithelial organization similar to those of P. lividus (Fig. 51G). The four other radial nerve cords appear as simpler tracts of neurites surrounded by a layer of cellular bodies, but lacking a clear polarity and an ectoneural canal (Fig. 51H). This is consistent with observations in Stichopus japonicus indicating that the radial nerve cords do not develop synchronously, highlighting that they undergo different ontogenic paths [START_REF] Nakano | Nervous system development of the sea cucumber Stichopus japonicus[END_REF]. The differences in the organization of the five radial nerve cords reflect the secondary bilateral symmetry acquired by many holothuroids [START_REF] Kerr | Bi-penta-bi-decaradial symmetry: A review of evolutionary and developmental trends in holothuroidea (echinodermata)[END_REF]. In addition, it is not clear whether the radial nerve cords in holothuroids are actually homologous with the radial nerve cords of the other echinoderms. Indeed, in holothuroids the primary podia are ontogenetically derive from the initial bud of the hydrocoel and are differentiated in buccal tentacles that are oriented towards the oral side of the animal, while in other animals the primary podia forms at the distal ends of the radial nerve cords (i.e. away from the mouth) [START_REF] Smiley | Metamorphosis of Stichopus californicus (Echinodermata: Holothuroidea) and its phylogenetic implications[END_REF]. Therefore, as the organization of the nervous system in holothuroids is undoubtedly more complex than in P. lividus and P. miniata, additional description including earlier (doliolaria) and later (late pentaculata) stages are required for further comparisons.

Finally, to go further in the description of the adult nervous system of echinoderms and determine whether it functionally acts as a centralized nervous system and/or as a nerve net, the next step will be to map the different subpopulations of neurons (e.g. cholinergic, gabaergic, dopaminergic) within these structures. This type of information is helpful to distinguish sensory, motors, and integrative nuclei in the nervous system, and might provide a valuable complement to understand how the nervous system map that I provided in the chapter III actually process information. In this regard, the fact that I could not detect any serotonergic neurons in the juveniles of all three species is surprising, but consistent with previous reports that neither detected serotonergic neurons in developing rudiment nor adult nervous systems although they largely used this antibody (e.g. [START_REF] Nakano | Nervous system development of the sea cucumber Stichopus japonicus[END_REF]Burke et al., 2006;[START_REF] Hirokawa | Development of the nervous system in the brittle star Amphipholis kochii[END_REF][START_REF] Dupont | Neural development of the brittlestar Amphiura filiformis[END_REF][START_REF] Elia | Nervous system development in feeding and nonfeeding asteroid larvae and the early juvenile[END_REF]. Besides this, and despite having testing an extensive list of antibodies, the anti-GABA antibody was the only one that gave conclusive results to image specific neuron subtypes in P. miniata and P. parvimensis juveniles. I tried an anti-GABA antibody in P. lividus I but did not obtained any result, however this antibody was from a different company and targeted a different epitope. Hence, it would be interesting to repeat GABA investigation in P. lividus with the antibody that worked in sea stars and holothuroids. Alternatively, this approach should rely, in the future, on transgenic approaches, which would be much more reliable than simple immunostainings. GFP labelling of specific neuron subtypes has already been done in the hemichordate S. kowalevskii using such a transgenic approach (Minor et al., 2019). This constitutes a good proof for the feasibility of such a study in echinoderms, given the close relationship between these animals. In addition, the mosaicism inherent to transgenic approaches and which often appears as a problem is in fact useful in the context of studying the anatomy of nervous systems as it enables to visualize in details the processes formed by a single, or a small subset of neurons. This can be particularly informative to describe the nerve net in greater details.

A molecular glimpse into the echinoderm nervous system

Mapping the nervous system anatomy of adult echinoderms is an important step to understand nervous system evolution in deuterostomes. However, as exposed previously, this approach alone is not sufficient to draw firm conclusions on its functional organization and it has to be coupled with other experimental approaches to reveal how the information are actually processed by the system. Studies on behavioral patterns in response to light, basic stimuli or amputations have been performed on echinoderms since a long time and have resulted in a large number of studies, mostly in ophiuroids [START_REF] Cobb | The giant neurone system in ophiuroids. I. The general morphology of the radial nerve cords and circumoral nerve ring[END_REF][START_REF] Hendler | An echinoderm vitellaria with a bilateral larval skeleton: evidence for the evolution of ophiuroid vitellariae from ophioplutei[END_REF][START_REF] Astley | Getting around when you're round: quantitative analysis of the locomotion of the bluntspined brittle star, Ophiocoma echinata[END_REF][START_REF] Matsuzaka | Non-centralized and functionally localized nervous system of ophiuroids: evidence from topical anesthetic experiments[END_REF][START_REF] Clark | The function of the ophiuroid nerve ring: how a decentralized nervous system controls coordinated locomotion[END_REF] and to a lesser extent in echinoids [START_REF] Campbell | Observations on the activity of echinoid pedicellariae: I. Stem responses and their significance[END_REF]Milott, 1976;[START_REF] Blevins | Spatial vision in the echinoid genus Echinometra[END_REF]. Although essential, these studies are limited by the relative complexity of the echinoderm behaviors. Electrophysiological studies have also been performed on echinoderms [START_REF] Bullock | Comparative aspects of superficial conduction systems in echinoids and asteroids[END_REF][START_REF] Pentreath | Neurobiology of echinodermata[END_REF], but this kind approach has been recognized to be particular unsuited for studies in this phylum due to technical limitations [START_REF] Cobb | Enigmas of echinoderm nervous systems[END_REF]. On the other hand, molecular characterizations using transgenesis, transcriptomic, or gene expression mapping by in situ hybridization (ISH) are a promising field that have only started to be applied for the study of rudiment and adult echinoderms.

Such studies using a combination of gene expression surveys by ISH and more recently using transgenic approaches in hemichordates have proven crucial for understanding nervous system patterning evolution, by showing that the genetic scaffold involved in the antero-posterior patterning of chordate neuroectoderm is deployed in the whole ectoderm of juvenile hemichordates [START_REF] Lowe | Anteroposterior patterning in hemichordates and the origins of the chordate nervous system[END_REF]Aronowicz & Lowe, 2006;[START_REF] Pani | Ancient deuterostome origins of vertebrate brain signalling centres[END_REF]. This is significantly different with the situation in chordates, where the same genetic scaffold is only restricted to the antero-posterior patterning of the neuroectoderm forming the central nervous system. In echinoderm juveniles, a similar approach has been carried out by ISH on the expression of the Hox genes [START_REF] Arenas-Mena | Expression of the Hox gene complex in the indirect development of a sea urchin[END_REF]Cysternas & Byrne, 2009;[START_REF] Tsuchimoto | Hox expression in the direct-type developing sand dollar Peronella japonica[END_REF] and of several of the transcription factors composing the antero-posterior patterning scaffold [START_REF] Adachi | Anteroposterior molecular registries in ectoderm of the echinus rudiment[END_REF]. The studies of [START_REF] Tsuchimoto | Hox expression in the direct-type developing sand dollar Peronella japonica[END_REF] and [START_REF] Adachi | Anteroposterior molecular registries in ectoderm of the echinus rudiment[END_REF] have been conducted on the rudiment of the direct-developing sand dollar Peronella japonica. The results were consistent with the situation of hemichordates, as they showed that the antero-posterior patterning scaffold is likely to be involved in patterning the oral ectoderm into distinct ambulacral and interambulacral compartments instead of the adult nervous system per se.

To complement the work of [START_REF] Adachi | Anteroposterior molecular registries in ectoderm of the echinus rudiment[END_REF], the last step of the work presented in this manuscript was to investigate the expression of the same set of transcription factors in the juveniles of an alternative echinoderm species. The choice of a regular sea urchin exhibiting an indirect-development (supposed to be the ancestral condition of the phylum) such as P. lividus would make comparisons with other animals easier than with P. japonica, which is moreover known for its highly derived coelomic ontogeny, even within irregular sea urchins [START_REF] Tsuchimoto | Unusual coelom formation in the direct-type developing sand dollar Peronella japonica[END_REF]. This project had the potential to strengthen our understanding of neural patterning in echinoderms, and thus to bring new cues to the putative function of the antero-posterior neural patterning scaffold in stem deuterostomes.

To do so, I cloned in P. lividus a series of genes known to be neural markers or antero-posterior neural patterning transcription factors (Appendix.2). I subsequently started to analyze the expression of these genes using whole mount ISH on juveniles (Appendix.2). In addition, during my collaboration with Dr. Christopher Lowe, I had the opportunity to perform ISH on P. miniata juveniles using the same set of transcription factors in addition to a few others (Appendix.2). The use of these two species, which are both relatively well-established echinoderm models with a wealth of omics resources available, offered the possibility to realize a broad sampling of the phylum. Indeed, they cover the two different kinds of radial nerve cord organization observed in echinoderms (subepidermal in P. lividus and basiepidermal in P. miniata), allowing relevant comparative approaches. However, I faced much more technical difficulties for ISH in P. lividus juveniles than anticipated, and the clearest results so far only come from P. miniata ISH.

The main difficulty in P. lividus came from the fact that the expression of neural markers could not be reconciled with my immunostaining data. Of the neural markers I used, Elav is one of the most commonly used in many organisms [START_REF] Berger | The commonly used marker ELAV is transiently expressed in neuroblasts and glial cells in the Drosophila embryonic CNS[END_REF]. COE is a transcription factor of the Collier/Olf1/EBF family known to be expressed in the neurons of a wide range of metazoans, including in the apical organ of Strongylocentrotus purpuratus [START_REF] Jackson | Developmental expression of COE across the Metazoa supports a conserved role in neuronal cell-type specification and mesodermal development[END_REF]. Finally, SytB is the gene coding for the synaptotagmin-B protein detected in the immunostainings performed in chapter III (Burke et al., 2006). My ISH on P. lividus juveniles showed that PlElav (Fig. 52A), PlCOE (Fig. 52B) and PlSytB (Fig. 52C) are all expressed in the epidermis, the podia, and the spine tubercles. The expression of the three neural markers in the epidermis is consistent with the presence of the broad basiepidermal plexus detected by immunostaining. In the podia, PlElav is clearly found at the level of the distal podial ganglion and in the basiepidermal plexus of the stem (Fig. 52D,E,). Reticular expression is also found in the papilla of the secondary podia (Fig. 52D). PlCOE in the podia is restricted to the stem (Fig. 52F,G), and PlSytB is expressed in both the stem and the papilla (Fig. 52H). Altogether, the expression of these three neural markers in the podia again perfectly matches acetylated-tubulin and synaptotagmin-B immunostainings. In the spines, PlElav is expressed ubiquitously (Fig. 52A), while PlCOE has an expression restricted to the spine tubercles (Fig. 52B), and PlSytB is mostly detected in the tubercles and in scattered cells of the rods (Fig. 52C). Interestingly, PlElav is also expressed in a continuous layer outlying the perivisceral cavity corresponding to the position of the endoskeleton (Fig. 52A), where no neural stainings was revealed previously by immunostainings. In fact, the expression of PlElav in the spines and on the edges of the perivisceral cavity is consistent with previous reports in other species indicating that Elav in echinoids is not specifically expressed in neurons but also in cells of the skeletogenic mesoderm and later in the endoskeleton [START_REF] Garner | Neurogenesis in sea urchin embryos and the diversity of deuterostome neurogenic mechanisms[END_REF].

In addition, all three neural markers are expressed in a pentagonal region located around the peristome (Fig. 52A-C,I). This pentagonal expression includes two patches of cells on each side of the radial nerve cords, and a patch of cell exhibiting a more or less clear circular shape in an interambulacral position, below the most oral definitive spines. By contrast, no expression is found at the level of the comminator muscles, an unexpected result because immunostainings data indicates that cellular bodies of the neurons forming the radial nerve cords are located there (see Chapter III). Since the NBT/BCIP staining used as chromogenic agent in the ISH protocol can be imaged using a confocal microscope, I further analyzed the expression pattern of PlElav, PlCOE and PlSytB along with nuclear staining to better visualize the localization of this expression in relation to other inner anatomical structures (Fig. 52J-L). This approach allowed me to distinguish that all three neural markers were not expressed in the radial nerve cords but in regions corresponding to the position of some Aristotle's lantern skeletal and muscular elements.

Going further, I analyzed the expression of genes known to be expressed in the endoskeleton (PlSM50) and the muscles (PlMHC), expecting an expression in the lantern that could be compared with the expression pattern of PlElav, PlCOE and PlSytB. PlSM50 appears to be consistently expressed in the endoskeletal cells of the spines rods and in the plates (Fig. 52M), and PlMHC in the ring muscles of the spines (Fig. 52N). Surprisingly though, none of them are expressed in the lantern (Fig. 52M,N). I also checked the quality of the probes used on embryos and larvae as a positive control and found expected and clear expression domains (Fig. S4). Finally, the expression pattern of all other transcription factors analyzed in P. lividus gave either no signal, broad background signal, or showed an expression restricted only to the secondary podia (exemplified by PlFoxQ2 and PlNkx2.1 in Fig. 52M,N). These ISH in P. lividus juveniles hence gave unexpected and uninterpretable results at this point. I assume that they are the result of a combination of specific signal, signal trapping, and permeabilization issues, but none of these explanations fully explain my ISH dataset.

On the other hand, ISH in P. miniata gave clearer results. Elav expression in P. miniata was consistent with the organization of the nervous system revealed by immunostainings. Expression is found on each side of the radial nerve cords, consistently with their bilateral structure (see Fig. 50D,F), and in the circumoral nerve ring (Fig. 53A). PmElav is also expressed in the stem and the papilla of the secondary podia (Fig. 53A), which is consistent with the presence of neurons in these structures. Lateral views confirm that most of the PmElav staining is restricted to the oral epidermis (Fig. 53B). However, close-ups on the aboral epidermis also reveal reticular expression of PmElav, likely associated with discrete neurons forming the basiepidermal plexus (Fig. 53C). Regarding the transcription factors, the expression of Nkx2.1, which is one of the most anteriorly expressed gene in the proboscis of enteropneusts (Fig. 53D), is found in the ectoderm at the level of the radial nerve cords and in the circumoral nerve ring (Fig. 53E). Dmbx and FoxG, which are both expressed in the posterior part of the proboscis in enteropneusts (Fig. 53D), display an expression domain similar to that of Nkx2.1, in the ectoderm of the radial nerve cords and the circumoral nerve ring (Fig. 53E). More posteriorly, Emx is expressed in the anterior part of the collar in enteropneusts (Fig. 53D), and is expressed in the proximal part of the interambulacral ectoderm in P. miniata juveniles (Fig. 53E). Pax6 is expressed in the posterior proboscis and in the entire collar in enteropneusts (Fig. 53D), and is found in P. miniata to be expressed in the distal part of the interambulacral ectoderm (Fig. 53E). Finally, Otx is expressed in the entire collar and in the most anterior part of the enteropneusts trunk (Fig. 53D), and is expressed in P. miniata juveniles the interambulacral ectoderm and in the secondary podia (Fig. 53E).

The general pattern that emerges from these expression domains is that transcription factors expressed in the enteropneust proboscis turn out to be expressed in the ambulacral ectoderm in P. miniata, while those expressed in the collar of enteropneusts display a proximo-distal gradient of expression in the interambulacral ectoderm of P. miniata. In other words, the more these transcription factors exhibit a limit of expression in enteropneusts shifted posteriorly, the more they are expressed in P. miniata in ectodermal regions located away of the mouth. Based on this, we hypothesize that in P. miniata, a proximodistal patterning of the oral ectoderm is established through the action of the same genetic scaffolds that in enteropneusts patterns the ectoderm along the antero-posterior axis (Fig. 53F). Moreover, as in enteropneusts [START_REF] Pani | Ancient deuterostome origins of vertebrate brain signalling centres[END_REF], it seems that the oral ectoderm is segregated into distinct domains corresponding to the combinatory expression of some of these specific transcription factors. The ambulacral ectoderm would thus be homologous to the enteropneusts proboscis ectoderm, and the interambulacral ectoderm would thus be homologous to the collar ectoderm. Consistently with this hypothesis, the expression of Wnt3, which is a well-known posteriorizing ligand in most metazoans and in particular in enteropneusts [START_REF] Darras | Anteroposterior axis patterning by early canonical Wnt signaling during hemichordate development[END_REF]; Fig. 53D) was found in a thin layer at the periphery of the oral ectoderm, corresponding to the most distal part of the interambulacral ectoderm (not shown). A similar hypothesis was formulated by [START_REF] Adachi | Anteroposterior molecular registries in ectoderm of the echinus rudiment[END_REF] based on data obtained on rudiment of the sand dollar P. japonica, however they did not clearly established the correspondence between the proboscis and the collar regions in enteropneusts and the ambulacral and interambulacral regions in echinoids. Interestingly, I could not detect in P. miniata juveniles any expression of Gbx, the only antero-posterior neural patterning transcription factor expressed in the trunk of enteropneusts (Fig. 53D). This is consistent with the idea postulated by [START_REF] Adachi | Anteroposterior molecular registries in ectoderm of the echinus rudiment[END_REF] that there is no regions homologous to the trunk ectoderm in echinoderms, and that the echinoderm aboral ectoderm is likely to be an autapomorphy of this phylum [START_REF] Adachi | Anteroposterior molecular registries in ectoderm of the echinus rudiment[END_REF].

According to this hypothesis, several predictions can be made.

-First, it appears that as postulated by [START_REF] Lowe | Anteroposterior patterning in hemichordates and the origins of the chordate nervous system[END_REF] and [START_REF] Pani | Ancient deuterostome origins of vertebrate brain signalling centres[END_REF], the genetic scaffold responsible for the antero-posterior patterning of the chordate neural tube is also likely to pattern the whole ectoderm in echinoderms and thus that of the deuterostome ancestor. [START_REF] Minsuk | Axial patterning of the pentaradial adult echinoderm body plan[END_REF][START_REF] Morris | Early development of coelomic structures in an echinoderm larva and a similarity with coelomic structures in a chordate embryo[END_REF][START_REF] Byrne | Evolution of a pentameral body plan was not linked to translocation of anterior Hox genes: The echinoderm HOX cluster revisited[END_REF]. According to this hypothesis, the radial nerve cords are patterned along their proximo-distal axis by the ancestral antero-posterior patterning scaffold. Right panel: working hypothesis presented in this manuscript.

According to this hypothesis, the whole oral ectoderm is patterned by the ancestral antero-posterior patterning scaffold and the radial nerve cords only form in the expression domain corresponding to the hemichordate proboscis. CNR: circumoral nerve ring; SP: secondary podia; RNC: radial nerve cord.

-Second, it is interesting to note that the adult mouth in sea stars forms in the center of the oral ectoderm, which turns out to be the place corresponding to the most "anterior" part of the genetic scaffold. This suggests that despite being anatomically distinct from the larval mouth [START_REF] Lacalli | Echinoderm conundrums: Hox genes, heterochrony, and an excess of mouths[END_REF], the secondary mouth of adult echinoids and asteroids uses the same genetic scaffold to form at its "original" anterior position.

-Third, the fact that the oral ectoderm is patterned into stellate domains rather than simple circular domains is likely to be the result of signaling crosstalks with the underlying hydrocoel, from which emerges the pentaradial symmetry during the formation of the rudiment. As such, I assume that the pentaradial symmetry itself is a complete novelty of echinoderms, rather than being a modification of the ancestral antero-posterior axis as postulated by some authors (e.g. [START_REF] Minsuk | Axial patterning of the pentaradial adult echinoderm body plan[END_REF][START_REF] Morris | Early development of coelomic structures in an echinoderm larva and a similarity with coelomic structures in a chordate embryo[END_REF][START_REF] Byrne | Evolution of a pentameral body plan was not linked to translocation of anterior Hox genes: The echinoderm HOX cluster revisited[END_REF]Fig.53F). The crosstalks between the hydrocoel and the overlying oral ectoderm may involve Hedgehog signaling, as it is known for the relationship between the notochord and the neural plate in chordates [START_REF] Echelard | Sonic hedgehog, a member of a family of putative signaling molecules, is implicated in the regulation of CNS polarity[END_REF] and postulated for the relationship between the stomochord/mesocoel and the collar ectoderm in hemichordates [START_REF] Miyamoto | Hemichordate neurulation and the origin of the neural tube[END_REF].

-Fourth, in terms of neural organization, it seems that the whole echinoderm central nervous system (i.e. the radial nerve cords and the circumoral nerve ring) is formed in a genetic context similar to the one driving the formation of the nerve net located in the enteropneust proboscis, the forebrain in vertebrates, or more surprisingly the apical organ in echinoderm larvae [START_REF] Hirth | An urbilaterian origin of the tripartite brain: developmental genetic insights from Drosophila[END_REF][START_REF] Holland | Chordate roots of the vertebrate nervous system: expanding the molecular toolkit[END_REF][START_REF] Range | Integration of Canonical and Noncanonical Wnt Signaling Pathways Patterns the Neuroectoderm Along the Anterior-Posterior Axis of Sea Urchin Embryos[END_REF]Fig.53F). This suggests that the central nervous system of echinoderms corresponds only to the forebrain of chordates. This important implication goes against previous idea based on the subepidermal anatomy of the radial nerve cords which postulated that the central nervous system in adult echinoderm could be homologous to the chordate spinal cord only [START_REF] Haag | Echinoderm rudiments, rudimentary bilaterians, and the origin of the chordate CNS[END_REF][START_REF] Angerer | The evolution of nervous system patterning: insights from sea urchin development[END_REF]. The nervous system in echinoderms can hence be envisioned as a giant brain, lacking a spinal cord. Because the spinal cord in chordates is mostly involved in motor control of the body, it makes sense that this structure could have disappeared during echinoderm evolution, as they concomitantly developed a unique locomotory water vascular system which rely not on muscles but on hydraulic tonicity. On the other hand, the fact that the genetic context in which the adult central nervous system form is similar to the one in which form the apical organ of the larvae can be explained by the larval intercalation theory, according to which most larval structure have evolved by co-option [START_REF] Raff | Origins of the other metazoan body plans: the evolution of larval forms[END_REF].

In any event, the results presented here for P. miniata are only preliminary and have to be confirmed by the analyses of the other transcription factors of the scaffold (e.g. PmFezF; PmLim1/5; PmFoxQ2; PmRx and PmSix3/6), which I did not have time to perform, or which so far gave only background staining. In addition, some genes are problematic and do not fit with the proposed model. For instance, Engrailed is expressed in enteropneust in the collar-trunk boundary, but it was found in the sea stars Patiriella regularis and Patiriella exigua to be expressed in the radial nerve cords, in the circumoral nerve ring and in the podia [START_REF] Byrne | Engrailed is expressed in larval development and in the radial nervous system of Patiriella sea stars[END_REF]. Because of time constraints, I did not have time to analyze PmEngrailed expression, but if similar expression pattern is retrieved in P. miniata, it would suggest that Engrailed does not follow the same pattern than in enteropneusts, as it would be expected to be only expressed in distal interambulacral regions. More importantly, a similar pattern is yet to be described in P. lividus before concluding anything at the echinoderm scale. The particular case of holothuroids will also require careful examination as their peculiar morphology makes them difficult to reconcile with this hypothesis. As a matter of fact, an extensive comparative screen of the antero-posterior genetic scaffold in juveniles of P. miniata, P. lividus and P. parvimensis will be the core of a future application for a post-doctoral fellowship in Christopher Lowe's laboratory, as a follow-up of my thesis work and his current work on P. miniata and P. parvimensis. I hope this will be the opportunity to me to continue my work on these questions, and to bring clear data to improve our knowledge on the fascinating world of echinoderms.

For P. miniata, the protocol was adapted with the following modifications. PBST was used for rehydratation instead of TBST. Washes following proteinase K permeabilization consisted in 2x5' in triethanolamine 0,1M, and were followed by an acetylation step in two successive bathes of 2,5% and 5% anhydride acétique in triethanolamine 0,1M for 5' each. Then, specimens were washed in PBST and post-fixed in 4% formaldehyde diluted in PBST for 1 hour at RT. Specimens were incubated in the hybridization buffer for 3 days. Following SSCT bathes, specimens were rinsed in maleic acid buffer (MAB) containing 0,5% Tween-20. Blocking and antibody dilution was done in Boehringer-Mannheim blocking reagent diluted in MAB. Washes following the antibody incubation were prolonged overnight. 

Abstract

Within the metazoans, nervous systems range from simple nerve nets, as observed in cnidarians, to complex centralized organs as found in some bilaterians. Because of such diversity, the evolutionary history of nervous system centralization in animals has been heavily debated. Over the last decade, two alternative scenarios have been suggested to explain the origin of the central nervous systems observed in chordates. While the traditional view postulated that the deuterostome ancestor had a central nervous system, recent molecular surveys performed in enteropneusts showed that the deuterostome ancestor could have presented instead a non-centralized "skinbrain" similar in its architecture to the one of cnidarians. This idea was supported by the identification of a molecular patterning system in hemichordates that is similar to that of the chordates' central nervous system, but widespread throughout the whole ectoderm of the animal instead of being restricted to the neuroectoderm. Because enteropneust worms exhibit a broad neural plexus underlying most parts of their epidermis, this finding suggested that the deuterostome ancestor might actually lack a central nervous system. However, it cannot be ruled out that the ancestral patterning program was extended to the whole ectoderm as the result of a derived evolution in hemichordates.

To test these hypotheses, this thesis aimed to investigate the organization of the nervous system and its molecular patterning in the sister-group of hemichordates, the echinoderms. Echinoderms are a large group of marine animals that constitute, with the hemichordates, the clade of the ambulacrarians. In turn, ambulacrarians are the sister group of chordates. The echinoderms encompass five classes of extant animals: the crinoids (sea lilies), the asteroids (sea stars), the ophiuroids (brittle stars), the holothuroids (sea cucumbers), and the echinoids (sea urchins). In each of these classes, the animals display a biphasic life cycle, with a bilateral planktonic larva that turns into a benthic adult after a drastic metamorphosis. So far, adult echinoderms have been largely ignored in comparative biology because in contrast to their larvae, they exhibit a large set of anatomical oddities, among which the most intriguing is a pentaradial symmetry. This five-fold symmetry radically differs from the bilateral symmetry of other bilaterians, and has traditionally been regarded as an obstacle for comparisons with other animals. However, a careful re-examination of neural patterning and organization in adult echinoderms, using modern molecular tools, will bring valuable insights for comparing hemichordates and chordates.

To achieve this goal, we first improved the husbandry protocol for the sea urchin species Paracentrotus lividus to obtain suitable quantities of post-metamorphic individuals for experimentations. Then, we facilitated the study of post-metamorphic echinoids by staging the development of P. lividus from fertilization to post-metamorphic juvenile stages. Finally, we yielded an exhaustive body-wide description of the neuromuscular anatomy of postmetamorphic P. lividus juveniles at a high resolution. This last study indicated that the nervous system of adult echinoids is not strictly centralized as it also includes elements that are typical of nerve nets. We further investigated the post-metamorphic specimens of the sea star Patiria miniata and the sea cucumber Parastichopus parvimensis. Both species revealed similar structures. We also started a molecular screening of neural patterning genes in postmetamorphic P. lividus and P. miniata juveniles. This last piece of work suggested that a genetic program similar to the one found in hemichordates is also used to pattern the ectoderm of adult echinoderms. Such results supported the hypothesis according to which nervous system centralization took place in chordates rather than in the last common ancestor of deuterostomes. Altogether, not only does this work extend our current understanding of echinoderm neurodevelopment, but it will help to unravel the origin of deuterostome nervous systems, as well as to resolve the thorny problem of echinoderms pentaradial organization.

Résumé

Les systèmes nerveux observés au sein des métazoaires se déclinent en de multiples formes allant de réseaux nerveux simples, chez les cnidaires, à des systèmes centralisés complexes chez certains bilatériens. En raison de ces disparités, l'histoire évolutive du système nerveux chez les animaux demeure très débattue. Au cours de la dernière décennie, deux scénarios visant à expliquer l'origine du système nerveux central des chordés ont été proposés. Le scénario traditionnel suppose que l'ancêtre des deutérostomes possédait déjà un système nerveux central. À l'inverse, des études moléculaires récentes réalisées chez les entéropneustes suggèrent que l'ancêtre des deutérostomes possédait en fait un « skin-brain » non centralisé ressemblant davantage aux réseaux nerveux observés chez les cnidaires. Cette hypothèse est basée sur la découverte d'un mécanisme de contrôle génétique chez les entéropneustes qui est similaire à celui permettant de mettre en place le système nerveux central des vertébrés, mais qui est actif dans tout l'ectoderme de l'animal au lieu d'être limité à l'ectoderme neural. De plus, le système nerveux des entéropneustes n'est pas centralisé mais consiste principalement en un plexus diffus sous l'épiderme. Ces deux éléments suggèrent que l'ancêtre des deutérostomes n'avait probablement pas de système nerveux centralisé. Cependant, la possibilité que le contrôle génétique ancestral ait été co-opté dans tout l'ectoderme des hémichordés ne peut pas être écartée pour autant.

Pour tester ces deux hypothèses, les travaux présentés dans cette thèse ont pour but de ré-examiner l'organisation du système nerveux, ainsi que les mécanismes moléculaires qui permettent sa mise en place, au sein du groupe frère des hémichordés: les échinodermes. Les échinodermes représentent un large phylum d'animaux marins qui constituent avec les hémichordés le groupe des ambulacraires. Ce dernier est donc le groupe frère des chordés. Les échinodermes comprennent cinq classent d'animaux : les crinoïdes (lys de mer), les astéroïdes (étoiles de mer), les ophiuroïdes (ophiures), les holothuroïdes (concombres de mer) et les échinoïdes (oursins). Ces animaux présentent un cycle de vie bi-phasique, comprenant une phase larvaire planctonique et une phase adulte benthique qui fait suite à une métamorphose drastique. Jusqu'à aujourd'hui, les échinodermes adultes ont été largement ignorés dans le champ de la biologie évolutive car à la différence de leurs larves, ils possèdent de nombreuses bizarreries anatomiques. En particulier, ils présentent une symétrie pentaradiaire qui a longtemps été considérée comme un obstacle pour pouvoir les comparer aux autres phyla. Néanmoins, une étude poussée du système nerveux des échinodermes adultes et des mécanismes régulants son développement est essentielle pour établir des comparaisons avec les hémichordés et les chordés.

Pour cela, nous avons d'abord amélioré le système d'élevage l'oursin Paracentrotus lividus, de façon à obtenir des juvéniles en quantité suffisantes. Ensuite, nous avons facilité l'étude de cette espèce en réalisant un stageage de son développement depuis la fertilisation jusqu'aux stades juvéniles. Puis, nous avons caractérisé précisément l'anatomie neuromusculaire des juvéniles. Ceci nous a permis de mettre en évidence que le système nerveux des échinoïdes n'est pas strictement centralisé car il présente aussi des éléments typiques de réseaux nerveux plus simples. De plus, nous avons réalisé des études similaires chez des juvéniles de l'étoile de mer Patiria miniata, et du concombre de mer Parastichopus parvimensis. Ces études préliminaires ont révélé l'existence d'une organisation identique à celle de P. lividus. Nous avons également caractérisé l'expression des gènes impliqués dans la mise en place du système nerveux chez des juvéniles de P. lividus et P. miniata. Les résultats préliminaires de cette étude suggèrent qu'un programme similaire à celui présent chez les hémichordés est également déployé au cours du développement de l'ectoderme des échinodermes adultes. Ceci soutient l'idée selon laquelle la centralisation du système nerveux a probablement eu lieu chez les chordés plutôt que chez l'ancêtre des deutérostomes. En conclusion, non seulement ce travail améliore notre compréhension du développement neural des échinodermes, mais il propose des études qui permettront de tester les différentes hypothèses proposées pour expliquer l'évolution du système nerveux chez les deuterostomes. In fine, ces travaux aideront également à résoudre l'épineux problème de l'acquisition de la symétrie pentaradiaire chez les échinodermes.
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Figure 1 :

 1 Figure 1 : Arbre phylogénétique des métazoaires L'arbre est dessiné d'après[START_REF] Telford | Phylogenomic insights into animal evolution[END_REF]. Le branchement problématique de certains phyla (ctenophores, placozoaires, ainsi que la plupart des phyla de spiraliens) est représenté de façon consensuelle. Les énigmatiques Orthonectida et Dicyemida sont représentés au sein d'un unique phylum Mesozoa, bien que la monophylie de ce dernier soit incertaine. Les pictogrammes sont adaptés de Phylopic (www.phylopic.org).

Figure 3 :

 3 Figure 3 : Diversité des échinodermes (A) Heterocentrotus mammilatus (Cidaroïde)(A. Cressler). (B) Colobocentrotus atratus, l'oursin casque vit solidement attaché sur des rochers balayés par les vagues et est dépourvu d'épines (Euechinoïde)(K. Ueda). (C) Toxopneustes pileolus, l'oursin coussin, présente des pédicellaires modifiés extrêmements toxiques (Euechinoïde)(J.-M. Gradot). (D) Gorgonecephalus arcticus (Ophiuroïde)(D. Keats). (E) Fromia monilis (Asteroïde) (M. Milanesi). (F) Ophotrix suensonii (Ophiuroïde)(A. Anker). (G) Acanthaster planci, la "reine des épines", est une étoile de mer de grande taille, carnassière, toxique et invasive (Asteroïde)(J. Cooper). (H) Xyloplax janetae est une minuscule étoile de mer vivant dans les abysses, dont le plan d'organisation très dérivé à longtemps rendu énigmatique sa position phylogénétique (Asteroïde)(C. Mah). (I) Scotoplanes globosa, le "cochon de mer" est un fascinant concombre de mer des abysses (Holothuroïde)(NeptuneCanada). (J) Apostichopus japonicus (Holothuroïde) (A. Nekrasov). (K) Pelagothuria natatrix, une des rares photographie de la seule espèce connue d'échinoderme holopélagique (Holothuroïde)(NOAA Okeanos Explorer). (L) Lamprometra sp. (Crinoïde)(N. Hobgood). (M) Une commatule inconnue dans l'océan australe (Crinoïde)(P. Chevaldonné). (N) Neocrinus decorus (Crinoïde)(O. Konuralp).

Figure 4 :

 4 Figure 4 : Arbre phylogénétique des échinoïdes Arbre phylogénétique présentant la classification des espèces d'échinoïdes les plus utilisés dans le champ de la biologie du développement, de la biologie cellulaire ou de l'écologie. De gauche à droite : Eucidaris tribuloides ; Peronella japonica ; Temnopleurus reevesi ; Psammechinus miliaris ; Paracentrotus lividus ; Lytechinus variegatus ; Sphaerechinus granularis ; Hemicentrotus pulcherrimus ; Stronglylocentrotus purpuratus.

Figure 5 :

 5 Figure 5: Basal metazoans and the origins of nervous systems (A-E) Representative of basal metazoans. (A) Clathria nicoleae (Porifera)(Moura et al., 2016). (B) Pleurobrachia bachei (Ctenophora)(L. Moroz). (C) Trichoplax adhaerens (Placozoa; photo)(Ana Signorovitch). (D) Nematostella vectensis (Cnidaria, anthozoa)(C.Sinigaglia). (E) Clytia hemisphaerica (Cnidaria, hydrozoa)(T. Momose). (F) Schematic tree representing three possible hypotheses for the origin of nervous systems within the metazoans depending of their homology and of the phylogenetic position of ctenophores. Green dashes indicate the apparition of nervous system, red dashes indicate the loss of nervous system. If the sponges are the sister-group to all the other metazoans, then nervous system are likely to have arisen only once in the common ancestor of eumetazoans. If the ctenophores are the sister-group to all the other metazoans, nervous systems were either acquired independently in ctenophores and planulozoans or were secondarily lost in sponges and placozoans. Vignettes are from Phylopic (www.phylopic.org). Adapted from[START_REF] Jékely | The phylogenetic position of ctenophores and the origin(s) of nervous systems[END_REF].

Figure 6 :

 6 Figure 6: Deuterostomes phylogeny and some elements of anatomy (A) Phylogenetic tree showing some of the clades constituting the deuterostomes. Photo, from left to right: K. Halanych; C. J. Lowe; E. O'Neill; B. C. Vellutini; NOAA; C. Sardet; F. Michonneau; C. Sardet; National Marine Biological Library; S. Alvarado. (B) Anatomy of a cephalochordate. (C) Anatomy of an enteropneust hemichordate. (D) Anatomy of a pterobranch hemichordate, with a detail of the lophophore-like organ showing the water stream (arrows) through the tentacles. (E) Anatomy of an asteroid echinoderm. (F) Anatomy of an echinoid echinoderm. (B-F) Adapted from Brusca et al. (2016).

Figure 7 :

 7 Figure 7: Echinoderm synapomorphies (A-C) SEM pictures showing the organization of the stereom in echinoids. Scale bar = 100µm. (A) Stereom of a test plate (SEM picture: Berkeley University). (B) Organisation of the stereom in a transversal section of a spine (SEM picture: Dayton University). (C) Organisation of the stereom in a lateral view of a spine (SEM picture: ParticuleSixtyFour). (D) Schematic representation of the water vascular system in echinoids. (E) Schematic representation of the test in regular echinoids (aboral view). The radii A, B, C, D and E are represented following the Carpenter's nomenclature system. Ambulacral area of the radius C is highlighted in dark blue, and interambulacral area CD is highlighted in light blue. Apical system is highlighted in red. (F) Detailed organization of the apical system in regular echinoids. (D-F) Adapted from Brusca et al. (2016).

Figure 8 :

 8 Figure 8: Nerve nets and centralized nervous systems diversity in metazoans (A-H) Examples of nerve nets. (A) Apical organ in Pleurobrachia bachei (Ctenophora; from Norekian & Moroz, 2018). (B) Basiepidermal nerve plexus in Beroe abyssicola (Ctenophora; from Moroz & Norekian, 2018). (C) Mesogleal nerve net in Pleurobrachia bachei (from Norekian & Moroz, 2018). (D) Detail of a mesogleal neuron in Pleurobrachia bachei (Ctenophora; from Norekian & Moroz, 2018). (E) Pan-neuronal staining in Nematostella vectensis (Cnidaria; from Layden et al., 2016). (F) Neuropeptide staining in Nematostella vectensis (Cnidaria; from Layden et al., 2016). (G) Detail of the nerve net in Cyanea sp. (Cnidaria; from Satterlie, 2011). (H) Nervous system in Saccoglossus kowalevskii (Hemichordata; photo: C. J. Lowe). (I-N) Examples of centralized nervous systems. (I) Cyoneuralian brain in Panagrellus redivivus (Nematoda; from Atkinson et al., 2016). (J) Detail of the brain in Euperipatoides rowelli (Onychophora; from Mayer et al., 2010). (K) Detail of the ventral nerve cord in Drosophila melanogaster (Arthropoda; photo: M. Moffateh). (L) Ventral nerve cord in Pristina leidyi (Annelida; from Zattara & Bely, 2015). (M) Tetraneurion in Wirenia argentea (Mollusca; from Redl et al., 2014). Arrows indicate the ventral nerve cords and asterisks indicate the commissures. (N) Nervous system in Polycelis felina (Platyhelminthes; from Cebrià, 2007). (O) Ventral and dorsal nerve cord in Panagrellus redivivus (Nematoda; from[START_REF] Atkinson | Unraveling flp-11/flp-32 dichotomy in nematodes[END_REF]. (P) Nervous system in Danio rerio (Chordata; photo: Z. Tobias). Aan: antennal nerve; ao: apical organ; ap: anal pore; bb: basal bulb; br: brain; c: colar; cc: colar cord; cn: central neuropil; cnr: circumpharyngeal nerve ring; dnc: dorsal nerve cord; lg: lateral ganglia; m: mesentery; nt: neural tube; pf: polar field; t: tentacle; ph: pharynx; pr: proboscis; rvg: retrovesicular ganglion; tr: trunk; vg: ventral ganglion; vnc: ventral nerve cord.

Figure 9 :

 9 Figure 9: Larval diversity in metazoans (A) Planula (Cnidaria; SEM picture from Houliston et al., 2010). (B) Nauplius (Arthropoda, Copepoda; photo: W. Nell). (C) Zoea (Arthropoda, Decapoda; photo: A. E. Migotto. (D) Trochophore (Annelida, Serpulidae; SEM picture from Nielsen, 20.12a). (E) Mitraria (Annelid; Oweniidae; photo: W. van Egmond). (F) Pelagosphera (Annelida, Sipuncula; photo: A. E. Migotto). (G) Veliger (Mollusca, Gastropoda; photo: A. E. Migotto). (H) Actinotroch (Phoronida; photo: A. E. Migotto). (I) Pillidum (Nemertea; photo: A. E. Migotto). (J) Muller's (Platyhelminthes, Polycladida; SEM picture from Nielsen, 2005a). (K) Tunicate tadpole (Tunicata; photo: W. van Egmond). (L) Frog tadpole (Vertebrata, Amphibia; photo: A. Suzuki). (M) Tornaria larva (Hemichordata, Enteropneusta; photo from Hejnol & Vellutini, 2017); (N) Bipinnaria (Echinodermata, Asteroidea; photo: D. P. Wilson). (O) Brachiolaria (Echinodermata, Asteroidea; photo: A. Semenov). (P) Auricularia (Echinodermata, Holothuroidea; photo: R. Kirby). (Q) Doliolaria (Echinodermata, Holothuroidea; SEM picture: T. C. Lacalli). (R) Echinopluteus (Echinodermata, Echinoidea; photo: L. Formery). (S) Ophiopluteus (Echinodermata, Ophiuroidea; photo: A. Calbet). (T) Vitellaria (Echinodermata, Crinoidea; SEM picture: T. C. Lacalli).

Figure 10 :

 10 Figure 10: Three different scenarios for the origin of larvae in metazoansThe upper panel shows the hypotheses proposing the homology of primary larvae. According toJägertsen (1972) and[START_REF] Nielsen | Animal phylogeny in light of the trochea theory[END_REF], the cnidarians (planulae), planarians (Müller's larvae), annelids (trochophores) and echinoderms (dipleurulae) ciliated primary larvae, among others, share a single evolutionary origin. Secondary, non-ciliated larvae such as the one of arthropods and chordates are secondary acquisitions. (A) In the gastraea theory, the nephrozoan ancestor was a holopelagic sexually mature gastraea, and the adult forms were secondary acquisition. (B) In the pelago-benthic ancestor scenario, the nephrozon ancestor already had a bi-phasic life-cycle with a gastraea-like larva. The lower panel shows the larval intercalation theory. (C) According to[START_REF] Raff | Origins of the other metazoan body plans: the evolution of larval forms[END_REF], the bilaterian ancestor was a benthic direct-developer, and all larvae appeared independently. Acoel drawing is adapted from[START_REF] Martín-Durán | Convergent evolution of bilaterian nerve cords[END_REF]. Cnidarian, planula, planarian, annelid, echinoderm, chordate and chordate larva drawings are adapted from[START_REF] Leuckart | Über die Morphologie und die Verwandtschaftsverhältnisse der wirbellosen Tiere[END_REF].

Figure 11 :

 11 Figure 11: larval nervous systems Examples of larval nervous systems in annelid trochophore (A-C); enteropneust tornaria (D-F) and holoturoid auricularia (G-I). (A) SEM picture of the trochophore of Pomatoceros lamarckii (from McDougall et al., 2006). (B) Serotonin staining showing the larval nervous system in Pomatoceros lamarckii trochophore (from McDougall et al., 2006). (C) Schematic representation of a generalized trochophore indicating the position of the apical organ and the ciliary bands. (D) SEM picture of the tornaria of Ptychodera flava (from Nielsen & Hay-Schmidt, 2007). (E) Synaptotagmin-B staining showing the larval nervous system in the tornaria of Balanoglossus simodensis (from Miyamoto et al., 2010). (F) Schematic representation of a generalized tornaria indicating the position of the apical organ and the ciliary bands. (G) SEM picture of the auricularia of Stichopus californicus (T. Lacalli). (H) Synaptotagmin-B staining showing the larval nervous system in the auricularia of Stichopus japonicus (from Nakano et al., 2006). (I) Schematic representation of a generalized auricularia indicating the position of the apical organ and the ciliary band. ao: apical organ; cc: circumoesophageal connectives; cg: cerebral ganglion; dcb: dorsal ciliary band nerve; mnr: metatroch nerve ring; mo: mouth; mt: metatroch; net: neurotroch; nt: neotroch; op: opisthotroch; pnr: prototroch nerve ring; pot: postoral ciliary band tract; prt: preoral ciliary band tract; pt: prototroch; tt: telotroch; vnc: ventral nerve cord.

Figure 12 :Figure 13 :

 1213 Figure 12: The ANS conceptUpper panel shows a prototypical apical organ as observed in cnidarian planulae, annelid trochophores or echinoderm dipleurulae, with the typical, flask-shaped sensory-neurosecretory neurons and the underlying neuropil. Note that an apical organ is not found in direct-developing taxa such as vertebrates. Lower panel shows the expression of Six3 and Rx (blue and green respectively) in a cnidarian planula, an annelid early trochophore, an echinoderm late gastrula and a vertebrate gastrula. Adapted from[START_REF] Arendt | From nerve net to nerve ring, nerve cord and brain -evolution of the nervous system[END_REF] 

Figure 15 :Figure 14 :

 1514 Figure 15: The chimeric brain hypothesis Schematic representation of the hypothetical nervous system in the neuralian (left panel), planulozoan (middle panel) and bilaterian (right panel) ancestors. Each ancestor is shown from the lateral (upper panel) and oral or ventral view (lower panel).In the neuralian ancestor, a nerve net covers the gastrula-shaped animal. Nerve-net neurons situated around the digestive opening (dark blue) control feeding. Specialized sensory cells detecting environmental stimuli are located around the apical pole (green). In the planulozoan ancestor, specialized parts of the nerve net are centred on the slit-like digestive opening: the BNS (blue) controls the contraction of a bilateral series of contractile gastric pouches. The ANS (red) controls body physiology. The bilaterian ancestor (i.e. urbilateria), display a semicentralized nervous system with longitudinal axon tracts and commissures. The BNS forms the ventral nerve cord. The bilaterian brain represents a fusion of the ANS and the anterior BNS. Adapted from[START_REF] Arendt | From nerve net to nerve ring, nerve cord and brain -evolution of the nervous system[END_REF] 

Figure 16 :

 16 Figure 16: A dual interpretation for nerve cords originSchematic trees showing the simplified organization of the nervous system along the dorso-ventral axis in several planulozoan phyla. Evolutionary events required to explain the distribution of the nervous system organization are mapped on the tree for each of the competing hypothesis, according to[START_REF] Martín-Durán | Convergent evolution of bilaterian nerve cords[END_REF]. (A) homology of nerve cords in nephrozoans. (B) convergent evolution of nerve cord in chordates, arthropods and annelids. Adapted from[START_REF] Martín-Durán | Convergent evolution of bilaterian nerve cords[END_REF] 

  Figure caption (A) Phylogeny of echinodermata including several extinct groups. The tree is adapted from Smith, 2008. The phylogenetic position of most extinct forms is still unclear, therefore the Homalozoa, Blastozoa and Pelmatozoa might be paraphyletic groups. Body plan symmetry is indicated by the color boxes. † indicates extinct groups. (B-I) Fossil samples from the major extinct echinoderm classes. Schemes in (B-F) and (H) highlight the organization of the endoskeletal plates (adapted from Smith et al., 2013). (B) Fossil cinctans (from Zamora et al., 2012). (C) Fossil ctenocystoid (from Zamora et al., 2012). (D) Fossil stylophoran (from Zamora & Rahman, 2015). (E) Fossil helicoplacoid (from Zamora et al., 2012). (F). Fossil edrioasteroid (from Zamora et al., 2013). (G) Fossil blastoid (from Sumrall & Waters, 2012). (H) Fossil cystoid (from Zamora et al., 2013). (I) Fossil eocrinoid (from Zamora et al., 2013).

Figure 18 :Figure 19 :

 1819 Figure18: Body plan complexity in ambulacrarians (On the left) Schematic representation of the relationships between larval and adult polarity axes in ambulacrarians. Larval axes are named as follow: A: anterior; D: dorsal; L: left; P: posterior; R: right; V: ventral. Adult axis is named as follow: Ab: aboral; O: oral. Adult axis correspond to the position of the left hydrocoel, represented in dark grey, before the metamorphosis. In hemichordates, the larval antero-posterior axis and the adult oral-aboral axis are homologous, yet this relationship is unknown for other ambulacrarians.

Figure 20 :

 20 Figure 20: Summary of neuroanatomical structures in deuterostomesPhylogeny of deuterostomes and schematics of their main neural features. The phylogeny is based on the current consensus in regards to the phylogenetic relationships between the five extant deuterostome phyla. The neural features are indicated in blue on the schematics provided for both larval (left panel) and adult (right panel) stages. For the chordates, note that sole the central nervous system is herein represented.

Figure 21 :

 21 Figure 21: Compared ontogeny of the neural tube, the collar cord and the radial nerve cords (A) Neurulation in the cephalochordate Branchiostoma lanceolatum. (B) Ontogeny of the collar cord in the enteropneust Saccoglossus kowalevskii. (C) Ontogeny of the radial nerve cord in echinoids. The epidermis is shown in grey, the neurogenic ectoderm (including vestibular floor of echinoids) is shown in blue (cellular bodies are shown in dark blue, neuropil is shown in light blue), the endoderm is shown in yellow and the mesoderm derivatives are shown in red. Adapted from Kaul-Strehlow & Stach (2010).

  Figure 22: The ancestral nerve net hypothesisSchematic representation of the antero-posterior patterning of the nervous system in chordates, hemichordates and echinoderms according to the models proposed by[START_REF] Lowe | Anteroposterior patterning in hemichordates and the origins of the chordate nervous system[END_REF] and[START_REF] Adachi | Anteroposterior molecular registries in ectoderm of the echinus rudiment[END_REF]. The ancestral regulatory scaffold mediated the patterning of three distinct ectodermal regions. In chordates, this scaffold is restricted to the patterning of the neural tube. In hemichordates, it patterns the whole ectoderm in the three parts of the animal. In echinoderms (represented here as the oral side of Peronella japonica), only the anterior parts of the scaffold is deployed in the ambulacral ectoderm. Adapted from[START_REF] Lowe | The deuterostome context of chordate origins[END_REF][START_REF] Adachi | Anteroposterior molecular registries in ectoderm of the echinus rudiment[END_REF] 

Figure 23 :

 23 Figure 23: Experimental design for culturing P lividus larvae in laboratory (A) Overview of the larval culture system used in this study. (B) Schematic representation of the four microalgal diets used in this study. Independent culture of C. gracilis, D. salina, T. lutea and R. salina were combined to generate CDT, CD, CT and RD diets. (C) Schematic representation of the protocol used to determine food ration.Concentration in algal cultures and residual concentration in culture vessels were measured through the use of a liquid particle counter (HIAC). A specific volume of each microalgae cultures was then calculated and added to the culture vessel to maintain or deliver a final concentration of 8.000 or 16.000 cells/mL according to the ongoing experiment.

Figure 24 :

 24 Figure 24: Comparison of larval fitness in culture fed with CDT diet or CD diet (A,A') Larval stage (4, 6 or 8 arms) rates at day 8, 14, 21 and 28 for CDT diet (A) and CD diet (A'). Error bars represent standard deviation. (B,B') Box plot showing rudiment size at day 7, 15, 22, 25 and 29 for CDT diet (B) and CD diet (B'). (C,C') Metamorphosis rate at day 30 one hour after DBM induction for CDT diet (C) and CD diet (C'). Error bars represent standard deviation.

Figure 25 :

 25 Figure 25: Comparison of larval fitness in culture fed with CDT diet or CT diet (A,A') Larval stage (4, 6 or 8 arms) rate at day 7 and 14 for CDT diet (A) and CT diet (A'). Error bars represent standard deviation. (B,B') Box plot showing rudiment size at day 9, 12, 16 and 19 for CDT diet (B) and CT diet (B'). (C,C') Metamorphosis rate at day 19 one hour after DBM induction for CDT diet (C) and CT diet (C'). Error bars represent standard deviation.

Figure 26 :

 26 Figure 26: Comparison of larval fitness in culture fed with CDT diet or RD diet (A,A') Larval stage (4, 6 or 8 arms) rate at day 7 and 14 for CDT diet (A') and RD diet (A'). Error bars represent standard deviation. (B,B') Box plot showing rudiment size at day 9, 12, 16 and 19 for CDT diet (B) and RD diet (B'). (C,C') Metamorphosis rate at day 19 one hour after DBM induction for CDT diet (C) and RD diet (C'). Error bars represent standard deviation.

Figure 27 :

 27 Figure 27: Comparison of larval fitness in culture fed with variable or fixed supplies for CDT diet (A,A') Larval stage (4, 6 or 8 arms) rate at day 7 and 14 for adjusted CDT diet (A) and fixed CDT diet (A'). Error bars represent standard deviation. (B,B') Box plot showing rudiment size at day 9, 12, 16 and 19 for adjusted CDT diet (B) and fixed CDT diet (B'). (C,C') Metamorphosis rate at day 19 one hour after DBM induction for adjusted CDT diet (C) and fixed CDT diet (C'). Error bars represent standard deviation.

Figure 29 :

 29 Figure 29: P lividus life cycle Schematic representation of the life cycle of P. lividus. Approximate timing for each of the represented periods and stages is provided based on our husbandry conditions.

Figure 30 :

 30 Figure 30: Fertilization and cleavage Developmental stages are as follows: (A) zygote (1c); (B) 2-cell (2c); (C) 4-cell (4c); (D) 8-cell (8c); (E-F) 16-cell (16c); (G) 28-cell (28c); (H-I) 32-cell (32c); (J) 56-cell (56c); (K-L) 60-cell (60c). All embryos are in lateral view with the animal pole at the top and the vegetal pole at the bottom, except for (F, G, I, J, L) that are in vegetal view. In (A) the arrow shows the fertilization envelope and the dotted line indicates the pigmented band. In (H, I, J, L) the white arrowheads pinpoint the large micromeres, while the yellow arrowheads point to the small micromeres. For all images scale bar = 30µm.

Figure 31 :

 31 Figure 31: Blastula Developmental stages are as follows: (A,A') early-blastula (eB); (B,B') mid-blastula (mid-B); (C,C') hatched blastula (HB); (D) swimming blastula (SB); (E) late swimming blastula (late-SB). All embryos are in lateral view with the animal pole at the top and the vegetal pole at the bottom. (A', B', C') are different optical sections of (A, B, C). In (C) the arrowheads show the rupture of the vitelline envelope. In (D) the asterisk indicates the thickening of the vegetal pole. In (E) the asterisks indicate the "V" shape of the vegetal plate. For all images scale bar = 30µm.

Figure 32 :

 32 Figure 32: Gastrulation and formation of the digestive tract Developmental stages are as follows: (A) early mesenchyme blastula (eMB); (B) mesenchyme blastula (MB); (C,D) blastopore gastrula (blasto-G); (E,F) early gastrula (EG); (G,H) mid gastrula (mid-G); (I,J) late gastrula (LG); (K,L) prism; (M,N) early pluteus (eP); (O,P) 4-arm pluteus (4-arm). Embryos and larvae in (A, C, E, G, I, K, M, O) are in lateral view with the animal pole at the top and the vegetal pole at the bottom, and (B, D, F, H, J, L, N, P) are in vegetal view with the ventral side on the left and the dorsal side on the right. In (B) the asterisk indicates the thickening of the animal pole. In (F,H) the arrowheads pinpoint the ventrolateral clusters. In (G,I) the arrows show the NSM cells ingressing towards the blastocoel roof. In (K,L), the asterisks indicate the stomodeum. In (M), the red arrowheads indicate blastocoelar and pigmented cells. For all images scale bar = 30µm. An: anus; Es: esophagus; Int: intestine; Mo: mouth; St: stomach.

Figure 33 :

 33 Figure 33: Embryonic and larval skeletogenesis (A, B) Early gastrula (EG): (A) lateral view focused on a ventrolateral cluster, (B) close up on the ventral chain formed by the SM cells around the archenteron. The embryo is in vegetal view and the arrowheads point to the filopodia projected by the SM cells and that will serve as syncytial cables. (C, D) Mid-gastrula (mid-G): (C) lateral view focused on a ventrolateral cluster, (D) close up on the ventrolateral cluster highlighting the formation of the calcite crystal in the middle of it. In (C, D) the arrowhead pinpoints calcite crystals. (E, F) Late gastrula (LG): (E) ventral view focused on the ventrolateral clusters and the ventral chain, (F) close up on a triradiate spicule. In (E, F) the arrowheads point to triradiate spicules. (G, H) Prism: (G) ventral view focused on the skeletal elements, (H) lateral view focused on the skeletal elements. In (H) the arrowhead indicates the bending of the anterolateral rods. (I-M') Anterior views of early pluteus (eP) (I,I'), 4-arm pluteus(4-arm) (J,J'), 6-arm pluteus (6-arm) (K,K') and 8-arm pluteus (8-arm) (L,L',M,M'). (I-M) Transmitted light images, (I'-M') corresponding images to (I-M) in polarized light to reveal the skeletal anatomy. (N) Detail of an anterolateral arm and rod at the 4-arm pluteus larva stage. (O) Lateral view of a 6-arm pluteus larva to show the formation of the dorsal arch revealed by polarized light. (P) Anterior view of a 6-arm pluteus larva to see the formation of the dorsal arch . (Q) Anterior view of a 6-arm pluteus to visualize the formation of a posterodorsal arm and rod. (R) Anterior view of the larval epidermis of a 8-arm pluteus larva to look at the organization of the different skeletal elements. (S) Close-up on the apex of a 8-arm pluteus larva showing the rupture of the body rods. Scale bar = 30µm (A-H, N-S); 200µm (I-M). AlA: anterolateral arm; AlR: anterolateral rod; Apx: apex; AdTR: anterodorsal transverse rod; AvTR: anteroventral transverse rod; BR: body rod; DA: dorsal arch; DvR: dorsoventral connecting rod; Hyp: hydropore; MC: mesenchyme cell; Mo: mouth; OH: oral hood; PdA: posterodorsal arm; PdR: posterodorsal rod; PrA: preoral arm; PrR: preoral rod; PoA: postoral arm; PoR: postoral rod; RR: recurrent rod; St: stomach; PvTR: posteroventral transverse rod.

Figure 34 :

 34 Figure 34: Embryonic and larval ciliogenesis (A-H; N-Q) Confocal stacks showing acetylated tubulin (yellow), actin (cyan) and nuclear (blue) stainings revealing organization of the ciliated structures in embryos and pluteus larvae. (A) Lateral view of an early-blastula stage (EB). The cilia are not yet formed. (B) Lateral view of a mid-blastula stage (mid-B). Apparition of the ectodermal cilia. (C,D) Lateral view of late-gastrula stages (LG). (C) External view showing the fully-formed ectodermal cilia and the apical tuft. (D) Transversal section showing the formation of the digestive tract cilia within the archenteron, indicated by the white dotted lines. (E) Lateral view of an early pluteus stage (eP). The ciliary band starts to form, while the apical tuft is still present. (F) Anterior view of a 4-arm pluteus (4-arm). The ciliary band is completely formed. Asterisk indicates the regression of the apical tuft. (G) Close-up showing the apical constrictions of the cells constituting the ciliary band. (H) Close-up showing a detail of the cilia in the ciliary band. (I) Close-up showing a detail of the cells and cilia constituting the ciliary band. (J-M) Detail of the formation of an epaulette. (J) The ciliary band exhibit a loop at the basis of a posterodorsal arm. (K) The tip of the ciliary band loop extends dorsally, forming a distinct cluster of ciliated cells. (L) The cluster cut off from the ciliary band, forming an individualized epaulette. (M) The epaulette grows toward the midlines of the larva. Two longitudinal rows of pigmented cells become visible along the epaulette. (N) Anterior view of a 8-arm pluteus stage (8-arm). Epaulettes have individualized at the basis of the posterodorsal arms. The ciliary band starts to extend at the level of the developing preoral arms. (O) Lateral view of a 8-arm pluteus. Note that the ciliary band between the postoral and posterodorsal arms outline the oral field, indicated by red dotted lines. (P) Tilted view of a competent 8-arm pluteus stage (cpt-P). The position of the rudiment is indicated by purple dotted lines. The cilia of the epaulettes have reached their full length. Note that the cilia of the ciliary bands start to regress. (Q,R) Details of the epaulettes at the 8-arm stage. (S,T) Detail of the fusion of the posterior epaulettes. (S) Arrows indicate the posterior end of the two posterior epaulettes along each side of the posterior midline of the larva. (P) Arrow indicates the site of fusion of the two posterior epaulettes on the posterior midline of the larva. Scale bar = 30µm (A-E, K-P); 100µm (F); 300µm (G-J). AEp: anterior epaulette; AlA: anterolateral arm; An: anus; AT: apical tuft; CB: ciliary band; DC: digestive tract cilia; Es: esophagus; Ep: LF: lateral field; Mo: mouth; PdA: posterodorsal arm; PEp: posterior epaulette; PoA: postoral arm; PrA: preoral arm; Rud: rudiment; St: stomach.

Figure 35 :

 35 Figure 35: Embryonic and larval coelomogenesis Except when notified, larvae are shown in anterior view with the ventral side on the top. (A-C) Formation of the coelomic pouches by enterocoely during the prism stage. (D) Early pluteus stage (eP) showing the two coelomic pouches formed. (E) Lateral view of a 4-arm pluteus (4-arm) showing the primary pore canal connecting the left coelomic pouch to the larval epidermis. (F) Close-up on the hydropore after the formation of the dorsal arch at the 6-arm pluteus stage (6-arm). Inset shows a magnification of the hydropore of another larva. (G) Elongation of the coelomic pouches along the esophagus at the 4-arm pluteus stage. (H) Elongation of the coelomic pouches along the stomach at the 6-arm pluteus stage. (I) Organization of the coelomic compartments after the division of the coelomic pouches at the 8-arm pluteus stage (8-arm). (J,K,N) Confocal stacks showing acetylated-tubulin (yellow) and nuclear (blue) stainings revealing the internal ciliature and the organization of the coelomic compartments at the 8-arm pluteus stage. (J) Organization of the coelomic compartments after the division of the coelomic pouches. (K) Organization of the axocoel and associated structures. (L) Close-up on the Stone canal as shown in (L) in light microscopy. (M) Close-up on the axocoel as shown in (L) in light microscopy. (N) Lateral view of the organization of the axocoel and associated structures. Scale bar (A-I,L,M) = 30µm; (J,K,N) = 100µm. Ar: archenteron; DA: dorsal arch; Es: esophagus; Hyp: hydropore; LA: left axocoel; LC: left coelomic pouch; LH: left hydrocoel; LS: left somatocoel; Mo: mouth; PPC: primary pore canal; RAH: right axohydrocoel; RC: right coelomic pouch; RS: right somatocoel; SC: stone canal; St: stomach; Ve: vestibule.

Figure 36 :

 36 Figure 36: Embryonic and larval myogenesis (A) Lateral view of the esophagus at the 4-arm pluteus stage (4-arm) showing the secondary mesenchyme cells delaminating from the coelomic pouch to form the circumesophagal muscle. (B) Anterior view of the oral hood at the 4-arm pluteus stage. (D-G) Confocal stacks showing actin (cyan) and nuclear (blue) stainings revealing the muscular system in pluteus larvae. (C,D) Anterior view of the oral hood at the 4-arm (C) and 6-arm pluteus stage (6-arm) (D). (C) Circumesophagal muscle and primordium of the dilator muscles. (D) Elongation of the dilator muscles and formation of the lateral muscles. (E,F) General organization of the muscular system at the 8-arm pluteus stage (8-arm). (E) Anterior view. (F) Lateral view. (G) Tilted view showing the complete muscular system of a competent pluteus (cpt-P). Dotted lines outline the mouth in (B-D), the stomach in (B-G), the intestine in (F) and the rudiment in (G). Yellow arrowheads in (E,F) indicate the muscles connecting the stomach to the larval epithelium. Purple arrowhead in (F) indicates the pyloric sphincter. Scale bar (A) = 30µm; (B-D) = 100µm; (E-G) = 300µm. AnS: Anal sphincter; CoM: Circumesophagal muscle; DA: dorsal arch; DS: definitive spine; Es: esophagus; Int: intestine; LC: left coelomic pouch; LDM: left dilator muscle; LLM: left lateral muscle; Mes: mesentery; mo: mouth; Ped: pedicellaria; PP: primary podium; RDM: right dilator muscle; RLM: right lateral muscle; Rud: rudiment; St: stomach.

Figure 37 :

 37 Figure 37: Embryonic and larval neurogenesis (A-K) Confocal stacks showing synaptotagmin-B (green), serotonin (magenta) and nuclear (blue) stainings revealing organisation of the nervous system in embryos and plutei. (A-D) Animal views of the oral hood showing the formation of the nervous system in prism (A), early plutei (eP) (B,C) and 4-arm pluteus (4-arm) (D). White asterisks indicate the bottle-shaped serotonergic neurons. Cyan asterisks indicate the round-shaped serotonergic neurons. Yellow arrowheads indicate the ciliary band nerves. White arrowheads indicate the apical organ neuropile. Yellow arrows indicate ciliary band neurons. (E-G) Anterior views of the nervous system in 4-arm (E), 6-arm pluteus (6-arm) (F) and 8-arm pluteus (8-arm) (G). Yellow arrowheads indicate the neurites in the larval apex. E', F' and G' are magnification of the apical organ in E, F and G respectively. (H) Anterior view of the oral hood at the 8-arm stage. (I) Lateral view (from the left side) of the nervous system in a 8-arm pluteus. Red asterisks indicate the tip of the primary podia. I' and I'' are magnification of the oral hood in I. Dotted lines in (G,I,J) indicate the position of the rudiment. Red arrowheads in (H-J) indicate the oral hood lateral nerves. Scale bar (A-D) = 20µm; (E-J) = 100µm. AO: apical organ; CB: ciliary band; Ep: epaulettes; LF: lateral field; LL: lower-lip ganglion; Mo: mouth; Ped: pedicellaria; Rud; rudiment; St: stomach; UL: upper-lip ganglion.

Figure 38 :

 38 Figure 38: Rudiment morphogenesis All the lateral views show the rudiment from the anterior side of the pluteus. All the axial views show the rudiment from the left side of the pluteus. Asterisks indicate the position of the primary podia. Legends indicating elements of the water vascular system are written in blue. (A,B) Contact stage (Ctc). (A) Lateral view. (B) Axial view. (C,D) Vestibular cavity stage (VC). (C) Lateral view. (D) Axial view. Arrowheads indicate the initiation of the left hydrocoel folding. (E,F) Five-fold mesoderm stage (5M). (E) Lateral view. (F) Axial view. Blue dotted line indicate the lumen of the left hydrocoel, which is the anlage of the water vascular system. (G,H) Five-fold ectoderm stage (5E). (G) Lateral view. (H) Axial view. Blue dotted line indicate the shape of the water vascular system. (I) Lateral view at the primary podia stage (PP). (J,K) Primary podia folded stage (PPF). (J) Axial view showing the internal structure of the primary podia. (K) Axial view showing the surface view of the vestibule. (L-O) Primary podia touching stage (PPT). (L) Axial view of the vestibule showing the primary podia touching each other. (M) Axial view showing the inner side of the rudiment with the detail of the water vascular system. (N) Axial view showing the spine sacs formation. Inset shows a detailed view of the spine sacs. (O) Axial view of the rudiment in a competent 8-arm pluteus. Inset shows a different focal of the same specimen exhibiting the vestibular pore. For all images scale bar = 30µm. Coelȼ: coelomocyte; DenS: dental sac; DS: definitive spine; Epi: epidermis; JS: juvenile spine; LH: left hydrocoel; LHL: left hydrocoel lumen; LM: left metacoel; PP: primary podium; RaC: radial canal; RiC: ring canal; SC: stone canal; SS: spine sac; St: stomach: Ve: vestibule; VeF: vestibular floor; VeR: vestibular roof; VeW: vestibular wall; VP: vestibular pore.

  Figure 39: Rudiment skeletogenesis All the pictures show different steps in the skeletogenesis during the primary podia touching stage (PPT). All the lateral views show the rudiment from the anterior side of the pluteus. All the axial views show the rudiment from the left side of the pluteus. (A) Axial view showing the formation of the skeletal disk at the tip of the primary podia in the rudiment. Asterisks indicate the tip of the primary podia. (B) Axial view showing the formation of the spine skeletal primordia on each side of a primary podia. Asterisk indicates the tip of the primary podia. (C,D) Details of the developing spines within the rudiment revealed by polarized light. (C) Definitive spine. (D) Juvenile spine. (E,F) Lateral views showing the formation of the interambulacral and ocular plates within the rudiment. (E) Beginning of the plate formation in a 8-arm pluteus. (F) Late stage of the plate formation. Dotted lines outline the interambulacral and ocular plates. (G) Anterior view of the rudiment revealing the overall organization of the skeletal elements by polarized light. (H) Formation of the tooth primordium. Dotted line outline the water vascular system. For all images, scale bar = 30µm. Coelȼ: coelomocyte; DenS: dental sac; DS: definitive spine; DSP: definitive spine primordium; HexS: hexaradiate spicule; IAm bP: interambulacral plate; JSP: juvenile spine primordium; JS: juvenile spine; OcP: ocular plate; primary podium skeletal disk; RaC: radial canal; RiC: ring canal; SB: stereomic bridge; ToP: tooth primordium; Tr: trabecula.

Figure 41 :

 41 Figure 41: Settlement and metamorphosis (on the left) Time-lapse showing different steps during the metamorphosis of a competent pluteus larva. (A) The larva fall to the bottom of the dish and stop swimming, with the arms upward. (B) The first morphological sign of the metamorphosis is the resorption of the larval epidermis from the tip of the arm, as indicated by the arrowheads. (C) The resorption of the larval epidermis along the arms proceed. (D)The larval epidermis is completely resorbed, letting the skeletal rods naked. The rudiment evaginate, with the podia and the spine protruding through the vestibular pore. (E) The larval arms break off. The rudiment is now evaginated, with the podia and the spine forming a crown around the larval body. On the right side of the larva, the genital plates are relocated to adopt their pentaradial conformation. (F) Metamorphosis is complete, the newly-formed postlarval juvenile is now able to move slowly on the substrate by means of the primary podia. For all images, scale bar = 300µm. DS: definitive spine; Ep: epaulette; JS: juvenile spine; Ped: pedicellaria; PP: primary podium; Rud: rudiment; SR: skeletal rod.

Figure 42 :

 42 Figure 42: Post-metamorphic development (On the right) (A-O) Postlarval juveniles (PL-juv). (A, B) Oral view of postlarval juveniles observed in transmitted light (A) and polarized light (B). The five axes of the pentaradial symmetry are indicated by the dotted lines. (C) Aboral view of postlarval juvenile observed by polarized light. Dotted lines outline the genital plates. (D) Close-up on a pedicellaria. (E,F) Close-up on a primary podium. (E) Lateral view. (F) Axial view of the tip of a primary podium. (G) Close-up on a definitive spine following metamorphosis. (H) Close-up on an immature spine following metamorphosis. (I) Close-up on a definitive spine 5 days after metamorphosis. (J) Close-up on an immature spine 5 days after metamorphosis. (K) Close-up on two secondary podia. (L) Close-up of the oral side of a juvenile following metamorphosis along an ambulacra. The five axes of the pentaradial symmetry are indicated by the dotted lines. (M-O) Formation of the buccal plates. (M) The triradiate spicules of the buccal plates have branched and fuse to form 5 pairs of plates. (N) Buccal plates become denser, while the five teeth (indicated by asterisks) start to protrude in the peristome. (O) The five teeth (indicated by asterisks) are functional and protrude outside the body through the opening of the mouth. (P-V) Exotrophic juveniles (Ex-juv). (P,Q) Oral view of exotrophic juveniles observed in transmitted light (P) and polarized light (Q). In (P), the five axes of the pentaradial symmetry are indicated by the dotted lines. (R) Aboral view of an exotrophic juvenile observed by polarized light. (S,T) Close-up on a secondary podium. (S) Lateral view. (T) Axial view of the tip of a secondary podim. (U) Closeup on the skeletal tongue of the ocular plate supporting the primary podium, which is resorbed. (V) Close-up on a sphaeridia. Scale bar (A-C, P-R) = 100µm; (D-O, S-V) = 30µm. AmbP: ambulacral plate; BucP: buccal podium; BucPP: buccal plate pore; Coelȼ: coelomocyte; DS: definitive spine; Eph: epiphyse; gAB: genital plate AB; gBC: genital plate BC; gCD: genital plate CD; gDE: genital plate DE; gEA: genital plate EA; Hpy: hemipyramid; JS: juvenile spine; Ped: pedicellaria; PeriS: peristomium; PP: primary podium; PPSD: primary podium skeletal disk; RaC: radial canal; RiC: ring canal; RM: ring muscle; SP: secondary podium; Sph: sphaeridia; SPSD: secondary podium skeletal disk; SR: skeletal rod; ToP: tooth primordium.

Figure 43 :

 43 Figure 43: General anatomy of P lividus juveniles (A) Photography of a live specimen. (B-H) Scanning electron microscopy pictures showing the external anatomy and body plan organization of distinct specimens. (B) Lateral view. The yellow dotted lines delineates the infracoronal, coronal and supracoronal regions. (C) Aboral view. (D) Oral view. The yellow dotted lines indicate the position of the five ambulacra, with the future site of the mouth at the center of the peristome being located at the intersection of the ambulacra. (E,F) Close-ups on a pedicellaria, with the asterisks indicating the three movable jaws: (E) closed jaws, (F) opened jaws. (G) Close-up on an ambulacrum in the coronal region. The red asterisk shows a developing buccal podium. (H) Close-up on a definitive spine quartet. The blue asterisks indicate the spine tubercles. Abbreviations: aDS, aboral definitive spine; BucP, buccal podium; CR, coronal region; DS, definitive spine; ICR, infracoronal region; JS, juvenile spine; mDS, medial definitive spine; oDS, oral definitive spine; Ped, pedicellaria; PP, primary podium; SP, secondary podium; SP', growing secondary podium; SCR, supracoronal region; Sph, sphaeridia; TP, terminal papilla.

Figure 44 :

 44 Figure 44: Endoskeleton anatomy in P lividus juveniles (A) Overview of the endoskeleton revealed by polarized light. (B-H) Confocal z-stack projections of specimens colabeled for msp-130 (endoskeleton; in red) and DNA (nuclei; in blue). (B, C) whole-mount specimens: (B) aboral side, (C) oral side. In (C) the yellow dotted line outline the boundary between the pharynx and the buccal plates. The white dotted line highlights the boundary between the buccal plates and the ambulacral/interambulacral plates. (D) Close-up on the buccal plates of the peristome. The asterisks indicate the position of the buccal podia. The arrowheads indicate the position of the teeth. (E) Close-up on the jaws of the lantern. The dotted lines outline the five developing jaws. The asterisks indicate the position of the hemipyramids. (F,G) Close-up on the skeletal ring of podia: (F) a primary podium, (G) a secondary podium. In (F, G) the asterisk indicates the central pore. In (G) the dotted lines indicate the suture between the three ossicles. (H) Transversal view of a definitive spine. The asterisk indicates the central porous region. The arrowheads indicate the six trabeculae. Abbreviations: BucPla, buccal plate; DS, definitive spine; JS, juvenile spine; Phx, pharynx; PPSD, primary podium skeletal disk; SD, skeletal disk; SPSD, secondary podium skeletal disk; Sph, sphaeridia.

Figure 45 :

 45 Figure 45: Muscular anatomy in P lividus juveniles (A) Schematic representation showing the organization of the confocal stacks displayed in (B-D) along the oral-aboral axis. (B-H,J-R) Confocal z-stack projections labeled for F-actin (muscle; in cyan) in (B-H,J-R), msp-130 (endoskeleton; in red) in (F,K,M-Q), and DNA (nuclei; in blue) in (B-D,F,K,M-R). (B-D) Whole-mount specimens: (B) aboral side, (C) midline, (D) oral side. In (C,D), the yellow dotted lines outline the region of the lantern. (E-H,J-R) Close-ups on selective muscles. (E) Close-up on the elevator muscles. (F) Transversal view of the lantern showing the relation of the comminator and retractor muscles with the jaws. The dotted line outline the pharynx. (G) Close-up on the comminator, pharyngeal levator and pharyngeal depressor muscles. (H) Close-up on the retractor, protractor, dental promoter and postural muscles. (I) 3D reconstruction of the Aristotle's lantern. Only the five main muscle types constituting the lantern are displayed (i.e. the elevator, protractor, retractor, comminator, dental promoter muscles). Each muscle type is displayed in a different color. (J) Close-up on the subepidermal muscular fibers around the future mouth. The white arrowheads indicate extra radial muscle fibers. (K) Close-up on the future mouth showing the relative position of the teeth and the radial muscles. The asterisks show the position of the buccal podia. The dotted lines outline the tip of the teeth. (L) Close-up on a radial canal. The water vascular system associated with the ambulacrum is outlined by the dotted lines. The yellow arrows indicate the branching of the lateral canals. The yellow asterisk indicates the position of a growing secondary podium. The inset shows a close-up on an ampulla. (M,N) Close-ups on a primary podium: (M) lateral view, (N) transversal view. (O,P) Close-ups on the tubercle of a definitive spine: (O) lateral view, (P) transversal view. (Q,R) Close-ups on a pedicellariae: (Q) lateral view, (R) transversal view. Abbreviations: AbdM, abductor muscle; AdM, adductor muscle; Amp, ampulla; AxOrg, axial organ; BucPla, buccal plate; CF, circumferential fiber; ComM, comminator muscle; DPM, dental promoter muscle; ElvM: elevator muscle; LMF, longitudinal muscle fiber; Mes, mesenteries; Phx, pharynx; PP, primary podium; PPSD, primary podium skeletal disk; Phx, pharynx; PhxDM, pharyngeal depressor muscle; PhxLM, pharyngeal levator muscle; ProM, protractor muscle; PstM, postural muscle; RaC, radial canal; RadM, radial muscle; RetM, retractor muscle; RiC, ring canal; RingM, ring muscle; SC, stone canal; SP, secondary podium; Stub, spine tubercle; To, tooth.
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 4647 Figure 46: General neuroanatomy in P lividus juveniles (A) Schematic representation showing the organization of the confocal stacks displayed in (B,C,F,G) along the oral-aboral axis. (B-H) Confocal z-stack projections labeled for acetylated α-tubulin (neurons and cilia; yellow) in (B,D,F-H), synaptotagmin-B (neurons; in green) in (C,E), F-actin (muscle; in cyan) in (F-H) and DNA (nuclei; in blue) in (D-H). (B,C,F,G) Whole-mount specimens: (B,C) aboral side, (F) midline, (G) oral side. In (B,C), the red circles indicate the position of the pedicellariae. In (F,G), the red asterisks indicate the position of the radial nerve cords and the purple arrowheads highlight the basiepidermal plexus. (D,E,H) Close-ups on selective portion of the epidermis showing the basiepidermal plexus: (D,E) aboral epidermis, (H) oral epidermis. Abbreviations: CNR, circumoral nerve ring; Phx, pharynx; PP, primary podium; SG, spine basal ganglion; SP, secondary podium.

Figure 48 :

 48 Figure 48: Neuroanatomy of the appendages in P lividus juveniles (A,B,E-I,L-O) Confocal z-stack projections labeled for acetylated α-tubulin (neurons and cilia; yellow) in (A,E,G,L-N), synaptotagmin-B (neurons; in green) in (B,C,F,H,I,O), F-actin (muscle; in cyan) in (A-C,E-G,M,N) and DNA (nuclei; in blue) in (A-C,E-H,L-O). (A-F) Neuroanatomy of the podia. (A,B) Lateral views of a primary podia. (C) Lateral view of a primary podia. (D) 3D reconstruction from synaptotagmin-B (green) and F-actin (cyan) stainings showing a sagittal section through a primary podia. (E,F) Transversal views of the papilla in a primary podia. In (A,B,D), the red arrows indicate the terminal nerves. In (B,C), the white arrows indicate the basiepidermal plexus. In (B,C,D), the yellow arrowheads indicate the three circumferential condensations. In (D), the red dotted line indicates the position of the primary podia skeletal disk. (G-I) Neuroanatomy of the definitive spines. (G,H) Lateral view of the spine basal ganglion. Arrow indicates discrete neurons in the spine epidermis. In (G), the inset shows a transversal view of the spine highlighting the hexaradiate organization and the position of the spine nerves. In (H), the dotted line outlines the cluster of perikarya. (I) Detail of the connection between the spine basal ganglion and the radial nerve cord. (J,K) 3D reconstructions from synaptotagmin-B (green) and F-actin (cyan) stainings summarizing the connection between the definitive spines, the primary podium and the radial nerve cord. In (I-K), the red arrows indicate the terminal nerves and the red arrowheads indicate the connection between the spine basal ganglia and the radial nerve cords. (L-P) Neuroanatomy of the pedicellariae. (L,M) Transversal views. (N,O) Lateral view. In (L-O), the white arrowheads show the valve nerves and the white arrows show the intervalve linkage nerves. In (O), the red asterisks indicate the perikarya. (K) 3D reconstruction from synaptotagmin-B (green) and F-actin (cyan) stainings. Abbreviations: AbdM, abductor muscle; AdM, adductor muscle; Nrp, neuropile; PDG, podial distal ganglion; PP, primary podium; PPG, proximal podial ganglion; RNC, radial nerve cord; RingM, ring muscle; SG, spine basal ganglion; SN, spine nerve; Stub, spine tubercle VN, valve nerve.

Figure 49 :

 49 Figure 49: P lividus juvenile husbandry (A) Picture showing a sample of postlarval juveniles after metamorphosis. Note that the class sizes of the juveniles are still homogeneous at this stage. Inset shows the important number of juveniles yielded in a single 5L beaker. (B) Picture showing a sample of exotrophic juveniles 3 months after metamorphosis. Note that the class size of the juveniles are highly heterogeneous. (C) Plot showing the average size (n=10) of the largest P. lividus juveniles in a culture during the first 4 month post metamorphosis. The exponential function (dotted line) is plotted with the equation y=0.3223e0.0151x (R²=0.93).

Figure 51 :

 51 Figure 51: Neuromuscular anatomy of P parvimensis doliolariae (A-H) Late doliolariae of P. parvimensis. Red asterisks indicate the papillae of the tentacles; purple asterisks indicate the papilla of the secondary podium; red arrows indicate the radial nerve cords. (A-C) are lateral views, with the oral/anterior pole on top and the ventral side on the left. (A) Photography of a live specimen. White arrows indicate the remnants of the four circular ciliary bands. (B-H) Confocal stacks showing F-actin (cyan; in B-E); acetylated-tubulin (yellow; in C-H) and nuclear (blue; in B-H) stainings. (B) Anatomy of the muscular system. (C-H) Anatomy of the nervous system. (C) General view of the nervous system. Red dotted line indicates the position of the circumoral nerve ring. (D) Oral view showing the organization of the nervous system around the mouth. (E) Detail of a tentacle. (F) Aboral view showing the basiepidermal plexus. (G) Transverse section through the ventral radial nerve cord. Green asterisk indicates the position of the radial canal. (H) Transverse section through one of the dorsal radial nerve cord. CNR: circumoral nerve ring; Mo: mouth; St: stomach.

Figure 52 :

 52 Figure 52 : Troubleshooting ISH in P lividus juveniles (A-C) Oral views of juveniles showing the expression of PlElav (A), PlCOE (B) and PlSytB (C). Dotted lines indicate the position of the five ambulacra. Red arrows indicate the expression in the epidermis. Yellow arrow indicates the expression outlying the perivisceral cavity. White asterisks indicate the spine tubercle. Yellow asterisks indicate the patches on each side of the radial nerve cords. Yellow arrowhead indicate the dot in interambulacral position. (D,E) Close-up on the secondary (D) and primary podia (E) showing PlElav expression. Asterisks indicate the distal podial ganglion. Red arrows indicate the scattered neurons in the papilla. Yellow arrows indicate the plexus in the stem. (F,G) Close-up on the secondary (F) and primary podia (G) showing PlCOE expression. (H) Close-up on the secondary and primary podia showing PlSytB expression. (I) Detail of SytB expression on the oral side. White asterisks indicate the spine tubercle. Yellow asterisks indicate the patches on each side of the radial nerve cords. Yellow arrowhead indicate the dot in interambulacral position. (J,L) Confocal stacks showing PlElav (J), PlCOE (K) and PlSytB (L) expression (white), counterstained with nuclear staining (blue). Dotted lines surround the radial nerve cords. (M) PlSM50 expression in juvenile (aboral view). (N) PlNkx2.1 expression in juvenile (oral view). (M) PlFoxQ2 expression in juvenile (oral view) (N) PlNkx2.1 expression in juvenile (oral view). CNR: circumoral nerve ring; DS: definitive spine; PP: primary podium; RingM: ring muscle; RNC: radial nerve cords; SP: secondary podium.

Figure 53 :

 53 Figure 53: Neural patterning in P miniata juveniles (A-C) PmElav expression showing the localization of the nervous system in P. miniata juveniles. (A) Oral view. Dotted lines indicate the position of the five ambulacra. (B) Lateral view. Yellow arrowhead indicates the position of the mouth. (C) Close-up on the aboral epidermis. Red arrows indicate scattered neurons in the basiepidermal plexus. (D) Antero-posterior patterning genetic scaffold in enteropneust ectoderm. Gene expression are drawn according to Lowe et al. (2003); Pani et al. (2012); Fritzenwanker et al. (2014); Gonzalez et al. (2017) and Darras et al. (2018). (E) Expression pattern of PmNkx2.1, PmFoxG, PmDmbx, PmEmx, PmPax6 and PmOtx in P. miniata juveniles (credit: Christopher Lowe). Dotted lines indicate the position of the five ambulacra. Asterisks indicates the interambulacral expression of PmEmx. (F) Schematic representation of two different hypotheses for ectoderm patterning in echinoderms. Left panel: antero-posterior axis duplication[START_REF] Minsuk | Axial patterning of the pentaradial adult echinoderm body plan[END_REF][START_REF] Morris | Early development of coelomic structures in an echinoderm larva and a similarity with coelomic structures in a chordate embryo[END_REF][START_REF] Byrne | Evolution of a pentameral body plan was not linked to translocation of anterior Hox genes: The echinoderm HOX cluster revisited[END_REF]. According to this hypothesis, the radial nerve cords are patterned along their proximo-distal axis by the ancestral antero-posterior patterning scaffold. Right panel: working hypothesis presented in this manuscript. According to this hypothesis, the whole oral ectoderm is patterned by the ancestral antero-posterior patterning scaffold and the radial nerve cords only form in the expression domain corresponding to the hemichordate proboscis. CNR: circumoral nerve ring; SP: secondary podia; RNC: radial nerve cord.

Figure S3 :

 S3 Figure S3: Test of synapsin and GABA antibodies in P miniata and P parvimensis (A-D) Confocal stacks showing synapsin (green; A,B), GABA (red; C,D), F-actin (cyan; D) and nuclei (blue; A-D) stainings in P. miniata (A-C) and P. parvimensis (D). (A) General view of the oral side. (B, C) Close-up on a radial nerve cord. (D) Lateral view. Synapsin is ubiquitous in the nervous system while gabaergique neurons are distributed in the papilla of the primary and secondary podia, and in the circumoral nerve ring. Abbreviations: CNR, circumoral nerve ring; PP, primary podium; RNC, radial nerve cord; SP, secondary podium; Tent, tentacle.

Figure S4 :

 S4 Figure S4: Positive controls for PlElav, PlCOE and PlSytB probes (A-C) In situ hybridizations for PlElav (A), PlCOE (B) and PlSytB (C) in P. lividus early plutei. Plutei are shown in anterior view, with the ventral side on the left. The yellow asterisks indicate apical organ neurons. The red asterisks indicate ciliary band neurons. Abbreviation: SM: skeletogenic mesoderm cell.
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  view. Abbreviations: AbdM, abductor muscle; AdM, adductor muscle; Amp, ampulla; AxOrg, axial organ; BucPla, buccal plate; CF, circumferential fiber; ComM, comminator muscle; DPM, dental promoter muscle; ElvM: elevator muscle; LMF, longitudinal muscle fiber; Mes, mesenteries; Phx, pharynx; PP, primary podium; PPSD, primary podium skeletal disk; Phx, pharynx; PhxDM, pharyngeal depressor muscle; PhxLM, pharyngeal levator muscle; ProM, protractor muscle; PstM, postural muscle; RaC, radial canal; RadM, radial muscle; RetM, retractor muscle; RiC, ring canal; RingM, ring muscle; SC, stone canal; SP, secondary podium; Stub, spine tubercle; To, tooth.
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en amont de cela).

Appendix 2: Supplementary material and methods for the conclusion and prospects

Animal husbandry

Adult Patiria miniata and Parastichopus parvimensis were collected in the bay of Monterey, California, USA. Adult of both species were kept in circulating seawater tanks, and gamete collection, fertilization and larval rearing were performed as described in chapter III for both species.

Immunostainings

Immunostainings were performed as described in chapter III with the following modifications. Blocking buffer was made from 0,1% bovine albumin serum and 5% goat serum diluted in phosphate buffer saline (PBS) containing 0,5% triton X-100. Additional primary antibodies used were a rabbit anti-GABA (Sigma-Aldrich cat#A2052) diluted at 1/500 and a mouse anti-synapsin (Developmental Studies Hybridoma Bank 3C11) diluted at 1/20. Nuclei were stained using Hoechst 33258 (Sigma-Aldrich). Pictures were taken using a Zeiss Observer Z1 confocal microscope.

Gene cloning and probe synthesis

Interest genes were amplified by PCR using cDNA extracted from P. lividus and P. miniata larvae or adult tissues and cloned in pGemt-Easy vectors (Promega) using TA cloning. Gene cloned for this study were: PlBrn1/2/4; PlBrn3; PlCoE; PlDlx; PlElav; PlGbx; PlHbn; PlHnf6; PlHh; PlIrx; PlLhx3/4; PlMnx1; PlMsx; PlMsi; PlNkx2.1; PlNkx6; PlOtx; PlPax2/5/8; PlPax6; PlPtc; PlRx; PlSix3/6; PlSytB; PmBarH1; PmBrachyury; PmDmbx; PmElav; PmEmx; PmEngrailed; PmFezF; PmFoxG; PmFoxQ2; PmGbx; PmNkx2.1; PmOtx; PmPax6; PmRx and PmSix3/6. pGemt-Easy plasmids were linearized using a panel of restriction enzymes according to the orientation of the insert and the insert sequences. Antisens digoxygenin-labelled riboprobes were synthesized from the linearized plasmids using DIG RNA labelling mix (Sigma-Aldrich) and SP6 or T7 RNA polymerases (Sigma-Aldrich) depending of the insert orientation in the plasmids. Probes were purified using either a Zymo RNA Clean & Concentrator kit (ZymoResearch), or a probequant G50 microcolumn (GE Healthcare) followed by ethanol precipitation for 15 minutes at -80°C. Probes giving high background ratios were pre-hybridized by overnbight incubation in hybridization buffer at 60°C with large amount of fixed larvae rehydrated in PBS beforehand.

In situ hybridization

Two different ISH protocols were applied for P. lividus and P. miniata juveniles. For P. lividus, juveniles were fixed in 4% paraformaldehyde in natural filtered sea water overnight at 4°C or for one hour at room temperature (RT) and stored in MeOH. After being re-hydrated in tris-buffered saline containing 0,05% Tween-20 (TBST), the specimens were permeabilized in 4µg/mL proteinase K for 30' at RT and washed 3x10' in TBST. Then, the specimens were pre-hybridized in hybridization buffer for an hour at 65°C. Probe was added at a concentration of 1ng/µL and the embryos were incubated in the hybridization buffer with the probe overnight at 65°C. After washing with fresh hybridization buffer for 15 min at 65°C and with decreasing concentrations of saline-sodiumcitrate buffer containing 0,05 Tween-20 (SSCT) 5x15 min at 65°C, specimens were washed in TBST and incubated in a blocking buffer containing bovin albumin serum at 0,5% and heat inactivated goat serum at 2% in TBST for an hour at RT. Specimens were then incubated in blocking buffer containing anti-digoxygenin antibody (Roche) diluted at 1/2000 overnight at 4°C. Specimens were washed 6x10 min in TBST and the signal was detected with NBT/BCIP (Roche). When the coloration reached desired level, the reaction was stop with two washes in PBS containing 0,5% Tween-20 (PBST) and 50mM EDTA followed by 3x5 min washes in PBST. Juveniles were mounted in PBST and observed with a Zeiss Axioimager. The images were processed using ImageJ and photoshop (Adobe).